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Chapter 1
Introduction

1-1. Biochemical background of bombyxin research
{a) Hormonal control of insect metamorphosis

The metamorphosis of insects is regulated by effector hormones controlled by
neurosecretory peptide hormones in the brain (Figure 1-1) (for reviews, see Granger and

Bollenbacher, 1981; Gilbert and Goodman, 1981). The molting process is initinted in the

brain, where neurosecretory cells rel prothoracicotropic hormone (PTTH). PTTH

stimulates the prothoracic glands to produce ecdysone, which is converted into 20-

hydroxyecdysone (molting hormone). Each molt is occasioned by one or more pulses of 20-

hydroxyecdysone. The second major effector hormone in insect development is juvenile

hormone (JH), which is secreted by the corpora all This horm

e is responsible for

preventing metamorphosis.  As long as JH is present, the 20-hydroxyecdysone-stimulated

1

molts result in a new larval inster. In the last larval inster, JH levels drop below a cri
threshold value. The subsequent molt, occuring in the relative scarcity of JH, shifits the

organism from larva 1o pupa. During pupation, the corpora allata release no JH, and the 20-

hydroxyecdysone-stimulated pupa will eventually met

orphose into the adult insect.

All these hormones, ecdysone (Butenandt and Karlson, 1954; Hilber and Hoppe, 1965),

20-hydroxyecdysone (Hoffmeister, 1966) and JH (R& 1967), were isolated and

chemically characterized in 1960, except

r the brain-secretory peptide hormone, PTTH,

which was isolated at length in 1987 (Kataoka g1 gl., 1987, 1991; Kaw mi gt al, 1990)

(b} Purific

Ise P’

n of bombyxin as a TH" of the silkmoth Bombyx mori

PTTH was discovered as the first neurosecretory hormone throughout the animal kingdom,

which Kopec (1922) described as an endocrine factor that induced pupation of the gypsy moth




Lymantria dispar. In spite of many researchers’ efforts to purify PTTH, its chemical structure
was not determined because of a formidably minute coment of PTTH in an insect brain. In
1960, Ishizaki and Ichikawa began purifying the PTTH from brains of the silkmoth Bombyx
mor. Since aqueous extract of Bombyx brains was able to induce adult development of brain-

removed dormant pupae of both the silkmoth Bombyx mori and the saturniid moth Samia

gynthia ricini when injected into pupae, they assumed that the biological activity of the Bombyx

PTTH was species-nonspecific in activating pupae of the two species. Because of several

technical advantages, they used Samig brain-removed pupae as an assay animal for the Bombyx
PTTH purification (Figure 1-2). After extensive efforts towards the isolation for more than 20
years, Suzuki, Ishizaki and colleagues finally obwined the "PTTH” in a pure form (Suzuki g1
al., 1982). But this pure PTTH preparation was unexpectedly inactive to Bombyx brain-
removed pupae. Soon after that, it was revealed that the Bombyx brain extract contined two
distinct molecules with prothoracicotropic activity: (1) the genuine Bombyx PTTH (30 kDa)
active to Bombyx but not to Samig and (2) & PTTH-like substance (5 kDa) heteralogously
active to Samig but not to Bombyx (Ishizaki gt gl., 1983h). Therefore, the crude extract of
Bombyx brains was active 1o both Bombyx and Samia because it contained two types of
molecules that were specifically active 1o the respective species.  After thar, they purified the
genuine Bombyx PTTH using Bombyx brain-removed pupae as an assay animal (Kataoka gt

al., 1987). Despite the similar biological activity, the Bombyx PTTH (Kataoka ¢t al., 1991;

Ishibashi g1 al.. 1993) and bombyxin (¢

asawa g1 gl.. 1986; Maruyama ¢t al., 1988) have

dissimilar structures (Figure 1-3), The Bombyx PTTH is a 30-kDa glycoprotein consisting of
two identical peptide chains of 109 amino acid residues, seven disulfide bonds and glycosides.

In contrast, bombyxin is a 5-kDa peptide consisting of two different peptide chains of 20 and

28 amino acid residues and three disulfide bonds. Recently, the Sumig PTTH was identified

(Adachi-Yamada g{ al.. in preparation), which is a Bombyx PTTH-like glycoprotein consisting

of two identical peptide chains of 125 amino acid residues, seven disulfide bonds and

glycosides. Despite the apparemtly same biolo,

al activity, the Samia PTTH and bombyxin

have no sequence similarity (Figure 1-3)



(¢) Primary structure of be

byxin: homology with insulin

Although the activity of bombyxin was disappointing, determination of amino-acid sequence

and disulfide-bond location of bombyxin-11, a representative molecular species of bombyxin,

revealed that it was similar in primary structure to insulin, a vertebrate peptide hormone which

lowers the blood sugar level (N 198.

awa gl al.. a). Both the molecules consist of two

£
peptide chains (A- and B-chains; 20 and 28 residues in bombyxin-11; 21 and 30 residues in

human insulin) which are 50% and 32% identi

in sequence (Nagasawa et al., 1986) and

three disulfide bonds li nd A20-B19) (

d in the same way (A6-All, AT-B7

sawa gt al.,

1988) (Figure 1

Bombyxin was thus identified as the first insulin-related pepride of

invertebrate origin, Later, sev

al insulin-r

ated peptides have been identified from a wide

range of invertebrate species (Figure 1-4), suggesting the insulin-related peptides are generally

present in invertebrates. These peptides may play imporant roles in me

wolism, growth and

reproduction of invenebrates as do the veriebrate counterpants, insulin, insulin-like growth

factors (1 -11) and relaxin. Three-dimensional structures of bombyxin-II and other

members of insulin super

mily were proposed (Figure 1-5) using interactive computer

graphics and energy minimization techniques, assuming homaology with porcine insulin, the

structure of which was determined by X-ray analysis (Jhot gt al., 1987; Murray-Rust et al.,

1992). Recently, the intrinsic functions of bombyxin ha

e been revealed. Bombyxin lowers

the concentration of haemolymph trehalose, the m

jor blood sugar of Bombyx morj, in a dose-

atic

dependent manner (Mizoguchi gt al., in pre ind it induces meiosis in the ovary

(Orika

1 gt al., 1993). Thus, bombyxin is similar to insulin not only in primary structure but

also in biolog function (for the effect of insulin

induce meiotic division,

El-Etr gt al..

1979).

(d) Chemical synthesis of bombyxin

ce the natural bombyxin is very scarce (50 pg from 650,000 Bombyx heads), efficient

synthetic method should be required for further structural and functional studies of bombyxin



such as the three-dimensional structure determination and the production of anti-bombyxin

antibody. The peptide chains were easily synthesized by solid

use bom

developed by Mermifield (1964). Bec

wyxin is a heterodimeric pepti

intramolecular disulfide bonds, regioselective fony

ation of these disulfide bonds was the key of

the synthesis of bombyxin. Nagasawa gt al. (1988) rep

1 the first chemical synthesis of
bombyxin-11, by the random combination of the A- and B-chains. The yield was low (4%),

because this method also gave many kinds of by-products such as the oligomers of the A-c

1in

and the B-chain and disulfide bond isomers of bombyxin-1l. Maruyama ef al. (1992)

developed a regioselective disulfide-he thod for the synthesis of bombyxin-T1V

ure 1-6). This method wtilizes the onthogonal thiol prow

ecting groups (Tr, labile to T

MBzl and tBu, stable to TFA and labile 1o TEMSA; Acm, sta

le to TFA and TFMSA and labile

1o 12), and the stepwise deprotection of these protecti

roups forms the three disulfide bonds

s
F

regioselectively. By this method, bombyxin-1V and -1l were obtained in good yields of 4

and 69%, respectively (Maruy:

mi ef al, 1992; N

a gt il 1992b). Owing to this efficient

synthetic method, we can now obtain en

amount of bombyxin-11 1o the analysis of three-

dimensional structy

re, production of antibody and prepuration of

ffinity gel. I synthesized %)

mg of bomk

in-11 and many kinds of related molecules, which were used for the above

structural and functional studies

and structure-activity relationship studies.



1-2. The purpose of the study

byxin-Il1 is

(a) The three-dimensional structure of bor sential for

understanding its function

As described in 1-1 (b), bombyxin-11, although exc

nous, is able o recognize the receptor

on the Samia prothoracic glands (referred to as the Samig bombyxin recepior) with high affinity
(though Ky is unknown, EC5g = 30 pM) and is able to activate the glands to synthesize and
release ecdysone, as if it were a prothoracicotropic hormone of Samia gyothia ricini (Figure 1-
3B). Despite the sequence similarity between bombyxin-11 and human insulin, no cross-

activity was observed between them (N

pasawa ef al., 1 : Fernandez-Almonacid and

Rosen, 1987; Nagata gt al., 1992b). In order to elucidate the structural basis of receptor

specificity between bombyxin-I1 and humw

and to investigate the molecular evo

an insu

on

of insulin-superfumily peptides, the three

limensional structure of bombyxin-11 must be
elucidated and compared in detail with that of insulin. The first purpose of this thesis is

therefore to determine the th

e-dimensi

ucture of bombyxin-11

cture determinat

At present, two of a peptide (or a protein)

at atomic resolution: (1) X-ray crystallography and (2) r

ar magnetic resonance (NMR)
(Wiithrich, 1986). Because the NMR analysis can provide high-resolution structural
information in solution and does not need protein crystals, I chose the NMR method for the

three-dimensional structun

alysis of bombyxin-1L Steps involved in determination of the
three-dimensional structure of a peptide by NMR are shown in Figure 1-7. NMR can yield the

following structural constrainis: (1) dist

e 146, (2) dihedral angle: 3JHNa —> 0.

31{1[1 —> 1 and (3) hydrog

n bond: amide exchange. A family of structures consistent with

the NMR constraints are calculated

(b) Identification of the receptor-recognition site of bombyxin-I1 is also

essential for understanding its function



In order to elucidate the molecu

Samia bombyxin rece

molecule is essen|

ir basis of specific rect een bombyxin-11 and the

or, identification of 1}

bombyxin-I1

al. The second purpose of t

ore to identify and

aracterize
the receptor-recognition site of bombyxin-11

I synthesized a large large numbers of (1) an

acid substituti

ns and (2) chimers mole

s of bombyxin-11

regioselective disulfide-bond formation method (Fi

1-6) (Maruy

L., 1992b), and evaluated their potencies in th

ombyxin-like activity (il

to Samia cynthia ficini) u

1l assay

Ichikawa, 1967).



1-3. The arrangement of chapters in this th

This thesis consists of seven chapters, of which Chapters 2-5 are the main text. The

contents of Chapters 2-5 are summarized in Table 1-1.

In Chapter 2, the three-dimensional structure of bombyxin-I1 is determined. The structure is

"

compared with those of vertebrate coun an insulin and human relaxin 2

1, which is of critical

Bombyxin-11 is shown to lack the B-chain C-term und P-str

importance for activity of insulin.
In Chapter 3, the three-dimensional structures of the hybrid molecules of bombyxin-11 and

human insulin, bonsulin (bombyxin-11 A-chain + human insulin B-chain) and imbyxin (human

insulin A-chain + bombyxin-Il B-chain), are determined. Bonsulin ad an insulin-like m:

pas
chain fold as expected, while imbyxin takes a distorted main-chain fold which is different from

those of bombyxin-I1 and hum wsulin. A solvent-dependent equilibrium in conformation is

B-ct

observed in imbyxin. Bioassays show th 1s rather than the A-chains determined

between bombyxin-11 and human insulin,

the receplor spect

Contents

Chapter Determin Low ion or identi
of the re or-recognition
site of bombyxin-
Chapter 2 bombyxin-11
Chapter 3 bonsulin the B-chain
imbyxin (rather than the A-chain)
Chapter 4 bonsylin-(6-18)
(bonsulin)
Chapter 5 B6, Bl1, B12, B14, BIS,

Bl6, B17, BIS
(AL, A3, A20-B19)




2 of o chimera molecule ¢

In Chapter 4, the three-dimensional stir

wat of bonsulin. Altho

human insulin, bonsylin-(6-18), are determined

art (B6 10 B18), w

they are sequentially different exclusively in the B-chain

bonsylin-(6-18) has the bombyxin-type residues while bonsulin has the insulin-type residues.
e observed in the

nce between them a

onal di

Unexpectedly, the largest conform

itially different B-chain

not in the sequ:

sequentially identical B-chain C-terminal part b

middle pant. Bioassay for bombyxin-like activity showed bonsylin-(6-18) is fully active, while

¢ inactive. Therefore, the middle pant of the bombyxin-11 B-chain is of

bonsulin is comple

cin-like activity,

critical importance for bomby

In Chapter 5, in order to identify the side chains important for bombyxin-like activity in the

anning analc

in, a series of

middle part (B6-B18) of the bombyxin-Il B-c

aced by the insulin-type residues) are

bombyxin-11 (the native Ala residues were ref

cir bombyxin-like activity is evaluated. The important residues for

synthesized and 1

dimensional structure of bombyxin-11, and the

thn

bombyxin-like activity are mapped on

ered to be involved in the recognition

1 resic con:

exposed side chains of the impor

nition site of bombyxin-11 is

of the Samia bombyxin receptor. The id

receptor-recog

an insulin and human relaxin 2.

compared with those of the venebrate counterpans, h

e described.

In Chapter 6, "Concluding remarks
In Chapter 7, "Experimental procedures” are described in detsil on some specified topics,

ods” section.

although each of Chaprers 2-5 include "Materials and my




Chapter 2

Three-dimensional structure of bombyxin-II, an
insulin-related brain-secretory peptide of the silkmoth
Bombyx mori: comparison with insulin and relaxin

Bombyxin, the insulin ed peptide of the silkmoth Bombyx fi. plays important roles

in metaboli reproduction of the moth. The solution structure of bombyxin-11 was

determined by two-dimensional 1H nuclear m ¢ resonance (NMR) spectroscopy and

simulated anncaling calculations. To our knowledge, this is the first three-dimensional

structure determined for an invertebrate insulin-related peptide. The structure of bombyxin-11 is

similar to that of insulin. However, tl icant dif

ences in the C-terminal region of

the B-chain, where bombyxin-11, like relaxin, adopts an extension of a helix instead of a sharp
turn followed by a strand as in insulin. The receptor-binding surface of bombyxin-1l is

proposcd based on its structure-activity relationship which is structurally similar to that of

relaxin but distinet from that of insulin. The differem exposed patches on the surface should

confer receptor-reco

tion specificity between bombyxin and insulin, The structure should

provide novel views 1o the receptor recoy and mo

ar evolution of insulin-superfamily

peptides.




1. Introduction

n have so far b

Several insulin-related peptides of invenebrate or =n identified (Figure 2-
£

ve silkmoth Bombyx mori, was

first insulin-related peptide of invertebrate origin (A-chain, 50%; B-chain, 32% identical to

ntified as the

1). Bombyxin, a brain-secretory peptide of

those of human insulin) (Nagasawa gt al,, 1984n, 1986). Bombyxin lowers the concentration

of haemolymph trehalose, the major blood sugar of Bombyx mor. in a dose-dependent manner

(Mizoguchi g1 al., unpublished data), and induces meiosis in the ovs

ry (Orikasa gt al., 1993).
Hence, bombyxin is similar to insulin not only in primary structure but also in biological

function (for the effect of insulin to induce meiotic division, see El-Etr g1 al,, 1979). In

addition, when administered to a brain-removed dormant pupa of the saturniid moth Samia

cynthia ricini, bombyxin promotes adult development of the pupa by stimulating the prothoracic

glands to synthesize and release ecdysteroid, the insect molting hormone (Nagasawa gt al.,

1984b). Five molecular species of bombyxin have so far been isolated from the heads of the

silkmoth Bombyx mori using the Samia pupa ¢ (Ishizaki and Ichikawa, 1967}, the primary

structure is determined completely for bombyxin-11, -1V and partially for bombyxin-1, -111, -V

(Nagasawa gf al., 1986; Jhoti gt al., 1987; Maruyama g1 gl., 1988) (Figure 2-1). Despite the

sequence similarity between bombyxin and insulin, no cross-activity was observed between

them (Na a ¢t al., 1884a; Femandez-Almonacid and Rosen, 1987; Nagaw g al., 1992b)

In order to elucidate the structural basis of receptor specificity between bombyxin and insulin

and to investigate the molecular evolution of insulin-superfamily peptides, we have determined

the three dimensional structure of bombyxin-1l, a representative molecular species of

bombyxin, by two-dimensional 'H nuelear magnetic resonance (NMR) spectroscopy and
simulated annealing calculations. The structure is compared with those of vertebrate insulin-
superfamily peptides, insulin and relaxin, and the implications for receptor-binding
ussedl.

determinants and divergent molecular evolution of insulin-superfamily peptides are dis




s and methods

{a) NMR measurements
Bombyxin-11 was chemically synthesized by the combination of solid-phase peptide
synthesis of the two peptide chains and regioselective formation of the three intramolecular

disulfide bonds (Maruyama gt al.. 1992; Nagaw g1 al., 1992a,b). The synthetic bombyxin-11

was dissolved at a concentration of 3 mM in 70%/30% (v/v) 21 120/C<H3CO2<H (pH*2.0,
pH* indicates direct meter reading) or at 4 mM in 70%/30% (v/v) H20/C< |;(_‘{J::“

(pH*2.0). |H NMR spectra were measured at 600 MHz on a JEOL JNM-a600 spectrometer

at 28°C. DQF-COSY (Rance g1 al., 1983), PE-COSY (Miiller, 1987), TOCSY (45 ms mixing

time) with a modified DIPSI-2 pulse sequence (Cavane nd Rance, 1992) and NOESY (75

or 150 ms mixing time) (Jeener gt al., 1979; Macur il 1981) were recorded in the phase-

tive mode (States gf gl., 1982). Water resonance was suppressed by DANTE pulse

sen

(Zuiderweg ¢f al., 1986). Two-dimensional spectrn were recorded using a data size of 512 (1])

x 2048 (12) (512 x 4096 for PE-COSY) with a spectral width of 6500 Hz. After zero-filling

once in the 12 and twice in the t] dimension, 2048 x 2048 real data matrix were finally obtained

and digital resolution was 3.2 Hz/point in both dimensions (512 x 4096 real data matrix and 1.6

Hz/point digital resolution in the F2 dimension for primitive exclusive COSY).
(b) Structure calculations
Interproton distance constraints were derived from NOE crosspeak intensities (peak height)

in the NOESY spectra (75 ms mixing time) according to the method of Haranaka g1 al, (1994).

Crosspeaks in the NOESY spectra were picked and edited with NMRZ (New Methods

Research, Inc., Syracuse, NY). The peak intensities were translated into distances on the basis

of the relation of NOE intensity = (distance)"® and u standard distance of sequential dNN in @
helix = 2.8 A (Wiithrich, 1986). The upper-bound distance constraints were the calculated

rints 110 1.8 A. The distances involving

distance plus 0.5 A, The lower-bound c

methylene and methy! protons and ring protons of tyrosine were referred o as single (<rb>)-




1/6 average ¢

ses 50 that no corre

1986). Dit

constraints were ¢

COSY andfor NOESY spectra (Wag

kS
=
a
v
B

calculated by the simulated annealing mett

Walthan, MA) using the distance and dit

structures was selected from 100 caleu!

nt with the expe:

data and van der Waals energy. A n uined by aver: 2 the coordina

the structures that were superimposed in advane best converged structure and then

minimizing unde straints {Clore et al., 1986).




3. Resulis

{a) Secondary structure

1esis and regioselective

tide-chain syr

disulfide-bond formation (Maruya ata gf al., 1992a,b). It was difficult 10

dissolve bombyxin-11, like insulin, into H20 at a concentration above 1 mM between pH 4 and
8 because of its self-nssociation properties. At pH 2.0, bombyxin-11 was apparently dissolved
at 2 mM into H20, but was still aggregated, as evidenced by the line broadening of IH

¢ solvent (20% acetic acid

resonances (Figure 2-2A). In the case of insulin, addition of org

or 35% acetonitrile) was successfully used to minimize the peptide aggregation withou

destroying the globular structure of the insulin molecule (Kline and Justice, 1990; Hua and

f30% (viv) H20 (or

1991).  Similarly, the solvent 709

-

<H reduced the self-association of bombyxin-11 and allowed spectra of

cid did not cause a

Idition of acetic

quality to be obtained for at least a few months, The

remarkable change in the pattern of 1H NMR spectra (Figure 2-2B), indicative of overall

eptide. Hence, the two-dimensional TH NMR

conservation of native conformation of the |
+ ] ” ~2 - 2 .

spectra were measured in the presence of 30% C<H3CO2-H at pH 2.0 (direct meter reading),

peptide concentrations of 3-4 mM and 28°C.

The resonances were assigned to individual protons in a sequence-specific manner using the

od (Table 2-1) (Wiithrich, 1986). The sequential assignment

sequential assignment m

method consists of two stages. The first st nent involves the ider ation of the

systems of spin-spin coupled resonances which belong to a particular umino acid residue. This

“igure 2-3). The second s

was achieved using DQF-COSY and TOCS Y

ment of an a

assignment involves the assig

nent is achieved by correlating

specific residue in the peptide. This sequence-specific assi

ione amino acid spin system with the spin systems of its neighboring residues in the sequence.

