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ABSTRACT. The snailLymnaea stagnaliproduces a neuropeptide precursor protein that contains seven
Arg-Gly-Asp (RGD) sites. These sites are recognized and cleaved by one or more prohormone convertases
in the first processing step to yield mature neuropeptides in the secretory pathway. Conformations of two
synthetic RGD-containing peptides derived from thestagnalisprecursor protein were determined by
NMR spectroscopy. The peptides were tested in a platelet aggregation assay for RGD activity and were
processed in vitro by PC2 and furin. The native peptide with a proline following the RGD site has minimal
structure around the RGD region, does not inhibit platelet aggregation, and is properly processed by the
enzymes PC2 and furin. A variant of the native fragment with a serine following the RGD sequence has
a significant amount of a reverse turn around the RGD region, is a potent inhibitor of platelet aggregation,
and is processed with the same specificity as the native fragment. The large conformational differences
between the two peptides provide a molecular mechanism for effects of proline residues following the
RGD site and suggest that precursor processing is influenced more by flexibility than by the conformation
of the processing site.

RGD! sequences bind to integrins and are involved with study of recombinant decorsin demonstrated that although
numerous and diverse biological functions including general the RGD-containing loop is relatively flexible, the conforma-
cell adhesionX, 2), platelet aggregatior8], blood pressure  tion of the RGD sequence itself is more rigid when compared
regulation 4, 5), immunity @), protein sorting ), multiple to other RGD-containing proteind ).

roles in the nervous systeri)( and reproductiong). As a A recent study has shown that a highly conserved RGD
result of the wide range of functions evoked by such a short sequence in prohormone convertase 1 (PC]_) is involved in
amino acid sequence, a considerable amount of research hagtracellular sorting, but the mechanisms underlying the
been devoted to studying the structude-(8) and dynamics  sorting are unknowng). Both PC1 and PC2 bind to integrin
(19) of RGD-containing peptides and proteins. Studies from 541, but this binding is mediated by regions of the proteins
small CyC”C peptides have shown that the RGD sequencethat do not contain RGD sequenc@_ (ThUS, it is not yet
can form a variety of reverse turns, most of which lead to0 ¢lear that RGD-mediated sorting is related to integrin
higher integrin binding activity than flexible linear RGD  pinding.

peptides 20—28). RGD sequences in proteins are often

. . ) One of the primary substrates for PC enzymes are the
associated with flexible loop®{12), but at least one NMR P Y y

neuropeptide precursor proteins, and proper processing of

t This study was supported by an NSF CAREER award to A.S.E. the precursors to actl_ve peptides requires that both the
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Table 1: Peptides Used in This Study

LS-1 GDPFLRF-NH
LS-1[S] GDSPFLRF-NH
LS-2 GDPFLRFGRGDPFLRF-NH
LS-2[S] GDPFLRFGRGDSPFLRF-NH

dibasic processing sites, providing an accessible region for
peptide cleavage3g). Subsequent studies using prosoma-
tostatin B9), synthetic peptides which mimic the pro-
ocytocin—neurophysin cleavage domaidQj, and those
which mimic the cleavage site of the pro-ocytocil)
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Unity 600 at the National High Field Magnet Laboratory
(Tallahassee, FL). Approximately-% mM samples of the
peptides were prepared in 90%® 10% DO, and 0.3 mM
3-trimethylsilyl[2,2,3,32H,]propionic acid for an internal
chemical shift standard (0.0 ppm). All NMR data were
collected at 4°C.

One-dimensionalH pH titrations were carried out from
pH 1.9 to 5.5 (uncorrected for ) at pH increments of
about 0.16. The pH was adjusted by the addition of small
volumes of concentrated KOH or HCI. The spectral widths
were between 10 and 13 ppm. One-dimensional data were

indicate that processing in prohormones occurs at regionscollected with 16 384 points; two-dimensional data were

of g-turns. The relative orientations of the side chains of

collected with 2048 or 4096 complex points in the acquisition

the dibasic amino acids at the processing site were alsodimension and 512 complex points in the indirect dimension.

shown to influence processing2).

