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As a part of a series of elucidation of the structural features of amino acids and peptides caused by
C-terminal a-amidation, the crystal structures of C-terminal amidated amino acids and di-peptide hydrochloride
salts were analyzed by the X-ray diffraction method and compared with those of their C-terminal free acids. Their
conformations are almost the same as the corresponding unamidated ones except side chain. But as for the molecular
packing feature, the C-terminal amide group tended to form a repeated structure through those hydrogen bonds in which
both amide NH and O=C groups participate. The chloride ions are located between the neighboring amino acids and
peptides and are bifurcately hydrogen-bonded to the respective amide NHs, leading to the sheet structure. Furthermore,
the hydrogen-bonding features between the amide and carboxyl groups and their function in molecular packing were
discussed based on the results analyzed so far. While in order to clarify the structural function of the C-terminal amide
group of endomorphin-2 (EM2, H-Tyr-Pro-Phe-Phe-NH,), an endogenous p-opioid receptor ligand, the solution
conformations of EM2 and its C-terminal free acid (EM2OH, H-Tyr-Pro-Phe-Phe-OH) in trifluoroethanol (TFE),
dimethylsulfoxide (DMSO)-d,, water (pHs 2.7 and 5.2), and aqueous dodecylphosphocholine (DPC) micelles (pHs
3.5 and 5.2) were investigated by the combination of two-dimensional 'H-NMR measurement and molecular modeling
calculation and the solid state conformation of EM20OH was determined by X-ray crystal analysis. These results show
that the substitution of a carboxyl group for the C-terminal amide group makes the peptide structure more flexible and
leads to the ensemble of folded and open conformers. And the conformational requirement of EM2 for binding to the
p-opioid receptor and the structural function of the C-terminal amide group are discussed on the basis of the present
conformational features of EM2 and EM20OH and a possible model for binding to the p-opioid receptor, constructed
from the template structure of rhodopsin.
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Table 1. Summary of Crystal Data Collections and Structural Refinements
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Figure 1. Stereoscopic View of Molecular Conformations of Val-Gly-NH2 (a), Ser-Phe-NH2 (b), Gly-Tyr-NH2 (c¢) and

Pro-Tyr-NH2 (d)

The corresponding C-terminal carboxyl peptides, except for Val-Gly-OH, are superimposed on the respective
C-amides with thin lines. Two hydrogen bonds of a neighboring O(2') atom or CL™ anion to the amino and
amide NHs of (a) or (b), respectively, are shown by dotted lines. Hydrogen atoms were omitted for clarity.
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Figure 2. Intermolecular Ca-H...O Interactions. (a) MetNH2 - HCI and (b) MetOH - HCI
The thin lines show hydrogen bonds. The open and meshed circles represent hydrogen and carbon atoms. The

nitrogen and oxygen atoms are shown by the circles marked with crosses and dots, respectively.
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Figure 3. Interaction Patterns between the Amide NH, or the carboxyl OH and Chloride Ions, Observed in the Crystal

Structures of [leNH,-HCI (a) and IleOH - HCI (b)
The thin lines show hydrogen bonds. The nitrogen atoms, oxygen atoms that contains water solvents and

chloride ions are shown by the cross, dot and shaded-marked balls, respectively.
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Figure 4. Stereoscopic Views of Spatial Distribution of Acceptor O Atoms or Cl Ions and Donor OH or NH Groups
Hydrogen-Bonded to a C-Terminal Amide Group (a) and Carboxyl Group (b)
The donor groups, acceptor atoms and acceptor ions are shown by the black and gray circles, respectively.
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Figure 5. Chemical Structures of Endmorphin-1 (EM1) and Endmorphin-2 (EM2)
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Table 2. Receptor Binding and /n vitro Agonist Bioassay
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EMI10OH 20004 19 1506y = 185 d032 + 433 =10t
EM2 060 £ 0,16 Q230 = 303 S80=04 344 493
EM20H 200< 19 3950 + 260 =10 =10°
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Figure 6. Stereoscopic Superimpositions of Backbone Structures of 30 Energetically Stable Conformers of #-EM2 in
(a) Water (pH 2.7 and 5.2), (b) DPC Micelles (pH 3.5 and 5.2) and of Zwitterionic cis-EM2OH in (c) Water

(pH 5.2), (d) DPC Micelles (pH 5.2)
The conformations are overlaid so as to superimpose their Tyr-Pro backbone chains.