There is no resolvable spin-spin coupling between protons of =nt residues and, therefore,

)

COSY-type spectra can not be used 10 delineate the sequential connectivities. Instead, this stage




of assignment relied on the short-range through-space connectivities observed in NOESY

spectra (Figure 2-4). The successive strong dNN. daN(ii+3) and \I_”|1|i.1'-h NOE

ese NOE

sis of t

connectivities are characteristic of a-helix (Wiithrich, 1986). The analy

connectivities revealed that bombyxin-11 was composed of three a-helices in the A-chain N-

terminal region (HA N, residues 1leA2 w LeuAS), in the A-chain C-terminal region (HAC.

residues ValAl13 o TyrA19) and in the B-chain central region (Hp, residues ArgB9 1o AlaB22)

(Figure 2-4),

(b) Tertiary stru

re

A total of 535 distance constraints which included 229 intraresid

138 sequential (li - jl =
1), 132 short-range (2 £ i _il < 5) and 36 long-range (i - jl = 6) constraints were derived from

the assigned NOE crosspeaks measured with o mixing

ime of 75 ms, Dihedral angle

constraints including 18 ¢ and 6 %1 were obtained. The three-dimensional structures were

calculated with X-PLOR (Briinger, 19%90) us

the simulated annealing protocol (YASAP) on

the 563 above-mentioned experimental constraints and 3 distance constraints of the disulfide

bonds (Nagasawa gt al., 1988). A rotal of 100 cal

ations were carried out, and a final set of

10 structures was selected on the basis of agreement with the experimental constraints and van

1 the cut-of taken at

der Waals energy,

epel < 197.00) keal/mol (Table 2-2). The

number of inter-residue distance constraints and average root-mean-square deviations (RMSDs)

around the mean structure for each residue (Figure 2-5A) and the Ramachandran plot for the 10

structures (Figure 2-5B) are shown. The structure was well-defined except for the N-terminal
region of the B-chain (residues pGluB(-2) 1o HisB4) and the peptide-chain termini (residues
GlyAl, CysA20 and GlyB23 to AspB25) (Figure 2-6A). The root-mean-square deviations
(RMSDs) between the final 10 structures and the mean structure were 0.58 £ 0.15 A for the

backbone heavy atoms (N, C%, €) and 1.03 £ (.18 A for all non

drogen atoms in the well-
defined regions (residues lleA2 to TyrA 19 and ThrBS 1w AlaB22)
The A-chain of bombyxin-I1 consists of two antiparalle] helices, HoAN (residues 1eA2 w

LeuA8) and HAC (residues ValA13 to TyrA19), which are connected by a loop (residues




ArgA9 1o SerA12) (Figure 2-6A). The B-¢

ess well-d

(residues pGluB(-2) to HisB4), an extended arm (residues ThrB5 to GlyB8), a central

(HR, residues ArgB9 10 AlaB22), and a C-terminal coil (residues

B23 10 AspB25). The

structure including the three helic

is stabilized by three disulfide bonds (CysA6-CysAll,

CysA7-CysB7 and CysA20-CysB19) and a hydrophobic core (residues lleA2, LeuAls,
TyrA19, TyrB6, LeuB11, LeuB15 and LeuB 18) (Figure 2-6B)

It should be noted that a three-dimensional stru

re of bombyxin-1l was proposed using

interactive computer graphics and energy minimization techniques, assuming homology w

n, the structure of which was deterr by X-ray analysis (Figure 1-5C) (Jh

porcine msu;

¢t al.. 1987). In the modeled structure, the B-chain C-terminal region of bombyxin-11 adopts a

type 111 turn between CysB19 and AlaB22 and an extended C

terminal segment in a similar way

to human insulin. However, in the solution structure of b 1in central helix

mbyxin-11, the B-ct

continues 10 AlaB22 and the C-terminus (residues GlyB23 1o AspB235) adopts a coiled

stnucture.




4. Discussion

(a) Structure comparison with insulin and relaxin
The overall main-chain fold of bombyxin-Il in solution is gimilar to those of insulin in
solution (Brookhaven Protein Data Bank entry 1HIU, Hua gt al., 1991), insulin in the

crystalline T-stute (4INS, Baker gf al., 1988) and relaxin in crystal (6RLX, Eigenbrot gf al.,

1991) (Figure 2-7); the root-mean-square deviations are 1.31 A, 1.28 A and 1.45 A,

respectively, for the main-chain atoms (N, C%, C') within the common helical regions

(residues A2 10 AR, Al13 10 A19 and BY 10 B19 or B22), The common structural features

include: (1) an A-chain with two helices joined by an extended loop, (2) a B-chain with an
extended N-terminus followed by a central helix, (3) three disulfide bonds and (4) a

hydrophobic cluster.

Seven residu

s thoroughly conserved in sulin-superf y peptides (the six Cys

residues and GlyB8&) are essential to construct the characteristic backbone fold of the insulin-

The linka

res of the three disy

superfamily peptide

fe bonds in bombyxin-11 are identical 1o
those in insulin, IGFs and relaxin (CysA6-CysAll, CysA7-CysB7, CysA20-CysB19)

(Nagasawa ¢t al., 1988), GlyBE, with a positive ¢ angle (F

gure 2-5B), enables the main chain
to turmn sharply after CysBT to form the helix from the residue at B9, The characteristic "insulin
core” structure is stabilized by a hydrophobic cluster including the residues at A2 (lle in
bombyxin-1l/lle in human insulin/Leu in human relaxin 2), Al6 (Lew/Lew/Leu), A19
(Tyr/Tyr/Phe), B6 (Tyr/Lew/Leu), B11 (LewLeu/Leu), B15 (Leu/Leu/Gln), BI8 (Lew/Valflle),
which are highly conserved as hydrophobic through the superfamily, and the A6-All, A20-
B19 disulfide bonds (Figures 2-1 and 2-6B).

Despite the overall structy

similarity, the st

icture of the B-chain C-terminal region of

bombyxin-11 is different from that of insulin (F

ire 2-7). Bombyxin-11, like relaxin, adopts a

helix and a coiled structure, instead of a sharp tum and an extended B-strand as do insulin and

IGFs (Cooke g1 al., 1991; Sato gt al., 1993; Terasawa gt al., 1994). Insulin has two Gly

residues at B20 and B23, whose ¢ angles are positive in crystal (Blundell, 1972), whereas




bombyxin and relaxin have one (B23 in bombyxin-II, -V; B20 in relaxin) or no (in bombyxin

that be

1V) Gly residue at these positions, indica 1e Gly residues are required to form a

sharp wm. Furthermore, the extended structure of the insulin B-chain C-terminus is stabilized

by the imramolecular hydrophobic interactions between PheB24 and ValB12, LeuB1S, TyrB16
and between TyrB26 and LeuB11, lleA2, ValA3 (Jorgensen gf gl 1992), whereas in

bombyxin-11 and relaxin, which lack the residue at B26, such interactions should be

appreciably weakened. A high-potency monomeric insulin analog, des-pentapeptide(B26-

B30)-insulin, in which the B-chain terminates at B25 as in bombyxin-11 and relaxin, still adopts
a turn and extended structure in the B-chain C-terminal region (Bi ¢f al., 1984; Hua and Weiss,

tion of the B-chain C-terminus

1990, 1991; Hua gf al., 1992). Therefore, not due to the trur
but due 1o lack of a Gly residue at either B20 or B23, the B-chain C-terminal region of
bombyxin-11 and relaxin mkes an extension of the B-chain helix rather than an insulin-like turn.

All of the inveniebrate insulin-reluted peptides so far ch

racterized except sponge insulin (Figure

2-1) (Robitzki ¢t gl.. 1989) and hystricomorph (guinea pig, coypu, casiragua, cuis) insuling

lack in Gly at B20 (Blundell and Wood, 1975), which su,

ests that they might take a h

extention as do bombyxin-11 and relaxin

(b} Receptor-binding determinants

The structure-activity relationship studies of bombyxin show that the residues at the A-chain

N-terminus (GlyAl) (Maruyama, 1991) and on the B-chain central helix (HisB10, ArgBI13

and/or AspB17) (Naguta g1 al., unpublished data) are important for receptor binding, while the

residues in the B-chain N-terminus (pGluB(-2)-GlnB(-1)-ProB0-GInB1) and the B-chain C-
terminus (AlaB22-GlyB23-ValB24-AspB25) are not required for receptor binding (Minoru
Tanaka, personal communication; Maruyama, 1991). Although there are only a small number
of experimental data, mapping of these important residues on the structure of bombyxin-1I

localizes the putative receptor-binding surface to the A-chain N-wmminus and the A-chain C-

terminus and the B-chain central helix. In the case of insulin, exiensive studies on the

residues in the A-chain N-terminus

structure-function relationship have been made and




(GlyAl-lleA2-ValA3-AspA4-GluAS), the A-chain C-terminus (TyrA19 and AsnA21), the B
chain helix (ValBI2 and TyrB16) and the B-chain C-terminal B-strand (PheB24-PheB25-
TyrB26) have been shown to be important for the receptor recognition (Blundell gf al., 1972;
Pullen gt al., 1976; Tager, 1987, 1990, Murray-Rust ¢t al,, 1992). In the case of relaxin, the
residues ArgB9 and ArgB13 on the B-chain helix have been demonsirated to be involved in

receptor binding (Biillesbach and Schwabe, 1988). In addition, the residues TyrA(-1),

PheA19, ValB12, GInB15 and lleB16 have been proposed as the receptor-recognition surf
of relaxin (Eigenbrot gt al., 1991). It is to be noted that these two Arg residues are also
conserved in bombyxin-Il, suggesting that they may be involved in the receptor binding of
bombyxin-1l. Therefore, the three molecules are considered o have common receptor-
recognition sites which include the A-chain N-terminus, the A-chain C-terminus, the B-chain
central helix and, in the case of insulin, the additional site of the B-chain C-terminal B-strand

(Figure 2-8). The putative receptor-recognition surface of bombyxin-11 and relaxin includes an

exposed hydrophobic patch which is surrounded by polar and charged residues, and is distinct
from that of insulin in not only the conformation of the B-chain C-terminal section but also in
the distribution of the side-chain functional groups (Figure 2-8A). In contrast, the hydrophobic
surface in insulin is covered by the B-chain C-terminal strand, which makes a characieristic
parch including an aromatic cluster (residues PheB24-PheB25-TyrB26) on the proposed
receptor-recognition surface of insulin (Figure 2-8B), and plays a pivotal role in the expression
of insulin activity (Nakagawa and Tager, 1986, 1987, 1993; Mirmira and Tager, 1989, 1991;
Derewanda gt al., 199(; Hua g1 al.. 1991; Mirmira g1 al.. 1991). Hence, the B-chain C-terminal
regions of bombyxin/relaxin and insulin are obviously different from each other both

structural

¢ and functionally. The different exposed patches on the surface should confer the

specificity in receptor recognition on bombyxin, relaxin and insulin (Nagasawa gt al., 1984a;

Fernandez-Almonacid and Rosen, 1987; Nagaa gt al., 1992b)

Based on the solution structures of human insulin and s active mutant, [GlyB24|human
insulin, Hua gt al. (1991) proposed a model for the receptor recognition of insulin that when

insulin binds 10 the receptor, the detachment of the B-chain C-terminal -strand from the cone




should occur which reorganizes the protein su e, from the locked (inactive) state 1o th

cily ©

unlocked (active) state, exposing side chains that are stri served (IleA2-ValA3) in the N-

terminal a-helix of the A-chain (Baker et al., 1988; Mirmira and T 1989; Derewanda ¢t al.,

1990; Hua gt al.,, 1991) (Figure 2-8B). In the unlocked state but not in the locked state, these

hydrophobic side chains would be le for direct contact with the insulin receptor, which
could afford insulin a high affinity for the receptor (Hua gt al., 1991). In contrast to insulin,

bombyxin-11 and relaxin can take only the unlocked state, with the hydrophobic surface

including the hydrophobic side chains at A2-A3 (lleA2-ValA3 in bombyxin-1I; LeuA2-AlaA3

n

human relaxin 2) exposed 1o solvent (Fig ize the

2-8B); therefore, they need not reor

molecular surface when binding to respective receptors. Hence, we propose that bombyxin-11
should recognize its receptor, in a similar manner o relaxin but in a distinct way to insulin, by
A9, AlaB12, LeuB15,

the exposed hydrophobic patch (including residues He A2, ValA3, Ty

AlaB16 and A20-B19 disulfide bond) and its surrounding polar and charged groups (including
residues GlyAl, ArgB9, HisB10, ArgB13, AspB17) in the A-chain N- and C-termini and on

it involvemn

the exposed side of the B-chain central helix, wi nt or conformational change of

the B-chain C-terminal section.

(¢) Phylogeny of ir n-superfamily peptides on the structu ba

The structural and functional differences of the B-chain C-terminal region of bombyxin-

I/relaxin and insulin suggest that bombyx t have evolved a dist hanism of

t of insul

ligand-receptor recognition from th ure of vertebrate

Although the core stru,

insulin-superfamily peptides (“the insulin core”) is conserved in bombyxin-Iljrelaxin, they have

evolved a distinctive receptor-recognition patch from that of insulin, which confers the

biological specificity between them. The rec

tor-recognition patch of bombyxin-11 is similar

1o that of relaxin; examination of functional relationship berwe d relaxin is a

en bombyxin

future topic for study, The receptor-binding site of the ancestral molecule probably involved

the common framework (the A-chain N- and C-1e d the B-chain central helix) (Murray-

:B24-PheB25-T

Rust,J., g1 al,, 1992), and the involvem nes P rB26) and assoc




res in the B-chain C-

conformational cha

inda gf al., 1990 Hua

niy have aj

ger, 1989; Derev

evolution to distinguish insulin from bombyxin/r in, The molecular p

es wits constructed based on

insulin-superfamily peptid

that bombyxin was more closely related to insulin than to r

However, our data on the three dimensional sir

hat bombyxin-I1 i

receptor recognition of bombyxin-I1 demonstr

¢ of more than thiny molecular species of bombyxin

relaxin rather than o insulin, The pre

¢d side chains on the

nents of polar or ¢

in the silkmoth Bombyx mori with various arrange

B-chain helix (Kondo g1 al., sts that b ins with various

unpublished data)

ors by the arr ments of the

physiological functions might be specified by their rec

sment of B-c

1 helix in the moth

exposed side chains on the B-che 1er than by the involv

| IGFs in vertebrates. The

C-terminus in receptor recognition as the cases of insuli

¢ novel views to the receptor recognition and divergent

structure of bombyxin-11 should

nic coordinates of the 10

ion of insul

molecular evoly super eplides.

calculated structures and the averaged py minimized structure will be deposited in the

Brookhaven Protein Data Bank (1BON and 1BOM, respectively).




Chapter 3
Structure and activity of bonsulin and imbyxin, the
hybrid molecules of bombyxin-II and human insulin

In spite of 40% sequence sim xin-11, an insulin-like peptide of the silkmoth

Bombyx mori, and human insulin are not cross-active 1o each other. To localize the receptor-
specificity determinants between them, we synthesized their hybrid molecules: bonsulin

n insulin A-chain

(bombyxin-1I A-chain-human insulin B-chain) and imbyxin (hum

lecules has revealed that their B-

sation of the hybr

bombyxin-1I B-chain}. Biological eval

A-chains 1 ingeable. We

chains determine the receptor specificity while th partly ini

expected that these hybrid molecules would have a char tic core struct shared by

istic of insulin-

re charact

ulin retains the core st

insulin-superfamily pepti

dly have a distoried structure. The

superfamily peptides as expected. But, imbyxin unexpe:

1 the first ae-helix turn in the B-chain middle pan

entire a-helix in the A-chain N-terminal pan ¢

are lost and less well-defined in conformation in imbyxin. CD indicate imbyxin is in a7

i, the distorted conformation is dominant,

dependent conformational equilibrium: without T
while with 30% TFE, imbyxin appears to take a bombyxin-like conformation. This

ally il molecule does not always fold as

conformational study demonstrate that an

expected.




3-1. [Introduction

nbyx mori, which was identified

brain-secretory peptide of the silk

Bombyxin is

asawa ¢ pl., 1984a), Bombyxin-

as the first insulin-related peptide of inveret

ins (A-chain, 20

s of two peptide ch

11, a representative molecular species of bombyxin, consist

b and 32% identical,

r 1o those of insulin (5(

lly si

residues; B-chain, 28 residues) sequenti

ee disu bonds linked in the same way as in

respectively, to those of human insulin) 2

insulin (A6-All, A7-B7 and A20-B19) (Nagasawa gt al., 1986; Nagasawa g1 al., 1988).

ar to those of venebrate

1 similarity between bombyxin-I1

insulin-superfamily peptides (Ch

order to localize the receptor-

and human insulin, th ATe ot Cro other. 1

ized the hybrid molecules of human insulin and

leterminants, we have synthe

specificity

tivities. The bi

ulin-like

bombyxin-11, and examined their bombyx assays of

the hybrid molecules demonstrated that the receptor-specificity determinants between insulin

and bombyxin lie in their B-chain rather than their A-chains (Table 3-1). In this chapter, 1

and discuss the

describe the three-dimensional struct hybrid molecules

relationships between their conformatior




3-2. Experimental procedures

(a) NMR measurements
The synthetic bonsulin or imbyxin was dissolved at a concentration of 3 mM in 70%/30%

(viv) 2}lgOa’CJIi_J.COQJII (pH*2.0, pH* indicates direct meter reading) or at 4 mM in

=3

T0%/30% (v/v) H20, I!_;(‘OQ:H (pH*2.0). IH NMR spectra were measured at 600 MHz

on a JEOL INM-a600 spectrometer at 28°C. DQF-COSY (Rance gf al,, 1983), PE-COSY

(Miiller, 1987), TOCSY (45 ms mixing time) with a modified DIPSI-2 pulse sequence

(Cavanagh and Rance, 1992) and NOESY (75 or 150 ms n

xing time) (Je

r etk 1979

Macura ¢t al., 1981) were recorded in the phase-sensitive mode (States gf al., 1982). Water
resonance was suppressed by DANTE puolse (Zuiderweg gt gl 1986). Two-dimensional
spectrit were recorded using o data size of 512 (11) x 2048 (12) (512 x 4096 for PE-COSY) with

a spectral width of 6500 Hz. After zero-filling once in the 12 and twice in the t] dimension,

2048 x 2048 real data matrix were finally obtained and digital resolution was 3.2 Hz/point in

both dimensions (512 x 4096 real data matrix and 1.6 Hz/point al resolution in the F2

dimension for PE-COSY).

(b) Structure calculations

Interproton distance constraints were derived from NOE crosspeak intensities (peak height)

g to the method of Hatar

in the NOESY spectra (75 ms mixing time) accord ka gt al

(Hatanaka gt al., 1994). Crosspeaks in the NOESY spectra were picked using a homemade C

program and edited w Felix (Biosym Technolo

, Inc., San Diego, CA). The peak

intensities were translated into distances on the basis of the relation of NOE intensity =

(distance) 8 and a standard distance of sequential dNN in o helix = 2.8 A (Wiithrich, 1986),

The upper-bound distance constraints were the cale | distance plus 0.5 A, The lower-

bound constraints were set 1o 1.8 A. The distances involving methylene and methyl protons

1/ .
16 gverage distances so that no

and ring protons of tyrosine were referred to as sir

corrections for center averagi edral angle constraints

g were made (Clore ¢t al,, 1986). [




were obtained based on the analysis of DQF-COSY, PE-COSY and/or NOESY spectra

(Wagner gt al.. 1988). The three-dimensio res were calculated by the simulated

annealing method with X-PLOR (Molecular Simulations, Inc., Walthan, MA) using the

distance and dihedral angle constraints, A final set of 10 converged structures was selected

from 100 calculations on the basis of agreement with the experimental d 1 van der Waals

coord 5 of the structures thar were

energy. A mean structure was obtained

veragin,

superimposed in advance to the best converged structure and then minimizing under the

constraints (Clore g1 al., 1986).

(c) CD measurements
CD spectra were recorded on a JASCO J-6(00 spectropolarimeter in the wavelength range of

200-250 nm with 1-mm path length cells at room tempen Four scans were accumulated,

Samples were dissolved in 50 mM sodium phosphate buffer (pH 6.8)/50 mM NaCl at a residue

concentration of 20 uM. In the TFE addition experiment, imbyxin was dissolved in 50 mM

sodium phosphate buffer (pH 6.8) and 0, 10, 20, 30, 40, 50% (v/v) TFE at a residue

concentration of 20 uM. The peptid um of molar

concentration was determined using the

extinction coefficient at 280 nm of each residue: Trp (5400 Vem/r

), Tyr (1100 Vem/mol) and

disulfide (200 Yem/mol).




{a) Three-dimensional structure of bonsulin and imbyxin

Bioas

y revealed that bonsulin and imbyxin showed an weak insulin-like activity and an

, 1992). These data

weak bombyxin-like activity, respectively (Table 3-1) (Nagam gi

indicate that the functional specifici

is determined by their B-chains rather than their A-chains.