In this paper, we structurally and functionally characterize
two peptides derived from an FMRF-N#ke peptide (FLP)
precursor protein fronbymnaea stagnalisThese peptides

H resonances were assigned using total correlation spec-
troscopy (TOCSY) 44) using the MLEV-17 mixing se-
guence 45) with a 60 ms mixing time and nuclear Over-
hauser effect spectroscopy (NOESY) with a mixing time of

contain two neuropeptides separated by an intact processing 50-300 ms #6). Water in all spectra was eliminated using

site that, in the unprocessed state, includes an RGD sequenceyresaturation, excitation sculpting?, or 3-9-19 WATER-
First, we show that the two peptides have different interac- GATE sequences46).

tions with GPIlIb/llla integrins using platelet aggregation
studies and that the native sequence does not bind to th
GPlIb/llla integrins. Next, the conformational properties of
the peptides will be presented, and we show that a single
serine insertion following the RGD results in a significantly
different structure at the RGD site. Finally, we present initial
in vitro processing studies using two prohormone conver-
tases, PC2 and furin.

MATERIALS AND METHODS

Peptide Synthesighe peptides used in this study (Table
1) were synthesized by Mr. Alfred Chung (University of
Florida Interdisciplinary Center for Biotechnology Research
Protein Chemistry Core) at 0.25 mM scale, using an Applied
Biosysytem 432A Peptide Synthesizer (Applied Biosystems,
Foster City, CA) using standard 4-(fluorenylmethyloxy)-
carbonyl chemistry and cleaved from the solid support with
trifluoroacetic acid in the presence of appropriate scavengers
The scavengers were extracted wiht-butyl methyl ether,
and the peptides were diluted with acetic acid and freeze-
dried. The peptides were purified using HPLC to at least
95% purity, as estimated by analytical HPLC and MALDI-
TOF mass spectrometry.

Platelet Aggregation Assay&resh platelet-rich plasma
was prepared from peripheral blood of a healthy donor by
centrifugation at 25@for 10 min at room temperature. Blood
was anticoagulated with 0.38% sodium citrate. Platelet-poor
plasma was prepared by centrifugation of blood at 500

€

NMR data were processed using the software NMRPipe
(49) by first eliminating the residual water resonance by
spectral deconvolution, multiplying the data by a squared
cosine function, zero filling once, Fourier transformation,
and baseline correction. Data were sequentially assigned
using standard method$(@) using NMRview §1). Peak
positions and intensities were obtained using the automatic
routines included in NMRview.

Molecular Dynamics SimulationModels of LS-2 and LS-
2[S] were made in Insight Il (Molecular Simulations Inc.,
San Diego, CA). Energy minimization and dynamics simula-
tions were done with Discover or Discover 3 on an Onyx 2
computer (Silicon Graphics) at the McKnight Brain Institute
of the University of Florida. The peptides were constructed
in an extended conformation and briefly minimized, and
NMR distance restraints were added as pseudo-potentials to
the cvff force field. NOE distances were calibrated by the
relationship: r8, = r® (Ical/la), Wherery, is the distance
between atoma andb, ry is the known distance, arghcay
is the intensity of the corresponding NOESY cross-peak.
Calibrations used were the following: Arg-9#(1.75 A)
for LS-2 and Asp-2 Ws (1.76 A) for LS-2[S]. One (1.0)
angstrom was added to each experimental distance to define
flat-bottom potential energy wells and allow for conforma-
tional averaging. Hydrogen bond restraints were added
between one of the carboxylate groups of Asp and titrating
amide residues. The O to H restraints were 2.0 or 2.2 A,

for 15 min. Platelet aggregation assays were conducted aglepending on the change in chemical shift in the pH titration.

reported previously43) and were performed in a Chronolog
Platelet Aggregometer (Chronolog Corp., Broomall, PA) at
37 °C. Briefly, the assay consisted of 404 of platelet-
rich plasma and 100L of peptide or PBS. The aggregation
was initiated by the addition of 5L of 1 mM ADP. The

Following initial minimization in vacuum, the peptides were
soaked wih a 7 A layer of water. The assembly was
subjected to around 200 ps of dynamics simulations with 1
fs time steps at 300 K, and history files were stored every
100 fs. Charges, cross terms, and Morse potentials were used

peptides GRGDS and GRGES were used, respectively, aswith water, and charges were turned off for calculations in

positive and negative controls for inhibition of ADP-induced
platelet aggregation.

