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Effects of exogenous GOl addition on MMP-9 espression. FBI-M3 1A) andt FIJ-LL (5) cells were incubated with 50 or | 00 ;M GD1a in the absence
of serum for 6 hr and mRNA cxpression of MMP-9 and MMP-2 was determined. FEEMS (U3 md FIHI-LIL (D) cel's were incubated with 50 M G la in the
absence of serum for 3, 12, o 24 he and mRNA expression of MMPs was determincd. FBI-MS cells were culinred with or withoui 30 p M GDLakn the atwenee of
scrum for 2, 6. enid 12 hir and aliquots were assayed for MMP 9 activity by gelutin zymography (EJ. Resulis fur densitomstric analysis of MMI-D are shown in the
sight-hand pancl. Two separute detenninabions were matle and standard devistion i given, On the l2fi-hand side of Figures 2A 10 2D, 1epresentative FCR results
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d ecls showed high lefel of #-actin so that ancther housckeeping gene, ribosomal protein LI3 (RPL), was
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analysis

the levels of all cellular glycosphingolipids. The 12.5 uM D-
PDMP treatment did not affect cell viability but suppressed
cell proliferation to approximately 60% of controls. Figure 4A
shows MMP-9 mRNA of cells treated with D-PDMP lor 6 duys
to be twice that of the control, though there was no change
in MMP-2 expression. Lipid fractions of cells treuted with D-
PDMP contained less than 20% GD 1 compared with the control
as indicated by HPTLC (Figure 4B),

Ay un uliemative specific approach, FBJ-SI cells were
ransfected with siRNA targeting St3gal2 (sialyltransferase
responsible for GDla synthesis, SAT-IV, Siat3). Transicatly
transfected FBJ-S1 cells, mt 3 days transfection, showed
suppressed expression of St3gal2 mRNA (75% of the scrambled
sequence confrol) and MMP-9 expression 1.5 times that of

the scrambled sequence control (data not shown) and the
monoclonal 52F33, ubined by screening rransfected cells with
(G418, expressed MMP-9 by 2.5 times as much (Figure 4C).
Figure 4D shows S2F33 cells to produce MMP-9 acrivity rwice
that of the control, according to gelatin-zymography. All these
findings clearly indicate MMP-9 but not MMP-2 expressian to
be regulated by GD1a.

DISCUSSION

MMP-9 is known 1o contribute to the malignant behavior of
tumor cells through multiple mechanisms of action [6-8]. The
invasion assay urilizing Marrigel-coated membranes is routinely
used as a means of assessing cell invasiveness, which correlates
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with metastatic potential [17-19]. Inhibitors and the anti-MMP-
9 antibody in this study were found 10 reduce the numberof cells
invading the membrane. MMP-9 may thus be considered to be
a significant factor involved in FBJ cell metastasis. MMP-9 also
was found in this study to be negatively regulated by ganglioside
GDla.

Researchers reported in 1996 that in 6 of 8 human glioma
cell lines, gungliosides including GDla upregulaite MMP-9
secretion, while in two lines, downregulation was noted [20].
Whether gangliosides are involved in the regulation of MMP-9
transcription remains unknown. Expression of the GD3 synthase
gene in vascular smooth muscle cells resulted in inhibition of
TNF-alpha-induced MMP-9 expression, according to zymog-
raphy and immunoblotting [21). However, whether MMP-$
transcription is affected by introduction of GD3 synthase gene
into the muscle cells has yet to be established. Through use of
endogenons GM3 expression in keratinocytes. the expression
of GM3 has been shown to modulate mRNA expression and
enzyme activation of MMP-9 [22]. Neither GM3 overexpression
nor ganglioside depletion had any effect on the expression or
activity of MMP-9 under conditions of serum, epidermal growth
factor, or ibronectin starvation.

Recently, GM1 has been suggesied 10 modulate MMP-9
localization in lipid rafts [23]. Expression levels of GMI
were markedly decreased in thehigh metastatic lines, whereas
MMP-9 levels were significantly increased compared with the
control cell ling, implying that the increased meummlic activities
in the highly metastatic lines depend pri ly on the i d
secretion and activiry of MMP-9 ]21] Hnww ihe regulation
of MMP-9 expression by GM1 has yet (o be clarified.

MMP-9 gene expression is clearly shown in this siudy 1o he
regulated by GD la. Three decades ago MMP-9 expression was
noted to be high in FBJ-LL cells but low in FRI-S1 cells [1].
FBIJ-LL cells devoid of GDla synthesize much mors MMP-9
than FBI-S1 cells rich in GDla. In the transfectunt FRJ-3-30
ccll produced from a FBJ-LL cell by transfecting GM2/GD2
synthise cDNA, resulting in the sume GD1a level as in FBJ-ST
cells, MMP-9 expression was noted (o be suppressed. MMP-9
mRNA expression was seen to purallel MMP-9 sciivity by
gelatin zymography. Exogenous addition of GDla to FBJ-LL

‘or FBJ-MS cells caused suppression of MMP-9 mRNA and

activity. With depletion of GDla from FBJ-5-30 cells treated
with D-PDMP or siRNA targeting St3gal2, MMP-9 mRNA
and its activity wete noted to increase. MMP-9 of FBJ cells
is thus clearly shown to bz under the control of GD14, and the
ganglioside GD la regulation of MMP-9 expression is repoticd
in the present paper for the first time.

Zymography of MMP-9 of FBJ-M35 cells preincubated with
GDla indicuted o grester decrzase in activily thun expected
from mRNA suppression. Incubation of conditioned medium
containing MMP-9 with GDIa coused MMP-9 uctivity to de-
crease. Examination confirmed that MMP-9 activity is actually
suppressed und/for MMP-) protein undergoes degradation by
GDla. GD1a was found to have noeffect on MMP-9 activity and

Western blots indicated GI21a did not diminish MMP-9 during
clcctrophoresis under reducing conditions. GDl1a appeared to
mediate the binding of a portion of MMP-9 with certain
molecules, with consequently greater molecular muss on the
gel, and cause a decrease in the activity of MMP-9 at the site
where it would nurmally appear. Caution should be used in
doing gelatin-zymography since molecules other than GDla
may similarly work, causing decrease in MMP-9 activity in
zymography. This matter has been reported elsewhene [ 14].

The exogenous addition of GD1a to FBJ-MS or FBI-LL cells
suppressed MMP-9 mRNA (Figure 3), while MMP-2 mRNA
was not affected by GDIa addition. Whether the effects of
cxogenous GD1a on MMP-9 expression were exerted by GD1a
binding to the putative receptor on the plasma membrane [15]
and/or after incorporation to the plasma membrane remains to be
elucidated, However, the latter could be the case, since MMP-9
in GDla-rich cells such as FBJ-51 and -LA3-30 cells was low
in the expression comparcd with GD la-less FBJ-MS5 and -LL
cells,

Whether suppresion of MMP-9 by GDla is specific 1o this
particular ganglioside has yet to be addiessed, as a relationship
berween GMI expression and MMP-9 suppression has been
sugpested [23). Moreover, whether GD1a per se is the actual
regulatory molecule remains to be determinad. The functional
glycosphingolipid may possibly be situated downstream from
GD1a, either as a product with much greater or less carbohydrate
content or which perhaps undergoss O-acylntion or another
derivitization. However, GD1a could be the actual regulatory
moleculé responsible us there is a precedent in other systems.