In order to investigate the relationships between biolc

tivity and three-dimensional

structure of the hybrid molecules, three-dimensional structures of bonsulin and imbyxin were

t
analyzed by NMR

The wo-dimensional 1H NMR spectra of bonsulin and imbyxin were measured in the

presence of 30% (‘3I11('(}33]I as in the case of bombyxin-11: 4 mM peptide dissolved in 70%

H20/30% (‘3I1_\(‘{)12!I at pH* 2.0 (pH* indicates direct meter readi

und 3 mM peptide

dissolved in 70% H20/30% C2H3C022H w pH* 2

Two-dimensional 1H NMR spectra,

DQF-COSY, TOCSY (45 ms mixi

g time), NOESY (75-ms or 150-ms mixing time) and PE-

COSY, were measured at 600 MHz on a JEOL INM-a60{) spectrometer. The resonances wene

assigned to individ

al protons in a sequence-speci ner using the sequential assignment

method (Tables 3-2 and 3-3). The successive strong dNN, daN(ii+3) and dgp(ii+3) NOE

connectivities were characteristic of c-helix (Wilthrich, 1986). The a

lysis of these NOE
connectivities revealed that bonsulin was composed of three a-helices in the A-chain N-terminal
region (HAN, residues lleA2 1o LeuAS8), in the A-chain C-terminal region (HAC, residues

ValA13 o TyrA19) and in the B-chain central region (Hg, residues ArgB9 1o CysB19), while

imbyxin was composed of two o-helices in the A-chain C-terminal region (HAC, residues

ValA13 to TyrA19) and in the B-chain ce esidues AlaB11 10 AlaB22)

1l region (H'R,

(Figure 3-1). The peptide chains in bonsulin take a similar secondary structure to those in the

original molecule, while the peptide ¢

5 in imbyxin wke a different secondary structure 1o

those in the original molecules. The N-terminal helix (1leA2 to ThrA8) in the human insulin A-

chain and the first helix twm (ArgB9 10 LeuB11) in the bombyxin-11 B-chain was lost in




imbyxin, indicating t imbyxin should take a di nt main-chain conformation
from bombyxin-11 and human insulin.
In the case of bonsulin, a total of 623 disunce constraints which included 271 intraresidue,

164 sequential (li - jl = 1), 141 short-range (2 < i - 5) and 47 long-range (i - jl 2 6)

constraints were derived from the assigned NOE crosspeaks measured with a mixing time of 75

ms, and dihedral angle constraimts for 26 ¢ and & 1 were obtined. In the case of imbyxin, a

total of 509 distance constraints which included 228 intraresidue, 162 sequential, 83 short-

range and 36 long-range constraints were derived from the assigned NOE crosspeal easured

with a mixing time of 75 ms, and dihedral angle constraints for 22 ¢ were obained. The three-

dimensional structures were calculated with X-PLOR (Brilnger, 1990) using the simulated

annealing protocol (Y ASAP) on the experimental constraints and 3 distance constraints of the
disulfide bonds (CysA6-CysAll. CysA7-CysBT and CysA20-CysB19). A total of 100

calculations were carried out, and a final set of 10 structures was selected on the basis of

agreement with the experimental constraints and van der Waals ene (Tables 3-4 and 3-5)

The number of inter-residue distance constraints and average root- n-square deviations

(RMSDs) around the mean structure for each residue (Figure 3-2) and the Ramachandran plot
for the 10 structures (Figure 3-3) are shown. The structure of bonsulin was well-defined
except for the peptide-chain termini (residues GlyA 1, CysA20, PheB1 to AsnB3 and LysB29-
ThrB30) (Figure 3-4); the RMSDs between the final 10 structures and the mean structure were
0.71 £ 0.11 A for the backbone heavy atoms (N, C%, C') and 1.59 £ 0.22 A for all non-
hydrogen atoms in the well-defined regions (residues lleA2 10 TyrA19 and GInB4 to ProB28)

(Figure 3-4A). On the other hand, the structure

imbyxin was well-defined in the C-terminal

and of the B-chain (residues AlaB12 1o

halves of the A-chain (residues LeuA13 1o TyrA
AlaB22), but was disordered in the N-terminal halves of the A-chain (residues GlyAl 1o

SerA12) and of the B-chain (residues pGluB(-2) 10 LeuB11) (Figure 3-4B). The average

pairwise root-mean-square deviation (RMSD) was (L82 A for the backbone heavy atoms (N,
C®, ) and 1.58 A for all non-hydrogen atoms in the well-defined regions (residues LeuA 13
YUrog: E

to TyrAl9 and AlaB12 to AlaB22). Although the A- and B-chains of imbyxin were




I to the A-c and B-chain of

sequentially identi inst ombyxin-II,

ook

7, these peptide chains took different conformations in imbyxin from what tf

respectiv

in human insulin and bombyxin-11 (Figure 3-1B).

(b) CD spectra of bonsulin and imbyx

Figure 3-5 shows the CD spectra of human insulin, bombyxin-1l and their hybrid molecules,

er (pH 6.8)/50 mM NaCl

bonsulin and imbyxin dissolved in 50 mM sodium phosphate buff

t of hum:

The CD spectrum of bonsulin was similar to 1} insulin and bombyxin-II, while the

r molecules, ir

CD spectrum of imbyxin was dissimilar to the CD spectra of the ot cating the

helix content of imbyxin is lower than the others’. Thus the CD spectra of bonsulin 2

0 mM NaCl and the NMR

imbyxin dissolved in 50 mM sodium phosph

dissolved in 70%/30% C2H3C022H/H20 (pH 2.0) are

structures of bonsulin and imbyxir

50

2 (0, 10, 20, 30, 4 %) o imbyxin dissolved in

consistent. A serial addition of

mM sodium phosphate buffer (pH 6.8) changed the CD spectrum of imbyxin to a churacteristic

one of the insu es that imbyxin can take a bombyxin-

n-superfamily peptides, The result ind

ice of 0%

TFE. After addition of 50% Tt

1I-like main-chain conformation in the prese

T

2 concentration was then lowered gradually by buffer exchange using a Centricon 3

microconcentrator (Amicon), and finally the TFE was almost entirely removed. The CD

5 essentially the same as that of imbyxin befi

spectrum of imbyxin after th emovial wa

the TFE addition. Therefore, the conformation of imbyxin char

ed reversibly depending on

the solvent conditions: in the absence of TFE, imbyxin takes distoried conformations in

aqueous solution, while in the presence of 3( in can adopt a bombyxin-11-like

ion. The distorted main-chain confor on is more stable for imbyxin in

main-chain conform:

aqueous solution without TFE than the bombyxin-Il-like main-chain conformation. TFE is

utilized as an a-helix stabilizer or inducer (Creighton, because it is poor in ability 1o form the

hydrogen bond, and thus will sirengthen the intramolecular local hydrogen bonds in peptides.

In spite of the distorted conformations of imbyxin in aqueous solution, imbyxin retains a weak




bombyxin-like activi

Samia bombyxin recepior




(a) Conformational comparison of the hybrid molecules with bombyxin-IT1 and

human

We have synthesized hybrid molecules of human insuli

and bombyxin-11 to localize the

{agata ef al., 1992b). Bioassays revealed that

receptor-recognition specificity determinants (!

bonsulin (bombyxin-11 A-chain + human insulin B-chain) possessed insulin-like activity
b F )

exclusively, while imbyxin (human ins A-chain + bombyxin-11 B-

n) possessed

bombyxin-like activity exclusively, which indicated t the receptor-specifity determinants lie

in the B-chains (Nagat g1 pl., 1992b). Models of three-dimensional structure of bons

and imbyxin was constructed on the basis of three-di structures of human insulin and

bombyxin-1I. The model buildi ested that both the hybrid molecules, bonsulin and

E s,

imbyxin, could assume the core structure ch

acteristic of the insulin-superfamily peptides,

because human insulin and bombyxin-11 have a sim core structure. But the three-

dimensional structure determination of imbyxin demonstrates that it does not take the

characteristic core structure but rather a distonted struct A-chain N-terminal helix

(HAN, residues lleA2 to ThrAS) and the first rn (ArgBY o LeuB11) of the B-chain middle-

C-terminal helix were lost and disordered in conformation.

dependent equilibrium in ¢

(b) TF Tormation of imbyxin

The CD spectra of imbyxin changes reversibly depending on the concentration of TFE and

becomes similar to those of bombyxin-11 of TFE. Therefore, the

solvent-dependent equilibrium in the cc mbyxin is proposed (Figure 3-6): the

conformer 1, which has the distorted conformation, is dominant in agueous solution without

T

2, while the conformer I, which has the bombyxin-like main-chain conformation is

dominant in aqueous solution containing 30% This result demonstrates that the

heterologous A- and B-chains do not always match well, which is very instructive 1o me, for 1

will go on the structure-activity relationship studies of chimera molecules of bombyxin-11 and




human insulin (Chapter 4) to locs

irements

receplor.

Although imbyxin takes a distorted conformation in t

bombyxin-like activity (0.002-fold that of bombyxir

1) and no ins

can be interpreted that no conformers of the hu ulin

¢ capable of recog

e of reco

receptor, while some conformers are ca

the Samia bombyxin receptor

specifically. Therefore, despite the distorted confor

ion of imbyxin, it is confirmed that the

A-chains of bomb; . while their B-chains are not,

-11 and human insulin are interc

and the B-chains determine the receptor specificity ween bombyxin-11 and human insulin

(Nagata gt al., 1992b). In Chapter 4, 1 further localize important site for the bombyxin-like

Clivity usi h

n molecules of b an insulin

ayxin-11 and hu




Chapter 4

Localization and characterization of the molecular
surface of bombyxin-II required for recognition of the
Samia cynthia ricini bombyxin receptor

Critical importance of the B-chain middle part

Summary

Bombyxin-11, a brain-secretory peptide of the silkmoth Bombyx mori, shares 40% sequence
identity and the characteristic core structure with human insulin, In spite of the structural

similarity, no cross-activity is seen between them. To localize the receptor-recognition region

of bombyxin-II, chimera molecules of bombyxin-1T and human insulin are synthesized, and

their bombyxin-like activity was evaluated. Two chimera molecules which were sequentially

identical except for the B-chain middle part possessed distinct potencies in bombyxin-like

activity. Bonsylin-(6-18), which possessed the B-chain middle part of bombyxin-11, was fully

active, whereas bonsulin, which possessed the B-chain middle part of human insulin, was

completely inactive. The solution structure determination of bonsylin-(6-18) and bonsulin

demonstrated that their B-chain middle pans ok sim 1-chain conformations but formed

dissimilar patches. Therefore, the patch formed by the middle part of bombyxin-II B-chain is

of critical importance for recognition of the bombyxin receptor.




1. Introduction

Bombyxin is a brain-secretory peptide of the silkmoth Bombyx mori, which was identified

as the first insulin-related peptide of invertebrate origin (Nagasawa gt gl., 1984a). Bombyxin-

11, a repres ptide chains (A-chain, 20

tative molecular spec

s of bombyxin, consists of two p

f insulin (50% and 32% identical,

simil those

residue

B-chain, 28 residues) sequentiall

respectively, to those of human insulin) and three disulfide bonds linked in the same way as in

insulin (A6-Al1, A7-B7 and A20-B19) (Figure 4-1) (Nagasawa gf ul., 1986; Nagasawa g al.,

1988). Furthermore, bombyxin-11 has o characteristic core structure similar to those of

2). Bombyxin induces adult development of

vertebrate insulin-superf y peptides (Chaj

riid moth §

brain-removed dorr

it pupae of the s 1 cynthig ricing, o relative species of

Bombyx mori, when injected into the pupae, by binding to its "recepior” on the prothoracic

¢ required for insect

glands 1o stimulate the synthesis and release of ecdysone, a steroid hormw

molting and metamorphosis (Nagasawa et al., 1984a,b). Since the production of bombyxin-

related peptides (referred to as the Samig bombyxin-relmed peptides or SBRPs) in the Samia

brain was demonstrated (Kimura-Kawakami g 1992}, the intrinsic role of the "bombyxin

receptor” on the Samia prothoracic glands can be the receptor for the intrinsic SBRPs.

Nawrally, bombyxin and SBRPs should recognize the receptor on the Samia prothe : glands
in a similar way. In contrast, hombyxin is inactive to the intrinsic prothoracic glands of
Bombyx morj (Ishizaki gt al.. 1983; Kiriishi gf gl., 1992). The functions of bombyxin in

Bombyx mori so far demonstra

ed are to lower concentration of hacmolymph trehalose, the

dma), and to induce meiosis in

major blood sugar of the moth (Mizc ¢l L, unpubl

the ovary (Orikasa gt al., 1993). Despite the structural similarity between bombyxin-11 and
human insulin, they have no cross-activity: bombyxin-11 his no affinity to the insulin receptor

(Fernandez-Almonacid and Rosen, 1987), whereas hur insulin has no affinity to the Samiy

basis of the

bombyxin receptor (Nagasawa gt al,, 1984a). In order to elucidate the structu

receptor specificity, (1) the bombyxin-like activity of bombyxin-II-human insulin chimera

molecules was evaluated to localize the region important for the Samiy bombyxin receptor-




recd

sequence

required for the Samia bombyxin receptor-re

of bombyxin-11, human insu e each surface

structure,




2. Mater and methods
(a) Peptide synthesis

Bombyxin-11, human insulin and their hybrid molecules were synthesized by the
combination of solid-phase peptide synthesis of the peptide chains and regioselective formation
of the three intramolecular disulfide bonds according to the method (Maruyama gf al., 1992;
Nagata gt al., 1992b). All the molecules were successfully obuained in high yields, for

s of bonsylin-(6-18)

ce, 41% and 38% from the constituent peptide ¢ sinthe ¢

in

bonsulin, respectively. Pepide identity was confinmed by FAB-MS or MALDI-TOF-MS
measurement,
For the synthesis of des-octapeptide(B23-B30)-bonsulin, bonsulin was digested by trypsin

Lyophilized bonsulin (128 pg, 23 nmol) was dissolved in 370 pl of 0.1 M Tris-HCI buffer (pH

7.8) containing 0.01 M CaCl2/CH3CN (9:1, w/v). To the peptide solution, 92 pl of trypsin
solution (1.0 mg dissolved in 10 ml of 0.003 M HCI) was added, and the reaction mixture was

incubated at 37°C for 24 hr. A

the reaction mixture was acidified to pH 2.0 by adding 10%:

aqueous TFA, the reaction product was purified by reverse-phase HPLC [HPLC system,

JASCO Gulliver LC-900 system; column, SenshuPuk Pegasil ODS (4.6 x 150 mm); eluent,
20%-40% (80-min lincar gradient) CH3CN in (L1% TFA; column temperature, 40°C;
detection, absorbance at 280 nm]. Under the elution conditions, bonsulin and des-
octapeptide(B23-B30)-bonsulin were eluted at the retention times of 54.2 min and 49.0 min,
respectively. HPLC analysis of the product revealed that the reaction gave des-

octapeptide(B23-B30)-bonsulin as the major product (vield, 87 pg, 82%).

(b) Bioassay for bombyxin-like activity

The bioassay was done according to the method (Ishiziki and Ichikawa, 1967). The brains

of pupae of the satumiid moth Samia gvnthia rgini were surgically removed within 20 hr after

and most pupae should

pupation. This operation blocked adult development of the pu,

survive as pupae without initiating adult developement for months or even more than a year.




The test material dissolved in 0.1 M Tris-HCl (pH 7.8) containing 0.04% bovine serum

albumin (BSA) was injected (10 pl per pupa) into the brain-removed pupae 2-5 months after

the brain removal. During the period the sensitivity of brainless pupae 10 bombyxin-1I, which

was used as the positive control, did not change appreciably. If the material was active, adult
development of the pupae started, and a complete adult body was formed about 20 days after
injection. Judgement of the response was done 4-6 days afier injection by checking the
epidermal retraction. When the wing part of a pupa was moistened with water and viewed with
intense illumination, tracheac of the wing epidermis was observed. The tracheae in the pupae
that initiated development were deep, apart from the cuticle, and when a point of wing was

he movement of the cuticle, in contrast 1o those of

gently pushed moved freely independent of

nondeveloping pupae, which were in firm contact with cuticle. The potency was evaluated by

assaying a series of twofold diluted solutions of the test material. The response was dose-

C Wis

dependent. A range of the test material concentrations where a clearly positive respon:

seen indefinitely separated from that with negative response, sometimes accompanied with a

boundary concentration where only some pupae developed. The relative potency of the test
material was calculated as follows: (ED5p of bombyxin-11 [mol/pupa] M(ED50 of the test

material [mol/pupal), where ED5() of bombyxin-11 was typically 50 fmol/pupa.

(e) NMR measurements

a concentration of 3 mM in

n was dissolved

The synthetic bonsylin-(6-18) or bonsul

T0%/30% (v/v) TH20/CZH3CO22H (pH*2.0, pH*

es direct meter reading) or at 4 mM

in 70%/30% (v/v) HaO/CZH3CO22H (pH*2.0). 1H NMR spectra were measured at 600 MHz

on a JEOL JNM-o600) spectrometer at 28°C, DQF-COSY (Rance et al., 1983), PE-COSY

(Miiller, 1987), TOCSY (45 ms mixing time) with a modified DIPSI-2 pulse sequence
(Cavanagh and Rance, 1992) and NOESY (75 or 150 ms mixing time) (Jeener gt al., 1979,
Macura ¢f gl,, 1981) were recorded in the phase-sensitive mode (States gt al., 1982). Water

resonance was suppressed by DANTE pulse (Zuiderweg gt pl., 1986). Two-dimensional

spectra were recorded using a data size of 512 (17) x 204% (12) (512 x 4096 for PE-COSY) with




twice in the t] dimension,

a spectril width of 6500 Hz. After zero-filling or

¢ in the 12

2048 x 2048 real data matrix were finally obtained and digit! resolution was 3.2 Hz/point in
2 ) £ ¥

both dimensions (512 x 4096 real data matrix and 1.6 Hz/point di resolution in the |

dimension for PE-COSY).

(d) Structure caleulations

Interproton distance constraints were derived from NOE crosspeak imensities (peak height)

in the NOESY spectra (75 ms mixing time) according to the method of Hatanaka gt al. (1994),

Crosspeaks in the NOESY spectra were picked using a homemade C program and edited with
Felix (Biosym Technologies, Inc., San Diego, CA). The peak intensities were translated into
distances on the basis of the relation of NOE intensity o (distance)™® and a standard distance of

n o helix = 2.8 A (Wiithrich, 1986). The upper-bound distance constraints

sequential ANN -

were the calculated distance plus 0.5 A. The lower-bound constraints were set o 1.8 A. The

distances involving methylene and methyl protons and ring protons of tyrosine were referred o

3 A /| . . . %
as single (erbsy 106 average distances so that no corrections for center averaging were made

(Clore gt al., 1986). Dihedral angle constraints were obtained based on the analysis of DQF-

COSY, PE-COSY and/or NOESY spectrn (Wagner gf al.. 1988). The three-dimensional

structures were calculated by the simulated annealing method with X-PLOR (Molecular

Simulations, Inc.. Walthan, MA) using the distance and dihedral angle constraints. A final set

of 10 converged structures was selected from 100 caleu ns on the basis of agreement with

als ene

the experimental data and van der W gy. A mean structure was obtained by averaging

the coordinates of the structures that were superimposed in advance 1o the best converged

structure and then minimizing under the constraints (Clore gf al., 1986)




3. Results

(a) Bombyxin-like activity of ch molecules of bombyxin-11 and human
insulin

All the chimera molecules of human insulin and bombyxin-11 used in this study were

nthesized by the combination of solid-phase peptide chain synthesis and regioselective

like

disulfide bond formation (Maruyama gf gl., 1992; Nagata gf al,, 1992b). Bombyxin-

activity of the chimera molecules assayed was the prothoracicotropic effect to the saturniid moth

Samia cyntia ricini (Ishizaki gt al,, 1983; N

gusawn ¢f gl., 1984a). Injection of an effective

dose of the test material with the bombyxin-like

ivity into Samia br:

removed pupae causes

adult development of the pupae; otherwise the pupae remain dormant. The effect is dose-

dependent: bombyxin-Il induces adult development of the Samia pupae with the median

effective dose (ED50) of .25 ng per pupa. Since bombyxin-11 effects directly on the Samia

prothoracic glands to produce ¢ uwa gl gl., 1984b) and since no

vl secret ecdysteroid (N

data have been obtained that suggest the presence of bombyxin binding proteins in the
haemolymph of the moths, the potency is considered to be parallel with the affinity to the

"bombyxin receptor” on the Samig prothorscie glands. The assay results for bombyxin-11

hun nsulin chimera molecules are summarized in Table 4-1. Of the two hybrid molecules of

bombyxin-11 and human insulin, imbyxin retains o weak bombyxin-like activity, where:

bonsulin lost the entire bombyxin-like activity, indicating that the B-chain of bombyxin-11 rather

than the A-chain contains structural element(s) required for the high-affinity recognition of the

Samia bombyxin receptor. To localize the receptor recognition site on the bombyxin-11 B-

1 and the chimera B-chain, were

chain, bonsylins, which comprise the bombyxin-11 A

synthesized and bioassayed. Bonsylin-(6-18), in which the B-chain middle part of B6 10 B18

is from the bombyxin-11 B-chain while the N- and C-terminal parts of B(-2) to BS and B19 10

B30 are from the human insulin B-chain, possessed as high a potency as bombyxin-11, which
showed that neither the N-terminal part (pGluB(-2) to ThrB5) nor the C-terminal part (TrpB20

10 AspB25) of bombyxin-11 B-chain did not play an important role in the Samia bombyxin




from bombyxin-11 type to humar

receptor recognition. Because the sir

7-18)] or at B18 [bonsylin-(6-17)] caused marked reduction in the

insulin type at B6 [bonsy
bombyxin-like activity, the receptor recognition site in the bombyxin-11 B-chain was localized

to the middle part of TyrB6 w LeuB18

sional structures of bonsylin-(6-18) and bonsulin

(b) Three-dime:
Because of the sequence identity except for the B-chain middle par, the distinct affinities for
the Samia bombyxin receptor of bonsylin-(6-18) and bonsulin were considered to be due 10 the

huisis

structural differences in the B-chain middle part of B6 10 B18, To elucidate the struct
of the distinct affinities to the Samig bombyxin receptor, their three-dimensional structures in
solution were determined by wo-dimensional IH NMR spectroscopy and simulmed annealing
calculations, and were compared. Ha( 1.-'(‘:I [“.L'Uf—ll {7:3, pH*2.0), pH* indicmes direct meter

ents 1o avoid the pep tion

reading) was used as the solvent for NMR measurer

which occurred in H20 in the same or a similar way as in cases of bombyxin-II

(H20/C2H3CO022H (7:3), pH*2.0) (Chapter 2) and human insulin (H20/C2H3C022H (8:2,

ic solvent did not destroy the globular

pH*1.9) (Hua et al., 1991), where the addition of orga

structures of bombyxin and insulin. The peptide concentration was 4 mM in

H20/CZH3C022H (7:3, pH*2.0) and 3 mM in 2H20/C2H3C022H (7:3, pH*2.0) in both the

cases of bonsylin-(6-18) and bonsulin. The resonances were assigned 1o individual protons in

ure 4-2)

rethod (Table 4-2 and

a sequence-specific manner using the sequential assignment

(Wiithrich, 1986). The successive strong dNN, dpN(ii+3) and dgp(ii+3) NOE

¢ NOE connectivities revealed

teristic of a-helix.

that both the molecules contain three o-helices in the A-chain N-terminal region (HAN,

residues IleA2 o LeuASB), in the A-chain C-terminal region (HAC, residues ValA13 o TyrA19)

and in the B-chain middle r s ArgBY 10 AluB22).