NMR SpectroscopNMR data were collected at 600 and
750 MHz using Bruker Avance 600 or 750 at the University
of Florida Center for Structural Biology or using a Varian

vacuum. The dynamics simulations were analyzed by plotting
(¢,v) angles for each amino acid and all long-range NMR
distance restraints vs time. At steady state (e.g., when the
total energy equilibrated), clusters of 30 equally spaced
structures from the dynamics trajectory were energy mini-
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mized and superimposed using various indicated backbone
atoms.
Enzyme Assays: FurirSixty microliters of 1 mM LS-2
or LS-2[S] was incubated with 1.44g of furin, equivalent
to an activity against pERTKR-AMC of 0.0304mol of
MCA/h (for assay and purification details, see &) in 50
mM HEPES, pH 7.0, 2.5 mM Cagl0.1% Brij 35 at 37°C,
in a total volume of 12QL. At the indicated times, 1QL
aliquots were removed, and the reaction was stopped by
reducing the pH to 2.0 with 96L of 0.1% TFA. The aliquots
were immediately frozen at80 °C prior to analysis.
Enzyme Assays: PC3ixty microliters of 1 mM LS-2 or
LS-2[S] was incubated with 1.7i1g of PC2 (equivalent to
an activity against pERTKR-AMC of 0.049#mol of MCA/
h: for assay and purification details, see 88j in 50 mM
sodium acetate, pH 5.0, 2.0 mM Ca{.1% octyl glucoside
at 37°C, in a total volume of 12@L. At the indicated times,
10 uL aliquots were removed, and the reaction was stopped ‘ * ‘ ‘
by reducing the pH to 2.0 with 90L of 0.1% TFA. The o L, e
aliquots were immediately frozen &80 °C prior to analysis. 0 2 4 6 8 0 2 4 6 8
HPLC was performed on the furin and PC2 digests using TIME (min)
a Thermo Separation Products P400 quaternary PUMPD.Ecure 1: Plots of percent transmission vs time indicating platelet
UV1000 detector, and AS3000 autosampler under the controlaggregation in the presence of the peptides used in this study. (A)
of a PC running PC1000 software. The column was a Vydac 0.4 mM GRGES (negative control); (B) 0.4 mM GRGDS (positive
218TP54 with a Phenomenex C18 SecurityGuard guard control); (C) 0.2 mM LS-2; (D) 0.2 mM LS-2[S]. The first arrow
column. The sample (50L total) was eluted with 100% A indicates the addition of peptide, and the second arrow indicates
. . the addition of ADP.
for 10 min, followed by a gradient of-9100% B over 40
min, where A was 0.1% (v/v) TFA in water and B was 0.1% role in the different integrin binding activitied), and in

TFA in 80% (v/v) ACN. the next section we describe structural changes between the
RESULTS two peptides that can explain th.e. different.functions.
LS-2 and LS-2[S] Hae Significantly Different RGD

The Natbe RGD-Containing Peptide Does Not Inhibit ConformationsBoth LS-2 and LS-2[S] are relatively short
Platelet Aggregation. Lymnaea stagnafisoduces a FLP  linear peptides that have significant flexibility in solution.
precursor protein with two alternatively spliced transcripts, However, NMR can be used to identify highly populated
one that produces tetrapeptides (primarily FMRF N&hd regions of secondary structurg4(, 59, as recently demon-
another that produces heptapeptid&s);(the two transcripts  strated by an analysis of reverse turn conformations in a
are expressed in different sets of neuroB3).( The hep- series of mature neuropeptideéss( 57).
tapeptide-producing precursor protein contains seven RGD  Figure 2 shows the amide to amide and amide to side-
sequences that separate a series of adjacent neuropeptideshain regions of NOESY spectra for LS-2 and LS-2[S].
To test for RGD activity, we synthesized a fragment of the NOESY spectra provide information on interatomic distances
native precursor containing one RGD site separating two and, in conjunction with a TOCSY spectrum, allow for the
duplicate neuropeptides: GDPFLRFGRGDPFLRFNES- determination of sequential resonance assignments. Chemical
2). shifts are sensitive indicators of molecular environment, and