Gungliosides may bind 10 and regulate the epidermal
growth factor recepror [24], neurite growth factor receptor Trk
[25]. md ca!r dulin [26]. Gangliosides bind to and regulate

t enzy [26, 27). In interactions with
phosphodmm. gangliosides at low concentration activate
calmodulin-dependent enzymes by binding to molecules at
the calmodulin-binding site, and wt higher concentrations, they
inhibit enzymes by binding to calmodulin-fike sites [28). GT1b
has been shown to huve greater affimity toward calmodulin-
binding sites of phosphodiesierase, followed by GDla, GDIb,
and GMla. Thus, GDla may bly be considered a
cundidare shovid GDla bind 1o molecules involved in signal
transduction in FBJ cells. Clarification of the meclunism by
which GDla regulates caveolin-1. Stiml. and MMP-9 gene
expression is currently in progress.
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Selective Precipitation of Salts on the Surface of a Gel State Phosphatidylcholine Membrane
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We identified precipitates of salts on phospholipid bilayers
in solution with an atomic force microscope and X-ray fluores-
cence analyzer. The precipitates on the surface of a dipalmitoyl
phosphatidylcholine membrane in a gel state were found in Tris-
buffered saline and grew with time. The salts precipitated were
considered to be NaCl in buffer.

In physiological conditions, plasma membranes of animal
cells are exposed to various ions. The interactions of phospholi-
pid bilayers with monovalent and divalent ions have been inves-
tigated using ?HNMR spectroscopy,' and the dependency of
electrostatic potential on the variety of ion was evaluated accord-
ing to the Gouy-Chapman theory of a diffuse double layer.” Re-
cently, the interaction of sodium chloride (NaCl) with a 1-palmi-
toyl-2-oleoyl phosphatidylcholine (POPC) and dipalmitoyl
phosphatidylcholine (DPPC) bilayer was investigated by using
molecular dynamic simulations, and it was revealed that NaCl
in solution altered the conformation of phosphatidylcholine head
groups and slightly changed the ordering of hydrocarbon tails.**
However, the influence of the state of the phosphatidylcholine
membrane on the binding of NaCl has not been investigated.

In the present study, we employed an atomic force micro-
scope (AFM) and an X-ray fluorescence analyzer to observe
the precipitation of salt on phospholipid bilayers in solution.
The procedures for the preparation of lipid bilayer on mica were

1st Layer

Figure 1. The procedures for the preparation of lipid bilayer

on mica.

shown in Figure 1. An air-water interface lipid monolayer of
POPC was on a Langmuir-Blodgett trough (FSD-
220, USI System Co., Lid., Japan) at 25 °C with a subphase of
Milli-Q water. The POPC monolayer was transferred to freshly
cleaved mica by horizontal deposition at a surface pressure
of 35mN.m~' and dried ovemnight in a desiccator. A second
lipid monolayer of either DPPC or POPC was transferred 1o
the POPC-coated mica by horizontal deposition at a surface
pressure of 30 mN-m~!. AFM measuremenis of the lipid bilayers
cumulated on mica were carried out on a SPA-300 (Sciko
Instruments Inc., Japan) in Milli-Q water or buffers at 25°C.
A 200-pm-long soft cantilever (SN-AF01, Olympus Optical
Co., Ltd.) with integrated pyramidal silicon nitride tips having
a spring constant of 0.02N:m~! was used for all measurements.
A typical scan rate was 1 Hz

A

U g h
[1] nm)| 50 0 [nm] 5.0

Figure 2. AFM images of the surface of the DPPC membrane
in (A) water and (B-D) TBS. Incubation with the TBS lasted
(B) 5 min, (C) 10 min, and (D) 20 min. Cross sections are shown
at the bottom of each AFM image. Squares in (B) and (C) mean
identical areas with (B).

Copyright © 2007 The Chemical Society of Japan
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A typical AFM image of the DPPC membrane was shown in
Figure 2A. Domains 1.0nm in height (f) from the lower region
{er) were observed. This result suggested that two-phase state
having different heights coexisted. The domain f and region o
were considered to correspond to DPPC in a gel state and
liquid-crystal state, respectively. Brewster angle microscopy
showed that at 25°C, DPPC separated into the two domains,
a gel state and a liquid-crystal state.” The present AFM results
were well consistent with the literature.

Then, the water phase covering the lipid membrane was
replaced with Tris-buffered saline (TBS; 50mM Tris-HCl,
150 mM NaCl, pH 7.5) in the AFM apparatus. After 5min, a
new domain y having a height of 8-10nm was observed by
AFM (Figure 2B, bright dots). The occupied areas of domain
y were 1.6, 6.2, and 14.9% at 5, 10, and 20 min, respectively.
Though the area of ¥ increased depending on the incubation
time, the height showed no increase (Figures 2B, 2C, and 2D).
Since domain y was not observed in Tris-HCI buffer (50 mM
Tris-HCI, pH 7.5), the precipitates were considered to be NaCl
Interestingly, domain y was detected only on domain B corre-
sponding to DPPC in a gel state (Figures 2B, 2C, and 2D),
The precipitates disappeared on washing with Milli-Q water
(data not shown). On DPPC membranes incubated with Tris-
HCl buffer containing other salt such as KCl and MgCl,, the pre-
cipitation was not observed (data not shown).

The atomic species of the precipitates observed on the mem-
brane were identified by energy dispersive X-ray fluorescence
(EDXRF) analysis. The lipid membranes cumulated on mica
were incubated with TBS, then the solution was removed, and
measurements were carried out at 25 °C with an X-ray analytical
microscope (XGT-2700, Horiba, Lid.). It was difficult to detect
the spectrum from sodium because the energy of the spectrum
is as low as the detection limit of the instrument. Existence
of chlorine was estimated from Ke and Kp peaks in EDXRF
spectrum at an operating voltage of 15kV with a standard less
quantification procedure.® The EDXRF of each sample was
done with a 30-s counting time. When the DPPC membrane
was exposed to TBS for a couple of seconds, the chlorine peaks
of Kar and K from chlorine were slightly detected (intensity of
chlorine, 0.35 & 0.31 cpss-mA ™!, Table 1). After 45 min, these
peaks were clearly detected (2.07 & 0.36cps-mA~"). When the
DPPC membrane was exposed to Milli-Q water, chlorine was
not detected. Increasing of the intensity of chlorine depending
on the incubation time was observed. The existence of chlorine
strongly supported that the precipitates on the DPPC monolayer
corresponded to NaCl

The formation of precipitates of NaCl only on solid DPPC
may relate to the ordering of electric dipoles of zwitterionic
phosphatidylcholine (PC). A molecular dynamics simulation
has shown that Na* ions were closer to phosphate groups
and C1- has some coordination with nitrogen in choline.* The
interactions of Na* and Cl1™ with PC would be due to the
crystallization of NaCl on PC membrane.

To examine the influence of the kind of ion and pH of
the buffer on the precipitation of salt, AFM measurements were
performed using a phosphate-buffered saline (PBS). The precip-

861

Table 1. Intensitics of chlorine on DPPC membrane surface by
X-ray fluorescence analyses

Intensity of Chlorine

Condition /cpsmA-!
Milli-Q 0.05 £0.07

PBS (few seconds) 035 £ 031
PBS (45 min) 207 £036

itation of NaCl on DPPC was observed in PBS at pH 7.2, but
not at pH 5.7 (data not shown). A quaternary amino group is
fully positive at any reasonable pH value, and an ionizable
phosphate group has an intrinsic pK of &1.5.7 Although phos-
phatidylcholine is in a zwitterionic state at both pH 7.2 and
5.7, the protonation of the phosphate groups increases at pH 5.7.

Next, POPC or mixed DPPC/cholesterol (60:40 by mol.)
membranes were employed to examine the influence of
membrane fluidity on the precipitation of salts. For the POPC
membrane in a liquid-crystalline state, no precipitation was
observed with the AFM, and X-ray fluorescence analysis showed
no signal from chlorine (data not shown). Furthermore, for the
DPPC/cholesterol (60:40) membrane, precipitation was not
observed. Using differential scanning calorimetry, it has been
found that cholesterol decreases the crystallinity of phospholi-
pids in a gel state.® These results suggested that the ordered
electric dipoles of the PC head group induced the precipitation
of salts on DPPC membrane.

