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Growth-blocking peptide (GBP) is a hormone-like peptide
that suppresses the growth of the host armyworm. Although the
23-amino acid GBP (1-23 GBP) is expressed in nonparasitized
armyworm plasma, the parasitization by wasp produces the
28-amino acid GBP (1-28 GBP) through an elongation of the
C-terminal amino acid sequence. In this study, we characterized
the GBP variants, which consist of various lengths of the C-ter-
minal region, by comparing their biological activities and three-
dimensional structures. The results of an injection study indi-
cate that 1-28 GBP most strongly suppresses larval growth.
NMR analysis shows that these peptides have basically the same
tertiary structures and that the extension of the C-terminal
region is disordered. However, the C-terminal region of 1-28
GBP undergoes a conformational transition from a random
coiled state to an a-helical state in the presence of dodecylphos-
phocholine micelles. This suggests that binding of the C-termi-
nal region would affect larval growth activity.

Growth-blocking peptide (GBP)*> was initially identified
from the hemolymph of armyworm Pseudaletia separata as a
25-amino acid peptide (1-25 GBP) that prevents the onset of
pupation of the host by parasitization of wasp Cotesia kariyai
(1-4). Injection of GBP into nonparasitized armyworm larvae
early in the last instar delays larval growth and retards pupation
for more than a few days. Our previous studies showed that
GBP is a hormone-like biogenic peptide of the host armyworm
(5, 6). In nonparasitized larvae, the concentrations of GBP were
much higher in the early larval stages than in the latter ones.
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However, parasitization by wasp induces an elevation of GBP in
the last larval stages. This elevation was shown to lead to growth
retardation via repression of juvenile hormone esterase activity
(7-9). Interestingly, a cDNA analysis indicated that the cDNA
encodes a 23-amino acid GBP (1-23 GBP), although GBP puri-
fied from parasitized armyworm plasma consists of 25 amino
acid residues. GBP was expressed as a 23-residue peptide (1-23
GBP) in nonparasitized armyworm larvae, whereas 1-25 GBP,
containing Tyr** and GIn*®, was purified from the parasitized
larvae. Moreover, the preliminary peptide sequencing of GBP
prepared from parasitized larval hemolymph showed the 26™
and 27" residues on rare occasions (Leu and Ile, respectively)
(6). On the basis of these results, we concluded that the TAG
stop codon for the 24™ amino acid was unusually decoded as
Tyr upon parasitization by parasitoid wasps (10) and predicted
that an intact and mature GBP synthesized in the parasitized
armyworm larvae would consist of 28 amino acid residues
(1-28 GBP).

GBP has multiple functions: adhesion and spreading of a spe-
cific class of immune cells (plasmatocytes), proliferation of var-
ious cultured cells, and induction of larval paralysis (11-13).
More than 10 GBP homologous peptides have been identified
in Lepidopteran insects, and based on their N-terminal consen-
sus sequences (Glu'-Asn*-Phe?), they have been categorized as
the ENF peptide family (14). The tertiary structure of 1-25 GBP
consists of a disordered N-terminal region (residues Glu'—
Gly®), a well ordered core region (residues Cys’—Thr??) stabi-
lized by a disulfide bond and a short antiparallel -sheet, and a
short unstructured C-terminal region (Phe**-Glu®) (15).
Because no GBP receptor or its gene has been isolated yet, the
nature of either of them at the cellular and molecular levels is
poorly understood at present. In contrast, the relationship
between the structure and activity of GBP has been well studied
by analyzing the biological activities of several variants of GBP
and plasmatocyte-spreading peptide (one of the ENF family
peptides). Especially, extensive studies on the N termini (resi-
dues 1-6) of GBP and plasmatocyte-spreading peptide demon-
strated the importance of Phe® for exerting their hemocyte
stimulating activity, thereby suggesting a possible mechanism
for receptor activation that requires binding of the aromatic
ring of Phe® and a closely spaced primary amine with receptor
activating properties (16 -19).

In contrast, the C termini of GBP and other ENF peptides
have received less attention, because of the weak secondary
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The C Terminus of 1-28 GBP Interacts with DPC Micelle

TABLE 1
Sequences of 1-23, 1-25, and 1-28 GBP

1-23 GBP ENFSG GCVAG YMRTP DGRCK PTF
1-25 GBP ENFSG GCVAG YMRTP DGRCK PTFYQ
1-28 GBP ENFSG GCVAG YMRTP DGRCK PTFYQ LIT

structure predictions. Therefore, in this study we focused on
the C terminus region of GBP and analyzed its contribution to
the expression of some biological activities and to the tertiary
structure of this peptide. Especially, we prepared GBP with 28
amino acids and characterized the C-terminal region of 1-28
GBP (residues Phe?*~Thr?®), because we knew that GBP is
present as a 23-amino acid peptide in nonparasitized healthy
larvae and that GBP with 28 amino acids has been found only in
parasitized host larvae. Our results suggest that the elongation
of the C-terminal region of Phe*>~Thr*® greatly reinforced
GBP binding with the membrane. Further, the elongation
increased GBP inhibition of larval growth.