LS-2 had no effect on platelet aggregation at concentra- differences from random-coil value$8 can provide a
tions as high as 0.8 mM (Figure 1). GRGDS is part of the qualitative assessment of peptide structure (Figure 3). Several
native fibronectin sequence and has become a frequently usedeatures of Figure 3 are worth noting. First, LS-2 contains
positive control for inhibition of ADP-induced platelet two adjacent and identical neuropeptides (GDPFLRF) sepa-
aggregation assay43); therefore, we synthesized a variant rated by a processing site. Disregarding the N-terminus, the
of LS-2 with a serine substitution following the RGD two halves of LS-2 have nearly identical patterns of chemical
sequence: GDPFLRFGRGDSPFLRF-NHS-2[S]). LS- shifts that are very similar to those measured in the mature
2[S] inhibited platelet aggregation at concentrations as low peptide, GDPFLRF-NK(56). Second, the N-terminal half
as 0.2 mM (Figure 1), and the positive control GRGDS of LS-2[S] is almost identical to the corresponding region
produced similar inhibition. As negative controls, the mature in LS-2. The C-terminal half that contains the serine insertion
peptides produced by LS-2 and LS-2[S] (GDPFLRF-NH differs somewhat from LS-2, especially thé'ldf F14 in
and GDSPFLRF-NK respectively) (data not shown) and LS-2[S] compared to the Hof F13 in LS-2.
GRGES were assayed and produced no effect on platelet The medium- and long-range NOEs in Figure 2 are
aggregation. summarized in Figure 4. Both peptides have significant

Thus, the native LS-2 sequence has no interaction with numbers of long-range NOEs around the prolines, consistent
GPIIb/llla integrins, but the serine substitution in LS-2[S] with highly populated turns around those regions. The major
produced a molecule that does bind to GPIIb/llla integrins. difference between the NOE patterns of the two peptides is
Clearly, the proline following the RGD site in LS-2 plays a in the region spanning the central RGD site. LS-2 has no

100~ A:GRGES 100L B:GRGDS

100f C:LS-2 100 D:LS-2[S]

TRANSMITTANCE (%)
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FiGure 2: Side chain to amide (top) and amide to amide (bottom) regions of NOESY spectra of LS-2 (A) and LS2-2[S] (B). The sequential
assignments are indicated in the fingerprint region of the top panels, with the amino acid labels referring to positions of the amide protons.

The data were collected at a field strength of 750 MHz (17.6 T) and a temperaturdCoddpH 5.5 with a NOESY mixing time of 250
ms.

long-range NOEs across the RGD residues, but LS-2[S] hasa summary of the changes in chemical shifts of the titrating
several, including twa,i+3 interactions (Figure 4). peaks between high and low pH. The summary was made
In previous studies involving the fully processed peptides by completely assigning each peptide at lov2(3), medium

of LS-2, we showed that pH titrations provided detailed (~4.0), and high{5.5) values of pH (data not shown). Like
information about specific interactions involving titrating the chemical shifts at high pH (Figure 3), the N- and
groups, and thus helped to better define the type of turn C-terminal halves of LS-2 and the N-terminal half of LS-
present in solution5p). Figure 5 shows the amide regions 2[S] are nearly identical in their pH dependence. Most
of 1D 'H pH titrations of LS-2 and LS-2[S], and Figure 6 is prominent is the large downfield shift of the amide protons
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A:LS-2 and used as extra restraining potential functions in molecular
0.6 dynamics simulations. The dynamics simulations were done
for about 200 ps at a temperature of 300 K anchveit7 A
0.4 layer of water solvating the peptides. Families of 30
structures spaced evenly over the dynamics trajectory for
0.2 both LS-2 and LS-2[S] were energy minimized in the
presence of water and superimposed, as shown in Figure 7.
0 In the left panels (A and C) of Figure 7, the N-terminal
02 heavy atoms from residues G1 through G8 for both peptides
are superimposed, and in the right panels (B and D) of Figure
-0.4 7, the C-terminal heavy atoms from residues P12 through
Gl D2 P3 F4 L5 R6 F7 G8 RY9 GI0 D11 P12 F13 L14 RI5 Fl4 F16 for LS_Z and from 812 through F17 for LS_Z[S] are
0.6 superimposed. The superpositions show that each neuropep-

tide, corresponding to the two halves of each molecule, is
B: LS-2[S] relatively well-structured. The overall structure of each half
0.6 is consistent with a type | reverse turn, as described in
previous studies on the fully processed peptide® 67).
However, the two halves of both LS-2 and LS-2[S] are
disordered with respect to each other, as shown by the
complete lack of overlap in the half that was not used to
define each superposition.