B
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Figure 7. Stereoscopic Views of Representative Four-type Conformers: (a) rS-type Open Conformer of #-EM2 in
TFE, (b) n7-type Open Conformer of #7-EM2 in Water, (c) F1-type Folded Conformer of cis-EM20OH in DPC

Micelles, (d) F2-type Folded Conformer of #-EM2 in DPC Micelles
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Table 3. Summary of Overall Conformational Characteristics of EM2 and EM20OH in DMSO, TFE, H,O (pH 2.7

and 5.2), and DPC Micelles (pH 3.5 and 5.2)

solvent HE0 DPcC
p———— DMS0 TFE
ehecironic formi pH LT pH 5.2 pH A5 pH 5.2
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e ——
I A H — — o S]] —_ —_— —

Open and fold represent the open and folded conformations. rS and n7 in parentheses indicate the reverse-S
and numerical seven-like-open conformations; F1 and F2 represent the folded conformations in which
hydrogen bond is formed and not formed between the N- and C-terminal polar atoms, respectively. The
numbers following these symbols indicate the number of conformers that belong to the respective categories

from a total of 30 conformers.
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LCW/z. %7z, pH 3.5 ® DPC micelles I %5
WT EM2 FARIEE A ED tr- k& U TIFEL TV
7oy, pH5.2 Tldtr:cis = 2:1 DEETHEFLT
Wiz, TLTC, arvI74 X—2a YOERDEE
ICHBENTZDIFEREMICREEWV pH 5.2 D
DPC micelles F1°C, EM2 (& K5 tr- 4T open
conformer M XYV ¥ —aAv T+ —<—& L TH
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ELTWizh, EM20H & tr/cis- F£IC Fl -type D
folded conformer UHDEEL TWiah - 7z,

3-2. EM20H Db mnT
EM20H O Hifh & i& NMR Ol & & 4 < (A
U pH 5.2 D/KIBH PN 5, ZRKILHGEIC K O fif
*ﬁ—JﬁEtt,.n’ééHH@%Hkam‘: LT85 2N TE
. AT ORI, 135 N7z Crystal data [ U &
1‘% i’ ZNZ N Table 4, Fig. 8 IL/RLTW5. JE
SEFREATHNIC IS RS S22 TN 72 EM20H 2 73 1

(ZhnZ N Conformer A 2T Conformer B &9 %)
ETMRDIKD FDFEEL T, Z L Tilin 1k
I zwitterionic form, Tyrl-Pro2 O X7 F Ff§i&
W cis- AKD, IHRAPTHALNIZAY y—a20 T 4 —
N —Td % Fl-type @O folded conformer % H{ > T
We. £z, KR TN LIokERaN& a7+
A= 3 VOEICKRELSF LG L T0B T EDR
XN,

—77, X-HRAS SERE REAT D 513 5 NS SRS
&, NMR AX7Z F)LH 5155 N ia G ORI

Table 4. Summary of Crystal Data Collections and Structural Refinements

Crystal data
forerly: CigHuMiOs = 33HAP
[ormvala weight: 615,70
crysial habit: clear cokaless meedle
crysmal size: b = 0] = 0]
wpace Linoagye 2
crvatal syslemc mondd i
= 12682 A P=101.37042 %,
bed SOARITY A, P=324E 308 A,
e=24 BRI A, E=d
FIoong; 13586, gikda K iz 006 mm "’

Ngia Calleciinn

wavebmpth/ Temporature: 0LTI0 A SI20K  Index ranpes:

Himanc- 56547
na. of ohserved reflactions: 20,740
B 00453

Helincmeni
Relinesen methoad! Full-matris lemd-squares on #°
mumiber of paramecters: £19

Final B-indices] P 2of] 8 =006409 wf2=0 391
Keindices (all data): B7=0.1014 wih =0 1662
Langest ST peak snd hale, & A 0BET med 40143
Crnndness-al-fi oa F: 1 06E

ATEASIS RS kSE-HahS M

no. of peflections used Tor refinemens| M= 2ol 9580

Conformer A

Conformer B

Figure 8. Stereoscopic Views of Conformers A and B Observed in the Crystal Structure of EM20OH, together with

Hydrogen-Bonding Water Molecules

Intermolecular hydrogen bonds are shown by broken lines. The displacement ellipsoids are drawn at 70%
probability level. The atomic numbering of water molecules is also given as W1 — W7.
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Figure 9. Superimpose of EM20OH Conformers by X-ray Crystal Analysis and cis-EM2OH Ones in DPC Micelles

(pH 5.2) by 'H-HMR Spectra

Conformers of EM20H by X-ray analysis and by "H-HMR spectra are represented by thick line and thin line,

respectively.

M2 N2 T2, HikhMiED Conformer A, B &
pH 5.2 @ DPC micelles #1 T3 5 11 7z cis-EM20H
D 30 MHOMIE L DHEAQEDE ZIT> /. TORIR
F R O RMSD 23449 0.6 A & IEEICHFEMED E W
aAVT A= areRLizZ &b (Fig. 9), Fl-
type @ folded conformer % EM20H 0D % 22 i A it
D—DTHBHIEMNEZLNS.

3-3. - FEFAL FLe 7%y —EF)INKLYEM2
ED Ry F I EFILORME

DL EORSE & IEMAHBE O R Z SEZ T, LD
BN CIET A EM2 DEDRA T DAY T *—
R—=EEI Y T A A= a e LTHELTWSD
WelEtd 24, F9VVAREEOHLMCIN T
BOu-FEd A RLETZ—ETF )V EREL, D
W EM2 & @ docking study 75 Lt 72—+
OB ZER L.

Fig. 1037 X /Bl KB A A F Lt
T2 —ORER AN Z R LTS, KITRT XD
IZ, AEFA Rt T Z—F N- Kbl 41 ae ik
(EL: extracellular loop), C-7 i /% il i@ N A8 15 (IL:
intracellular loop) IZfiii& L, 7 fH o I B d &7 2
920 RTrT77IV)—IBTHZHKT, FF
IR AT 22 R D U A > R IR Ml 3
ThsL b Tnb. ZTT, TNEO—RHE
BRI p- A A A R LT Z—=IHLTT 2/
FEECH DR E A KD T <, X- KRS S s S AT

TN TV BB I rhodopsin O 7 (K i % £
TEMEE & L, DS Modeling DEY 2 — )V TH 3 H
#REDY—EFY % Modeler' % F\Car
RHEERID p- FEX A R LT Z—ZHEL
To. #BonL e 2—ETIVRTYAH Y RED
binding ICEERY X/ #HIEE%Z Fig.11 ITRL T
W5, BHICEM2 ED Ry F 2 TET VMRS
BIcHDICLLTD T EZ2EREICW Tz, Fig. 10 KU
Fig. 111”9 & 51, BEIC Mosberg 5i1C &> T
u-FEF A Rt T Z—DZ A% VT ZERD
5, "% BL2 : Glu229, TM3 : Asp147, Tyr148,
TM6 : His297, TM7 : Trp318, Tyr326 D&l
D7 2/ WEFIMNY A R ED binding ICEET
HBT EMPSMICENTVS. R E @
D Aspl47, His297 &3 A A A F LT X —
MEEIS, MRV D Glu229 FREEY /T RO
BRI EERTH S b TV5. Xk,
WIKEA EA A FXTF RO & FEEENE & O
BRI DUV TIE Schwyzer™ S &> THREE M
7z “message-address concept” ICHDINTHLH
nNTwa. ZoXIcENE, UVAHY FHIO Tyr
DT /) —=IVEEE T F D N-Ki 7 X/ K
AROFEIEFEH (X v — L BRI
)T, C-REi 7 X RENRLE TR —2 AT
X9 IR PERDL (07 F LA L EHERBT)
ICHEICHE LT3, ThH5DT LZRBEL
BT, VAV FE LU THRERT S 01§50
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JEM2 OE YT+ —x—Z MW, ERES T
E7VU 7V 7 b Insight [I/Discover DEY 12—
JU Docking I & O LT 2 —EF )L L DREL D
docking model Z#E L, T3x)VF—HuvMEEHH
ZiTo Tz, T ORR, -EM2 @ rS-type @ open