EXPERIMENTAL PROCEDURES

Animals—DP. separata was reared on an artificial diet at 25 =
1 °C with a photoperiod of 16 h of light and 8 h of dark (1).
The penultimate instar larvae undergoing ecdysis between 2
and 2.5 h after lights on were designated as day 0 last instar
larvae (1).

Preparation and Identification of GBPs—All of the GBPs
used in this study were prepared by the Escherichia coli expres-
sion system. GBPs (Table 1) were expressed and purified using
our previous procedure (20). A cDNA encoding the entire GBP
sequence was used as a template, and polymerase chain reac-
tions were performed with each GBP primer. GBPs were
expressed as thioredoxin fusion proteins and purified with
nickel-nitrilotriacetic acid-agarose (Qiagen). '°N labeling was
achieved by growing the bacteria in minimal medium contain-
ing '"NH,Cl as the sole nitrogen source. The purified proteins
were cleaved by enterokinase enzyme (Invitrogen) and further
purified by reverse phase high performance liquid chromatog-
raphy (RP-HPLC). The peptides after HPLC purification were
judged to be homogeneous after a second analysis by RP-HPLC,
which found that the purity of each analogue was above 95%.
The purified peptides were further confirmed by matrix-as-
sisted laser desorption ionization time-of-flight mass spec-
trometry (MALDI-TOF MS).

Peptide Degradation Assay—GBPs were dissolved at a con-
centration of 0.4 mm in 60 ul of 50 mm phosphate buffer at pH
6.6. These solutions were incubated in 100 ul of the plasma
isolated from insect hemolymph at 25 °C. After incubation, the
peptide samples were submitted to RP-HPLC analysis on a
5C18-AR-300 column (Nacalai Tesque; 250 X 10 mm) using a
linear gradient of acetonitrile/trifluoroacetic acid (99.9/0.1
v/v). Fractions corresponding to each peak were collected and
subjected to MALDI-TOF MS analysis.

Experimental Injection of GBP Variants into Larvae—The
experimental injection method was a modification of the pre-
viously published method of Hayakawa and Ohnishi (11). Day 0
last instar larvae (0.17-0.18 g) of armyworm were injected with
the indicated amounts of GBPs early in the last larval instar and
weighed at 24 h after injection.
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NMR Spectroscopy—To elucidate the structure, each GBP
was dissolved in 250 ul of 90% H,O, 10% D,O to give a final
concentration of 3 mm (pH 4.4 and 6.8). NMR samples of 1-28
GBP bound to DPC micelles were prepared under the same
conditions containing 200 mm d,;4-DPC. The NMR experi-
ments were carried out on either a JEOL ECA 600 MHz or a
Bruker DRX 500 MHz spectrometer. All of the NMR spectra
were recorded at 10, 20, or 30 °C. The chemical shifts were
measured from the internal standard of sodium 2,2-dimethyl-
2-silapentane-5-sulfonate (The chemical shifts have been sub-
mitted to the Biological Magnetic Resonance Bank (BMRB)
under accession numbers 11068, 11069, and 11070.). At various
peptide concentrations (0.1-3 mMm) and pH levels (pH 4.4 and
6.8), there were no meaningful changes in chemical shifts or
peak line widths of 'H one-dimensional NMR spectra. Double
quantum filtered correlation spectroscopy spectra (21), total
correlation spectroscopy spectra (22), and NOE spectroscopy
spectra (23) with mixing times of 100-300 ms were recorded
during suppression of the water signal by a water gate pulse
(24). The NMR spectra of the **N-labeled sample of 1-28 GBP
were recorded under the same conditions as nonlabeled sam-
ples except for the peptide concentration of 1 mm using *H-'>N
heteronuclear single quantum coherence (HSQC) (25), *°N-
edited HSQC-total correlation spectroscopy (26), and **N-ed-
ited HSQC-NOE spectroscopy (26). The data for the 1-28 GBP
bound to DPC micelles were recorded under the same condi-
tions containing 100 mM d,-DPC. The data were processed
using NMRpipe 4.1 and NMRDraw 2.3 (27) and analyzed using
Sparky 3.111 software (28). The average chemical shift differ-
ences in the amide proton and nitrogen resonances between
1-28 GBP in water and those in DPC micelles were calculated
using the following equation (29),

A8,5 = (A8, + (A5y/5.88)° (Eq. 1)
where ASH and ASN are the chemical shift differences of the
amide proton and nitrogen resonances between 1-28 GBP in
water and those in DPC micelles.