The major structural difference between LS-2 and LS-2[S]
is the orientation of the Asp in the RGD. These differences
are a result of and consistent with the different NOE and
pH constraints used in the molecular dynamics simulations.

0,6 [G1 D2 P3 F4 LS RS F7 G§ R9 GIODIISI2 PI3Fl4 LIS RIGT1] Figure 8 shows the central region of single energy minimized
Ficure 3: Deviations from random-coil value§&) of HN (solid) Structu_res. from LS-Z and LS'Z[S,]' In LS-2, _the Asp ,Of the
and H: (hatched) chemical shifts. Vertical axes are in ppm, and RGD is interacting strongly with C-terminal residues,
horizontal axes represent the amino acid sequence of LS-2 (A) andespecially the amide proton of the Phe following P12. In
LS-2[S] (B). The data were collected at 750 MHz, pH 5.5, and 4 | S-2[S], the Asp of the RGD is interacting strongly with
C. N-terminal residues, especially G8. The different interactions

IS2GDPFLRFGRGD PFLRFNH, of the Asp of the RGD site lead to large differences in the
overall conformation of the RGD. In LS-2, the RGD is
extended, but in LS-2[S] the RGD forms a reverse turn
because of the interactions of the Asp side chain with
daffNGii+2) E— residues preceding the RGD. These differences in conforma-
dafBNG.i+3) tion correlate well with differences in integrin binding

described above: the extended RGD in LS-2 is unable to

o BFGDPFLRFGRGDSPFLRTNG inhibit ADP-induced platelet aggregation, but the reverse turn
RGD in LS-2[S] is a potent inhibitor.

Ad (ppm)

0.4

0.2

daN —

dNN 1

dNN | L I

4N - : LS-2 and LS-2[S] Are Selectly Processed by Furin and
de/fNGi+2) _— —_— PC2. The processing enzyme(s) for the stagnalishep-
NG tapeptide precursor protein has (have) not yet been identified,

but based on their widespread neuronal distribution and
dafBi,it4) —_— presence irh. stagnalis possible candidate enzymes include
FiIGURE 4: Summary of the NOEs from NMR data: Short, PC2 69) and furin 60, 61). Therefore, we decided to test
medium-, and long-range NOE cross-peaks are for LS-2 (top) and hoth |.S-2 and LS-2[S] as substrates for these enzymes.
LS-2[S] (bottom). The heights of the bars indicate the magnitude Given that LS-2 is only a small portion of the full-length
of the interaction. precursor, our aim in these experiments was to qualitatively
of F4 and F13. As with the mature processed peptide, answer the following questions. First, do the enzymes
GDPFLRF-NH, the shift in the Phe (F) following the Pro  selectively produce the expected products? Second, are there
(P) represents a high population of hydrogen bonded speciesany major differences in processing between LS-2 and LS-
of the Asp (D) side chain with the amide of Phe (Bp) 2[S] for a given enzyme?
The insertion of Ser (S) between the Asp (D) and Pro (P) in  Figure 9 shows results of the in vitro processing of LS-2
LS-2[S] eliminates the pH effect on F14, but in LS-2[S] the (left) and LS-2[S] (right) using PC2 (top) or furin (bottom).
amide proton of G8 is significantly shifted with pH. We  Substrates were incubated with each enzyme for various
interpret this shift as arising from interactions between the lengths of time, and the resulting products were then
side chain of D11 and the amide proton of G8, and this separated by HPLC and identified by mass spectrometry.
interpretation is consistent with the patterns of NOEs shown Both substrate sequences contain, in addition to the predicted
in Figure 4. monobasic processing site, two additional Arg residues that
Distances from the NOE data and pH titrations (Table 2) form the C-terminus of the mature peptides. In fact FLPs
were estimated as described under Materials and Methodsare often defined as peptides containing a C-terminal RF-
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FicUrRE 5: Amide regions of 1D pH titrations for LS-2 (A) and LS-2[S] (B). Series of HDNMR spectra are drawn from the lowest to
the highest pH (bottom to top), with some pH values indicated. All data were collected at 600 MHz°&nd 4