In the case of bonsylin-(6-18), a totl of 523 distance construints which included 254

intraresidue, 123 sequential (i - jl = 1), 95 short-range (2 <li - jl £ 5) and 51 long-runge (li- jl 2

6) constraints were derived from the assigned NOE crosspeaks measured with a mixing time of




75 ms, and dihedral angle constraints for 24-¢ and 8 1 were obtained. In the case of bonsulin,

41 short

a total of 623 distance constraints which included 271 intraresidue, 164 seque

range and 47 long-range constraints were derived from the assigned NOE crosspeaks measured

with a mixing time of 75 ms, and dihedral angle cons 5 for 26 ¢ and 8 1 were obuined.

The three-dimensional structures were calculated with X-PLOR (Briinger, 1990) using the

simulated annealing protocol (YASAP) on the experimental constraints and 3 dis

ce

constraints of the disulfide bonds (CysA6-CysAll, CysA7-CysB7 and CysA20-CysB19)

(Nagasawa et al.. 1988). A total of 100 calculations were carried out, and a final set of 10

structures was selected on the basis of agreement with the experimental constraints and van der

‘Waals energy (Table 4-3), e number of inter-residue distance constraints and average root-

re 4-3) and

mean-square deviations (RMSDs) around the mean structure for each residue (F

andran plot for the 10 structures (Figure 4-4) are shown. The structure of bonsylin-

the Ran

(6-18) was well-defined except for the B-chain C-terminal pant (GlyB23 to ThrB30) and the
peptide-chain termini (GlyAl, CysA20 and PheB1 w0 AsnB3) (Figure 4-3A); the RMSDs
between the final 10 structures and the mean structure were (L.46 % (.09 A for the backbone
heavy atoms (N, C%, C') and 1.09 £ 0,13 A for all non-hydrogen atoms in the well-defined
regions (residues NleA2 10 TyrA 19 and GInB4 10 ArgB22). The structure of bonsulin was well-

defined except for the peptide-cha

in termini (residues GlyAl, CysA20, PheB1 o AsnB3 and
LysB29-ThrB30) (Figure 4-3B); the RMSDs between the final 10 structures and the mean
structure were 0.71 £ 0.11 A for the backbane heavy atoms (N, C%, C) and 1.59 £0.22 A for
all non-hydrogen atoms in the well-defined regions (residues HleA2 w TyrA 19 and GinB4 10
ProB28).

The overall main-chain folds of bonsylin-(6-18) and bonsulin were similar except for the B-

chain C-terminal part; the RMSD was 1.98 A for the main-chain atoms (N, C®, C) within the

well-defined core regions (residues lleA2 1o TyrA 19 and GinB4 1o CysB19) (Figure 4-5). The

common fold of the A-chains consisted of two antiparallel helices, HAN (residues TleA2 wo

LeuA8), HAC (residues ValA13 1o TyrA19) and a connecting loop (residues ArgA9 o

SerA12). The common fold of the B-chains consisted less well-defined N-terminus (residues




PheB1 to AsnB3), an extended arm (residues GlnB4 to GlyB8) and a mi

residues ArgB9 or SerB9 1o CysB19). The core structure, which was ch ic to the

insulin-superfamily peptides, was stabilized by the three disulfide bonds (CysA6-CysAll,

CysAT7-CysB10 and CysA20-CysB19) and a hydrophobic cluster including the residues at A2

(lle in bonsylin-Y/lle in bonsulin), A16 (Leu/Leu), A19 (Tyr/Tyr), B6 (Tyr/

(LewlLeu), B15 (Lew/Leu) and B18 (Lew/Val), Though not all the hydrophobic cluster-forming

residues were the same in the B-chains of bombyxin-11 and human insulin, the bombyxin-1I A-
chain was shown to be well-matched with the human insulin B-chain in forming the
characteristic core structure, indicating that the formation of the hydrophobic cluster was
adaptable 1o some extent.

Despite the sequence identity, the B-chain C-terminal parts (residues GlyB20 to ThrB30) of

bonsylin-(6-18) and bonsulin were distinct in conformation (Figures 4-5 and 4-6). The B-

chain C

vinal part of bonsulin comprised a wrn (residues GlyB20 o GlyB23), a B-strand
(residues PheB24 to ProB28) and a less well-defined terminus (residues LysB29-ThrB30) as

tha

of human insulin, whereas that of bonsylin-(6-18) was poorly defined in conformation. In

bonsulin, the hydrophobic interactions between ValB12 and TyrB26, ValB12 and ThrB27 and

TyrB16 and PheB24 kept the B-chain C-terminal B-stranc

i on the B-chain middle helix,

whereas in bonsylin-(6-18), where ValB12 and TyrB16 in bonsulin were replaced by AlaB12
and AlaB16, such hydrophobic interactions were weakened, and the B-chain C-terminal part no

lix (Figure 4-6), T ¢, the conformational differences in the

longer stays on the B-chain h
B ¥

B-chain C-terminal part were brought abo differences in hydrophobic imeractions

between the B-chain middle part and the B-chain C-terminal part. Similar hydrophobic

interactions were observed in human insulin (Hua et al., 1991; Jorg

nsen gf al., 1992). Thus,

ValB12 and TyrB16 contribute not only to the recognition of the insulin receptor (Hu gfal.,

1993) but also to the stbilization of the B-chain C-terminal strand, which should be stabilized

further in the insulin dimer by intermolecular antiparallel B-sheet formation (Jorgensen et al.,

1992). On the other hand, bombyxin-II does not require the f-strand stabilizers, ValB12 and

TyrB16, since the B-chain C-terminal part of bombyxin-11 does not take an insulin-like trn and




a P-strand (Baker et al., 1988; Hua g1 al,, 1991) b

r a relaxin-like helix extension

(Eigenbrot gt al,, 1991). From the different main-chain conformations in the B-chain C

terminal parts, a possibility arised that bonsulin could not bind to it 3 bombyxin re

due 1o a steric hindrance caused by the B-chain C-terminal f-s

1 or by the insulin-like d

formation through the C-terminal B-strand and middle helix of the

in B-chain. But

the possibility was denied by the fact th e(B23-B30)-bonsulin, which lacked

the B-chain C

terminal [-strand t form the insulin-like dimer, had no

detectable bombyxin-like activity (rel

ive potency, < 0.0001) as bonsulin. The

imin bombyxin

concluded that the distinct affini

s of bonsyl

1 bonst th

receptor were derived from the diffe

rent side chains in the B-chain middle part but not from the

diffrent main-chain conformation in the B-chain C-terminal




4. Discussion

bombyxin-11 B-chain in the

(a) Critical importance of the middle part of th

recognition of the Samia cynthia ricini bombyxin receptor

In spite of the 4% sequence identity, bonsylin-(6-18) and by lin possess disparate
potencies in the bombyxin-like activity. Bonsylin-(6-18) shows as high a powency as
bombyxin-11, whereas bonsulin has no detectable activity (Table 4-1). The distinct affinities of
bonsylin-(6-18) and bonsulin to the Samia bombyxin receptor are derived from the different
side chains in the B-chain middle part of B6 1o B18. Of the eight residues uniquely found in
bonsylin-(6-18), the six residues (TyrB6, ArgB9, AlaB12, ArgBI13, AlnA16 and AspAl7) are
exposed to the solvent (Figure 4-6) and some of them should play critical roles in recognizing

ind LeuB 18, are buried inside

the Samia bombyxin receptor. The two other residues, ThrB

the molecule, thus might be less important in receptor recognition, The exposed six residues

made up a characte: cular surface of bonsylin-{6-18), where the side

c patch on the o

chains of ArgB9-ArgB13-AspB17 and AlaB12-AlaB16 line in parallel. In contrast, the

corresponding surface was replaced by a structurally and chemically different patch in bonsulin

which includes LeuB6, SerB9, ValB12, GluB13, TyrB16 and LeuB17. Thus, the
characteristic patch of bonsylin-(6-18) (referred 10 as the Y/RRD/AA patch) in the B-chain

middle part is essential to high affinity binding to the Samia bombyxin receptor, and the

different patch of bonsulin (referred to as the LISEL/VY patch) cannot replace it. The critical

importance of the Y/RRD/AA i in the Samia bombyxin receptor recognition is confirmed

by the facts that the paich is also found in the molecular su of bombyxin-1I and that it is

altered to the L/SEL/VY patch in human insulin (F

(b} Receptor-recognition surface of bombyxin-11
The structure-activity relationships of bombyxin analogs confirm the importance of the B-
chain middle part (HisB10, ArgB13 and/or AspB17), and demonstrates, in addition, the

importance of the A-chain N- and C-termini (GlyAl, ValA3 and A20-B19Y disulfide)




(Maruyama, 1991; Nagatm ¢f gl., 1992, ung hed dat). Since these parts for recognition of

the Samia bombyxin receptor are located in a molec:

¢ of bombyxin-1l shown in

Figure 4-7, the surface can be the receptor-recognition surface of bombyxin-11.

The receptor-recognition surface of bombyxin-11 shown in Figure 4-7 (referred to as the

surface A) partly overlaps the surface (refered to as the surface B) which was proposed
previously (Figure 2-8) based on much smaller number of experimental data and on the
classical receptor-binding region of insulin. Though the surface B contains most residues
involved in the Samia bombyxin receptor recognition, it lacks several importunt residues such
as TyrB6, HisB10 and AspB17. The surface A contains almost all the identified residues
important in receptor recognition. Interestingly, the surface A corresponds to the recently

proposed receptor-recognition surface of human insulin, which contains two receptor-

recognition sites (Schiiffer, 1994),

(c) Comparison of the receptor-recognition surface of bombyxin-I1 with those
of insulin and relaxin

Since the receptor recognition surface of bombyxin-11 was localized, it was compared with
the receptor-recognition surfaces of human insulin and human relaxin. In the case of insulin,

the A-chain N-terminus (GlyAl-TleA2-V T, 1992), the A-chain C-

terminus (TyrA19 and AsnA21) (Kitagawa g al., 1984; Carpenter, 1966), the B-chain middle

helix (ValB12 and TyrB16) (Hu g al.. 1993) and the B-chain C-terminal B-strand (PheB24-

PheB25) (Mirmira o

o 19859 Nakagawa and

r, 1986; Mirmira gf al., 1991) were

shown to form a rec tion site (Blu 2; Py

lOr-recogr

etal., 1976; Murray-

n demonstrated to form the other

Rust g1 al,, 1992), and recently LeuA13 and LeuB17 have

receplor-recognition site (S fer, 1994). In the case of relaxin, ArgBY and ArgB13 on the B-

chain middle helix were demonstrated to be involved in receptor binding (Biillesbach and

Schwabe, 1988), and in fition, TyrA(-1), PheAl9, ValB12, GlnB15 and lleB16 were

proposed to be involved in the receptor-recognition surface of rels

in (Eigenbrot g1 al., 1991).

Mapping of these residues on the three-dimensional molecular s ure reveals that the these




. which includes

molecules have a common receptor-recognition surface shown in Figure ¢

-chain N-terminus, the A-chain C-terminus, the B-chain mid

the A le part in common, and in

addition the B-chain C-terminal B-strand in the case of insulin

In the surface, the A-chains of bombyxin-Il and human insulin conain several common

residues (GlyAl, lleA2, ValA3, TyrA19 and CysA20-CysB19 disulfi

shown or considered

to be important for recognition of both the Samig bombyxin re

ptor (B} ta gt al. 1992;

Nagata gf gl., unpublished data) and the human insulin receptor (Nakagawa and Tager, 1992;

Kitagawa gt al., 1984; Sieber g1 ul., 1978). In constrast, most of the important residues in the

B-chains of bombyxin-I1 and human insulin are different, for instance, the Y/RRD/AA paich

and the L/

L/VY patch (Nakagawa and Tager, 1991; Hugr al, | er, 1994) in the

middle part and the distinct functions of the C-terminal part. The B-chain C-terminal part of

bombyxin-11, AlaB22 w AspB25, is not required for Samig bombyxin receptor recognition

ta gl al., in preparation), whereas that of human insulin, in particular the aromatic triplet

PheB24-PheB25-TyrB26, plays a pivotal role in insulin receptor recognition (Mirmira and

Tager, 1989; Na

and Tag : Hu g1 al., 1993; mira ¢ . 1991). Thus, the

human insulin A-chain can partly take the place of the bombyxin-11 A-chain, while the human

insulin can not replace the bombyxin-11 B-chain, as demonstrated by th assays of imbyxin
and bonsulin (Table 4-1).
The A-chain of human relaxin makes a unique patch around TyrA(-1) in its extended N-

terminus, which is dissimilar 1o the A-chains of bombyxin-11 and human insulin (Figure 4-8).

In contrast, the B-chains of bombyxin-11 an nan relaxin have several common characters

which are not found in the human insulin B-chain. at BY and B13,

which are important for relaxin receptor re ion (Biillesbach and Schwabe, 1988), are

conserved in the B-chains of bombyxin-11 and human relaxin, suggesting that they might also

be involved in bombyxin receptor recognition. Second, the B-chain C-terminal parts of

bombyxin-11 and human relaxin take a similar helix extension. These facts suggest that the B-

chains of bombyxin-11 and human relaxin could be interchangeable, but their A-chains could

not.
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e B-chain C-ter

the inclusion of additional pans, for instance, tt
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Chapter 5

Identification of the receptor-recognition site of
bombyxin-II, a silkmoth insulin-related peptide, and
its comparison with those of insulin and relaxin
Ala-scanning mutagenesis of the functionally important B-chain

middle part

Bombyxin is an insulin-like peptide produced in the cerebral neurosecretory cells of the

silkmoth Bombyx mori. Bombyxin consists of two peptide chaing with 40% sequence identity

1

to those of human insulin and three disulfide bonds formed in the same way as in insulin.

Despite the structural similarity between bombyxin and insulin, they are not cross-active. We

have previously shown that (1) the receptor-specificity determinants lie in their B-chains rather

than their A-chains and that (2) the middle part (B6 1o B18) contains all the requirements in the

hig ricini bombyxin receptor. In order 1o

bombyxin-1I B-chain for recognition of the §

identify the active site of bombyxin-11, the importance of each side chain in the middle part of

enesis (the native

bombyxin-I1 B-chain was evaluated systematically by the Ala-scanning mutag

ant residues for activity are

Ala residues are replaced by insulin-type residues). The imp

11, and thus the receptor-recognition

mapped on the three-dimensional stru

by xir

site is identified. The receptor-recognition site of bombyxin-11 consists of two regions, and is

mostly overlapped with that of insulin, but may be different from that of relaxin. Detailed

comparison of th nition sites are described

SE receplor-rec




1. Introduction

Bombyxin is a brain-secretory peptide of the silkmoth Bombyx mori. which was ide

as the first insulin-related peptide of invertebrate origin (Nagasawa ¢f gl., 1984a). Bombyxin-

11, a representative molecular species of bombyxin, consists of two peptide chains (A-chain, 20

residues; B-chain, 28 residues) sequentially similar to those of insulin (50% and 32% identical,

respectively, to those of human insulin) and three disulfide bonds linked in the

insulin (A6-Al11, AT-B7 and A20-B19) (Figure 5-1) (Naga

1988). Furthermore, bombyxin-I1 has a similar core structure to those of vertebrate insulin-

d

pepti

superfamily 5 (Chapter 2), Bombyxin induces adult development of brain-removed
dormant pupae of the saturiid moth Samig cyothia ricini, a relative species of Bombyx mori,
when injected into the pupae, by binding 1o its "receptor” on the prothoracic glands to stimulate

the synthesis and release of ecdysone, a steroid hormone required for insect molting and

metamorphosis (Nagasawa g1 al., 1984a.b). Since the production of bombyxin-related peptides

(referred 1o as the Samig gynthia fcing bombyxin-related peptides or SBRPs) in the Samig brain

was demonstrated (Kimura-Kawakami gt al,, 1

1992), the intrinsic role of the "bombyxin
receptor” on the Samia prothoracic glands can be the receptor for intrinsic SBRPs. Thus,

bombyxin and SBRPs are considered to recognize the receptor in a similar way. In contrast,

bombyxin is inactive to the intrinsic proth inds of Bombyx mori (Ishizaki gt al., 19

Kiriishi gf gl., 1992). The functions of b onstrated are 10

1 S0 far der
lower the concentration of haemolymph ehalose, the major blood sugar of the moth (M.

Masumura gf gL, in preparation), and to induce

weinsis in the ovary (Orikasa g1 al., 1993).

Despite the structural similarity between bombyxin-11 and human insulin, they have no cross-
activity: bombyxin-11 has no affinity to the insulin receptor (Fernandez- Almonacid and Rosen,
1987), whereas human insulin has no affinity to the Samia bombyxin receptor (Nagasawa g1
al, 1984a).

In Chapter 4, the requirements for recognition of the Samia bombyxin receptor was located

to the middle part of the bombyxin-11 B-chain (TyrB6 to LeuB 18). To identify the important




side chains for recc

Ala was the native resid

synthesized and potencies in bomt

shown important residues are mapped on the three-di

thus the receptor recognition site of bombyxin-11 is identif & receplor-recognition site of

bombyxin-1I is compared with those of veriebrate cc nsulin and human




2, Materials and methods

(a) Solid-phase peptide chain synthesis

The A-chain of bombyxin-11 was synthes

zed on an Applied Biosystems Inc. 430A peptide
synthesizer by the solid-phase peptide synthesis based on the HOBt-NMP/Fmoc chemistry. A
series of the Ala-scanning mutants and other analogs of the bombyxin-1I B-chain were
synthesized as follows. A larger batch of the C-terminal segment (CysB19 1o AspB25) of

bombyxin-Il B-chain was synthesized on the ABI 430A peptide synthesizer with the HOBt-

fold excess of Fmoc-amino acid HOBt

NMP/Fmoc protocol (a single 3-hr coupling with ¢
ester). The bombyxin-11 B-chain-(B19-B25)-peptide-resin was distributed in distinct vessels
{0.03 mmol each) of an Advanced ChemTech 396 multiple peptide synthesizer. A double-
coupling protocol with DIC/HOBt activation, 6-fold excess and a coupling time of 40 min was

used. After the peptide-chain assembly was completed, each peptide-resin was washed

thoroughly with CH30H and CH2Cl2 and dried up. The peptide were deprotected and cleaved
from the resin by the treatment with phenol/1,2-
cthanedithiol/thioanisole/H2O/triisopropylsilane/TFA (2.8:1.0:2.0:2,0:1.0:40, viviviviviv, 3.0
ml) at room temperature for 1.5 hr, precipitted by adding cold diethyl ether, collected on the

PTFE membrane filter and dissolved into 50% CH3CNA.1% TFA. After dilution with H20 w0

a CH3CN concentration of < 10%, the peptide solutions were alkalified 10 pH 8.3-8.5 by

adding 0.5 M Tris-HCI buffer (pH 8.5). The peptide was reduced with DTT (3.0 mg/ml)

under an atomosphere of N2 at 37°C for 2 hr. Af cidification 1o pH 3 with 10% TFA, the

peptide solution was stored under an atomosphere of N2 at -20°C till purification. The peptides

were purified to homogeneity by preparative RP-HPLC on a JASCO LC-900 system under the

following conditions: column, SenshuPak ODS-H (20 x 250 mm); , 10-25-35% CH3CN

(10 min/40 min, linea

ient); Mow e, 8.0 ml/min; column temperature, 40°C; detection,
absorbance at 300 nm. The purity of the fractionated peptides was checked by analytical RP-
HPLC on a Shimadzu LC-9 system under the following conditions: column, SenshuPak

Pegasil ODS (4.6 x 150 mm); eluent, 10-40% CH3CN (40 min, linear gradient); flow rate, 1.0




ml/mil; column temperaure, 40°C; detection, absorbance at 280 nm. The peptide identity was

1 B-chains w

confirmed by FAB-MS analysis. The

20°C.