5N-{*H} NOE values were measured for each of the >N
amides using standard pulse sequences with a gradient at 500
MHz. '*N-Labeled 1-28 GBP was dissolved in 250 ul of 90%
H,0, 10% D, (in the absence or presence of 100 mm d,¢-DPC)
to give a final concentration of 1 mm (pH 4.4). *>N-{"H} NOE
values are reported as peak intensity ratios obtained with and
without 'H saturation.

Structure Calculations—The three-dimensional structures
were calculated in the program ARIA 1.2 (30) implemented in
CNS 1.1 (31). Angle restraints were derived from an analysis of
the */11. coupling constant, and the minimum range employed
for ¢ torsion angle restraints was =30°. The hydrogen bonding
pattern was included as a constraint for secondary structure
elements, where the proximity and orientation between amide
protons and carbonyl groups could be determined. The 20
refined structures with the lowest energy contributions from
intramolecular interactions were chosen to represent the NMR
ensemble. These final ensembles of accepted structures satisfy
the following criteria: no NOE violations greater than 0.5 A and
no RMSD for angle deviations from the ideal greater than 5°.
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FIGURE 1. Peptide degradation assay. RP-HPLC chromatograms of 1-23 GBP (left panel), 1-25 GBP (middle panel), and 1-28 GBP (right panel) dissolved in

insect plasma. Chromatograms were acquired 0-24 h after incubation.

The quality of the final structures was assessed using the pro-
gram PROCHECK-NMR (32). The conformers, including cal-
culation of root mean square deviation values, were analyzed by
the MOLMOL program (33).

Microfiltration Assay—GBPs were mixed with dodecylphos-
phocholine micelles to a final concentration of 150 um GBP and
50 mm DPC micelles in 10 mm phosphate buffer (pH 6.8). Sam-
ples (400 ul) were incubated at room temperature for 30 — 60
min, then layered on filters (10,000 molecular weight cut-off),
and spun at 2000 X g in a microcentrifuge for 30 min. The
concentrations of filtrated GBPs were determined by meas-
uring the absorbance at 280 nm and compared with those of
GBPs not exposed to DPC micelles.

Surface Plasmon Resonance Experiments—Small unila-
mellar vesicles of 1 mm dimyristoylphosphatidylcholine
were prepared in 20 mm phosphate buffer (pH 6.8) by soni-
cation. Biosensor experiments were carried out with a BIA-
CORE X analytical system (Biacore AB, Uppsala, Sweden)
using an L1 sensor chip. The running buffer used for all of
the experiments was 20 mM phosphate buffer. The surface
was washed by injecting 25 ul of 40 mm N-octyl B-p-glucopy-
ranoside at a flow rate of 5 wl/min. Small unilamellar vesicles
(80 ul) were immediately applied to the sensor chip surface
at a flow rate of 5 ul/min. The multilamellar structures were
removed from the lipid surface by injecting 30 ul of 10 mm
sodium hydroxide at a flow rate of 50 ul/min, in a stable base
line. The negative control bovine serum albumin (10 ul, 0.1
mg/ml in 20 mm phosphate buffer) was injected to confirm
the complete coverage of the chip surface with lipid by the
absence of nonspecific binding. Peptide solutions (25 ul, 150
uM in 20 mm phosphate buffer) were injected for 300 s at a
flow rate of 5 pl/min. Upon completion of injection, buffer
flow was continued for 600 s to allow for dissociation. The
operating temperature was 25 °C.

Hydrogen-Deuterium (H/D) Exchange—To measure the H/D
exchange of the amide protons, an ~1 mm '°N-labeled 1-28
GBP sample was dissolved in 100% D,O in the presence of 100
mM de-DPC, and 'H-'"N HSQC spectra were recorded at dif-
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ferent time intervals. HSQC peaks were monitored for disap-
pearance at 15, 25, 35, and 45 min upon the addition of the
solvent.

Spin Label Experiments—The DPC-bound and water-acces-
sible residues of 1-28 GBP in DPC micelles were identified by
measuring the effect of 5-doxyl stearic acid (5-DSA) on the
intensities of peaks in 'H one-dimensional spectra or *H-'>N
HSQC spectra. In 100 ul of 30% DPC solution, 1.5 mg of 5-DSA
was solubilized. The 5-DSA solution was titrated to 1 mm unla-
beled (in 100% D,0) or '*N-labeled 1-28 GBP (in 90% H,O/
10% D,0) in the presence of 100 mm d,4-DPC. The one-dimen-
sional spectra and HSQC spectra were collected for each point,
and the intensities were compared. The intensity reductions of
HSQC spectra caused by close proximity to the spin label were
calculated as the ratios of peak intensities in spectra from the
sample containing the respective spin labels to the peak inten-
sities derived from the same sample before adding the probes.
The 5-DSA did not alter the protein structure, as evidenced by
the absence of chemical shift perturbations.