A:LS-2 Table 2: NMR-Based Restraints Used in Molecular Dynamics
0.35 Simulations
LS-2 LS-2[S]
0.25 residue distance (A) residue distance (A)
0.15 D2BL5 HN 3.4,4.1 D2aF4 H 3.4
: D2BL56 31,3.1  DBL5S 3.4,3.4
P35 HN 3.4 D2BF4 HN 3.53.9
0.05 P3R6 HY 3335 PaR6H' 3.8
P35L55 3638  P3L5HN 4.0
F4aR6 HY 3.6 F&R6 HY 35
-0.05 L56G8 HY 3536  L®F7H 3.3
Gl D2 P3 F4 L5 R6 F7 G8 R9 G10 D11 P12 FI3 L14 R15 FI6 REBGE HY 34 R&xG8 H' 35
—~ -0.15 F7pR9 HN 32,38 FBGIOH 3.8
g D11aF13 HY 3.1 G&G10 HY 35
S B.Ls2s] D115F13 HY 32,33  Gl@Li15d 3.53.8
S 035 D11lal14 HN 2630 DIBROHN 3.6
. D115L14 HV 32,39 D1BG8H 3.53.6
D115L148 3.0,34  D1BL15O 3.5,3.8
0.25 D115L146 3334  S1aF14 H 3.4
P12ul14 HN 3.1 S1BF14 HN 3.4,3.6
0.15 P120R15 HY 3738  SiaLi5HN 3.8
P128L148 39,41  S1ALI5HN 3.43.8
F130R15 HY 33 S1BL158 3.53.7
0.05 L140D11HN 3.54.2 S1BL156 3.6,3.9
D2-COOF4 HY 2.0 P13L15 HY 3.4
-0.05 D11-COOF13H' 2.0 P13L15 HY 3.9
F140R16 HY 3.6
0.15 Gl D2 P3 F4 L5 R6 F7 G8 R9GI0 DI S12 P13 F14 L15 R16 F17 D2-COO F4 HY 2.0
. D11-COOG8 H' 2.2

FiIGURE 6: Summary of changes inN(solid) andH® (hatched)
chemical shifts with change in pH. Vertical axes are in ppm, and . ] )
horizontal axes represent the amino acid sequence of LS-2 (A) andcleaving both substrates slightly more slowly than PC2 in

LS-2[S] (B). Histograms represent differences between high- and these assays. A quantitative determination of specific rates
low-pH NMR chemical shifts. of processing of each site is beyond the scope of this study.

NH, sequence §2). In the unprocessed FLP precursor DISCUSSION
protein, therefore, all peptides contain the consensus sequence
“RFG(R/K)". Because of their ability to bind to integrins, RGD peptides
PC2 is known for its ability to cleave both dibasic and have been the subject of intense academic and commercial
monobasic sites6@), and furin has a consensus processing investigation for several years. Recent research has shown
site of RXXR ©4). Figure 9 demonstrates that both LS-2 that RGD peptides are also involved in protein sorting in
and LS-2[S] are properly cleaved at the central Arg process-the secretory pathway, but the molecular mechanism of the
ing site by both PC2 and furin. Despite the presence of extra sorting remains unknowrb). The observation that several
Arg residues that, in theory, might be cleaved by PC2, both neuropeptide precursor proteins contain RGD sequences at
PC2 and furin produced only the expected products. Both their proteolytic processing sites suggests the possibility that
enzymes appear to cleave with similar rates, with furin precursor processing and sorting could be coupled. Our
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LS-2

LS-2[S]

Ficure 7: Families of structures from molecular dynamics simulations. Structures from 30 equally spaced time points in the molecular
dynamics trajectory were energy minimized and superimposed as follows: In panels A and C, the heavy atoms of G1 through G8 were
superimposed for both LS-2 (top) and LS-2[S] (bottom). In panels B and D, the heavy atoms-efF F8LAS-2, top) or S12F17 (LS-