In conclusion, we observed the selective precipitation of
salts on a gel state DPPC membrane. AFM observations of lipid
membranes in solution brought the unexpected precipitation of
salts on the surface of the DPPC membrane. The precipitated
salts were considered to be NaCl from the composition of
the buffer and results of X-ray fluorescence analysis. Further
investigation will improve understanding of the interaction of
inorganic ions with biomembranes and the preparation of
organic-inorganic hybrid materials.
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Abstract—The ganglioside GM 1-binding peptide, p3, with a sequence of VWRLLAPPFSNRLLP, displayed a clear structural alter-
ation depending on the presence or absence of GM1 micelles. The three-dimensional structures of the p3 peptide in the free and
GM]1 bound states were analyzed using two-dimensional NMR spectroscopic experiments with distance-restrained simulated
annealing calculations. The NMR experiments for the p3 peptide alone indicated that the peptide has two conformers derived from
the exchange of cis and trans forms at Pro’-Pro®. Further study with theoretical modeling revealed that the p3 peptide has a curb
conformation without regular secondary structure. On the other hand, the NMR studies for the p3 peptide with the GM] micelles
clucidated a trans conformer and gave a structure stabilized by hydrophobic interactions of p- and helical turns. Based on these
structural investigations, tryptophan, a core residue of the hydrophobic cluster, might be an essential residue for the recognition
of the GM1 saccharides. The dynamic transition of the p3 peptide may play an important role in the function of GM1 as a multiple

receptor as in the traditional pathway of the infection by cholera toxin.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

With the recent success of the human genome analysis,
in the life-science research field it is natural to become
focused not only on protein structure but also on pro-
tein structure—function relationships. Nuclear magnetic
resonance spectroscopy is @ powerful tool for the study
of molecular structures and allows for the analysis of the
solution phase structure once the target compound has
been dissolved in a suitable deuterated solvent. Unfortu-
nately, the usual target proteins are often too big to
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study by NMR, which is best for the analysis of proteins
smaller than 15kDa and a maximum of 30kDa'
Although the Kay® and Wiithrich® groups have reported
NMR studies for larger proteins, 723 residues and
900 kDa, respectively, neither was a complete determi-
nation. To overcome this problem, designing partially
mimetic proteins or the use of part of the protein as
the NMR research target has been widely explored,
but in many cases the original function is lost due to
changes in overall conformation or entropy penalties.
Based on these difficulties, we planned an ‘opposite’
approach to study protein function, which focuses on
‘functional small-module peptides’. We can then study
conformational or dynamics details by NMR more eas-
ily because the molecular size is small enough for NMR
spectroscopy. After elucidation of the binding details, a
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search for identical or similar linear or three-dimen-
sional structures in the Protein Data Bank is carried
out. The hit protein will have the same or similar func-
tion as the original peptide. Even if we cannot find any
similar proteins in the Protein Data Bank, we can design
efficiently, based on this knowledge, functional proteins,
or so called ‘artificial enzymes’.

Gangliosides are neuraminic acid-bearing glyco-
sphingolipids found in eukaryotic cells and are the
major sialylated glycoconjugates in the brain.' Through
their carbohydrate moieties, they are receptors for viral
and bacterial toxins, contribute to cell-cell and cell-
matrix interactions and regulate cell growth.”” There-
fore, it is expected that the elucidation of the mechanism
and inhibition of ganglioside-toxin interactions will
potentially prevent various diseases.

In a previous study,” we presented three types of
novel peptides that bind to the pentasaccharide portion
of GMI (B-p-Galp-(1—3)-f-p-GalpNAc-(1—4){a-D-
NeupAc-(2—3))-B-p-Galp-( 1 —4)--p-Glep-(1—1')-Cer),
which were identified with the improved phage display
technique. One, called ‘p3’, strongly binds to GM1 sac-
charides with a 1.2 uM dissociation constant by QCM
(quartz crystal microbalance).'” This is the first reported
artificial peptide with no homology to any native pro-
teins and peptides with the ability to recognize GMI1.
The p3 peptide is expected to be an efficient substance
for the development of GM1-binding inhibitors as well
as an optimal model for clarifying ganglioside-peptide
interactions. In this study, using p3, which has the pri-
mary sequence VWRLLAPPFSNRLLP, we studied
the interaction of the peptide with GM1 oligosaccharide
using NMR methods and computational methods.

2. Results
2.1. NMR analysis of the p3 peptide

Well-resolved spectra of p3 were obtained for both con-
ditions (with or without ganglioside GM1) as described
in Section 4 and the observed cross-peaks were assigned
completely according to the sequence specific assign-
ment of Wiithrich."' The identification of spin systems
of the amino acids was based on scalar coupling patterns
observed in TOCSY experiments, and complemented
with ROESY and NOESY measurements. The sequen-
tinl connectivities were identified by the assignments of
distance information, ROEs or NOEs, which are
"H(i}-NH(i + 1) (dan), PH()-NH(i+ 1) (dpn), 2nd
NH(i)-NH(i + 1) (dyn). A summary of the sequential
assignments is shown in Figure 1.

In the case of the spectra with p3 alone, it was found
that each residue showed two kinds of scalar coupling
networks in the TOCSY spectra at the beginning of
spectral analyses (Fig. 2). One had strong intensity and

VWRLLAPPFSNRLLP
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Figure 1. Summary of ROE or NOE connectivities of p3 in the
p and ab of GM1 olig haride. The sequentinl ROEs

and NOEs, dy(i,i+1), dynl,i+1) and dyn(i,i+1), and the
medium-range NOEs, dysdi,i+2) and dyndi, i+ 3), are represenied
by bars and classified into strong, medium, weak, and very weak
intensities according lo the height of the bars. Black bars indicale the
ROE connectivities of the peptide in the free state, and while bars
represent complex states with GM| micelles.
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Figure 2. NH-aliphatic region of TOCSY spectrum of the free state of
p3. Two different spin systems were detected for each residue. The
assignments of Arg’, Phe’, Ser'”, and Asn'' are labeled in this figure.
This TOCSY spectrum was recorded with 80 ms of the spin-lock time.

the other was weak, which suggested slow conforma-
tional exchange of the protein that occurred in aqueous
solution. ROE analyses successfully revealed the details
of the coupling networks observed in the TOCSY spec-
tra. In the one with weak intensity, the Pro’-Pro® pep-
tide bond was determined to have cis conformation
because the detection of ROE d,, was of stronger inten-
sity than that of d.s. Another network with strong inten-
sity had a trans conformation in this site. In this solution
sample, 114 ROEs for the trans conformer were gath-
ered as distance information for structural calcula-
tion although sufficient inter-residual ROEs were not
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observed for the cis peptide. In this study, we defined a
trans peptide as a major component of the p3 peptide.
As the most impressive information reflecting the struc-
ture of this peptide, two long-range ROE between
Trp’eH3 and Leu'*BHs, and between Trp’eH3
and Leu'*yH were observed, which suggested that the
N- and the C-terminal of the peptide were in close prox-
imity. Whereas the ROEs between hydrophobic side
chains (i to i+ 1, i to i+ 2 relations) were observed,
other characteristic ROEs for secondary and tertiary
structure were not observed. Unfortunately only poor
NOESY spectra were obtained, because wr, (r.: molec-
ular correlation time) of the peptide might become zero
depending on the intensity of NOE. Thus, ROESY
experiments were used to obtain the proton—proton dis-
tance information.

To reveal the structure of this GM1-binding peptide.
NMR experiments were carried out with the p3-GMI
complex (p3 peptide 3 mM with GM1 0.3 mM). Because
the primary critical micellar concentration of GMI is
3.32 uM,'? GM 1 under these conditions would form a mi-
celle. The fact that the p3 was found by the QCM method
to a GM1 monolayer indicated that the peptide surely
interacts with a pentasaccharide region of GM1.'"” Thus,
forming a micelle of GM 1 was not an improper condition.
Moreover, it could be an advantage to avoid nonspecific
binding with the ceramide portion of the molecule.