RESULTS AND DISCUSSION

Peptide Degradation Assay—GBP has been purified for the
first time from the hemolymph of the host armyworm. Fol-
low-up studies demonstrated that GBP is synthesized as a
propeptide precursor that is processed by processing enzyme(s)
in hemolymph. After processing, the matured GBP must be
exposed to various endogenous proteases in vivo. We expected
to find differences in the half-lives of the GBPs (1-23 GBP,
1-25 GBP, and 1-28 GBP). The difference in the degradation
kinetics of GBP in insect hemolymph may be involved with
their growth inhibitory activities. For this reason, we analyzed
their half-lives by RP-HPLC of the peptides after incubating
them with plasma fractions prepared from the armyworm
larvae.

Fig. 1 shows chromatograms after incubation of recombinant
GBP peptides with the plasma preparation without blood cells
invitro. The retention times of 1-23 GBP, 1-25 GBP, and 1-28
GBP were 34, 33, and 45 min, respectively. The chromatograms
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of 1-23 GBP and 1-25 GBP show that these peptides are hardly
degraded in plasma for 24 h. In contrast, 1-28 GBP was
degraded immediately. The degradation products were
observed at the retention times of 35 and 40 min. The fractions
corresponding to each peak were 1-25 GBP and 1-26 GBP by
MALDI-TOF MS analysis. These results indicate that the elon-
gated C-terminal regions were highly susceptible to degrada-
tion in insect plasma.

Our previous studies suggested that the 24™ stop codon
would be decoded as Tyr unconventionally by polydnavirus

O 4pmol/larva
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300 | i[ T * W 400pmol/larva
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FIGURE 2. Biological activities of GBPs. The effect of each GBP on weight
gain in P. separata is shown. Larvae injected with 10 pmol of bovine serum
albumin (BSA) served as negative controls. Each bar indicates the mean per-
centage = S.D. of weight gain of the treated larva (n = 14-17). The asterisks
indicate significant differences between GBP-injected larvae and control
(bovine serum albumin-injected) larvae (t test). *, p < 0.01; **, p < 0.001.

TABLE 2

Structural statistics for the final 20 structures of GBP without
micelles

1-23 GBP 1-28 GBP
Number of experimental restraints
Total unambiguous NOEs 326 543
Intraresidue 139 214
Sequential 90 159
Medium range 31 65
Long range 66 105
Total hydrogen bond restraints 18 14
Dihedral angle restraints
® 15 20
Average pairwise RMSD (A)
All backbone atoms (residues 7-22) (A)  0.53*0.16 0.55 +0.19
All heavy atoms (residues 7-22) (A) 1.08 + 0.24 1.36 = 0.28

RMSD from experimental data
Distances (A)
Dihedral angles (°)

0.015 = 0.003 0.017 = 0.003
0.770 £0.212  0.367 = 0.177

Most favored regions (%) 81.7 73.8
Additional allowed regions (%) 17.7 25.5
Generously allowed regions (%) 0.7 0.8
Disallowed regions (%) 0.0 0.0

FIGURE 3. Solution structures of GBPs. The 20 best energy-minimized conformers representing the solution
structures of 1-23 GBP (left panel), 1-25 GBP (middle panel), and 1-28 GBP (right panel). The backbone atoms of
residues 7-22 were used for the superimposition. The drawing of 1-25 GBP was made using the atomic

coordinates obtained from the Protein Data Bank (code 1BQF).
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infection in the same manner as tobacco mosaic virus infection
(34, 35) and that the mature GBP in armyworm plasma would
consist of 28 amino acids in the parasitized larvae (6). However,
GBP purified from the plasma of the parasitized larvae was
dominantly 1-25 GBP. Judging from the results of the present
study, 1-25 GBP in parasitoid armyworm plasma would be the
degradation product of 1-28 GBP. The Leu®®-1le*’-Thr® resi-
dues of 1-28 GBP are expected to be immediately degraded to
1-25 GBP by a protease in the hemolymph of the larvae.

Larval Growth Activity of GBP Variants—To reveal the effect
of the elongated C-terminal region on the biological activities of
GBP, we compared three peptide variants in terms of larval
growth retardation. In the previous study, the injection of 1-25
GBP into the armyworm P. separata larvae dose-dependently
reduced larval growth rates (1, 2). Therefore, we compared the
weights of GBP-injected larvae with those of control larvae
injected with bovine serum albumin. Larval growth was clearly
inhibited by 40 or 400 pmol of 1-25 GBP, whereas larvae
injected with 4 pmol exhibited no reduction in weight gain rel-
ative to control larvae (Fig. 2). On the other hand, larvae
injected with 40 or 400 pmol of 1-23 GBP also gained less
weight than control larvae but gained more weight than larvae
injected with 1-25 GBP. Interestingly, larvae injected with
1-28 GBP even at 4 pmol gained significantly less weight than
control larvae. The injection with 40 or 400 pmol of 1-28 GBP
completely inhibited larval growth for at least 24 h after injec-
tion. Therefore, 1-28 GBP exhibited growth blocking activity
100-fold greater than 1-23 GBP, although the C-terminal
region of 1-28 GBP was readily degraded in insect plasma.