2[S], bottom) were superimposed. The first neuropeptide (GDPFLRF) is colored green, the RGD sequences are in blue, and the second
neuropeptide is shown in purple. The carboxylate groups of the Asp in the RGD sequences are shown as balls and are in red. The Ser of
LS-2[S] is light blue. All calculations were done in the presenta @ A layer of water which was removed in the figure for clarity.

results show that LS-2, a fragment of a longer precursor linkage is flexible or disordered (Figure 7). In contrast,
protein, does not bind to GPIIb/llla integrins. However, we insertion of a Ser between the Asp and Pro in LS-2[S]
cannot rule out the possibility that LS-2 could interact with  (GDPFLRFGRGDSPFLRF-N§) blocks the ability for the
other types of integrins. Asp side chain to interact in a reverse turn across Pro. In
The structural differences between LS-2 and LS-2[S] LS-2[S], the Asp (D) of the RGD sequence interacts with
provide a mechanism for the lack of GPIllIb/llla integrin the previous amino acids as far back as G8 to help stabilize
binding activity of RGDP sequences. An earlier study a reverse turn around the RGD site (Figure 8). The activity
showed that insertion of Pro (P) after RGD eliminated of RGD sequences is enhanced by a more fully populated
inhibition of cell adhesion k), and we can explain this  reverse turn around the RGD sit24( 25. A Pro residue
phenomenon by the following observations. The LS-2 following an RGD sequence creates the perfect geometry
sequence, GDPFLRFGRGDPFLRF-MHs essentially a  for the Asp to H-bond across the Pro into a type | reverse
duplicate of two GDPFLRFG sequences separated by R. Weturn and thugpreventsthe Asp from interacting with previous
have shown in previous studies that the peptide GDPFLRF-residues to define a turn around the RGD sequence.
NH, forms a type | reverse turn involving residues DPFL  In addition to demonstrating that the neuropeptide GDP-
(56, 57. The NMR spectra of LS-2 and GDPFLRF-MNEre FLRF-NH; has a high percentage of type | reverse turn, our
very similar, including the large pH dependence of the Phe previous work also found that in a series of related similar
(F) residues in the DPFL sequence (Figure 5 ands@f neuropeptides, the population of reverse turn was strongly
The large pH effects demonstrate quite clearly that in the anti-correlated to receptor binding affiniti€sgj. The overall
DPFL sequence, the Asp (D) side chain is hydrogen bonding conformations of the LS-2 and LS-2[S] peptides are similar
to the amide proton of Phe (F). This pH effect is duplicated in the regions containing the mature peptides, which appear
for both halves of LS-2. Thus, the structure of LS-2 is to adopt type | reverse turns around the DPFL and SPFL
identical to two linked GDPFLRF-NH halves, and the  sequences. These conformations are similar to those found
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A:LS2 A:LS-2 B: LS-2[S]
C-terminus
p——{—— O RFGRGDSPE RPN
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B: LS2-|5] __ 100
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inus  Arg9 I
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C-terminus Ficure 9: Processing experiments of LS-2 (A: left panels) and
LS-2[S] (B: right panels) with PC2 (top panels) and furin (bottom
Pro 13 panels). The digests are presented as normalized to the starting

absorbance of the full-length precursor. The products were analyzed
by MALDI-TOF mass spectrometry. The cleavage site and products
of the incubations are indicated above.

reverse turn structures around the RGD sequence, respec-
FIGURE 8: Schematic representation of differences in structure tively. However, given these conformational differences, we
between LS-2 (top) and LS-2[S] (bottom). The two structures are see very little difference in processing by PC2 or furin.

representative minimized structures from the superposition in Figure Perhaps the structural requirements for monobasic processing
7. The Asp carboxylate groups are colored in red, and their nearest

H-bonded neighbors are shown in blue. The Asp in the LS-2 peptide sites are less important than flexibility in the region (Figure
interacts with groups C-terminal to the RGD sequence, leaving the 7).
RGD sequence disordered or flexible. In contrast, the Asp in the  The native processing enzyme of thestagnalisFMRF-