{b) Regioselective formation of three-disulfide bonds

Regioselective formation of three-disulfide bonds was performed essentially according to
the method of Maruyama gt al. (1992) shown in Figure 5-2. The preparation of
[Cys{Acm)AT, Cys(Pys)A20,A6-A 1 l-cystine|A-chain containing the intra-A-chain disulfide
bond CysA6-CysAll was described previously. The second disulfide bond was formed

between CysA20 and CysB19 by thiol-disulfide exch. [Cys{Acm)AT,Cys(Pys)A20,A6-

All-cystine]A-chain (100 pg dissolved in 100 pl of 0.5 M Tris-HCI buffer (pH 7.5) was

{(Acm)B7.CysB19]B-chain (105 pg, four fifth molar equivalents to the A-

coupled with [Cy
chain, dissolved in 240 pl of 10% CH3CNML.1% TFA) m 45°C for | hr 1o yield

[Cys(Aecm)AT, BT, A6-A11,A20-B19-cystinelheterodimer as the major product. The

heterodimer was purified to heterogeneity by the analytical RP-HPLC. The third disulfide
bond was formed between CysAT7 and CysB7 by the iodine oxidation of [Cys{Acm)AT7,B7,
A6-A11,A20-B19-cystine]heterodimer: the peptide (80 pg, 15 nmol) was incubated with 12

(400 nmol) in 50 pl of 95% CH3CO2H in the presence of HCI (200 nmol) to yield the target

molecule [AG-A11,A7-B7.A20-B19-cystine [heterodimer as the major product. The product

was purified to homog y by the analytical RP-HPLC. The peptide identity was confirmed

by FAB-MS analysis.

() Circular dichroism spectra measurement

CD spectra were recorded on a JASCO J-600 spectropolarimeter in the wavelength range of
200-250 nm with a 1-mm path length cell at room temperature. Four scans were accumulated,

Samples were dissolved in 50 mM sodium phosphate buffer (pH 6.8)/50 mM NaCl at a residue

concentration of 20 uM. The peptide concentration was determined using the sum of molar




at 280 nm of each

extinction coelhicy

lem/maol), Tyr (1100 Vem/maol) ar

disulfide (200 Vem/mol).

for bomby

(d) Bioass

Bombyxin-like prothoracicotropic activ

moth Samia gy cini of 1}

aki and Ichikawa, 1967). The

analogs was evaluated by the in vivo Samiy pupal assay (Ishi

brains of pupae of Samia cynthia ricini were sur

lly removed within 20 hr afier pupation,

This operation blocked adult development of the pupae, and most pupae should survive

pupae without initisting adult developement for months or even more than a year. The test

material dissolved in 0.1 M Tris-HCI (pH 7.8) co ng (L04% bovine serum albumin (BSA)

was injected (10 pl per pupa) into the brain-removed pupae 2-5 months

er the brain removal.

During the period the sensitivity of brainless pupae 10 bombyxin-11, which was used as the

positive control, did not change

erial was active, adult development of

the pupae started, and a complete adult body was formed about 20 ds af injection.

Judgement of the response was done 4-6 days after the i

ction by checking epidermal

ned with wan

retraction. When the wing part of a pupa was m: wl viewed with intense

illumination, tracheae of wing epic

s observed. The trachesae in th e that initiate

i

development were deep, apart from the cuticle, and when a point of wing was gently pushed,

moved freely independent of the movement of the cuticle, in contrast to those of nondeveloping

pupae, which were in firm contact with cuticle. The

olency wis e ing a series

of twofold diluted solutions of the tes

Hll

The response was dose-dependent. A range of

the test material concentrations where a cl

indefi

tely separated

from that with negative response, sor

etimes accompanied with a boundary concentration

where only some pupae developed. The relative potency of the test material was defined as

follows: (ED5() of bombyxin-11 [mol/ NEDs() of

he test material [mol/pupal), where

D50 of bombyxin-11 was typically 25 fmol/pupa




3. Resulis

() Synthesis of Ala-scanning analogs of bombyxin-11
In order 10 evaluate the importance of each side chain in the B-chain middle pan of the

series of

bombyxin-1I (TyrB6 to LeuB18) for recognition of the Samia bombyxin receptor, a
Ala-scanning analogs, in which each amino acid residue is individually replaced by Ala, were
synthesized. Since CysB7 and GlyB8 were important to stabilize the insulin fold, they were
not replaced. The native Ala residues at B12 and B16 were replaced by the insulin-type
residues, Val and Tyr, respectively

Since the target molecules consisted of two peptide chains and three disulfide bonds, first
the peptide chains were synthesized by the solid-phase peptide synthesis based on the Fmoc

chemistry and then the disulfide bonds were formed in o stepwise and regioselective manner

essentially according to the method of Man na gt al, (1992). The A-chain,

[Cys{Aem)AT,Cys(Pys)A20,A6-A 1 1-cystine|bombyxin-TI A-chain, was common to all the

target peptides and was synthesized on an Applied Biosystems Inc. 430A pepride synthesizer
based on the HOBi-NMP Fmoc chemistry. On the other hand, the mutated
[Cys(Acm)B7,CysB19]bombyxin-II B-chains were synthesized in two steps. The C-terminal
segment (CysB19 to AspB25) common 10 all the B-chains were assembled on HMP-resin

support on the ABI 430A peptide synthesizer based on the HOBt-NMP Fmoc chemistry. The

d on the bombyxin-11 B-

middle and N-terminal parts (pGluB(-2) 1o Leuw/ValB18) was elo

chain-(B19-B25)-peptide-resin on an Advanced ChemTech 396 multiple peptide synthesizer

based on the DIC/HOBt chemistry. For regioselective disulfide-bond formation, multiple

orthogional Cys side-chain protecting groups were used: Trt (labile to TFA) for CysA6,

CysAll and CysB19, tBu (stable to TFA and labile to TFMSA) for CysA20 and Acm (stable to

TFA and TFMSA and labile to 12) for CysA7 and CysB7. Afier the TFA treatment, the

released B-chains were reduced entirely with DTT, purified by RP-HPLC at pH 2 and stored at
-2PC. The yield of the [Cys(Acm)B7,CysB19]B-chains was 8-14%, if both the total coupling

yield and the recovery during the peptide purification were taken into account (Table 5-1).




The three intramolecular disulfide bonds were formed in ar ctive and stepwise

manner (Figure 5-2

The intra-A-chain disulfide CysA6-CysAll was formed first by
oxidation in air of the [CysA6,A11,Cys(Acm)AT Cys(tBuJA20]A-chain obtained by the TFA
cleavage. After the conversion of CysA20 side-chain protection from tBu to Pys, the
[Cys(Acm)AT,Cys(Pys)A20,A6-Al1-cystine]A-chain and four fifth molar equivalems of

[Cys(Acm)B7.CysB19]B-chain were coincubs

it pH 7.5 at 45°C for | hr. Thus the second

disu

ide CysA20-CysB19 was formed during the coincubation by thiol-disulfide exchange.
[Cys{Acm)AT,B7,A6-Al1,A20-B19-cystine|heterodimer was obtained in yields of 32-46%
(Table 5-2). The third disulfide bond CysA7-CysB7 was formed by iodine oxidation of
[Cys{Acm)AT,B7,A6-A11,A20-B19-cystine|heterodimer.  For the iodine oxidation, 95%

CH3CO2H was used as the solvent and 12-fold molar excess of HCL to the peptide was added

to prevent His, Tyr and Trp side chains from oxidative degradation (Nagata gt al., 1992a). The

target peptide, [A6-A11,A7-B7,A20-B19-cystine |heterodimer, was obtained in yields of 54

66% (Table 5-3). The peptide identity was confirmed by FAB-MS an: Thus, all the

analogs were successfully obuined in yields of 18-29% from the A- and B-chains by the

fisulfide bond formation,

reginselective method of

(h) Effects of the mutations on the conformations of mutants

The secondary structure of bombyxin-11 and its analogs was compared using CD. The

peptides were dissolved at a residuee concentra

ion at 200uM in 50 mM sodium phosphate buffer

(pH 6.8)/50 mM NaCl. All the Ala-sc

ning the native bombyxin-11 and the

AlaB12Val and AlaB16Tyr analogs) except the LeuB15Ala analog showed very similar CD

spectra in the wavelength range of 200-250 nm. Therefore, all ¢

alogs but the LeuB15Ala

analog should have s ar main-chain fold characteristic of the insulin-superfamily peptides.

By contrast, the LeuB 15Ala analog must have a peculiar main-chain conformation,

(¢) Bomby

ike prothoracicotropic activity of th

bombyxin-11 ogs




In order to identify important side chains for receptor recognition of bombyxin-11,

bombyxin-like activity of the Ala-scanning an was evaluated. Bombyxin-11 is able to

induce adult development of brain-removed dormant pupae of the saturniid moth Samia cynthi

ficini. a relative species of the silkmoth Bombyx mor, in a dose-dependent manner (Ishizaki g1

al., 1983; Nagasawa gt al., 1984a), with a median effective dose (ED50) of 25 fmol/pupa.

This is bec:

use bombyxin-11 stimulates thesis of ecdy e, in

id, an insect molting hormon

the prothoracic glands of Samia cynthia ricini. Direct activation of the Samia prothoracic glands

by bombyxin-11 was demonstrated in vitro (Nagasawa gt al., 1984b). Therefore, the primary

action of bombyxin-11 is to bind to its receptor (referred 10 as the Samiy bombyxin recetor) on
the Samia prothoracic glands. Since no data suggest the presence of bombyxin binding
proteins in the Samiag haemolymph, the potency of bombyxin-11 and its analogs in the
bombyxin-like prothorcicotropic activity to Samin gynthin fcing is considered to be parallel with
the affinity to the Samia bombyxin receptor.

The assay results for bombyxin-1l-human insulin chimera molecules are summarized in
Table 5-4. The TyrB6Ala (in which the Tyr residue at B6 was replaced by an Ala residue),
LeuB11Ala, AlaB12Val, ThrB14Ala, LeuB15Aln, AlaB16Tyr, AspB17Ala and LeuB18Ala
mutants possessed reduced potencies than bombyxin-II, while ArgB9Ala, HisB10Ala,
ArgB13Ala, and LeuB18Ala mutams retained as high a potency as bombyxin-11. The largest
decrease in potency (40-fold) was observed when TyrB6 was repluaced by Ala. The second
largest decrease in potency (20-fold) was observed when AlaB12 was replaced by Val. The

replacement of the following residues led 1o 1

s decreases in potency such as LeuB15 by

Ala (8-fold), LeuB11 by Ala (4-fold), TheB14 by Ala (2-fold). AlaB16 by Tyr (4-fold),

AspB17 by Ala (4-fold) and LeuB18 by Ala (2-fold). In contrast, the replace

ent of ArgB9,

HisB10 and ArgB13 did not affect the potency. The results indicate that the residues TyrB6,
LeuB11, AlaB12, ThrB14, LeuB15, AlaB16, AspB17 and LeuB18 should be directly involved
in the receptor recognition andfor contribute 1o the maintenance of active conformations of
receptor-recognition elements, while ArgBY9, HisB10 and ArgB13 side chains are not important

for receptor recognition




(d) Mapping of the important residues for bombyxin-like activity on the three-

dimensional structure of bombyxin-11

The important residues for bombyxin-like 1

identified above were mapped on the

three-dimensional structure (Figure 5-4) determined by two-dimensional 'H NMR and

simulated annealing calculations (Chapter 2). LeuB AlaB12, LeuB15 and AlaB16 form a

hydrophobic patch (refemred 10 as the paich I ¢

he molecular surface together with hig

conserved hyd:

ophobic residues, e/

2; 3, TyrA19 and CysA20-CysB19 disulfide
(Figure 5-4A), while TyrB6, AspB17 and LeuB18 form another mostly hydrophobic patch

(referred to as the patch 11) on a dist her with ValA13 and LeuAl6

(Figure 5-4B). Important residues for bombyx wtivity so far identified (GlyAl, ValA3

and CysA20-CysB19 disulfide bond) (Maruyama, 1991; Ng

1992a, unpublished

data) are involved in the patch L. The patches 1 and IT are separated by the two Arg at B9 and

B13, which

n

ot imponant for bombyxin-like activity (Figure




(a) Evaluation of importance of each side chain in the B-chain middle part of

bombyxin-I1I by Ala-scanning mutagenesis

In spite of 40% sequence id

ity, NO Cross-uctiviry

is seen between bombyxin-1Tand hu

rmande

awa gf al,, 1884

insulin (N Almonacid and Rosen, 1987; Nagata gt al., 1993).

We have previously shown that (1) the receptor spe ty determinants lie in their B-chains
rather than their A-chains (Nagata g al., 1993) and that (2) the middle part (TyrB6 10 LeuB18)
contains all the requirements in the bombyxin-11 B-chain for recognition of the Samia bombyxin
receptor, while the C-terminal part (PheB24-FheB235) in addition to the middle pan (LeuB6 10

ValB18&) of the human insulin B-chain contributes to recognition of the human insulin receptor

(Chapter 4). In order to identify the receptor-recognition site of bombyxin-11, the importance of

each side chain in the middle part of bombyxin-11 B-chain was evalunted systematically by the

Ala-scanning mutagenesis (the nat

Ala residues are replaced by the

sulin-type residues).

Ala- ce of

canning mutagenesis is a systematic method for the evaluation of the signifi
E E ) b

cach side chain (Beck-Sickinger gt al., 1994). Each amino acid residue of the native molecule
is individually replaced by Ala. Itis assumed that single substitutions by Ala do not disturb the
secondary structure or change the hydrophobicity, Therefore it is possible to study the role of

the side chain functional groups for biological activity. In contrast, D-enantiomer scan, in

which each amino acid residue is individually replaced by the comesponding D-enantiomer, can
be utilized to study the significance of the orientation of each side chain. Until recently such

scans were difficult to realize b

cause of the great number of peptide analogs required. The

situation has become easier after the introduction of si

wiltaneous multiple peptide synthesis.

All the Ala-scanning analogs were obtained in good yields (18-29%) from the constituent

peptide chains by the synthetic strategy of bombyxin comprising solid-phase synthesis of the

peptide chains and regioselecitve formation of the disulfide bonds (Figure 5-2) (Maruyama gt

al, 1992; Nagata gt al., 1992a,b). Since the synthet

ic strategy can be applied to the synthesis

y insulin analog having any amino acid sequence, it is invaluable to the structure-activity




relationship studies of insulin and its related peptides. The bombyxin-like prothoracicotropic

activity to the saturniid moth Samia cynthia ricini of the 2 rgs was evaluated by the in vivo

Samia pupal assay (Ishizaki and Ichikawa, 1967). Bombyxin, when injected into brain-
removed dormant pupae of Samin cynthia rigini, a relative species of Bombyx mori, induces

adult development of the pupae by activating the prothoracic glands to stimulate the synthesis

and release of ecdysone, a steroid hormone required for insect molting and metamorphosis, in o

a gl al, 1984a.b). Since bombyxin-II effects directly on the

dose-dependent manner (Na

Samia cynthia ricini prothoracic glands (Nagasawa gt al,, 1984b) and since no data suggest the

resence of bombyxin binding proteins in the ia haemolymph, the potency is considered 1o
p f bomby binding pri th b lymph, the | A nsidered 1o

be parallel with the ity to the Samia bombyxin receptor on the prothoracic glands,

does not decrease the

The ind

fidual replacement of ArgBY9, HisB10 and ArgB13 by A

potency, indicating that these side chains are important neither for the Samia bombyxin receptor
recognition nor for the maintenance of active conformation of the molecule, Whereas the

individual replacement of TyrB6, LeuB11, LeuB15, AspB17, LeuBIR by Ala, AlaB12 by Val

and AlaB16 by Tyr decre y. Th

e, these side cf

e POlEng ins should be involved directly

in the Samia bombyxin receptor recognition and/or contribute to maintain the active

conformation of the molecule. Since the LeuB15Ala

ilog showed a peculiar CD spectrum m

demonstrated to be involved in the maintenance of

200-250 nm, the side-chain of LeuB15 v

the peptide conformation.

(b} Receptor-recognitio te of bombyxin-11

The imporant side chains for bombyxin-like activity form two patches [ and 11 on the

parited by the two Arg at B9 and B13 not important for

bombyxin-Il molecules, whic
bombyxin-like activity (Figure 5-4). The patch 1 contains LeuB11, AlaB12, LeuB15 and

AlaB16 side chains. It also contains so far identified important residues for bombyxin-like

activity (GlyAl,

A3 and CysA20-CysB19 disulfide bond) (Maruyama g1 al,, 1991; Nagata

et al,, 1992a, unpublished data) and highly conserved hydrophobic residues (lleA2 and

TyrA19). The patch II contains TyrB6, AspB17 and LeuB18 side chains. 1t also contains




rtant side

highly conserved hydrophobic residues (ValA L3, LeuA 16 and LeuA1T). Of the imp:

chains, the side chains of AlaB12, AlnB16 in the patch | and of TyrB6 and AspB17 in the p

b

ion of the § se these

11 should be directly involved in the rec receptor, becau

yxin

side chains are fully or mostly exposed 10 solvent. Other important side chains in these

patches, which are partly exposed, may also be involved in the receptor recognition and/or may

contribute to maintain the active conformation. ce both the paiches contain receptor-

recognition residues, the patches 1 and Il can be referred o as the receptor-recogntion regions |
and 11 (mrBBX-1 and 11), respectively. The rrrBBX-I and -11 are separated by the two Arg

residues at BY and B13, which are not impaortant for the receptor recognition (Figure 5-4C).

(¢} Comparison of the receptor-recognition site of bombyxin-11, human insuli

and hu relaxin 2
In the case of insulin (Figure 5-5), the A-chain N-terminus (GlyA1-lle A2-ValA3), the A-
chain C-terminus (TyrA19 and AsnA21), the B-chain helix (ValB12 and TyrB16) and the B

chain C-terminal -

and (PheB24-PheB25) form a classical receptor-recognition region (the

receptor-recognition region rrlSL-1) (Blundell g1 al,, 1972; Pullen g1 pl., 1976; Murray-Rust g1

al. 1992). Recemtly, another patch involving LeuA13 and LeuB17 has been proposed to be a

second site for receptor recognition (Schiiffer, 1994). Since LeuAl3 and LeuB17 lie adjacent

to the imponant LeuB6 (Nakagawa and Tager, 1991), the three Leu residues form the second

receplor-recognition n n, rerlSL-1L Ir is interesting the receptor-recognition regions of

bombyxin-1l, rrBBX-1 and -11, and those of human insulin, relSL-1 and -11, are well-

overlapped (Figure 5-5). Both the mrBBX-1 and the rrrlSL-T involve the residues at Al

(Gly/Gly), A2 (lle/Tle), A3 (Val/Val), A19 (Tyr/Tyr), A20 (Cys/Cys), A2l (none/Asn), B11
(LeufLeu), B12 (Ala/Val), B15 (Lew/Leu), B16 (Ala/Tyr), and B19 (Cys/Cys). Both the
rrBBX-I1 and the rrrlSL-I1 involve the residues at A13 (Val/Leuw), B6 (Tyr/Leu) and B17
(AspfLeu). By contrast, the B-chain C-terminal part is functionally distinct between bombyxin-

Il and human insulin, The B-chain C-terminal part of bombyxin-11 is not required for the




Samia bombyxin receptor recognition, while the corresponding part of human insulin,

particularly PheB24-PheB25, is of critical imp

ce for the insulin receptor recognition
The rrBBX-1 and the rrlSL-1 involve many common residues such as GlyAl, lleA2,
ValA3, TyrA19, CysA20, LeuB11, LeuB15 and CysB19. Despite the highly conservation,

most of these hydrophobic residues in rrBBX-1 and those in the rrlSL-1 lie in different

environments: the hydrophobic patch of bombyxin-I1 is fully exposed to solvent, while that of
human insulin is mostly covered by the B-chain C-terminal B-strand (Figure 5-5). Based on
the solution structures of human insulin and its active mutant, |GlyB24]human insulin, Hua gt

al, (1991) proposed that detachment of the B-chain C-terminal [-strand from the core should

oceur in insulin on binding to its receptor, exposing the hydrophobic patch, particularly the

IleA2 and ValA3 side chains (Figure 5-5). Thus, the common

drophobic patches in the

mpBBX-1 and the pISL- could be accessible for direct contact with the respective receplors in
a similar way,

The different residues between the rrBBX-1 and the rrlSL-1 are (lack of A21)-AsnA2l,

AlaB12-ValB12 and AlaB16-TyrB16 (F The individual replacement of AlaB12 and

AlaB16 in bombyxin-11 to the insulin type residues, Val and Tyr, decreases the bombyxin-like

activity to (.05 and (0.25, respectively (Table 5-4). On the other hand, replacement of ValB12

in insulin to the bombyxin-lII type residue, Ala, decreases the insulin-like activity to 0.013

(Nakagawa and Tager, 1992). Although replacement of TyrB 16 in insulin to the bombyxin-11

type residue, Ala, has not been reponied, mutagenic study at B 16 of insulin indicates that bulk

andfor aromaticity at this site is important for inst like activity (Hu g1 al.. 1993), suggesting

the replacement of TyrB16 by Ala also decreases the insulin-like activity. Since AlaB12 and

AlaB16 side chains of bombyxin-II and ValB12 and TyrB16 side chains in human insulin are

fully exposed 1o solvent, these side chains should be involved in recognizing the respective

receptors, and moreover, determine the receptor specificity between bombyxin-11 and human
insulin.
Although bombyxin-11 does not need the amino acid residue at A21, insulin needs it: the

deletion of AsnA21 of insulin decreases the insulin-like activity to 0.02 (Carpenter, 1966; Yu




abchi, 1973). Three-dimensic

and structure analysis of chimera molecules of bombyxin

11 and human insulin demonstrates that the deletion of

snA21 increases conformatio
flexibility in the human insulin B-chain C-terminal part around PheB24, and further

replacement of ValB12 and TyrB16 1o the bombyxin-11 type, Ala and Ala, results in detachment

of the insulin-type B-chain C-terminal part f

ym the core due 1o decrease in hydrophobic

interactions between B12/B16 and the aromatic triplet PheB24-PheB25-TyrB26 (Chapter 4).