NMR Analysis of GBPs in Aqueous Solution—The NMR
structure of 1-25 GBP in aqueous solution was previously
reported (15). The core structure of 1-25 GBP consists of a
short segment of double stranded B-sheet in the region of
Tyr''~Arg'? and Cys'*~Pro®!, a type II B-turn in the region of
Val®~Tyr"', and a type I B-turn in the region of Thr**~Gly'”. To
investigate the structural features of the C-terminal region, we
assigned the chemical shifts of 1-23 GBP and 1-28 GBP. The
NMR signals of the backbone protons for 1-23 GBP and 1-28
GBP were completely assigned.

A structural calculation based on NOE data, reported in
Table 2, was performed. Superpositions of the backbones of the
20 lowest energy structures of GBPs are shown in Fig. 3. The
secondary structures of 1-23 GBP and 1-28 GBP each consist
of an antiparallel B-sheet in the regions of Tyr''~Arg'® and
Cys'?~Pro*'. Although there are differences in the lengths of
the C termini of the GBPs, the core
structures of these three peptides
are extremely similar. The C-termi-
nal region of GBP seems to have an
insignificant effect on the structure
in the core region because the elon-
gated C-terminal region of 1-28
GBP is unstructured in water.
Moreover, this structural informa-
tion suggested that the C-terminal
region of 1-28 GBP will be easily
degraded by the various proteases in
armyworm plasma.
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FIGURE 4. NMR spectra and chemical shift differences of 1-28 GBP. A and B, 'H-">N HSQC spectra in aqueous solution, pH 4.4, 20 °C (A) and in the presence
of DPC, pH 4.4, 20 °C (B). Spectral cross-peaks are labeled by a one-letter amino acid code and residue number. The NMR signal of Asn? of 1-28 GBP in water was
too broad because of the amide proton exchange in this condition. C, the weighted average 'H/">N backbone amide chemical shift changes of 1-28 GBP upon

binding to DPC micelles.

Structural Changes in 1-28 GBP in Membrane Mimetic
Environment—Despite the rapid degradation of the elongated
C terminus in insect plasma, 1-28 GBP strongly inhibited the
armyworm larval growth. What part does the C-terminal
region of 1-28 GBP play in the growth inhibitory activity?
Gololobov et al. (36) studied a membrane-binding peptide,
vasoactive intestinal peptide, and proposed that the interac-
tions of peptides with membrane components protect the pep-
tides from degradation in vivo. This result leads us to hypothe-
size that the elongation of the C terminus of the 1-28 GBP
interacts with insect membrane components and is protected
from degradation.

To verify this hypothesis, we tested the GBPs for the ability to
interact with dodecylphosphocholine (DPC) micelles. DPC is a

OCTOBER 23, 2009+VOLUME 284 -NUMBER 43

well characterized model membrane system used frequently in
solution NMR studies of peptide-membrane interactions (37).
DPC has a neutral head group and mimics the anisotropic envi-
ronment of a lipid membrane. DPC forms a stable micelle with
a molecular mass of ~20 kDa, resulting in reasonable correla-
tion time and manageable line width for studies utilizing solu-
tion NMR. However, compared with a planar membrane, a
micelle exhibits a rather different, highly curved surface. Fig. 4
(A and B) shows the '"H-'>N HSQC spectrum of 1-28 GBP in
the absence or presence of DPC micelles at 20 °C. Broader
cross-peaks were observed in the C-terminal region in DPC
micelles. The chemical shift differences of the backbone amide
proton and nitrogen resonances between aqueous solution and
DPC micelles were calculated (Fig. 4C). Although the chemical
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FIGURE 5. Microfiltration assay and surface plasmon resonance sensor-
grams. A, binding of GBP variants to DPC micelles in PBS as measured by
microfiltration assay. The peptide concentrations of the filtration samples
were determined by measuring the absorbance at 280 nm and compared
with that of GBP variants not exposed to DPC micelles. B, representative sur-
face plasmon sensorgrams of 150 um solutions of GBP variants, pH 6.8, 20 mm
phosphate buffer at 25°C on a dimyristoylphosphatidylcholine-coated
surface.

shift differences of the N-terminal and core residues hardly
changed, the C-terminal residues represented large chemical
shift perturbations.