LS-2[S] peptide interacts with residues N-terminal to the RGD gmjde-like protein (FLP) from which LS-2 is derived has
rseegigﬁnce, and this interaction stabilizes a turn around the RGDnot been identified, but based on the general neuronal
' distribution of convertases (reviewed28, 3Q and32) and

in the fully processed neuropeptidés( 57. LS-2 and LS- knownL. stagnalissnzymes, PC2 and furin are good in vivo
2[S] have significant differences around the central RGD candidates. Previous studies have shown that PC2 or LPC2
region, which is also the site of proteolytic processing. Our (59), furin or Lfurin2 (60), and Lfurin 1/Lfurin 1-X ©1) are
results provide convincing evidence that the native RGDP present inLymnaea FLPs have been identified with both
sequence of LS-2 does not interact with platelet GPIIb/Illa mono- and dibasic sites between multiple neuropeptides.
integrin receptors. LS-2 is representative of all of the RGD Examples of the former are flp-1A and flp-1B frof.
sequences on the full-length. stagnalis heptapeptide  elegang67), precursors fronD. melanogaste(68), and the
precursor, so we consider it unlikely that the precursor L. stagnalisprecursor from which LS-2 is derived. Examples
interacts with GPIIb/llla integrins in vivo. However, there of the latter are flp-1A and flp-1B fron€. elegang67) or
are many other types of integrin receptors that participate in afp-1 from A. suum(37). Common to all FLP precursor
a wide variety of biological functions2( 65. Our results proteins is another Arg residue positioned four amino acids
do not rule out the possibility that the RGD sequences of N-terminal to the processing site (e.g., RFG[K/R]), and a
theL. stagnalisprecursor interact with another integrin. The significant outstanding question in FLP processing has been
alternatively splicedL. stagnalis tetrapeptide precursor how the upstream Arg escapes proteolysis. This question is
protein ©6) also contains an RGDE sequence, and we especially intriguing in monobasic FLP precursors such as
suggest that structurally this region might behave more like LS-2 that contain, for each neuropeptide, two closely spaced
the RGDS in LS-2[S] and thus might be capable of binding single Arg residues, only one of which is processed. Our
to GPIIb/llla integrins. results with furin suggest that the specificity of FLP
Much of the previous work on structural requirements for processing might include both Arg residues and that it is
prohormone processing was based on dibasic processingncorrect to consider FLP precursors as strictly “monobasic”
sites, and these studies suggest that reverse turns are requireat “dibasic”.
at the site of processin®$—42). Both LS-2 and LS-2[S] PC2 cleaves the LS-2 and LS-2[S] substrates at the central
possess monobasic processing sites which form part of theArg of the RGD sequence but not at the first Arg of the
RGD sequence, and are processed correctly by PC2 and furinRFGR sequence. This is the same specificity generally
As noted before, LS-2 and LS-2[S] have extended and predicted-and observed in this stueifor furin. Many FLP
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precursors, including the full-length stagnalisheptapeptide

precursor, contain a single tetrabasic site that is thought to
be cleaved by furin. These unique furin sites have perhaps 18.
diverted attention from the fact that all FLP processing sites

are consensus furin sites (RXXR). In the caseAplysia

pro egg-laying hormone (ELH), the first cleavage is by furin
and occurs at the RRKR tetrabasic site, and subsequent 20.

cleavages are at dibasic sites by PC1 enzy®@s70. The

furin and PC2 processing results (Figure 9) for both LS-2 2L
and LS-2[S] produce the expected neuropeptide products, 55
i.e., those observed in vivo. Thus, our results clearly
demonstrate that, in addition to PC2, furin or a furin-like
protein needs to be considered as a candidate for any FLP 23.

protease.

In conclusion, we have demonstrated significant structural
differences between two RGD peptides that differ by
insertion of a single serine following the RGD sequence;
these structural changes appear to explain differences in
integrin binding. In contrast, these structural changes appear
to have little effect on processing. The RGDP sequences in
theL. stagnalisheptapeptide precursor protein do not interact
with GPlIb/llla integrins, but we cannot rule out interactions
with other integrins. We also demonstrated that LS-2 and
LS-2[S] are both processed properly by PC2 and furin. Thus,
we suggest that both enzymes are possible candidates for 28-

FMRF-amide-like peptide processing.
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