In TOCSY spectra, three kinds of scalar coupling net-
works were observed, which were derived from the
GM I-binding state and the free state of trans and cis
conformers. The NOESY experiments gave sufficient
signals derived from the complex, though the signals
of the free state of p3 were found only with very weak
intensity such as NOESY spectra. A total of 146 NOEs
could be assigned from complex state NOESY spectra
for constraints of structure calculation. As one of the
characteristic NOEs, six sequential NOEs between back-
bone amides, TrP:—Arg , Leu'-Leu’, Ser'’-Asn",
Asn''-Arg'?, Arg'*-Leu'®, and Leu"-Leu', were
found, whereas no NH-NH NOEs were observed in
the spectra of p3 alone (Fig. 3). A total of 28 and 12
new sequential and medium-range NOEs, respectively,
were also discovered suggesting that the peptide forms
a stable conformation. Furthermore, NOEs derived
from the aromatic ring of Trp’, including long-range
interactions, were newly identified (Fig. 4), indicating
restriction of Trp® mobility in the presence of GMI.

For the samples of p3 alone and the p3-GM 1 complex,
the *Jun. were determined by high-resolution DQF~
COSY spectra to estimate the restraint of dihedral angle
¢. In the free state, 3 fisugof Arg3 was more than 8.0 Hz
(dihedral angle ¢ is approximately —120°), and Leu® and
Leu'® were less than 6.0 Hz (dihedral angle ¢ is approx-
imately —60°). On the other hand, *Jyn, of Trp?, Leu®,
Ala®, and Phe® were greater than 8.0 Hz, and Arg’,
Asn'' and Leu'? were less than 6.0 Hz. These results indi-
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Figure 3. NH-NH region of ROESY and NOESY spectra of p3 in the
p (2) and at (b) of GM! oligosaccharide. Sequential
NOEs between backbone smides were detected in the complex state
with p3 (a), although corresponding ROEs could not be observed in
the case of p3 alone (b). Four of six NOEs are shown in (a) with
ussignment labels. These ROESY and NOESY spectra were performed
with 250 ms of mixing time.

cate that the conformation of the peptide was changed by
the addition of GMI. In particular, Arg’, Leu® and Ala®
represented a drastically changed dihedral angle fi. and
the C-terminal region including Asn'' and Arg'? was
predicted by constructing a helical conformation by the
combination of dihedral angles and NH-NH NOEs.

2.2. Structure determination by NMR

We carried out the structural calculations with the pro-
gram ons 11" to determine the three-dimensional
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Figure 4. Aromatic-aliphatic regions of ROESY spectra of the p3
alone and NOESY spectra of the p3 with GM| oligosaccharide. The
stripped spectra of the region of aromatic protons are shown to
investigate the increment of NOEs led by the addition of GM1. On the
top of each strip, the naume of the observed aromatic proton and
characters B and F in the figure indicate the bound and the free states
of p3, respectively,

solution structure of the p3 GM1-binding peptide, in the
presence and absence of the GM1 micelle, Calculations
were carried out using the 114 and 146 intramolecular
ROEs and NOEs as distance constraints in the absence
or presence of GMI, respectively. The 114 distance re-
straints included 66 intraresidue (|/ = j| = 0), 29 sequen-
tial (i = j| = 1), 17 medium (2 < |i = j| £ 4), and two
long-range (i — j| 2 5) ROEs, and the 146 distance con-
straints included 57 intraresidue (|f — j| = 0), 57 sequen-
tial (|i—j =1), 27 medium (2 < |i—j| £4), and five
long-range (|i —j| = 5) NOEs. In the first step, the
structure calculations were performed without the re-
straints of dihedral angles, but with only the distance
constraints estimated from NOE intensities. Restraints
with large violations were removed or modified in this
step. In the next step, a total of three and seven dihedral
angle ¢ restraints were added for calculation of the p3
peptide alone and the p3—-GMI1 complex cases, respec-
tively. In the final step, to locate each dihedral angle ¢
on the allowed position in the Ramachandran plot,
highly loose constraints — 100 + 80° were applied.
Finally, a family of 25 accepted three-dimensional
structures were selected with the lowest potential ener-
gies that contained no experimental violations greater
than 1.0 A and 1° in the distance and torsion angle re-
straints, respectively. In the Ramachandran plots shown
in Figure 5, 99.7% and 99.3% for the p3 peptide alone
and the p3-GM | complex, respectively, of the backbone
dihedral angles of the 25 converged structures fell within
the allowed regions. A summary of the energetic statis-
tics for the GM1-binding peptide is shown in Table 1.

Psi (degrees)

Figure 5. Ramachandran plot of the obiained 30 structures of
pd. All residues except for prolines are | d on the allowed
region, suggesting that p3 has & general structure without irregular

conformation.

Table 1. Structural statistics for p3 in the presence or absence of GM1
micelles

Ab of Pr of

GM1 GM1
Average potential energies (kealmol™')*
i TR 281+ 1.71 3229 + 2.88
i Ll 0.46 £ 007 104 £0.18
Esngis 1495 023 18.66 = 1,36
Eirve 032 +0.09 1.14£023
E\ru'w 5164117 9.78 4 1.40
Fang 192 4053 1.90 £0.94
Ecan” 000940001 011005
RMSD from idealized geometry
Bonds (A) 0.0013 + 0,001 0,0020 + 0.0002
Angles (°) 0.4461 + 00035 04981 = 0.0180
Impropers (%) 0.1182 40,0015 0.2250 + 0.0022

Pairwise RMSD of 25 structures from Val' to Leu'® (A)
Backbone atoms (N, Ca, C') 131 4+£036 0374011
All heavy stoms 2.52 % 0.67 114 021

mmmmsnwmmmuumu the cns 1.17*

moimor” programs,
* Eimpes Evow, Enon, und Eeg mthe energy of improper torsion
angles, the van der Waals repulsion epergy, the square-well NOE
potential energy and the dihedrul potential energy, respectively.

5 The force c for the alculations of Evpw, Enop. and Ea
were 4.0 kealmol™' A™, S0kealmol ~'A™' and 200 keal mol ~'
rad ¥, respectively.

Figure 6 shows the structures of p3 in the presence
and absence of GM1 oligosaccharide. For the p3 with-
out GMI, the pairwise RMSD values for the 25 low-
est-energy structures were found to be 1.31 + 0.36 A
for backbone atoms and 2.52 + 0.67 A for all heavy
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a GM1 bound state

Figure 6. Three-di ional

Free state

[/

of p3. Twenty five structures are superimposed 1o the backbone atoms from Val' to Leu'*, The structures af

p3 in the presence and absence of GMI micelles are displayed in the left and right columns, respectively. (a) and (b) represent structures of the
backbone atoms and all heavy atoms including side chains, respectively. Blue and orange lines indicate the backbone and side chains, respectively. (c)

dels of 25 struet

is thel {-energy

atoms when the structures were fit in the region of Val'-
Leu'®, From the NMR data, p3 without GM1 formed a
curb at the middle and had variable conformation with-
out regular secondary structure. This peptide, however,
had the specific conformations in local areas, for exam-
ple, Val'—A].a" and Pro’-Arg", with 0.46 +0.15 and
0.58 + 0.18 A of the RMSD value of backbone atoms,
respectively. Hydrophobic interactions stabilized the
conformations of both regions. The region from Val'
to Ala® had a hydrophobic surface constructed to the
side chains of Trp®, Leu®, and Leu® and the region from
Pro’ to Arg'? formed a rigid turn with the hydrophobic
contacts of proline rings and the aromatic ring of Phe’.