Therefore, the residue at AsnA21 and side chains of ValB12 and TyrB16 peculiar to human

insulin all contribute w the stabilization of the B-ch

in C-terminal [-strand in insulin besic

recognition of the human insulin receptor. In constrast, bombyxin-11, which lacks an insulin-

like B-chain C-terminal B-strand, does not need the ValB12, TyrB16 side chains or the AsnA21

sidue neither for the B-chain C-terminal B-strand stabilization nor for the Samia bombyxin

receptor recognition. Itis interesting that human relaxin 2, which does not have an insulin-like

B-chain C-terminal f-strand, also lacks the residue ar A21 as does bombyxin-11. The turn and
B-strand in the B-chain C-terminal pant is a common featre to the ligands for the insulin

receptor, insulin, IGF-1 and -11 (Baker gf al., 1988; Hua g1 al.. 1991; Cooke g1 al., 1991;

Terasawa gt al., 1994). Whereas bombyxin-11 and in, which do not bind to the insulin

receptor, do not possess the B-chain C-terminal -strand (Chapter

enbrot gt al., 1991).

The B-chain C-terminal fi-strand characteristic to insulin contributes not only to the insulin

receptor recognition but also to the biosynthesis of insulin by stimulating formation of the

insulin dimer (Blundell. 1972), which further aggregates 1o form the insulin hexamer in the

presence of Zn. The agg Ation protects nes

i insulin from proinsulin converting

enzyme during in th

ranules in the [§ cells of the Langerhans islet (Blundell,
1972).
The rrrBBX-11 and the rrlSL-11 mostly involve different residues (ValA13-LeuA13, TyrB6-

LeuB6, AspB17-LeuB17). Individual replacement of TyrB6 and AspB17 in bombyxin-11

analogs to the insulin-type residue, Leu and Leu, decreases bombyxin-like activity to .05 and

0.05

respectively (Nagata et al., in preparation). On the other hand, individual replacement of

LeuA13, LeuB6 and LeuB17 in insulin to other amino acid residues lower the insulin-like




L 1991; Schi

L 1994)

activity (Nakagawa and refore, the amino acid side chaing

involved in the rrBBX-11 and the relSL-11 should determine the

ptor specificity between
bombyxin-1I and human insulin together with the side chains at B12 and B16 in the rrBBX-1
and the rrrSL-L

In the | for

e of relaxin, the middle part of the B-chain (ArgB9 and ¢

biological activity (Billesbach and Schwabe, 1991). In addition, GluB10-LeuB11-ValB12

between the two essential Arg residues (Billlesbach and Schwabe, 1991) and TyrA(-1),

PheA19, ValB12, GInB1S5 and IleB16 near the Arg residues (Eigenbrot gf al., 1991) are
suggested to be important for activity. Although the two Arg residues at B9 and B13 are
apparently conserved in bombyxin-I1 and human relaxin 2, they are functionally distinct in

bombyxin-Il and human relaxin 2. Those in bombyxin-11 are not important for bombyxin

activity ([AlaB9]bombyxin-11, [AlaB13bombyxin-I1 and |CitBY,CitB 13 |bombyxin-11 are all

fully

), while those in relaxin are essential for relaxin

ive (Nagam et al., unpublished d

% inactive (Billesbach and Schwabe, 1991)). Thus,

activity (|CitB9,CitB 13Jhuman relaxin

human relaxin 2 has a s

ghtly different receptor-recognition region (referred to as the nTRLX)

from that of bombyxin-11 and human insulin, wheh locates between the cormesponding regions

of the rrrBBX/1SL-1 and the mrBBX/ISL-11, and may partly overlap with the rrBEX/

(Figure 5-5). Since the other residues proposed to be involved in their receptor recognition are

mostly different, bombyxin-11 and human relaxin 2 are probably incompatible in function, Itis

interesting that the relative ori ion of the three iles to the respective receptor could be

the same, though the site for receptor recogniti molecules are not entirely ide

(Figure 5-5). The conservation of the “face” for receptor recognition may be an indication of

co-gvolution of these ligands and their receptors from an ancestrul molecule. Thus, the

bombyxin receptor on the Sumi ini prothoracic glands might have a similar structure

) gynthi

and function to the insulin receptor, i.e. an o272 form and yrosine kinase activity.
In conclusion, the receptor-recognition site of bombyxin-11, and the receptor specificity

determinants between bombyxin-11 and human insulin are identified. Comparison of receptor-

these insulin-

recognition site of bombyxin-I1, human insulin and human relaxin reveals th







Chapter 6
Concluding remarks

6-1. Summary and general discussion

son with those

{a) Three-dimensional structure of bomby -1l and iis com

of vertebrate counterparts, human insulin and human relaxin 2

In order to compare the three-dimensional structures of invenebrate and vertebrate insulin
superfamily peptides and 10 elucidate the receptor specificity between bombyxin-II and human

insulin on the structural basis, the three-dimensional structure of bombyxin-11 was determined

by two-dimensional TH NMR spectroscopy and simulated ann aling calculations (Chapier 2).

The structure of bombyxin-11 was det ion based on 535 distance and 24

rmined at high resoly

dihedral constraints (Figure 6-1). The root-mean-square deviations (RMSDs) between the final

10 structures and the mean structure were 0.58 £ (.15 A for the backbone heavy atoms (N,

C®, C) and 1.03 £ 0.18 A for all non-hydrogen atoms in the well-defined regions (residues

lleA2 to TyrA19 and ThrBS to AlaB22). (Figure 2-6). It is the first three-dimensional structure

an

determined for an insulin-supe ly peptide of inveniebrate origin. The determined solution

e (Jhoti g1 al, 1987) in

1 its modeled strue

structure of bombyxin-11 is markedly

the B-chain C-terminal part (B20 to B25). The e takes an extention of the helix

(B9 10 B22) and coiled structure (B23 1o B23) there, while the modeled structure adopts a type

1 turn (B19 10 B22) and an extended structure (B23 1o B25) in a similar way 1o human

insulin,

The structure of bombyxin-II (dete ed by NMR) and those of vertebrate counterparts,

human insulin (NMR) (Hua ¢t gL, 1991) and human relaxin 2 (X-ray crystallography)

rure 6-1.  Relaxin, called "the hormone of

(Eigenbrot gt al., 1991), are shown in Fi

pregnancy”, widens the birth canal in mammals prior 1o parturition (Schwiibe and Wiillesbach,




1990). The overall main-chain fold of bombyxin-11 is similar 10 those of insulin (Hua g1 al.,

1991; Jorgensen gt al, 1992), and relaxin ( nbrot gt al., 1991) (Figure 5). The

whic

‘insulin core” structure is stabilized by a cluster of highly conserved hydrc

characte:

residues at A2 (lle in bombyxin-ll/lle in human insulin/Leu in human relaxin 2), Al6

(Leuw/Leu/Leu), Al19 (Tyr/Tyr/Phe), B6 (Tyr/Leu/Leu), Bll cu), B15
(LewLeu/Gln), B18 (Lew/Val/lle), which are highly conserved as hydrophobic through the
superfamily, and three disulfide bonds.

The largest difference between the structures of bombyxin-11 and human insulin lies in the
B-chain C-terminal part (B20 10 B25). Bombyxin-II, like relaxin, adopts a helix and a coiled

1 as do insulin and 1GFs (Cooke

structure there, instead of a sharp tum and an extended f-str

eral, 1991; Sawo gral, 1993; T

rasawa et al., 1994). The wrn and B-strand in insulin are

at B20 and B23, whose ¢

ilized by the two Gly residues are positive in crysial

(Blundell gt al., 1972), and the int

nolecular hydrophobic interactions between PheB24 and

ValB12, LeuB15, TyrB16 and between TyrB26 and LeuB11, HleA2, ValA3 (Jorgensen ¢ al,,

1992). Whereas, most of these turmn-and-B-strand stabilizers are lost in bombyxin-1I and
human relaxin 2: bombyxin-11 lacks GlyB20), human relaxin 2 lacks GlyB23, both molecules
Inck the residues at A21 and B26, Similarly, all the invertebrate insulin-related peptides so far

characterized except sponge insulin (Robitzki gf al,, 1989) may take a helix extention in the B-

found in insulin and IGFs are not common to

chain C-terminal part. Thus the wm and f-s

all the members of the in superfamily but rather a characteristic propenty of the ligands for

the insulin receptor and the type I IGF receptor. Actually, insulin requires the B-chain C-

on of the insulin r tor (Mirmira ¢f al,, 1991), wh

terminal part for recog = bombyxin-II

does not require the corresponding pant for recognition of the Samiy bombyxin receptor

(Maruyama, 1991; Chapier 4).

The B-chain C-terminal tail of insulin also contributes to formation of the insulin dimer,

which in the presence of Zn2* forms the insulin hexamer (Blundell, 1972). The aggregation

properties of proinsulin and insulin seems to be advantageous in the biosynthesis of insulin,




because their zinc-containing hexamers are re

ant o enzymatic proteolysis in the sto

gr;|n1|lcslHInncIcli. 1972)

(b) Three-dimensional structures of hybrid molecules of bombyxin-11 and
human insulin
Since both bombyxin-1I and human insulin had a common core structure, it was expected

that their hybrid molecules would also have the charucteristic core structure. In Chapter 3, the

three-dimensional structures of the hybrid molecules, bonsulin (bombyxin-11 A-chain + human

insulin B-chain) and imbyxin (human ins A-ch: are determined.

+ bombyxin-11 B-chai

Bonsulin actually has the bombyxin/finsulin-like core structure as expected, while imbyxin does

not (Figure 6-2). Imbyxin takes a distorted conformation, in which the A-chain N-terminal c-
helix (lleA2 1o ThrA8) and the first turn (ArgB9 1o LeuB11) of the B-chain a-helix are lost, in

T0%/30% (v/v) waterfacetic o

cid (pH 2.0) and in 50 mM sodium phosphate buffer (pH 6.8)/50
mM NaCl as demonstrated by NMR and indicated by CD, respectively. The CD spectra of

imbyxin changes reversibly depending on the concentration of TFE and becomes similar to

those of bombyxin-1I and human insulin in 30% TFE. Therefi

. the solvent-dependent

equilibrium in the conformation of im

byxin is proposed (Figure 3-5): the conformer 1, which

has the distorted conformation, is dominant in aqueous solution without TFE, while the

conformer I1, which has the bombyxin-like main-chain conformation is dominant in aqueous

solution containin i, Because bonsulin lacks AsnA21, which siablizes the B-chain C-

terminal [-strand by interacting with PheB24 in insulin, the B-chain C-terminal tail of bonsulin

18 less well-defined around PheB24.

In Chapter 4, the three-dimensional structures of bonsylin-(6-18), a chimera molecule of
bombxyin-11 and human insulin, is determined and is compared with that of bonsulin, They

dif

er in sequence only in the B-chain middle part (B6 o B18), where bonsylin-(6-18) has the

bombyxin-type residues while bonsulin has the insulin-type residues. Structure comparison
demonstrates that they take similar main-chain conformations except for the sequentially

identical B-chain C-terminal part (GlyB20 10 ThrB30), where bonsulin takes an insulin-like




n-(6-18) ed conformations. The turn and

nkes less-well de

trn and f-strand, while bons
B-strand is lost in bonsylin-(6-18), because it lacks the P-strand stabilizers, the ValB12,

TyrB16 side chains and AsnA21 residue.

{¢) Localization and identification of the receptor-recognition site of
bombyxin-11
fate the molecular basis of

Identification of the receptor-recognition site is essential to elu

receptor specificity. Many kinds of bombyxin-11 analogs, chimera molecules of bombyxin-11

and human insulin (Nagata gt al,, 1992b) and disulfide-bond isomers of bombyxin-11 (Nagata

et al, 1992a) were synthesized and their bombyxin-like activity was evaluated (Table 6-1) 10

identify the important residues for bombyxin-like ity.

Because bombyxin-11 and human insulin are not cross-active (Ni a et al.. 1992b), the

ed by evaluating the

ments for recognition of the Samig bombyxin receptor can be loc

bombyxin-like activity of the hybrid and chimera molecules of bombyxin-11 and human insulin.

In Chapter 3, in order to determine which peptide chain is more important than the other for

yed.

in=I1 and human insulin were bioa

receptor recognition, the hybrid molecules of bomby.

Bonsulin (bombyxin-11 A-chain + human insulin B-chain) shows only the insulin-like activity

but no bombyxin-like activity, while imbyxin (human insulin A-chain + bombyxin-1I B-chain)

shows only the bombyxin-like activity but no insulin-like activity. Since imbyxin takes

multiple conformations, the result can be interpreted that no conformers of imbyxin are capable
of recognizing the human insulin receptor, while some conformers are capable of recognizing

the Samia bombyxin receptor. Therefore, it is concluded that while the A-chains of bombxyin

1l and human insulin are interchangeable, their B-chains are not, und the B-chains determine the

. 1992b).

receptor specificity between bombyxin-11 and human insulin (N

ition of the

In Chapter 4, in order to localize the requirements for rece bombyxin

freceptor in the bombyxin-11 B-chain, the bombyxin-like activity of several chimern molecules of

uated. When the residues in the B-c

bombyxin-1T and human insulin wa in middle part

(B6 10 B18) of bonsulin is converted (from the insulin-type) to the bombyxin-type [bonsylin-




(6-18)], the bombyxin-like activity is fully restored. Therefore, the middle part (B6 10 B18)

exclusively is required for recognition of the Samig bombyxin receptor in the bombyxin-11 B-
chain. Comparison of the solution structures of bonsylin-(6-18) and bonsulin shows the
peculiar patch formed in the middle part of bombyxin-1I B-chain is of critical importance for

recognition of the Samig bombyxin receptor.

In Chapier 5, in order o evaluate the significance of each side chain in the middle part of

walogs (the

sten y, a series of Ala-scanning

bombyxin-1I B-chain (TyrB6 to LeuB18)
cd.

native Ala residues are replaced by insulin-type residues) were synthesized and bioas:

The bioassay revealed that the side ¢t of TyrB6, LeuB11, AlaB12, ThrB14, LeuB135,

AlaB16, AspB17 and LeuB 18 play roles, directly or indirectly, for recognition of the Samia
bombyxin receptor. while those of ArgBY, HisB10 and ArgB13 are not important for

recognition of the Samig bombyxin receptor. Thus, all

s residues important for recognition of

the Samia bombyxin receptor in the bombxyin-Il B-chain are identified. On the other hand, the

residues in the N- and C-termini, Gly 1 et al, in

Al (Maruyama gt al,, 1991), ValA3 (Na,

preparation) and A20-B1Y disulfide (Nagatm g1 al., 1992a), of the bombyxin-11 A-chain are also
shown to be imponant for the activity.,

The residues important for activity are mapped on the three-dimensional structure of
bombyxin-11, and the exposed side chains of the important residues are considered o be
involved in the recognition of the Samiag bombyxin receptor (Figure 6-3). The important
residues forms two patches on the molecular surface: (1) The receptor-recognition region I of

bombyxin-11 (rrBBX-1) involving the following imponant residues, GlyAl, ValA3, CysA20,

LeuB11, AlaB12, LeuB15, AlaB16 and CysB19.

ly conserved residues, lleA2 and

iition. (2) rrBBX-11 involving the following

TyrA19, may also be involved in receptor re
important residues, TyrB6, ThrB14, AspB17 and LeuB18. The highly conserved residues,

ValA13, may also be involved in the Samia bombyxin receptor recognition, Therefore, the site

of bombyxin-11 for recognition of the Samia bombyxin receptor consists of two regions,

rrBBRX-1 and rrBBX-11.




{d) Comparison of the ceplor recognition site of bombyxin-11 with those of

i relaxin 2

ulin and hu

, human

vertebrate countery

In order to elucidate the structural basis of receptor specificity between bombyxin-11 and

human insulin and 1o compare the mechanisms of rec

plor recognition between invertebrate and

vertebrate insulin-superfamily peptides, the recepetor-recognition site of bombyxin-I1 is

compared with those of vertebrate counterpants, human insulir human relaxin 2 (Figure 6-

4).

The receptor-recognition site of bombyxin-1I mostly overlaps with that of insulin, except for
B-chain C-terminal part (Schiiffer, 1994). Bombyxin-1I does not require the B-chain C-
uires the aromatic residues (PheB24-

terminal part for its activity, while human insulir

PheB25-TyrB26) in the B-chain C-termin

fi-strand for the insulin receptor recognition
(Mirmira g al. 1991). The difference in function of their B-chain C-terminal pans reflects the

difference in their main-chain conformations. In bombyx

1L, the B-chain C-terminal part lies

out of the receptor-recognition site. Wher in insulin, the B-chain C-terminal i-strand covers
the hydrophobic surface which corresponds to the rrrBBX-1 of bombyxin-11, and the aromatic
triplet makes a peculiar patch in the receptor-recognition site of insulin (nrlSL-1). Despite the
overlap of the receptor-recognition sites of bombyxin-11 and human insulin, their surfaces are

not similar. The different residues at B12 (Als in bombyxin-I1I/Val in human insulin), B16

(AlafTyr), B6 (Tyr/leu), B17 (Asp/Lew) and BI8 {Lew/'Val) are shown to contribute to the

determination of receptor specificity between bombyxin-1T and human insulin. Cther different

residues in their recep rniton sites may also contribute the receptor specificity.

HOr-r

Human relaxin 2 has a slightly different receptor-recognition region (referred 1o as the

Biillesbach and Schy

mrRLX) (Eigenbrot gf al., 19¢ be, 1991) from those of bombyxin-11

and human insulin. The nrRLX locates between the corresponding regions of the mrBBX/ISL-

I and the mrBBX/ISL-11, and lap with the rrBBX/ISL-1 (Figure 6-4).,

rily ove:

Although the two Arg residues at BY and B13 are apparently conserved in bombyxin-11 and

human relaxin 2, they are functionally distinet. The side chains of Arg at BY and B13 of

bombyxin-I1 are not required for recognition of the Samiy bombyxin receptor (Chaper 5), while




relaxin 2 are essential

these side chains in hun  recogniton of the o

= orientations of these Is to their

(Biillesbach and Schwabe, 1988, 1991). The rela

receplors ane almost the same, which may be an indication of co-evolution of these ligands and

stral molecule. Thus, the bombyxin receptor may have a

their receptors from an an

r, an o232 form and tyrosine kinase activity,

similar structure and function to the insulin recep

as does the intrinsic bombyxin receptor of Bombyx mori (Minoru Tanaka, personal

communication),

In the case of insulin, a2 model for the binding o the insulin receptor is proposed based on

the structure-activity relationships of a number of insul alogs (Figure 6-3) (Schiiffer,
1994). In the model, the insulin molecule bridges the two o subunits through the two different

ctions, rrlSL-1—IrslRa-1 and rerlSL-1—IrsIRa-11 (the IrsIRee-1 and -11

intermolecular inters
represent the ligand-recognition sites in the & subunits of the insulin receptor). The bridging
step gives rise toa conformational change of the insulin receptor which is transmitted through

e, A similar mechanism of 1i

the cell membrane, activating the tyrosine ki nd—receptor

recognition can be assumed for the bombyxin-1l—the Samia bombyxin receptor interaction

because of (1) the mostly overlapped receptor-recognition sites of bombyxin-11 and human

insulin and (2) the suggested aaP? heterotetramer structure and tyrosine ki ctivity of the

Samia bombyxin receptor. Thus, the two-site receptor-recognition of bombyxin-11 would be

significant in that it could induce asymmetry in the conformation of the Samia bombyxin

roletramer), 10 the pupative tyrosine kinase activation,

recepror (an putative a2 he




research

es on bombyx

In this thesis, 1 investigated the structural basis of the specific, high-affinity recog

between bombyxin-II and the Samig bombyxin receptor. The structure of bombyxin-II was

ptor is unknown,

while the structure of the Samia bombyxin rec

ized extensive

analy

‘Therefore, chemical characterization of the Samia bombyxin receptor should be a future topic

for study. For this purpose, a bombyxin-Il derivative, [{6-biotinylamidocaproyl)Gink

2),Phe(pN3)B6]-bombyxin-11, is designed. Since TyrB6 in bombyxin-1I lies in the rrBBX-11

and is important for recognition of the §

d

1ii bombyxin receptor, the azido group incorpor

to PheB6 can be used for photoaff

nity labeling of the Samig bombyxin receptor, while the

biotin moiety at the N-terminus of the B-chain can serve as the probe for highly sensitive

detection and as a ligand for affinity purification and it would not adversely affect receptor-

studie

binding affinity. The derivative can be applied 10 the followi : (1) investigation of t

inity purification of the cross-linked

receptor distribution in an individual worm or pupa, (2)

ligand—receptor complexes and (3 ification of the bombyxin-11 (panticularly, the rrBBX-

II)-recognition site in the Samia bombyxin receptor (see Kurose g1 gl., 1994), The final goal in

il structure of the bombyxin-11—the

determination

line would be

:ific recognition could

Samia bombyxin receptor complex, by which the mechanism of the spe

son of the sig

be solved at atomic resolution. The detailed analy: ing pathways

of bombyxin-11 and the Samig PTTH would reveal reason why bombyxin-I1 can behave as

ifit were a PTTH to Samia gynthia fcini.