To confirm the interaction between GBPs and DPC micelles,
we performed microfiltration assays (38). The relative ratios of
the filtrate concentrations of GBP variants in the absence and
presence of DPC micelles are shown in Fig. 5A. In this experi-
ment, free GBPs (<3,000 Da) passed through an ultra-filtration
membrane (10,000 molecular weight cut-off), whereas GBPs
bound to DPC micelles (>>20,000 Da) could not pass. The fil-
trate concentrations of 1-23 GBP are almost the same in the
absence of DPC micelles as in their presence. In contrast, the
concentration of filtrated 1-28 GBP was significantly decreased
in the presence of DPC micelles. This shows the strong binding
between DPC micelles and 1-28 GBP. Similarly, the filtrate
concentration of 1-25 GBP was reduced in the presence of DPC
micelles. 1-25 GBP exhibits a lower affinity for DPC micelles
than 1-28 GBP. These results suggest that the binding affinities
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TABLE 3

Structural statistics for the final 20 structures of 1-28 GBP with DPC
micelles

Number of experimental restraints

Total unambiguous NOEs 558
Intraresidue 204
Sequential 168
Medium range 82
Long range 104

Total hydrogen bonds restraints 20

Dihedral angle restraints
@ 20

Average pairwise RMSD (A)

All backbone atoms (residues 7-22) A) 0.80 = 0.22

All heavy atoms (residues 7-22) (A) 1.55 + 0.28
RMSD from experimental data

Distances (A) 0.020 = 0.002

Dihedral angles (°) 0.543 * 0.211
Ramachandran plot analysis (from PROCHECK)

Most favored regions (%) 85.8

Additional allowed regions (%) 12.5

Generously allowed regions (%) 12

Disallowed regions (%) 0.5

of GBPs for membrane were enhanced according to the length
of the C terminus.

We utilized surface plasmon resonance experiments to con-
firm the binding of GBP variants to gain a better understanding
of the membrane system. Fig. 5B shows the comparative sen-
sorgram obtained for each peptide with immobilized lipids.
The sensorgram for 1-28 GBP showed markedly higher
response levels than that for 1-23 or 1-25 GBP. As reported by
other groups, sensorgram of peptides bound to the lipid surface
generally show complex biphasic patterns for both binding and
dissociation because the peptides first bind to the lipid head
groups and then become inserted further into the hydrocarbon
region of the lipid bilayer (39 —41). The initial association of the
membrane-binding peptide to the immobilized lipid surface
begins as a very fast process. Then the peptide continues to
accumulate on the lipid surface during the entire injection
phase without reaching the equilibrium level. At the end of the
peptide injection, the signal decreases very quickly in the initial
dissociation phase because the running buffer flow removes a
large amount of free or weakly bound peptide. The dissociation
is followed by a much slower step. Typically, peptide sensor-
grams do not return to the base line within the dissociation
phase, indicating that a proportion of the peptide remains
inserted into the inner surface of the immobilized lipid bilayer
(39). In our surface plasmon resonance experiments, this was
the case for 1-28 GBP-lipid interaction. In contrast, the sensor-
grams of 1-23 GBP and 1-25 GBP were simple and clearly
returned to zero. A comparison of the results of GBP variants
suggests that the elongation C-terminal region allows it to bind
more strongly to immobilized lipid, enhancing the subsequent
hydrophobic binding and that the absence of C-terminal resi-
dues results in low binding affinities of these peptides with lipid.

To obtain structural information of 1-28 GBP in DPC
micelles, distance restraints were obtained from the "H NOE
spectra recorded at 30 °C (Table 3). As with the solution struc-
ture, the long range NOEs between Tyr''—Arg'?® and Cys'’—
Pro*! were also observed in the micelle environment. These
data indicate that 1-28 GBP in water and that in DPC micelles
have very similar core structures. On the other hand, several
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FIGURE 6. Three-dimensional structures of 1-28 GBP bound to DPC micelles. A, ensemble of the 20 lowest
energy structures of micelle-bound 1-28 GBP. The backbone atoms of residues 7-27 were used for the super-
imposition. B, secondary structure of micelle-bound 1-28 GBP of a representative conformer.
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FIGURE 7. "N relaxation data for 1-28 GBP in the absence or presence
of DPC micelles. ">N-{'H} NOE values for 1-28 GBP in the absence (®) or
presence (#) of DPC micelles at 20 °C. Relaxation data were obtained at
500 MHz. The error bars indicate the standard deviation of the NOE inten-
sity ratio determined from measured background noise levels. Residues
with missing relaxation data include prolines and amides that display sig-
nificantly weakened signalsin the 'H-">N HSQC spectrum. The positions of
the secondary structural elements are shown for the micelle-bound 1-28
GBP.

contiguous helix-indicative NOEs were observed in the C-ter-
minal region when compared with aqueous solution. Further-
more, a-protons of C-terminal residues show the same trend
with the upfield shift. These results suggest the possibility that
the C-terminal region forms an a-helix upon DPC micelle bind-
ing. Following these results, structural calculation was per-
formed in the expectation of conformational changes of the
C-terminal region in DPC micelles. The superposition of the
NMR ensemble of 1-28 GBP bound to DPC micelles is dis-
played in Fig. 6. The structure calculation clearly indicated the
presence of a helical region in the C terminus between Phe**
and Ile*”.