On the other hand, the greatly converged structure of
the peptide in the presence of GM| micelle was deter-
mined to have RMSD values of 0.37+0.11 and
1.14 £ 0.21 A for the backbone atoms and all heavy

This figure was genarated by moLmot ™ software.

atoms, respectively. The fluctuation of the peptide was
reduced significantly compared to the peptide alone.
The 25 lowest-energy structures in the region of Val'-
Leu' are superimposed in Figure 6. The molecule main-
tained the bent structure with the rigid turn made by the
Pro’~Pro® portion. The most noteworthy feature of this
structure is the hydrophobic cluster, including Trp?,
Leu®, Lew’, Leu', and Leu'. The residues forming 2
hydrophobic surface, Trp®, Leu®, and Leu® in the case
of the structure absent from GM|, are toward the inside
of the peptide, and the aromatic ring of Trp” is sur-
rounded by the N- and C-terminal leucines. Moreover,
two stable turns were found in the regions of Trp’-
Leu® and Ser'’~Arg'?. The former was identified as a
B-turn using the standard criterion with the distance
between *C(i) and "C(i+3) as less than 7A." The
average distance between *C atoms of Trp® and Leu’
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was 5.35 A. This turn had a nearly type I fi-turn confor-
mation from the viewpoint of the dihedral angles of
constructing residues. However, no NMR information
about the hydrogen bonding was obtained, and further-
more it was clarified that there was no intra-turn hydro-
gen bond in the calculated structures. This turm was
therefore defined as a Pry-type turn,'* that is, a type-
IV B-turn (miscellaneous type) according to the classical
nomenclature. The second turn was a helical turn like
the conformation of the 3o helix. The C-terminal region
of p3 showed a highly disordered structure absent from
GM 1, therefore this region might play an important role
in binding to GM1 saccharides.

2.3. Molecular dynamics study for the p3

Molecular dynamics (MD) simulations were also carried
out. Two major structures were obtained with the MD
calculations within 40ns at 325 K, preceded by the
MD to generate the starting geometries at high temper-
ature. These were in good agreement with the fluctuat-
ing conformations obtained by NMR experiments.
One of these had a curb form at the middle of p’,
Pro’-Phe’, and there were no characteristic hydrogen
bonds in half of the N-terminus, which meant that the
peptide did not have a specific secondary structure
(Fig. 7). Although the RMSD between the structures
from the NMR study and the MD simulation was large
(4.67 A), both structures had the same topology. This
suggested that the MD simulations were able to support

Figure 7. Superimposed structure of p3 from MD simulations (green)
and from NMR data without GMI, Both have the same topologies
including (i) curb structure at the middle and (i) no secondary
structure although MD simulation showed ‘helix-like’ predicted
structure gt the C-terminal area. Side chains of key residues that bind
GM], Pro’-Phe” and Trp?, are also shown

Figure 8. Superimposed structure of p3 from MD simulations (green)
and from NMR data with GM1. Although the MD calculations were
performed without any ligand, the structure from MD was similar to
the structure from NMR with GM . Side chains of key residues that
bind GM1, Pro’-Phe’ and I'r[\;\, are also shown

the NMR experiments. Figure 8 shows the other struc-
ture obtained by MD with the bound p3 NMR back-
bone structure. Although we have not considered the
existence of GM1 during these simulations, we found
that the RMSD for the backbone structure of 3.56 A
was smaller than the case in Figure 8.

3. Discussion

In summary, the siructure of the p3 peptide was stabi-
lized completely in the presence of the GMI oligosac-
charide, which existed in the micelle form. In the
bound form, the peptide is stabilized by forming stable
f- and helical turns, whereas the Pro’-Pro" region
contributing to the bend in the peptide structure was
preserved.''® Therefore, it can be suggested that the
N- and the C-terminal regions underwent drastic
conformational change upon the binding of the GMI
pentasaccharide (Fig. 6). Unfortunately, no characteristic
intermolecular NOEs that could suggest a specific bind-
ing site were observed in this study because GMI
formed micelles in aqueous solution and thus gave sig-
nificant line-broadening in the NMR spectra.

Previous studies on lectins proposed that the modular
structure of the aromatic ring of tryptophan on the -
turn, known as the carbohydrate-binding module
(CBM), plays a key role in the hydrophobic interaction
with the nonpolar face of monosaccharide rings.'”™"
Based on the structural analyses of p3, Trp’ of the
bound state was also included in the p-turn and con-
structed a hydrophobic core. We, therefore, propose
that Trp” would be an essential residue for binding to
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GM 1 pentasaccharide. Moreover, for the representative
example of the recognition of NeuAc, arginine binds to
the carboxyl group of NeuAc through the electrostatic
interaction in the coat protein of murine polyoma
virus.”’ This GMI-binding peptide had two arginines,
Arg® and Arg'?, located on the P-turn and the helical
turn, respectively. From the viewpoint of the solution
structure of the bound state, the side chain of Arg'?
was exposed to solvent with more disordered direction
than that of Arg’, which would suggest that Arg® is
strongly involved in the recognition of NeuAc in GM1.

Although Honda et al. reported the conformation of a
10 amino acid residual peptide,”’ it is difficult, in gen-
eral, for a small peptide to form a steady conformation
and create a stable binding site for oligosaccharides in
aqueous solution. Thus our results indicate that the
structure of ligand peptide was controlled by the carbo-
hydrate platform. Whereas it is frequently reported that
gangliosides on the cell surface behave as receptors to
various ligands, we believe that the regulation of the
protein and peptide structure is also one of the most
essential functions of carbohydrates, As another inter-
esting study on ganglioside-peptide interaction, it has
also been reported that enkephalins, endogenous neuro-
transmitters consisting of five amino acids have altered
folding in the bound state with GMI micelle.” This
study indicated that enkephalins had an induced rigid
turn structure by interaction with the GMI1 micelle,
which was very similar with the structure in bicelles.”
Moreover, the nonapeptide bradykinin, a neuropeptide
with an antiphlogistic effect, was also recently confirmed
to undergo conformational change on binding to GMI1
micelles.” These drastic transitions of the structure of
ligand peptide on GM1 surface are likely to play an
important role in the ignition of sequential events like
the traditional pathway of cholera toxin infection.

4. Experimental
4.1. General

Unless otherwise stated, all commercially available sol-
vents and reagents were used without further purifica-
tion. Fmoc amino acid derivatives and resin were
purchased from NOVA Biochem Co. Ltd. Automatic
peptide synthesis was performed with Advanced Chem
Tech MODEL Apex396 peptide synthesizer. HPLC
was performed on a Hitachi HPLC system equipped
with an L-7150 intelligent pump, an L-7420 UV detector
and reversed-phase CI18 column, Inertsil® ODS-3
(20 x 250 mm) at a flow rate of 5.0 mL min~'. The elu-
ale was monitored by UV absorption at 220 nm. MAL-
DI-TOF MS analyses were performed with the Bruker
REFLEXIII mass spectrometry with 2,5-dihydroxy-
benzoic acid (DHB).

4.2. Preparation of samples

GM 1 was purchased from Wako Pure Chemical Indus-
tries, Ltd. (Osaka, Japan) and was used without further
purification.