bombyxin in Bombyx morj is the most

ation of physiological function(s) ¢

ization and identification of the

i

significant biological topic for study. This requires th

Bombyx bombyxin receptor, which is now in progress by Minoru Tanaka in our laboratory.

at verious st

Once the receptor is identified, the distribution of the receptor in an indivic

of development would suggest the physiological function(s) of bombyxin,

I hope that not only structural and chemical but also biological studies of bombyxin and

related peptides will progress using the results deseribed in this the




Chapter 7
Experimental procedures

7.1, Structural analysis

(a) Preparative H
Preparative RP-HPLC was perfor
program 1

HPLC system: S

adru LC-6A

column:
cloent:
solvent A: 108 CH3CN/D. 1€
alvent B: S0% CHICN/D.09% TFA
Mow rate

d
ram 2
HPLC system:  Shim,

T b peratire:

ak ODP-90 (21,5 & 300 mm)
CHICN (8 W10 mM CH3COaNH,
10% CHACN/D mM CH3COaNH4 (p

ih) Amalytical HPLC
Iytical RP-HPLC was

il ODS (4.6 x 150 mm)
0.10% TFA
CHICN/.10% T

% CHyCONK
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HPLC sy
i

fc) FAR mass spectrometry
FAB mass spe :

The aquisition sysi
TFA at an average
gher resolist

try was

(d) Amino scld sequence analysis

ABL 1204

1 amino &

Ie) Clreular dichrolsm spectra messurements
€D spoctra were recorded on 8 JASCO 1600 5
scans we

BM for

was diw concenirals
200.250 nm. The pey o deters & the sum of ©




e Trp (5400 Vem/mal),

-phase synthesis of peptide chains

The A- and B-chains with pre
e NMP-HOBt Fmoc cycl
ys(MBal), Cys(Tn), Asp{ChBu
Trp(Boc) and In odrer 1o form
Cys protecting g
labile) for CysA

e synthesizer
Cys{tHu),

X < o
1 of HMP-resin in the presenc

preliminary washing of the pol
terminal F

(a) Preparation of Fmoc-aming
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peptide synthesleer
essentially sceording w the

(b) Peptide-chain assembly on an Applied

e A ¥ was
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Figure 1-1. Schematic diagram illustrating the control of molting and metamomhosis in the
silkmoth Bambyx mari (Adapted from Gilbert and Goodman, 1981)
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Figure 1-3. Primary structure (A) and biological function (B) Ecdysone Ecdysone
of the Bombyx PTTH, the Samia PTTH and bombyxin-I1.
PGs, prothoracic glands. The disulfide-bond location in the
SamiaPTTH is not determined yet, but is probably the same 2 o
as that in the Bombyx PTTH. the silkmoth the saturniid moth
g Bombyx mori Samia cynthia ricini
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Figure 1-4. Amino acid sequences of insulin-superfamily peptides.  Invenichrate insulin-related peptides
have been identified in a few phyla such as Porifera [sponge insulin from Geodia cydoninm (Robitzki e
al., 1989)], Mollu [molluscan insulinerelated peptides (MIPs) from Lymnaea stagnalis (Smit er al,
et al., 1991)] and Anthropoda [bombyxin from the silkmoth Bombyx mori (Nag

agasawa of al, 1986; Maruyama er al., 1988; Jhoti et al., 1987); Samia bombyx
peptides (SBRPs) from the satumiid moth Samia cynthia ricind (Kimura-Kawakami er al,, 1992
bombyxin-related peptide (ABRP) from the potato hommoth Agrius convolvuli (M.Iw
preparation); locust insulin-related peptide (LIRP) from the grasshopper Locusta m i
al., 1990)]. Five molecular species of bombyxin have o far been isolated from the h
Bombyx mori using the Samia pupal assay (Ishizaki and Ic |||k.n~ a, 196T) |||r |\m!! Iy struciure is
determined completely for bombyxin-11, -1V and partislly for bomb; -1, - wa et al, 1986
s Jhoti et al, 1987; Marayama eral., 1988). Numbering of residue 3 lin sequence, Cys
residues are boxed. Dashes, gaps in the sequence inseried for best alignment




Figure 1-5. Computer models of members of the insulin supe rfamily. The models were built on
computer graphic systems using the coordinates of the ir crystal structures as a \l_mmt
point. The regions cormesponding to the insulin A-chains are sh as y lines. (A) IC
(B) relaxin, (C) bombyxin-Il, (D) molluscan insulin-like peptide-1 (From Murray-Rust er m’
1992}
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Figure 1-7. (A) Steps involved in determination |-[ the three-dimensional structure of a protein
by two-dimensional |H NMR and simulated annealing calculations(Adapted from Wright, 1990).
(B) Three-dimensional structure determination of a peptide using NOE-derived distance
constraints. The cross peaks in the NOESY spectrum anse from through-space correlations and
provide information about the spatial proximity of pairs of protons. NOE gives info on about
inter-proton distances up 1o a mum of about 5 A. A family of structures consistent with the
NOE distance constraints are generated




Table 2-1

3°C,
Residue NH CUH Others
GlyAl
HeA2 B.51 1.20 114,094
078
0.68
ValA3 8. 367 1.98 095,0.88
AspAd 8.01 4. 2
GluAS T894 1 2. C™H 2462, 2.56
CysA6 813 537 3,
CysAT 7.93 485 3,
LeuAS 8.10 432 1 167
094, 0.88
ArgA9 7.64 461 1 .72 64, Led
324,324
T18
ProA 10 454 2.13, 2,02, 1.88
1.56, 3.56
8.37 500
B.73 463 :
B.73 3176 213 113, 1.02
.18 442 286,2.79
751 3.75 231 CYH3 L0, 110
LeuAls 8.01 4.11 i 1.74
0.77,0.74
LeuAl? 8.33 438 1.84, 1.50 193
0.86, 0,84
SerAlR 7.1 4.26
TyrAl9 7.95 4.54 €5Hy 133
CfHa 669
CysA20 758 4.60 323,293
pGluB(-2) 782 440 255,208 CTH 247,24
GlaB{-1) B35 4.69 217,20 CTH 245,245

NEH

ProB0 444 234,194 CTH 211,208




AlaB2
ValB3
HisB4

863
ThiBS
TyrB&
CysB7
GlyB8
ArgB9

HisB10
LeuBl11
AlaB12
AmgB13
TheB14
LeuB15
AlaB16
AspB17
LeuBI18

CysB19

TrpB20

ValB24
AspR25

B.24
.07
7.60
£.09

183

4.6l

4.06

3199

4.06

443
4.58

195

195,195

L6l

301
167

349

Others

CTH

NEH

245,245

687

166, 1.66

122,322

1.58
0.8

1.75, L.78
323,323
725
117
1.70
084, 0.84

1.84
0940, 0.90

092, 0.88




Table 2-2.

Structural statistics

<SA>

(SA

Root-mean-square deviations from
experimental distance constraints (A) (535)
Number of distance constraint
violations > 0.3 A
Root-mean-square deviations from
experimental dihedral constraints (deg) (24)
Number of dihedral constraint
violations > 5°
FNOE (kcal/mol)*
Frepel (keal/mol)*
EL-J (kcal/mol)t
RMSDs from idealized geometry

Bonds (A) (724)

Angles (degrees) (1305)

Impropers (degrees) (298)

0.067 £ 0,001
3-9

(Maximum 0,51 A)

3.49 + 0,99

1-4

(Maximum 18.6%)
118.2 43
593+ 59

15482 11.1

0.008 £ 0.0000
2.27 £ 0.02

1.20 & 0,05

0.066
5

(Maximum 0.48 A)

0.80

1

(Maximum 17.5%)
116.4

48.6

-162.2

0.008

<SA>are the 10 refined simulated anr

structure, where the mean structure was obtained by

<SA> structures best-fitted to each other.

* The value of the square-well NOE potential, FNOE, is calcy

keal/mol per A2, The value of [-'[rl,l.J is calculated wi

& structures; (SA)p is the restrained minimized mean

2 the coordinates of the individual

itedd with a force constant of 50

4
i force constant of 4 keal/mol per A4

with the van der Waals radii scaled by a factor of 0.8 of the standard values used in the

CHARMm empirical function.

T Ep -1 is the Lennard-Jones van der Waals ener

energy function, which was not i

§ The improper torsion term is used 10 n

cluded in the sin

calculated with the CHARMm empirical
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Figure 2-1. Amino acid scquences of insulin-superfa uml\ peptides. Invenchrate insulin-related peptides
have been identified in a few pk 5 3 Isponge insulin from Geodia cydonium (Robilzki et
al., 1989)], Mollusca [molluscan insulin-relmed peptides (MIPs) from Lymnaea stagnalis (Smit er al.,
1988; Smit ef al., 1991)] and Arthropoda [bombyxin from silkmoth Bambyx mori (Nagasawa ef al.,
1984a; Nagasawa et al, 1986; N G et al., 1987); Samia bombyxin-related
peptides (SBRPs) from the s d moth Samia cynihia ricini (Kimura-Kawakami ef al., l‘)‘J".l Agrius
bombyxin-related peptide H\IikF’ from the potato hommoth Agrius cony

preparation); locust insulin-related peptide (LIRP) from the gra shopper Locusta migratoria (Laguecux et
al., 1990)]. Five molecular species of h(smhpm have so far been isolated from the heads of the silkmoth
.Bomb}x mori using the Samia pupal (Ishizaki and Ichik: 1967); the primary structure is
determined completely for bombyxin-11, -1V and panially for bombyxin, <111, -V (N 1938

i Thoti er al, 1987; Maruyama eral,, 1988). Numbenng of res b
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Figure 2-2. 'H NMR spectra of bombyxin-IT (2 mM) at 28°C in 90%/10% (v/v) HaO/2H0
(pH*2.0) (A) and in 70%/30% (v/v) HyO/CZH3CO22H (pH*2.0) (B). pH* indicates direct pH-
meter reading measured at 25°C.




(wdd) 2qg
0k Ql'b 0°S

o
B B
E
= o
o}
2k L
=

- o

™

' \
F‘E‘mn
= Y .
q

Figure 2-3. Identification of the amino acid 1H spin systems in a TOCSY spectrum of bombyxin-11 (3
mM, T0%/30% (v/v) 2Ha0/C2H3CO2H, pH*2.0, 28°C; 600 MHz: Ty = 45 ms; absorption mode;
digital resolution 3.2 Hz/point), (A) Aliphatic side chains,
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Figure 2-3. (Continued) Identification of the amino acid 1H spin systems in a TOCSY spectrum of
bombyxin-11 (3 mM, 70%/30% (viv) 2HaO/CZHICO22H, pH2.0, 28°C; 600 MHz T = 45 ms:
absorption mode; digital resolution 3.2 Hz/point). (B) Aromatic side chains.
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Figure 2-4. Sequential assignments via 1H-1H nuclear Overhauser effects in a NOESY spectrum of
bombyxin-Il (4 mM, 70%/30% (v/v) Hz0/C2H3CO52H, pH*2.0, 28°C; 600 MHz: Tm = 75 ms;
absorption mode; digital resolution 3.2 Hefpaint), (A) Pathway of sequential assignments via dgp.
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Figure 2-4. (Continued) Sequential assignments via 1H-1H nuclear Overhauser effects in a NOESY
spectrum of bombyxin-Il (4 mM, T0%/30% (v/v) H2O/C2H3COm2H, pH*2.0, 28°C; 600 MHz; 1y
= 75 ms; absorption mode; digital resolution 3.2 Hz/fpoint). (B) Pathway of scquential assignments
via dyp.
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Figure 2-4. (Continued) (C) Sequential NOE connectivities. The height of the bars :l:u[u:.:tc'i the
approximate intensity of the NOESY cross-peaks recorded with a mixing time of 75 ms. * indicates an

undefined connectivity; x indicates an NOE connccitivity which is not clearly observed due 1o
overlapping with other NOE peaks.
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Figure 2-5. (A) Number of NOE constraints and RMSDs for each residue. The number of
interresidue distance constraints (columns) and the average values of the main-chain (N, C%, C)
RMSDs (circles) were plotted as a function of residue number, (B) Ramachandran plot for the
final 10 structures. Gly residues are plotted with +,
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Figure 2-8, C arison of the proposed receptor-recognition surface (viewed from the lefi side
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hybrid molecules, bonsulin and imbyxin.




Residue
GlyAl
leA2

ValA3

AspAd
GluAS
CysA6
CysAT7
LeuAR

ArgAY

ProA10

CysAll

SerAl2
ValAl3
AspAld
ValAls
LeuAls

LeuAl?

SerAlR

TyrAl?

CysA20
PheBil

ValB2
AsnB3
GinB4

HisBS

.53

809
8.12
7.82
812
7.98
.41

7.50

8.89
807
8.71
11
754
187

826

1.65
197

835
RA42
.42

B.60

Table 3-2

4.1
472
4¥

463

02, 1.59

202
284,279

232, 193

139, 3.29

Others

CTH
CoH

CYH3

CTH;3
CTH
B3
CYH
Chy

(\].l.”
3y
2.6y
3y
iy
CTHy
NBH
CTH
NEH
C*H
i

0.78
0,68

0,99, 0.92

1.66
0.96, 0.89
L.72, 166

3.26, 3.26
7.9

2.04, 175
358,152

1.07, 0.98

L2, 107
183
0,89, 0.86
L79
0.87, 0.87

7.32
(X

1.29
740
1.35
0.92, 0.92
1.62, 698
211,21
7.54, 6,85
7.35
B.66




Residue

Leulis

CysB7
GlyBs
SerB9
HisB10

LeuB11

/alB12
GluB13
AlaBl4
LeuB15
TyBl6
LeuB17
ValR18
CysB19
GlyB20

GluB21
Argh22

GlyB23
PheB24

PheB25

TyrB26

TheB27
ProB23

LysB29

TheB30

822
9.02
B4
8.08

744

B.02

B.60
£7
187
7.99
7.80

K0S
7.87

463

Table
{Conti

32

193, 193

1.57, 1.40

3.1, 100

118, 216
2,00, 147

2.98

3,10, 2.92

0,89, 0.82

.82, 0.52
7.10
677
1.86
095, 0.95

2, 0.99

.60,

.28,

1.31

7.12
7.25
1.23
T.18
7.30
7.24
7.06
6.80
1.22
2.06, 2.06
3.70, 3
1.53, 1.53
170, 1.70
101, 301
798, 798
1.21




NH cay &M
GlyAl 1,05, 3,05
lleAZ 842 432 186
ValA3 8.19
GluAs 8.29
GlnAS 837

CYHy 132

CTH 146,
CTH3y 083
CYH3 083

436
4.36
4.18 164
0,92, 0.85
TyrAl4 03 7.05
679
GlnAlS 06 247,247
1.37, 6.87
LeuAls B.15 4.24 L76
091, 0.57
GluAl7 822 4.14 2.58,2
AsnAlR 791 4.62 1.28,
TyrAl9 .03 4.57 T.12
6.81
CysA20 LA L)
AsnA2l 7.99 7.55, 6.8
pGluB(-2) 781 2 243, 240
GinB(-1) 836 4.69 ] CTH 244,244
1.53, 686
ProB0 2, 1.93 211, 205




Residue
GinB1
AlR2
ValBl
HisB4

TheBS
TyrB6

CysBT
GlyRs
AmgB9
HisHB 10
LeuB11
AlaBI12

AmgBI3

T 14
LeuBil§

AlB16
AspB17
LeuB18

TrpB20

GluB21
AlB2?
GlyB23
ValB24
AspB25

7.86
B.15

B.06
7.98
7.98

8.22

E.00

B07
7.95
£.00

7.70

4

1.96

118
1.02, 2.98
118, 3.12
184, 1
130, 318
164, 1.64
1.44
192, 183

292

CTH 2
NEH 7

166
.18
(o TR
CIH o w6s
CTH 160

C®H3 (.89, 085

CTH 1.70, 1.70

C
COHy

cH 1L
iy 088, 085

NH 000

CTH3 093, 089




<SA (SA) .
Root-mean-square deviations from

experimental distance constraints (A) (623)  0.048 £ 0.003 0.048

Number of distance constraint 1-5 2

violations > 0.3 A (Maximum 0.41 A) (Maximum 0.40 A)
Root-mean-square deviations from

experimental dihedral constraints (deg) (34) 2.02 £ 0.28 0.71

Number of dihedral constraint 1-3 1

violations > 5° imum 11.9%) (Maximum 9.0°)
FNOE (keal/mol)* 7.6+74 71.1

Frepel (keal/mol)* 43.6 £ 5.6 3.7

EL.J (kcal/mol)t 204.2 £ 107 194.3

RMSDs from idealized geometry

Bonds (A) (779) 0.006 £ 0.0000 0.006
Angles (degrees) (1405) 2,15 £ 0.008 212
Impropers (degrees) (34414 L02 4 0.01 .99

<SA> are the 10 refined simulated annes he restrained minimized mean

structure, where the mean structure was obtained by averaging the coordinates of the individual

<SA> structures best-fitted to each other,

* The value of the square-well NOE poter FNOE, is calculisted with a force constant of 50

1 15 calculared with a force constnt of 4 keal/maol per A4

keal/mol per A-2. The value of F

with the van der Waals radii scaled by a factor of (L8 of the standard values used in the

CHARMm empirical function,

1 EL-J is the Lennard-Jones van der Waals ener

gy caleuluted with the CHARMm empirical

energy function, which was not included in the simulated annealing calculations.

% The improper torsion term is used to maintain the planar geometry and chirality.




Table 3-5. Structure

SA> -

Root-mean-square devi
experimental distance constraints (A) (509)  0.068 £ 0.002 0.057
Number of distance constraint 2-7 2
violations > 0.3 A (Maximum 0.51 A) (Maximum 0.47 A)
Root-mean-square deviations from
experimental dihedral constra {deg) (21) 2.66 £ 101 0.97
Number of dihedral constraint 0-3 2
violations > 5% ) (Maximum 8.3%)
FNOE (keal/mol)* 83.6
Frepel (keal/mol)* 40.0
EL-J (kcal/mol)t 1439+ 11.5 -122.5
RMSDs from idealized geometry

Bonds (A) (742) 0.007 £ 0.0005 0.007

Angles {degrees) (1328) 227 £ 0.02 222
—Impropers (degrees) (3274} 1134004 LO7

<SA>are the 10 refined simulmed an ares; (SA)y is the restra minimized mean

an structure was obt

structure, where the -d by averag

g the coordinates of the individual

<SA> structures best-fitted to each other
* The value of the square-well NOE potential, FNOE. 1s calculated with a force constant of 50

per A4

2
kealfmol per A2, The value of Frepel 15 caleulated with a force ec

with the van der Waals radii scaled by a factor of (L of the stanc vilues used in the

CHARMm empirical function,

T EL-J is the Lennard-Jones van der Wanls e salculated with the CHARMm empirical

energy function, which was not included in the simuliated annealing calculations

$ The improper torsion term is used 1o maintain the planar geometry and chirality.
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Figure 3-1. y structures in bonsulin (A) and ir
(B). The height of the bars indicates the approximate intensity of NOESY cross-peaks
recorded with a mixing time of 75 ms. * indicates an undefined connectivity; x indicates an NO
connecitivity which is not clearly observed due 1o overlapping with other NOE peaks. The
secondary structures of bonsulin and imbyxin are compared with those of the corresponding
peptide chains in bombyxin-II and human insulin. A cylinder represents an a-helix, an amow
represents a f-strand,
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of the main-chain (N, C%, C') RMSDs (circles) are plotted as a function of
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Figure 3-3, Ramachandrin plot for the well-defined regions in the final 10 structures of bonsulin
(NeA2 to TyrA19 and GInB4 to ProB28) (A) and imbyxin (LeuAl3 to TyrA19 and AlaBI2 10

AlaB22) (B). Gly residues are plotted with +,







Wavelengtn ined

Figure 3-5. (A) CD spectrum of bombyxin-1l (BBX), human insulin (ISL), bonsulin (BSL) and
imbyxin (IBX) dissolved in 50 mM sodium phosphate buffer (pH 6.8). (B) TFE
change of the CD spectrum of imbyxin. TFE concentrtion: a 0%; b 10%; ¢ 20%; d 30%;
£ 50%; g TFE removed (50% —> 0%:).




+ TFE

- TFE

conformer [ conformer 11

Figure 3-6. Proposed solvent-dependent equilibrium in the formation of imbyxin. The
conformer 1 is a repn tive structune of imby ed in 70 0% (viv)
) 2 ] 1

H20/C2H3C092H elucidated by the NMR method, and is considered to represent the major
conformation of imbyxin in aqueous solution witho 45 indicated by CD. The conformer 11
18 a modeled structure of imbyxin c ed using energy minim techniques, assuming
conformational homology with the A-chain of human insulin and the B-chain of bombyxin-I1, the
structures of which were determined by the NMR method (Hua er al., 1991; ata er al.,
submitted), and is proposed 1o be the major conformation of imbyxin in aqueous solution
containing 30% or more of TFE based on the CD spectra of imbyxin shown in Figure 3-5.