To characterize the dynamics of 1-28 GBP, we have also
recorded '°N relaxation data for 1-28 GBP. A comparison of
the >N-{'H} NOE ratio of 1-28 GBP in solution with that in
the micelle-bound state is shown in Fig. 7. "*N-{'"H} NOE
data have been used to characterize the backbone dynamics
of proteins. Low '"’N-{'"H} NOE values represent the highly
dynamic nature of the backbone, and stably folded regions in
proteins generally exhibit NOE ratios above 0.5. In the C-ter-
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minal region, the flexibility of the
backbone amide bond vectors contin-
uously increased from Phe?® to Thr?®
in aqueous solution. This indicates
that the C-terminal region of 1-28
GBP has a highly dynamic nature in
aqueous solution. On the other hand,
the backbone is stabilized in the
micelle-bound state, because is sup-
ported by the structure calculation in
which a helix is formed in the C-ter-
minal region. We concluded that the
elongated C-terminal region under-
goes a conformational transition
from a random coil state to an a-helical state in the presence of
micelles.

Topology of the Peptide-Micelle Interface—To investigate the
details of 1-28 GBP association with DPC micelles, we per-
formed H/D exchange experiments. These experiments have
long been used to reveal that amide protons are involved in
hydrogen bonds or are protected to a large extent from solvent
access (42). Furthermore, these experiments have been recog-
nized as a useful tool to determine the residues involved in the
binding of peptides to DPC micelles. Amide protons from res-
idues at the interface are protected from solvent and display
reduced exchange rates. Fig. 84 shows the change in 'H-'>N
HSQC spectra in the presence of DPC micelles in 100% D,O.
Nearly all peaks had vanished after 35 min, with the exception
of the signals residues Ala®, Tyr'!, The'*, Leu, Ile*”, and
Thr?®, Residues Tyr'' and Thr'* formed hydrogen bonds to
Val® and Arg'® and exhibited slow H/D exchange rates because
of hydrogen bond formation even in aqueous solution. The sig-
nals remaining after 45 min corresponded to residues Leu®®,
lle*”, and Thr?®, These signals were not protected at all in aque-
ous solution. Interestingly, Ala” is relatively inaccessible to D,O
solvent in DPC micelles, although the amide proton of Ala® is
not involved in the hydrogen bond and rapidly decreases its
signal intensity in water. These results suggest the direct inter-
action between DPC micelles and the core region (around Ala®)
as well as the C-terminal region.

To further define the membrane association of the 1-28 GBP
with DPC micelles, we utilized the distance-dependent broad-
ening effect of paramagnetic agents. The micelle-integrating
spin label 5-DSA induces paramagnetic relaxation enhance-
ments and causes the line broadening of NMR resonances of
nuclei located in the proximity of the micelle surface. The
broadening was detected as signal intensity changes of amide
cross-peaks in 'H-">N HSQC spectra or aromatic cross-peaks
in 'H one-dimensional spectra upon the stepwise addition of
5-DSA solution. The relative ratios of cross-peak intensities of
1-28 GBP in the absence or presence of the spin label are shown
in Fig. 8B. When the 5-DSA was titrated to the '°N-labeled
1-28 GBP containing DPC micelles, the Ala®, Glylo, Thr??,
Phe®?, Tyr**, and Leu®® amide signal intensities were consider-
ably reduced. This also shows the presence of the contacts
between the core region (around Ala®) and DPC micelles. Fig.
8C shows the 'H one-dimensional spectra of the aromatic
region of 1-28 GBP in the absence or presence of 5-DSA. Com-
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FIGURE 8. H/D exchange experiments and spin label experiments of 1-28 GBP. A, representative 'H-'>N HSQC
spectra of '°N-labeled 1-28 GBP in 100 mm DPC. Spectra were acquired 25 min (panel a), 35 min (panel b), and 45 min
(panel ¢) after the addition of D,O to a lyophilized sample. B, paramagnetic broadening effects of amide cross-peaks
of "H-">N HSQC spectra obtained for 1 mm '°N-labeled 1-28 GBP in 100 mm DPC micelles using 5-DSA. Intensity
retention plot for 1-28 GBP in the presence of 1.5 mm of 5-DSA. C, paramagnetic line broadening effects in aromatic
region of 'H one-dimensional spectra obtained for 1 mm unlabeled 1-28 GBP in 100 mm DPC micelles using 5-DSA.
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pared with Tyr'* and Tyr**, pro-
nounced signal reductions were
observed for Phe®® in the C-termi-
nal helix, indicating that the aro-
matic side chain of Phe*® becomes
integrated with the micelle interior.
In addition, only weak signal reduc-
tions were observed for Phe® in the
disordered N terminus, which sup-
ports the view that the N-terminal
region diffuses freely in solution.
As shown, the conformational
properties of 1-28 GBP are strongly
influenced by mimics of the cell
membrane. A structural model of
micelle-bound 1-28 GBP is dis-
played in Fig. 9. The C-terminal
amphipathic helix from residues
Phe®® to Ile*” is placed at the
micelle-water interface with hydro-
phobic side chains of the residues
toward the micelle interior (Fig.
9A). There is good agreement
between this model and the data on
'H one-dimensional spectra in spin
label experiments. In addition to the
C-terminal region, the side chains of
residues Val®, Ala® and Tyr'! form a
hydrophobic patch. As the spin
label experiments revealed, this
region will make additional contacts
with DPC micelles. Consequently,
once the hydrophobic surface of the
C-terminal helix comes in contact
with the membrane, the formation
of this hydrophobic patch is
expected to enhance the peptide-
micelle interaction (Fig. 9, B and C).
Effects of Interaction between
1-28 GBP and Membrane on
Growth Activity—Although the
C-terminal region from residues
Leu”® to Thr*® of 1-28 GBP is
readily degraded in a peptide degra-
dation assay in vitro, the growth
inhibitory activity of 1-28 GBP on
larvae was more effective than that
of 1-25 GBP. In this study, we
showed that the elongated C-termi-
nal region of 1-28 GBP bound to
membrane mimetic compounds
and caused the formation of the
a-helical domain from residues
Phe? to Ile*”. In addition, the rela-
tive affinities of GBPs for membrane
mimetic components agree better
with their larval growth inhibitory
activity. Our results suggest that the
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FIGURE 9. Interface between 1-28 GBP and DPC micelles. A, helical region
(Thr*2-Thr?®) is viewed along the helical axis. B, view of the surface model.
G, the average structure of membrane-bound 1-28 GBP. Hydrophobic patch
(Val®, Ala®, Tyr'", Phe®, Tyr**, Leu, and lle?”), acidic (Glu' and Asp'®), and
basic (Arg'3, Arg'®, and Lys?°) amino acid residues are colored green, red, and
blue, respectively.