T
S-trrmimal @l
] ' " I
ol L e LR L L e

a 11
{ELY
A BTy,

IELEI

~Wils
=

Cetermsingl
e LG e

Figure 10. Structural Scheme of Opioid Receptor

Alphabet and three letters indicate important amino

acids residue for the interaction with ligand.

Figure 12. Stereoscopic View of Possible Docking of rS-
type Open Conformer of EM2 (ball and stick
model) on the Agonist Binding Site of the p
-opioid Receptor Structural Model (ribbon
model)
The functional residues of the receptor for
the interaction are shown by a ball and stick
model. The hydrogen bonds or electrostatic
interactions are represented by dotted lines.

4, Elseviraceliplar loop

TR e i b

} ILsintracetiular lsap

conformer & @ docking model H¥ T )L F —[HiC
LLRETHRETH I, TOETIVDAT LAK
N Ui & O EAEHER % Fig. 12, Table 5 IC/RL
TW%. TOXNPSEHENEEKSIC (Tyrl) NH--
OD2 (Asp147), (Tyrl) OH---imidazole-N (His297),

Figure 11. Constructed p-opioid Receptor Model and Some
Key Residues (black letter) at the Binding Pocket
of p-opioid Receptor

Table 5. Interaction Mode of EM2 at The Binding Pocket of
The p-opioid Receptor

M2 -fecepior
Hydrogen hands or elecirostatic inferaciian

Tyrl NH D147 ODE

Tyrl O H29T imbdagole-M

CaMNH; E229 OE

Tyl O AZ40 C=0)

Tyr] C=i TII8 O]
Sincking nferaction

Tyrl Trp293

Phe3, Phesd Trp21B
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(C- A% amide) NH--OE (Glu229) [ DK FE A IC
nA 7T, (Tyrl) OH---0=C (Ala240), (Tyrl) C=0--
OG1 (Thr218) M BT EIKHEKE G D 5 VIS
M EAEH OFTREPED R E N7z, BHIC, Trp293
& Trp318 DA~ R —)VERIZZNZE N Tyrl KT,
Phe3 & Phed DR FTHERE DM TAR v F
HEAZERLTED, EM2 LT 2—01 &
AT AEOLENICHFGLTNA T ENEALN
5. — ) CRUEICAIVKRFIIIVEZZL YAV R
EDORTIE LS Z2—51 &0 binding Y1 &, FF
WKV AV FEDFEREICEETH 5 Glu229 T
F VI EAE R DME &, 2 ORSSEAE D A
BT EhREENG. Y

bz & X, -EM2 @ open conformer A
C-AKifi7 2 RIEEEN LI LY T 22— 1 & OMELE
FICHREEL TWA T ENHLMERS 2.