Table 4-1
Bombyxin-like activity of the chil
of bombyxin-Il and human i

Peptide Structuret ve potencys
bombyxind] = o——ra 1

bonsylin-{(6-18) ﬁ_ 1
bonsylin-{6-17) ﬁ_ 03
bonsylin(7-18) ﬁ_ 0.05
imbyxin o ——— 0,002
bonsulin e T — <0.0001
human insulin ﬁ_ < 00001

+ The white

black bars repre
and human insulin, respectively
common 10 bombyxin-11
 Relative potency of a peptide was d
(EDsp of bombyxin-1I [mol/pupa] )\




Resadue
GlyAl
leA2

ValA3
AspAd
GluAS
CysAf
CysA7
LeuAR

ArgA9

ProAll

SerAl2
ValAl3
AspAld
ValAls
LeuAls

LeuAl7

SerAlR
TyrAl9

CysA20
PheB1
Va2
AsnB3

Ginb4

HisB5

8.07
R.07
8.05
K15
7.94
810

163

865
835
B.69
B.16

7.51
3.02

B.32

7.70
7.95

7.56

4.40
836
842
.54

47

4.50

497
4,57
in
441
374
4.10

426
454

4.66

0, 1.77

1.90, 3.90
333, 3.07

204, 1.89

3.26, 3.26

i

CTH3
Chiiy
CTH;3

CTH

CTH
CoHy
CTH
(2111
NEH
o
By

L8, (58
0.80
0.69
0.94, 0.88

259, 2.59

094, 0.88
175, 1.67

3.26, 3.26

2.06, 190
1.60, 3.60

L8, 098

L09, 1.09
1L.71
0.76, 0.72
192

1.07, 0.86

1.32

6,70

. 0.92
7.66, 7.02
232,232
T4l 686
730

3.66




-
Table 4-2
{Conr )

Residue NH Cay (el

TyrB6 848 3,01

CysB7 B4R 128, 3.18

GlyBs 8.69

A9 B30

HisB10 B3 4.54 342,326

LeuBl1 N 4.4 1

AlaBI12 201 4.03 151

ArgBI3 795 4.09 1.96, 1.96

TheB 14 7.95 1.05

LeuB15 R.58 4.06 L&Y, 1.69
C°H3 081, 0.81

AlaB16 7.95 4.06 1.51

AspBIT 7.88 4.57 110, 2.99

LeuB18 K45 1 1.63 'H 152

0,87, 087

CysB19 B84 4,57 318, 299

GlyB20 7.93 4,10, 4.02

GluB21 801 4.40 224,217 CYH 261,256

ArgB22 1.92 435 200, 1.88 CYH 175, 1.75
oy 326,326
NEH 730

GlyB23 110 3.95, 3.87

PheB24 788 4.58 299, 290

PheB25 1.96 4.62 1.10, 2.93

TyrB26 4,63 297

ThB27 TEE 4.58 .10

ProB28 441

LysB29 8.26 445 192, 181 f
CoH 173, 1.73
CEH 1.03, 3.03
NEH ¢ S

TheB30 g.03 4.51 CYH3 121




Table 4-3. Srruc

A L SAY
Root-mean-square deviations from
experimental distance constraints (A) (523) 0,055 + 0,002 0.0
Number of distance constraint 2-5 1
violations > 0.3 A (Maximum 0.42 A) (Maximum 0,32 &)

Root-mean-square deviations from

experimental dihedral constraints (deg) (32) 2.45 + (.22 1.18
Number of dihedral constraint 1-4 4

violations > 5° (Maximum 11.0°) (Maximum 8.8%)
FNOE (keal/mal)* 784 £352 57.5

Frepel (kcalfmol)* 41.2+£3.1 30.9

EL-J (keal/mol)t 188.0 £ 11.6 -195.0

RMSDs from idealized geometry

Bonds (A) (786) 0,006 + 0.0000 0.005
Angles (degrees) (1411) 2,12 £ 0.009 2.08
__Impropers (degrees) (3574 1.04 + 002 0.99

<SA> are the 10 refined simulated anncaling structures; (SA)e is the restrained minimized mean

2 the coordinates of the individual

structure, where the mean structure was obtained by av

<SA> structures besi-fitted to each other.

* The value of the square-well NOE pe al, FNOE. is ealculated with a force constant of 50

keal/mol per A-2. The value of Frepe] is calculated with a force constant of 4 keal/mol per A4

i vialues used in the

with the van der Waals radii scaled by a factor of (L8 of the stand
CHARMm empirical function

1 EL-J is the Lennard-Jones van der Waals energy calculated with the CHARMm empirical

energy function, which was not included in the simulated annealing calculations

1 The improper torsion term is used to maintain the planar geometry and chirality.




bombyxin-I1 [
human insulin GIVE
human relaxin 2 <OLYSALANK

bonsylin-(6-18)
bonsulin

i human relaxin 2 (upper)

Figure 4-1. Amino acid sequences of bombyxin-11, hu
in (lower). Bonsulin is a

and those of the chimera molecules of bombyxin-11 and
chimera molecules consisting of the bombyxin-11 A-c the human insulin B-chain.
Bonsylin-(6-18), another chimera molecule, is different in amino-acid sequence from bonsulin in
the B-chain middle pant (B6 to B18) exclusively, where bonsylin-{6-18) possesses the bombyxin-
[l-type fues in: i of the human insulin-type residues. The six residues underlined are the
Terent residues between bonsylin-{6-18) and bonsulin. Numbering of residues is based on the
insulin sequence. Cys residues are boxed.
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Figure 4-2. Sequential NOE connectivities in bonsylin-(6-18) (A) and bonsulin (B). The height
of the bars indicates the approximate imensity of the NOESY cross-peaks recorded with a mixing
time of 75 ms. * indicates an undefined connectivity; x indicates an NOE conn vity which is
not clearly observed due to overlapping with other !
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Figure 4-3. Number of inter-residue NOE constraints and RMSDs for each residue of bonsylin-
(6-18) (A) and bonsulin (B), The number of interresidue distance constraints (columns) and the
average values of the main-chain (N, C%, C') RMSDs (circles) were plotted as a function of
residue number.
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Figure 4-4. Ramachandran plot for the well-defined regions in the final 10 structures of
bonsylin-(6-18) (LleA2 to TyrA19 and GinB4 to ArgB22) (A) and bonsulin (TleA2 to TyrA19 and
GInB4 to ProB28) (B). Gly residues are plotted with +,




Figure 4-5. S¢
atoms (N, C
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Table 5-1

Properties and yields of the [Cys{AcmP7 CysB19 ihambyxin-1 B-chain an

Peptide RT on RP-HPLC® Aversge molecular mass® Yielde

{min) observed (u)fcalculated (u) (mg)
native 30.0 3194/3194
ThrB S5Ala 30.3 3164/3164 8.7 ( 9.2%)
TyrB 6Ala 30.1 3101/3101 12.2 (13.1%)
ArgE 9Ala 32.7 3108/3108 13.3 (14.3%)
HisBlOAla 34.4 3128/3128 7.9 { B.a%)
LeuBllAla 26.8 3151/3151 12.8 (13.5%)
AlaBl2Val 31.2 3222/3222 7.9 [ 8.2%)
ArgBl3Ala 32.1 3108/3108 14.8 (15.9%)
ThrBl4Ala 30.8 3164/3164 26.4 (27.8%)
LeuBl5Ala 24.7 3151/3151 11.0 (11.6%)
AlaBl6Tyr 30.6 3286/3286 11.1 (11.3%)
AspBl7Ala 3.2 3150/3150 16.9 (17.9%)
LeuBl8Ala 25.9 3151/3151 9.4 [ 9.4%)

@ RP-HPLC was run on a JASCO LC-900 HPLC system under the lollowing conditions:

column, ScnshuPak Pegasil ODS (4.6 x 150 mm); i, 10-50% CH3CN (40 min, lincar gradicnt)
in0.1% TFA: Now rate, 1.0 ml/min; column tempemture, 40°C; detection, absorbance at 280 nm.

b FAB-MS was measured on a JEOL JMS-SX 102 mass spectrometer. Both the observed and

calculated values of average molecular mass are those of the molecular fon, (m + H)*, where m
is the average molecular mass of the peplide

¢ Both the total coupling yicld and the meovery during purification were taken into account




Table 5-2
Properties and yields of the [CystAcmP 787 AG-Al1 A20-B19-cystine|k

nbvxin-Il analogs

Peplide RT on RP-HPLCH Average molecular mass? Yield®

(min) observed (ulfealeulaed (u) gl
native
ThrB SAla 31.1 5418/5418 85 (47%)
TyrB 6Ala 31.0 5356/5356 a3 (46%)
ArgB SAla 3z2.3 5363/5363 71 (39%)
BisBlOAla 33.6 5382/5382 57 (32%)
LeuBllAla 29.7 5406/5406 78 (43%)
AlaB12Val 31.4 5476/5476 81 (45%)
ArgBl3Ala 3z2.1 5364/5363 79 (44%)
ThrBl4Ala 31.7 5419/5418 78 (43%)
LeuB1l5Ala 28.9 5406/5406 77 (43%)
AlaBlETyr 31.1 5540/5540 B2 (46%)
AspBl7Ala 31.6 5405/5404 72 (40%)
LeuBl8Ala 29.2 5406/5406 7 (43%)

4 RP-HPLC was run on 8 JASCO LC-900 HPLC system under the following conditions:
column, SenshuPak Pegasil ODS (4.6 x 150 mm); cluent, 10-50% CHyCN (40 min, lincar gradient)
in0.1% TFA; Now rate, 1.0 mimin; column iemperiture, 40°C; detection, absorbance at 280 nm,

b FAB-MS was measurcd on a JEOL IMS-SX 102 mass spectrom Bath the observed and

calculated values of averge molecular mass are those of the m lar ion, (m + H)*, where m
is the average molecular mass of the peptide.
¢ Both the yicld of the chain combination reaction and the recovery during punification were taken

ino account.




Table
Properties and yields ¢

Peptide RT on RP-HPLC# Average molecular mass® Yiclde

(min) observed (u)calculated (u) (ug)
native
ThrB SAla 29.0 5275/5274 43 (58%)
TyrB 6Ala 28.5 5212/5212 46 (63%)
ArgB 9Ala 29.6 5220/5219 34 {55%)
HisB1OAla 30.2 5239/5238 28 {56%)
LeuBllAla 28.5 5262/5262 45 (66%)
AlaBl2Val 29.7 5332/5332 41 (58%)
ArgBl3Ala 30.0 5220/5219 38 {55%)
ThrBl4Ala 29.3 5274/5274 43 {63%)
LeuBl5Ala 28.4 5262/5262 41 {61%)
AlaBlE6Tyr 29.0 5396/5396 39 (54%)
AspBl7Ala 28.9 5260/5260 35 (55%)
LeuBlBAla 28.5 5262/5262 38 (56%)

#RP-HPLC was run on a JASCO LC-900 HPLC system

rthe following conditions:

column, SenshuPak Pegasil ODS (4.6 x 150 mm); W, 10-50% CHLCN (40 min, lincar gradient)
in 0.1% TFA; Now rate, 1.0 ml/min; column lempersure, 40°C; detection, ahsorbance at 280 nm.

bFAB-MS was measured on a JEOL JIMS-SX102 mass spectrometer. Both the observed and

calculated values of average molecular mass are (b = molecular ion, (m + H)*, where m

is the average molecular mass of the peptide
© Both the yield of the iodine oxidation reaction and the recovery during purification were taken

into account,




Bombyxin-like proth » Samia
of be -l analogs
Peptide Amino acid sequence of the B-chain Samigunitt  Relative potency
(ng/pupal

native <QQPQAVETYCGRHELARTLADLCWEAGVD 0.125 1 =]
ThrB SAla <QQPQAVHERCGRHLARTLADLCWEAGVD 0.125 1 ==
TyrB 6Ala <QQPQAVHTECGRELARTLADLCWEAGVD 5 0.025|
ArgB SAla <QQPQAVETYCEHLARTLADLCWEAGVD 0.125 1 ==
HisBl0Ala <QQPQAVHTYCGHELARTLADLCWEAGVD 0.125 1 | —
LeuBllAla <QQPQAVHTYCGRHEARTLADLCWEAGVD 0.5 0.25 N
AlaBl2vVal <QQPQAVHTYCGREHI[VRTLADLCWEAGVD 2.5 0.05 |
ArgBl3Ala <QQPQAVHTYCGRELARTLADLCWEAGVD 0.125 1 _
ThrBl4Ala <QQPQAVHTYCGRHLARBLADLCWEAGVD 0.25 0.5 N
LeuBl5Ala <QQPQAVHTYCGRHLARTERDLCWEAGVD 1 0.1251
AlaBl6Tyr <QQPQAVHTYCGRHLARTIYDLCWEAGVD 0.5 0.25 N
AspBl7Ala <QQPQAVETYCGRHLARTLARLCWEAGVD 0.5 o.25 N
LeuBl8Ala <QQPQAVETYCGRELARTLAORCWEAGVD 0.25 0.5 1

t One Samia unit is defined as the minimal effe

mare numbers of assay pupa 3 -

1 Relative potency of o
(EDsq of bo




A-chain B-chain

human I1

Figure 5-1. Amino acid sequences of bombyxin, insulin, n-like growth factors and relaxin,
Numbering of residues is based on the insulin sequence. Cys residues are boxed. Dashes, gaps in the
sequence inserted for best alignment.
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Figure 5-2. Stratery for the synthesis of bombyxin-11 and its analogs using a regioselective
disulfide bond formation (Maruyama ef al,, 1992; Nagata et al., 1992b),




Figure 5-3. CD specira of the Ala-scanning analogs and bombyxin-1l. (A) Superimposition of
the CD spectra of TyrB8Ala, ArgB9Ala, HisB10Ala, LeuB11ALa, AlaB12Val and ArgBi13Ala
analogs. (B) Superimposition of the CD spectra of ThrB14Ala, LeuB15Ala, AlaB16Tyr,
AspB17Ala, LeuB18Ala analogs and bombyxin-1l. The CD spectrum of the LeuB15Ala analog
showed a peculiar curve in the CD, indicating a marked difference in main-chain conformation.




C

Figure 54. Recepior-recognition region of bombyxin-1l. (A) reBBX-I1. (B) mrBBX-L
The rrBBX-1 contains important residues, GlyAl, ValA3, CysA20-CysB19, LeuBll,
AlaB12, LeuB15 and AlaB16, and highly conserved hydrophobic residues, lleA2 and
TyrAl9. The rrBBX-11 contains important residues, TyrB6, ThrB14, AspB17 and LeuB18,
and a highly conserved hydrophobic residue, ValA13. {C) The rrrBBX-1 and the rrrBBX-II
are separated by the two Arg residues at B9 and B13, which are not important for the
recognition of the Samia bombyxin receptor (stereo pair). The amino-acid residues involved
in the rrBBX-1 or the rrBBX-11 are shown in gray, other residues are shown in white.
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Relative potencies in bombyxi

of b

i ricini

Peptide Structure Relative potency
Ty
: GIVDECCLRPCSVDVLLSYC
bombyxin-11 1
<QQPQAVHETYCGRELARTLADLCWEAGVD |
[LewA3]- GILDECCLRPCSVDVLLSYC
bombyxin-1T | s 0.1
<QQPQAVATYCGRELARTLADLCWEAGVD
[ |
[AlaB5]- GIVDECCLRPCSVIDVLLSYC
bombyxin-11 ¥ |
4 <QQPQAVEAYCGRELARTLADLCWEAGVD
[AlaB6]- GIVDECCLRPCSVIVLLSYC
bombyxin-I1 0.03
<QQPQAVETACGRELARTLADLCWEAGVD
|,\|;|Il'J]-I GIVDECCLRPCSVIVLLEYC
bombyxin-11 | s 1
<QQPQAVHTYCGAHLARTLADLCWEAGVD
[AlaB10]- GIVDECCLRPCSVINLLSYC
xin- 1
Dowbyin-if <QQPQAVHTYCGRALARTLADLEWEAGVD
[AlaB11]- GIVDECCLRPCSVIVLLSYC
bombyxin-11 ] rd 0.3
<QQPQAVHTYCGREAARTLADLCWEAGVD
[ValB12]- GIVDECCLRPCSVIVLLSYC
bombyxin-T1 | 0.05
<QQPQAVETYCGRELVRTLADLCWEAGVD
em———Y
G!v‘nzcnlzt.chsmLSYC 1
<QQPQAVHTYCGRHLAATLADLCWEAGVD
[AlaB14]- GIVDECCLRPCSVIVLLSYC
bombyxin-11 I 0.5
<QQPQAVETYCGRHLARALADLCWEAGVD
[AlaB GIVDECCLRPCSVDVLLSYC
bombyxin-I1 | 0.1
<QOPQAVHTYCGRHLARTAADLCWEAGVD
[TyrB16]- GIVDECCLRPCSVIVLLSYC
bombyxin-11 | 0.3
. <QQPQAVHTYCGRHLARTLYDLCWEAGVD
[AlaB17]- GIVDECCLRPCSVINLLSYC
bombyxin-11 | 0.3
S <QQPQAVATYCGRHLARTLAALCWEAGVD
| spwp— |
[AlaB18]- GIVDECCLRPCSVDVLLSYC
hombyxin-11 I 0.5
» <QOPQAVETYCGRELARTLADACWEAGVD
[CitR9,B13]- GIVDECCLRPCSVIDVLLSYC
bombyxin-11 1

<QQPQAVHTYCGBHLABTLADACWEAGVD




Relative potencies in

VLR

of bombyxin-11, I

3 ricini

Peptide

Structure

Relative potency

bombyxin-11

human insulin

imbyxin

honsulin

imbylin

bombylin

bonsylin-
(6-18)

bonsylin-
(7-18)

bansylin-
(6-17)

baonsylin-
(6-16)

free——
cxvngcnlz.kpcsvwmsg(c
<QQPQAVETYCGRALARTLADLCWEAGVD
| mrap; |
GIVEQCCTSICSLYQLENYCN
FVNQHLCGSHELVEALYLVCGERGFFYTPKT
F—
cw:qcrl_'rszcs LYQI.E:HY/Q{
<QOPQAVETACGRHLARTLADLCWEAGVD
| s
GIVDECCLRPCSVINLLSYC
FVNQHLCGSHLVEALYLVCGERGFFYTEKT
| oo |
GIVEQCCTSICSLYQLENYCN
<QOPQAVHETYCGRELARTLADLCGERGFFYTPKT
ol
cx\mzc%:.ap CSVIVLLSYC
<QQPQAVETYCGRHLARTLADLCGERGFFYTPKT
f———
GI\"DECIQ.RP CSVDVLLSYC
FVNQHYCGRHLARTLADLCGERGFFYTPKT
R
GIVDECCLRPCSVINLLSYC
FVNQHLCGRELARTLADLCGERGFFYTPET
=1
GIVDECCLRPCSVIVLLSYC
FVNQHYCGRHLARTLADVCGERGFFYTEKT
P
GIVDECCLRPCSVINLLSYC
FVNQHYCGRELARTLALVCGERGFFYTPKT
r—
GIVDECCLRPCSVINLLSYC
[
FVNQHYCGRELARTLYLVCGERGFFYTPKT

A

0.0001

< 0.0001




Relative p
of

Peptide Structure Relative potency

e
GIVDECCLRPCSVINLLSYC

1
<QOPQAVHTYCGRHLARTLADLCWEAGVD
| gty |
es IVDECCLRPCSVDVLLSYC
bombyxin-11 0.1
<QQPQAVHTYCGRHLARTLADLCWEAGVD
——
des-(B(-2)-B1)- GIVDECCLRPCSVDVLLSYC
bombyxin-11+ : !
AVHTYCGRHLARTLADLCWEAGVD
des-(B22-B25)- GIVDECCLRPCSVINLLSYC
bomhby 3 1
<QOPQAVETYCGAELARTLADLCHE
[A7-A11,A6-B7- GIV‘D"C@S S
cystine]- =0 7 0.5
bombyxin-11 <QQPQAVHTYCGRALARTLADLCWEAGVD
A6-ATA11-B7- o)
L‘.\E'ih\ﬂ]'\n ; GIVDECCLRECSVIVLLSYC ok
bombyxin-11 <QUPQAVHTYCGRHAARTLADLCWEAGVD :
[A11-A20,A6-B19- GIVDECCLRPCSVIVLLSYC
cysting]- ] 0.02
bombyxin-11 <QQPQAVETYCGRELAATLADLCWEAGVD
A2 - 9. T TS I T T
[4€AZ0,A1L 819 GIVDECCLRPCSVIVLLSYC
cystine|- 0.05
bombyxin-T1 <QQPQAVETYCGRELARALADLCWERGVD

+ Minoru Tanaka, personal communication
$ Maruyama, 1991,




human insulin human relaxin 2

Figure 6-1. Three-dimensional structures of bombyxin-II, human insulin determined by the
NMR method and human relaxin 2 determined by X-ray crystallography. The . ]
human insulin and human relaxin 2 shown were determined by Hua et al. (1991) and Eige
al. (1991), respectively. The A-chains are shown in light gray, and the B-chains in dark gray.
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Figure 6-5. Model for insulin binding to its receptor proposed by Schiiffer (1994). (A)
Empty receptor, (B) initial binding, (C) high-affinity binding — active complex, (D) low-
affinity binding of second insulin molecule. The phosphorylation of the activated receptor is
indicated in (C) and (D). The initially formed complex is able to proceed to form a high
affinity complex where the insulin molecule bridges the two a subunits (stage C). In this
state, the binding energy arises from both binding site 1 and binding site 2 interactions, and
the contribution from each of the two sites may be different from the binding energy
pertaining to one-site binding. The bridging step may be the biologically imporant one,
giving rise to a conformational change which is transmitted through the cell membrane,
activating the tyrosine kinase. According to the model, the binding of insulin to the high-
affinity site leaves a free binding site 1 on one a subunit and a free binding site 2 on the other
(Schiiffer, 1994).
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