interaction between the C-terminal region of 1-28 GBP and the
membrane would be involved in larval growth activity.

There are two possible explanations for why the affinity for
membrane correlates with the ability of GBP to retard growth.
One possibility is that membrane interaction retards the deg-
radation of the 1-28 GBP C-terminal region elongation in vivo.
An insect cell membrane will confer a helical characteristic on
the C-terminal region of 1-28 GBP as well as a membrane
mimetic component, DPC or dimyristoylphosphatidylcholine,
and will trap 1-28 GBP molecules via this interaction. Molec-
ular interaction between the C-terminal region of 1-28 GBP
and the membrane may play a role in stabilizing 1-28 GBP from
degradation. In the case of the purification of GBP from para-
sitized larvae, it is likely that 1-28 GBP cannot be purified from
hemolymph because of membrane trapping.

Previous studies revealed that the GBP-binding protein,
GBPBP, is released through hemocyte lysis and immediately
scavenges free GBP molecules in hemocoel to prevent GBP
from excessively stimulating the hemocytes (43). Membrane
interaction induces the stabilization of GBP and is likely to pro-
tect GBP molecules from GBPBP and endogenous protease
components. Moreover, if the hydrophobic patch in the core
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region of GBP is required for its efficient binding by GBPBP, the
stable conformation in the presence of membrane components
will limit GBPBP recognition of GBP. It can be hypothesized,
therefore, that the interaction with the cell membrane contrib-
utes to the increase in the longevity of circulating 1-28 GBP as
well as in the maintenance of biologically effective concentra-
tions of 1-28 GBP or its degraded product, 1-25 GBP.

Another possibility is that 1-28 GBP membrane interaction
precedes receptor binding as proposed by the membrane com-
partment model (44, 45). Kaiser and Kezdy (46, 47) studied
biologically active peptides that act at the membrane and lipid-
water interface and demonstrated the role of amphipathic cell
membrane in influencing the structures of peptides. Schwyzer
and co-workers (44, 45) developed the concepts of Kaiser and
Kezdy into the membrane compartments model. Their model
proposes that membrane interaction is an important event pre-
ceding receptor binding. Peptide-membrane interaction would
induce an increase in concentration in the vicinity of the recep-
tor and a reduction of the search for the receptor from three
dimensions to two dimensions. Moreover, this interaction
would induce a conformation more closely related to the active
one, leading to reduced losses in entropy upon receptor bind-
ing. In the case of GBP, biological data in the larval growth assay
are better correlated to trends observed in micelle binding
affinities. Therefore, it is possible that the recognition of 1-28
GBP by the GBP receptor is enhanced because of the interac-
tion between 1-28 GBP and the cell membrane. Although the
GBP receptor is still unclear (48), GBP may target membrane-
embedded receptors such as peptidergic G protein-coupled
receptors, whose extracellular loops recognize the endogenous
peptide.

In summary, the elongation of the C-terminal region of GBP
is involved in larval growth inhibition. We determined the
three-dimensional structures of 1-23 GBP and 1-28 GBP in
aqueous solution and that of 1-28 GBP in DPC micelles. NMR
analysis has suggested a structural explanation for the differ-
ences in the activities of GBP variants.
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