The p3 peptide, VWRLLAPPFSNRLLP,™" was syn-
thesized on Fmoc-Pro-OH preloaded 2-chlorotrityl
chloride resin (0.66 mmol/g) using an automatic peptide
synthesizer (a common solid-phase peptide synthetic
method with Fmoc strategy) in four batches on
0.02 mmol scale each (four portions of 30 mg of pre-
loaded resin each). Fmoc amino acid derivatives,
Fmoc-Pro-OH, Fmoc-Leu-OH, Fmoc-Arg(Pbf)-OH,
Fmoc-Asn(Trt)-OH, Fmoc-Ser(fBu)-OH, Fmoc-Phe-
OH. Fmoc-Ala-OH, Fmoc-Trp(Boc)-OH and Fmoc-
Val-OH, were employed. A cycle of automated peptide
synthesizer for a 0.02 mmol scale was defined as follows.
The resin was treated with 1.5 mL of 20% (v/v) piperi-
dine in DMF and the mixture was stirred for 5 min at
ambient temperature. After filtration, the same process
was performed but stirred for 15 min. Then, the resin
was washed with NMP (N-methylpyrrolidine, 1.5 mL)
and DMF (1.5 mL). To a mixture of a solution of Fmoc
amino acid (4 equiv) and HOBt ( N-hydroxybenzotriaz-
ole, 3.5equiv) in NMP (600 pL) and a solution of
HBTU  (2-(1 H-benzotriazole-1-yl}-1,1,3,3-tetramethyl-
uronium hexafluorophosphate, 4equiv) and DIEA
(diisopropylethylamine, 6 equiv) in DMF (600 puL) was
added the resin, and the reaction mixture was stirred
for 40 min at ambient temperature. This coupling pro-
cess was performed twice. After washing the resin with
NMP (1.5mL) and DMF (1.5 mL), nonreactive amino
groups were acetyl-capped with 1.5 mL of a mixed solu-
tion of AcsO (4.75% as v/v) and HOBt (13 mM) in
NMP. After completing the peptide synthesis process,
the resin was washed with NMP (1.5 mL) and CHxCl;
(1.5mL), and dried in vacuo. The protected peptide
on the resin was treated with 10 mL of a mixed solution
of TFA/H,0/ethanedithiol/triisopropylsilane (94.5/2.5/
2.5/1.0 (v/v/v/v)) for 3h at ambient temperature fol-
lowed by washing with TFA (2 mL) to remove the pep-
tide from resin and for deprotection of protecting
groups such as -/Bu, -Trt, -Pbf, and -Boc. The combined
solvent was dried with blowing N, gas and precipitated
from cold dry teri-butylmethyl ether. The obtained
white solid was purified by HPLC [eluate: solvent A
(0.1% TFA in H20) and solvent B (0.1% TFA in aceto-
nitrile), gradient; increase from 2% to 60% of B over
60 min]. The fractions containing the desired peptide
were collected and lyophilized. The p3 peptide was ob-
tained as a white powder (72 mg, 50% overall yield).
Typical NMR data are shown in the figures. Amino acid
analysis (theoretical ratio): Asp (Asn) 1.0(1), Ser 0.8 (1),
Ala 1,0 (1), Val 0.9 (1), Leu 4.0 (4), Phe 1.0 (1), Trp 0.9
(1), Arg 2.1 (2); MALDI-TOF-MS caled for [M+H]"
1779.043, found [M-+HJ" 1779.827.
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4.3. NMR measurements

Sample solutions for NMR measurements were pre-
pared by dissolving p3 in a mixed solvent of 10%
D,0, 90% H;0 or 99.9% D,0, and the sample pH
was adjusted to 4.1. All NMR spectra were measured
on a Bruker Avance 600 spectrometer equipped with a
cryoprobe system operating at 600.13 MHz for the
proton frequency. The sample was not spun and the
spectra were recorded at a temperature of 300 K. Data
acquisition was performed with xwinnmr 3.1 (Bruker)
software operating on a Silicon Graphics O2+ work-
station. The water signal was suppressed by low-power
irradiation during the relaxation delay time and
WATERGATE method with 3-9-19 pulse sequence
with x, y, z-triple gradient.”””* One-dimensional 'H
NMR experiments were performed with a spectral width
of 6009.615Hz, 32K data J:oims and 8 scans. Two-
dimensional DQF-COSY,”” TOCSY,™* ROESY,"
and NOESY"' measurements were recorded in a phase
sensitive mode. The TOCSY transfer was achieved with
the MLEV-17 pulse sequence with spin-locking times of
60, 80, and 100 ms. ROESY and NOESY spectra were
recorded with mixing times of 150 and 250 ms, respec-
tively. Except for DQF-COSY determination of the
3 Jinas all two-dimensional measurements were recorded
with 2048 x 512 frequency data points and zero-filled to
yield 2048 x 2048 data matrices. High-resolution DQF-
COSY experiments were measured with 4096 x 512
points and zero-filled to a 8192 x 8192 matrix with a
0.73 Hz point resolution. The number of scans for all
spectra was 8. The time domain data in both dimensions
were multiplied by a sine bell window function with 90°
phase shift prior to Fourier transformation. All NMR
spectra were processed by software NMrpIpE,™ and the
signals were assigned with the XEAsy ™ program on a Sil-
icon Graphics O2 workstation.

4.4, Structure modeling based on NMR data

Three-dimensional structures of p3 were calculated with
cns 1.1* program on a Linux workstation. A total of
114 and 146 distance restraints for p3 and the complex
of the p3 and GM1 samples, respectively, were used to
calculate the family of structures. Moreover, 12 dihedral
angle ¢ restraints were used for both sample calcula-
tions. Distance restraints for calculations were estimated
from the cross-peak intensities in ROESY or NOESY
spectra with a mixing time of 150 ms; the estimated
restraints were then classified as strong, medium, weak,
and very weak, and assigned upper limits of 2.7, 3.5, 5.0,
and 6.0 A, respectively. Pseudo-atom corrections were
used for unresolved NOE cross-peaks, methyl protons
as well as nonstereospecifically assigned methylene and
aromatic protons, In addition, 0.5 A was added to the
upper limit of the distance constraints of only the in-

volved methyl protons according to the report by Clore
et al.”” The restraints of the dihedral angle ¢ were based
on *Jyn. coupling constants measured in high-resolu-
tion DQF-COSY. For checking of the restraints viola-
tion, the PROCHEK-NMR 3.5.4°® program was used on a
Linux workstation, and superimposition of the obtained
structures, calculation of RMSD wvalues, and general
analyses ‘on GMI-binding peptide were performed with
MoLMOL™ software.

4.5, Ab initio computational structural analysis with
molecular dynamics simulation

A molecular dynamics simulation was performed with
the AmBer software package version 8.0, using the
third-generation point-char%e all-atom force field for
proteins, also known as fl03.”* The solvents were implic-
itly represented by a generalized Born solvent model™
with no cutoff. p3 was constructed with an extended fea-
ture using sysyL Version 6.9 (Tripos Association, St.
Louis, MO).

To generate a variety of conformations of p3 as a start-
ing geometry, 500 steps of a molecular dynamics calcula-
tion at 900 K with 2 fs time steps were performed. For all
structures, the temperature was gradually lowered until
the RMS of the Cartesiun elements of the gradient was
<0.4 kcal/mol A. Six groups of conformations were ob-
tained and applied in additional MD calculations. Using
each conformer as the starting structures, the 40 ns MD
with Berendsen’s algorithm™’ was carried out. The tem-
perature and the pressures were kept at 325K and
1 atm, respectively. In this simulation, the integration
time step was 2.0 fs, and sHAke®' was applied to con-
strain all bonds connecting hydrogen atoms. The trajec-
tories were saved every 5.0ps. A total of 48,000
snapshots were sampled and two major conformers were
obtained by a cluster analysis,'” which are shown in Fig-
ures 7and 8, AMBER 8.0 and PROCHECK were used to ana-
lyze the trajectories, and simulations were performed on
HP GS1280, Sun Fire 12K, IBM p690, and a Linux clus-
ter with 12 Pentium IV (2 GHz) CPUs.
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Abstract—The ganglioside GM 1-binding peptide, p3, with a sequence of VWRLLAPPFSNRLLP, displayed a clear structural alter-
ation depending on the pr e or ab of GM1 micelles. The three-dimensional structures of the p3 peptide in the free and
GMI1 bound states were analyzed using 1wo-dimensional NMR spectroscopic experiments with distance-restrained simulated
annealing calculations. The NMR experiments for the p3 peptide alone indicated that the peptide has two conformers derived from
the exchange of cis and trans forms at Pro’-Pro®. Further study with theoretical modeling revealed that the p3 peptide has a curb
conformation without regular secondary structure. On the other hand, the NMR studies for the p3 peptide with the GM1 micelles
elucidated a trans conformer and gave a structure stabilized by hydrophobic interactions of B- and helical turns. Based on these
structural investigations, tryptophan, a core residue of the hydrophobic cluster, might be an essential residue for the recognition
of the GM1 saccharides. The dynamic transition of the p3 peptide may play an important role in the function of GM1 as a multiple

receptor as in the traditional pathway of the infection by cholera toxin.