3-4. /DG

EM2, EM20OH DAL DIAKRPTODIa Y T+ A—
3 VRTORER, FHIC Tyr-Pro X7 F REEEICE
UC tr/cis- 4RDY 1:1 ~ 2:1 DTFELLT, %% 2 type
@ open & folded conformer N ZNZNHIMD 5\
DI HIE L Qe £z, OV T A—
Ta vOREE LT, TEHEATH D EM2 & /cis-
K HH 59 open conformer M X ¥ v —
T4+ == LTFHEL TV AN, NEMATH S
EM20H (& & NS hil 2 C cis- K TIERFIC N-K i &
C-Rtii & DT o FHNIKHERM &2 R L 7z folded
conformer W& < 5N, —75, EM20H O X-
MRS S G AT DAS R, R EINICHNTI 7R 2 0T
WIS TER T T’ S5 117z folded conformer & iisH
THEDaY T+ A= aryzfLT0WsT L
5, T® conformer ' EM20H DRZE DY T 4 —
X—D—DTHBHTEMNEZILND. ThHDT L
M5 EM2 V2 ORI CTEALICIFET % open
conformer D u-A ¥4 A4 RL v 72 —LE59%
BROMGERIBIEET Y T+ A—2 3 VITEL TV S
TEMHERENT. LT DT kiE, rhodopsin
DOVERGEZHE E UTHELIz - A LA FL
LT R—LEM2 ED Ry F U TETIVDERENS,

-EM2 @ open conformer ' C- Kl 77 2 FEZ AT
LicLbe 72— L OMAENICRBEL T
BT EMDERRENT.

4. BbYHIT

DLl &y, HEERT T FOERE
ICHER GRS 7 R FEEaY T+ A= 3 20
e & D& Lt 72— L OMA/ERICEEIC
B LTWaZ LAWRBENT. £, K5O
VB R OTEAIREE T D >V T+ X—3 3 VR D
RN SEENTHIRIX, ABEEXRTF RO
REFEHIFIC B 5 C-oRG 7 X RREDR I3 1%E| Z
HHEALANICIRIF 2 ECHISREDTH S L]
bhd. —), CR 7 2 FEZMNES 7 2 FIRIC,
BEAR U 72 & 5 1 OH 1A & 13 B 75 2 /K G k200
DT AEFERAREAD RSN, 2D, XT
FRO7 I/ BBEAHNC K > TITFFRN IR/ Sy F
T ZAL, IhETlHtary 74 A—-—vay
THEEVONTVEIIEZART AREMENH %
LR ENTE. TNIMEML, EM2 & 2% W idfth
@ p-opioid receptor ligand DAL 2 BH 5 i
9% LMD THKENT L THD. HicH%
\& u-opioid receptor @ wild type S U & Hafk 7= K
WS O TR RFEH UHEE - IS F LTV
QTEREZTVD. TOHEDELTNE, &
& EHN 7S TB T & % p-opioid receptor & 5 fifl
ligand & DEEERO K GG TN [EEL X D,
ZNHVUAY ROEEaY T+ A= a VRUL
T T2 — L ORGE IR H A AR S I EE
TIERMEONEED LG TES.

BEE AW EZRITT BICH I D RIAIRE T S 1
TREEHEREZ I O F U 7o KBCRRI K - AIHFEE
BIRICHATERMOBRELR LET. AN Z
FLHBICHOAREEE MR THE
U 7o KBRFERIR Y « KA ZRSCEEN, A& RS Flas A
WS L E 9. AR ZHED SICHTZD,
NMR A7 b))V ORIEN TN Z DfftTIc BE LE &
OB LB E ZTHE £ U KRR H
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W ZWF, MPERRY - Bl E rBhEdR,
FIEANA X TR BB L 9. 784
YA A RXTF ROFFERE I 4 OHE
CHE R 2 THE £ LTl 22Be K2 - RIS B
B, BACERIRE « B4 REREER, 7 AV A
VIR BRI EE AL 22 B 92T - Lawrence H. Lazarus 1
T OEELLET. I SIARMIICHET
THE X LI RBEERIR Y - SR L P D&
RRIICERMBLET. RBICAWHREITIICHT:
D BT F Rt G HEE L (W) Yk
U — LA R AIRZERT - MR 2 LICREA T
L U B 9. RZEO—EBIE R A Bl
e (BT (0) ISk > THMENZEDTH
D, TTWELIBILHLLEFET.
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