© 2007 Elsevier Ltd. All rights reserved.

Keywords: Molecular induction; Molecular recognition; GM1; Functional peptide; p3 Peptide

1. Introduction

With the recent success of the human genome analysis,
in the life-science research field it is natural to become
focused not only on protein structure but also on pro-
tein structure-function relationships. Nuclear magnetic
resonance spectroscopy is a powerful tool for the study
of molecular structures and allows for the analysis of the
solution phase structure once the target compound has
been dissolved in a suitable deuterated solvent. Unfortu-
nately, the usual target proteins are often too big to

* Corresponding authors. Tel: 481 11 857 8497; fax; +81 11 857 8435
(H.S.); tel.: +81 11 857 8472, fux: +8] |1 857 844 (S.-LN.); e-muil
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tiger.nishimura(@aist. go jp

0008-6215/S - see front mutter © 2007 Elsevier Lid. All rights reserved.
doi:10.1016/j.carres.2007.05.026

study by NMR, which is best for the analysis of proteins
smaller than 15kDa and a maximum of 30kDa.'
Although the Kay® and Wiithrich® groups have reported
NMR studies for larger proteins, 723 residues and
900 kDa, respectively, neither was a complete determi-
nation. To overcome this problem, designing partially
mimetic proteins or the use of part of the protein as
the NMR research target has been widely explored,
but in many cases the original function is lost due to
changes in overall conformation or entropy penalties.
Based on these difficulties, we planned an ‘opposite’
approach to study protein function, which focuses on
‘functional small-module peptides’. We can then study
conformational or dynamics details by NMR more eas-
ily because the molecular size is small enough for NMR
spectroscopy. After elucidation of the binding details, a
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search for identical or similar linear or three-dimen-
sional structures in the Protein Data Bank is carried
out, The hit protein will have the same or similar func-
tion as the original peptide. Even if we cannot find any
similar proteins in the Protein Data Bank, we can design
efficiently, based on this knowledge, functional proteins,
or so called ‘artificial enzymes’.

Gangliosides are neuraminic acid-bearing glyco-
sphingolipids found in eukaryotic cells and are the
major sialylated glycoconjugates in the brain.” Through
their carbohydrate moieties, they are receptors for viral
and bacterial toxins, contribute to cell-cell and cell-
matrix interactions and regulate cell growth.*™ There-
fore, it is expected that the elucidation of the mechanism
and inhibition of ganglioside-toxin interactions will
potentially prevent various diseases.

In a previous study,” we presented three types of
novel peptides that bind to the pentasaccharide portion
of GMI1 (p-p-Galp-(1—3)-B-p-GalpNAc-(1—4)(a-D-
NeupAc-(2—3))-f-p-Galp-(1—4)-f-p-Glep-( 1—1")-Cer),
which were identified with the improved phage display
technique. One, called *p3’, strongly binds to GM1 sac-
chanides with a 1.2 uM dissociation constant by QCM
(quartz crystal microbalance)."” This is the first reported
artificial peptide with no homology to any native pro-
teins and peptides with the ability to recognize GM1.
The p3 peptide is expected to be an efficient substance
for the development of GM1-binding inhibitors as well
as an optimal model for clarifying ganglioside-peptide
interactions. In this study, using p3, which has the pri-
mary sequence VWRLLAPPFSNRLLP, we studied
the interaction of the peptide with GM1 oligosacchuride
using NMR methods and computational methods.

2. Results
2.1. NMR analysis of the p3 peptide

Well-resolved spectra of p3 were obtained for both con-
ditions (with or without ganglioside GM]1) as described
in Section 4 and the observed cross-peaks were assigned
completely according to the sequence specific assign-
ment of Wiithrich.'" The identification of spin systems
of the amino acids was based on scalar coupling patterns
observed in TOCSY experiments, and complemented
with ROESY and NOESY measurements. The sequen-
tial connectivities were identified by the assignments of
distance information, ROEs or NOEs, which are
TH()-NH(i + 1) (dan)s PH(D-NH(i + 1) (dpn), and
NH(i)-NH(i + 1) (dyn). A summary of the sequential
assignments is shown in Figure 1.

In the case of the spectra with p3 alone, it was found
that each residue showed two kinds of scalar coupling
networks in the TOCSY spectra at the beginning of
spectral analyses (Fig. 2). One had strong intensity and

VWRLLAPPFSNRLLP
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Figure 1. Summary of ROE or NOE connectivities of p3 in the
presence and absence of GM| oligosucchanide. The sequential ROEs
and NOEs, dynfii+1), dpu(i,i+1) and dun(ii+1), and the
medium-range NOEs, dyn(f./+2) and dypdi, i+ 3), are represented
by bars and classified into strong, medium, weak, and very weak
intensities sccording to the height of the bars. Black bars indicate the
ROE connectivities of the peptide in the free state, und white bars
represent complex states with GM | micelles,
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Figure 2. NH-aliphatic region of TOCSY spectrum of the free state of
p3. Two different spin systems were detected for each residue. The
assignments of Arg’, Phe’, Ser'”, and Asn'' are labeled in this figure.
This TOCSY spectrum was recorded with 80 ms of the spin-lock time.

the other was weak, which suggested slow conforma-
tional exchange of the protein that occurred in aqueous
solution. ROE analyses successfully revealed the details
of the coupling networks observed in the TOCSY spec-
tra. In the one with weak intensity, the Pro’Pro® pep-
tide bond was determined to have cis conformation
because the detection of ROE d,, was of stronger inten-
sity than that of dys. Another network with strong inten-
sity had a trans conformation in this site. In this solution
sample, 114 ROEs for the trans conformer were gath-
ered as distance information for structural calcula-
tion although sufficient inter-residual ROEs were not
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observed for the cis peptide. In this study, we defined a
trans peptide as a major component of the p3 peptide.
As the most impressive information reflecting the struc-
ture of this peptide, two long-range ROE between
Trp’eH3 and Leu'*BHs, and between Trp’eH3
and Leu'*yH were observed, which suggested that the
N- and the C-terminal of the peptide were in close prox-
imity. Whereas the ROEs between hydrophobic side
chains (i to i+ 1, i to i+ 2 relations) were observed,
other characteristic ROEs for secondary and tertiary
structure were not observed. Unfortunately only poor
NOESY spectra were obtained, because wr, (1 molec-
ular correlation time) of the peptide might become zero
depending on the intensity of NOE. Thus, ROESY
experiments were used to obtain the proton—proton dis-
tance information.

To reveal the structure of this GM1-binding peptide,
NMR experiments were carried out with the p3-GMI
complex (p3 peptide 3 mM with GM1 0.3 mM). Because
the primary critical micellar concentration of GMI is
3.32 pM, "> GM 1 under these conditions would form a mi-
celle. The fact that the p3 was found by the QCM method
to a GMI1 monolayer indicated that the peptide surely
interacts with a pentasaccharide region of GM . - Thus,
forming a micelle of GM1 was not an improper condition.
Moreover, it could be an advantage to avoid nonspecific
binding with the ceramide portion of the molecule.

In TOCSY spectra, three kinds of scalar coupling net-
works were observed, which were derived from the
GM I-binding state and the free state of trans and cis
conformers. The NOESY experiments gave sufficient
signals derived from the complex, though the signals
of the free state of p3 were found only with very weak
intensity such as NOESY spectra. A total of 146 NOEs
could be assigned from complex state NOESY spectra
for constraints of structure calculation. As one of the
characteristic NOEs, s:x sequenlls,l NOEs between back-
bone amides, rF >_Arg®, Leu®-Leu®, Ser'’-Asn'',
Asn''~Arg'?, Arg'*Len’, and Len'-Leu'®, were
found, whereas no NH-NH NOEs were observed in
the spectra of p3 alone (Fig. 3). A total of 28 and 12
new sequential and medium-range NOEs, respectively,
were also discovered suggesting that the peptide forms
a stable conformation. Furthermore, NOEs derived
from the aromatic ring of Trp’, including long-runge
interactions, were newly identified (Fig. 4), indicating
restriction of Trp” mobility in the presence of GMI.

For the samples of p3 alone and the p3-GM 1 complex,
the *Jyn. were determined by high-resolution DQF-
COSY spectra to estimate the restraint of dihedral angle
¢. In the free state, *Jyn, of Arg® was more than 8.0 Hz
(dihedral angle ¢ is approximately —120°), and Leu® and
Leu'"* were less than 6.0 Hz (dihedral angle ¢ is approx-
imately —60°). On the other hand, *Jyny of Trp?, Leu®,
Ala® and Phe’ were greater than 8.0 Hz, and Arg’,
Asn'! and Leu'? were less than 6.0 Hz. These results indi-
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Figure 3. NH-NH region of ROESY and NOESY spectru of p3 in the
presence (2) md nhm [b) of GM1 olinosambundc Sequential
NOEs b were d { in the complex state
with p3 (a), although corresponding ROEs could not be observed in
the case of p3 alone (b). Four of six NOEs are shown in (a) with
assignment labels. These ROESY and NOESY spectra were performed
with 250 ms of mixing time.

cate that the conformation of the pcplidc was changed by
the addition of GM 1. In particular, Arg®, Leu® and Ala®
represented a drastically changed dlheclral angle f' and
the C-terminal region including Asn'' and Arg
predicted by constructing a helical conformation by the
combination of dihedral angles and NH-NH NOEs.

2.2. Structure determination by NMR

We carried out the structural calculations with the pro-
gram ons 1.1" to determine the three-dimensional
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Figure 4. Aromatic-aliphatic regions of ROESY spectra of the p3
alone and NOESY spectra of the p3 with GM1 aligosaccharide. The
stripped spectra of the region of wromatic protons are shown (o
investigate the increment of NOEs led by the addition of GM1. On the
top of each strip, the nume of the observed aromatic proton and
characters B and F in the figure indicate the bound and the free states

of p3, respectively.

solution structure of the p3 GM I-binding peptide, in the
presence and absence of the GM1 micelle. Calculations
were carried out using the 114 and 146 intramolecular
ROEs and NOEs as distance constraints in the absence
or presence of GMI, respectively. The 114 distance re-
straints included 66 intraresidue (/i — j| = 0), 29 sequen-
tial (|i —j|=1), 17 medium (2 < |i —j| < 4), and two
long-range (/i — j| = 5) ROEs, and the 146 distance con-
straints included 57 intraresidue (/i — j| = 0), 57 sequen-
tial (|i = j| = 1), 27 medium (2< |i—j| < 4), and five
long-range (li —jl = 5) NOEs. In the first step, the
structure calculations were performed without the re-
straints of dihedral angles, but with only the distance
constraints estimated from NOE intensities, Restraints
with large violations were removed or modified in this
step. In the next step, a total of three and seven dihedral
angle ¢ restraints were added for calculation of the p3
peptide alone and the p3-GMI1 complex cases, respec-
tively. In the final step, to locate each dihedral angle ¢
on the allowed position in the Ramachandran plot,
highly loose constraints —100 = 80° were applied.
Finally, & family of 25 accepted three-dimensional
structures were selected with the lowest potential ener-
gies that contained no experimental violations greater
than 1.0 A and 1° in the distance and torsion angle re-
straints, respectively. In the Ramachandran plots shown
in Figure 5, 99.7% and 99.3% for the p3 peptide alone
and the p3-GM| complex, respectively, of the backbone
dihedral angles of the 25 converged structures fell within
the allowed regions. A summary of the energetic statis-
tics for the GM1-binding peptide is shown in Table 1.

2
[

nuEm

0 i 180)
Phi (degrees)

Figure 5. Ramachandran plot of the obtained 30 structures of
p3. All residues except for prolines are locuted on the sllowed
region, suggesting that p3 has a general structure without irregular

conformation.

Table 1. Structural statistics for p3 in the presence or absence of GM|

micelles
Absence of Presence of
GM1 GM1
Average potential encrgies (keal mol™)®
Eiouai 22814 171 3229 £ 288
Ehonda 0,46 4 0.07 1.04 £ 0.18
=t 14954023 18.66 4 1.36
Eimpe 032009 Lia+023
Evow” 516+ 117 9.78 + 1.40
Enor 192 +053 1,90 +0.94
Ean 0.009 £ 0.001 0.11 £0.05
RMSD from idealized geometry
Bonds (A) 0.0013 £ 0.0001  0.0020 = 0.0002
Angles (*) 0.4461 £ 0.0035 04981 £ 00180
Impropers (*) 01182+ 0.0015 0.2250 + 0.0022

Pairwise RMSD of 25 structures from Val' to Leu'* (A)
Backbone atoms (N, Ca, C') 1.31 +0.36 0374011
All heavy atoms 2.52+0.67 1.14 £ 021

All energies and RMSD values were caleulated using the cns 117" and

motmor’' programs, respectively.

* Eimpre Evow. Enog, and E.yy, are the energy of improper torsion
angles, the van der Waals repulsion energy, Ih:.lqun.m-wd]NOE
polential energy und the dihedral polential energy, resp

" The force mnmnu for the calculations of Euuw. Enow and E,,...
Wv.' 40kealmol™' A™%, S0kealmol ' A~' und 200 keal mol =

. respectively.

Figure 6 shows the structures of p3 in the presence
and absence of GM1 oligosaccharide. For the p3 with-
out GM1, the pairwise RMSD values for the 25 low-
est-energy structures were found to be 1.31 +036A
for backbone atoms and 2.52+ 0.67 A for all heavy
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Figure 6. Three-dimensional structures of p3. Twenty five structures are superimposed to the backbone stoms from Val' to Leu'*. The structures of
p3 in the presence and absence of GM ! micelles are displayed in the left and right columns, respectively. (a) and (b) represent structures of the
backbone atoms and all heavy atoms including side chains, respectively. Blue and orange lines indicate the backbone and side chains, respectively. (c)
is the lowest-energy models of 25 structures, This figure was generuted by moLmor" software,

atoms when the structures were fit in the region of Val'-
Leu'. From the NMR data, p3 without GM1 formed a
curb at the middle and had variable conformation with-
out regular secondary structure. This peptide, however,
had the speclﬁc confon:lmtmns in local areas, for exam-
ple, Val'-Ala® and Pro™-Arg", with 0.46 + 0.15 and
0.58 4 0.18 A of the RMSD value of backbone atoms,
respectively. Hydrophobic interactions stabilized the
conformations of both regions. The region from Val'
to Ala® had a hydmphobnc surfacc constructed to the
side chains o!' Trp?, Leu®, and Leu® and the region from
Pro’ to Arg'? formed a rigid turn with the hydrophoh:c
contacts of proline rings and the aromatic ring of Phe’.
On the other hand, the greatly converged structure of
the peptide in the presence of GM| micelle was deter-
mined to have RMSD values of 0.37+0.11 and
1.14 +0.21 A for the backbone atoms and all heavy

atoms, respectively. The fluctuation of the peptide was
reduced significantly compared to the peptide alone.
The 25 lowest-energy structures in the region of Val'-
Leu' are superimposed in Figure 6. The molecule main-
tained the bent structure with the rigid turn made by the
Pro’-Pro” portion. The most noteworthy feature of this
structure is the hydrophobn: cluster, including Trp®,

Leu®, Lev®, Leu', and Leu The resxdues forming a
hydmphobu: surface, Trp?, Leu®, and Leu® in the case
of the structure absent from GM], are toward the inside
of the peptide, and the aromatic ring of Trp is sur-
rounded by the N- and C-terminal leucines. Mnremrer.
two stable turns were found in the regions of Trp’-
Leu® and Ser'’-Arg'?. The former was identified as a
p-turn using the standard criterion with the dnslanne
between “C(i) and “C(i-+ 3) as less than 7A * The
average distance between "C atoms of Trp® and Leu®



