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ABSTRACT: Nonamidated gastrins such as progastrin and glycine-extended gastrin17 (Ggly) induce cell
proliferation and migration in vitro and colonic mucosal proliferation in vivo. Our earlier NMR study
defined the structure of Ggly and showed that ferric ions are essential to its biological activity, with the
first binding to Glu7 and the second to Glu8 and Glu9 (Pannequin, J. et al. (A0&2)|. Chem. 277
48602-48609). The aims of this study were to define the minimum biologically active fragment of Ggly
and to determine whether ferric ions were also required for its activity. Cell-proliferation studies with
Ggly fragments containing the five glutamate residues showed that the nonapeptd¥ G, Ethe
octapeptide LEAY, and the heptapeptides;&Y and LEsA were fully active and that their activity was
dependent on the presence of ferric ions. The activity of the hexapeptigesmtdsA and the pentapeptide

Es was reduced and independent of the presence of iron. The stoichiometry of ferric ion binding\%3,E
LEsAY, and BAY, determined by absorption spectroscopy, was 2 mol/mol. NMR spectroscopy showed
that the nonapeptide LBYG and shorter fragments had no defined structure and that the iron-binding
sites differed from those in Ggly. We conclude that, in contrast to amidated gastrins where the C-terminal
tetrapeptide is the minimum bioactive fragment, the shortest fully active fragments of Ggly are the
heptapeptides L&A and BAY. These observations indicate that extensive proteolytic processing may
not completely inactivate Ggly and that bioactive forms that are not detected by current radioimmunoassays
may be present in tissues and/or plasma.
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The 80-residue prohormone progastrin is produced by G 1
ZGPW LEEEEEAYGWMDFGon

cells located within the gastric antrum and is processed to GelY

shorter peptides, such as the 18-residue peptide glycine-ggy.11 ZGPW LEEEEE A on
extended gastrin (Gglyjand amidated gastrinl7 (Gamide)
(Figure 1) @). Until recently, amidation of the carboxy Ggly5-18 LEEEEEAYGWMDFGoH

terminus of gastrin was thought to be essential for biological

L Gglys-13 LEEEEEAY Gon
activity (2). However, we and others have reported that Ggly

and progastrin are able to induce proliferation and migration Gglys-12 LEEEEEAYoH
of various cell lines in vitro §—7) and proliferation of the  ggjys.11 LEEEEE A on
colonic mucosa in vivo §10). In addition, Ggly acts
Ggly5-10 LEEEEEoH
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Heiathne University of Melbourne Department of Surgery, Austin  gynergistically with Gamide in the stimulation and mainte-
5 The University of Melbourne Department of Pathology. nance, of elevated gastric acid prquCtiqﬂ'(lz_)' .
I The Walter and Eliza Hall Institute of Medical Research. A mixture of shorter forms of Gamide, including amidated
1Abbreviations:’ CTFP, _C-termina’I flanking peptide of progastrin; gastrin 2-17, 4-17, 6-17, and 13-17, has been found in
DMEM, Dulbecco’s modified Eagle’s medium; FBS, fetal bovine tne antrum and circulation18, 14). The occurrence of
serum, Gamide, amidated gastrin17; Ggly, glycine-extended gastrin17; . ; .
EDs,, concentration required for 50% stimulatiok;, dissociation C-terminal fragments of nonamidated gastrins shorter than

constant; NMR, nuclear magnetic resonance. Ggly has not been investigated, but N-terminal fragments,

10.1021/bi0495984 CCC: $27.50 © 2004 American Chemical Society
Published on Web 08/27/2004



11854 Biochemistry, Vol. 43, No. 37, 2004

particularly gastrint-10, are also presert4). The formation
of the gastrin heptapeptideAY and similar fragments may

He et al.

chelator desferrioxamine (DFO) in the assays. The stoichi-
ometry of ferric ion binding to the Ggly fragments was

be inferred from different combinations of the cleavages that determined by absorption spectroscopy, and the residues
generated the above fragments. However, because of a lacknvolved in binding and the affinity of binding were defined

of suitable antisera, processed gastrins lacking both the Nby nuclear magnetic resonance (NMR) spectroscopy.

and C terminus of Gamide have not been detected to date.

The formation of gastrin fragments shorter than 17 residues MATERIALS AND METHODS

may also be inferred from the observation that in human
antrum the concentration of the C-terminal flanking peptide
of progastrin (CTFP) is about 40% higher than the sum of
the concentrations of Gamide and Ggl§5(. Because

cleavage of the CTFP from progastrin initially leads to an
equivalent amount of Ggly, which may then be converted

to Gamide, the greater amount of CTFP provides additional

evidence for the generation of fragments of Ggly and/or

Gamide. In human gastrinomas, the ratio of the concentration

of CTFP to the sum of the concentrations of Gamide and
Ggly may be as high as 18-fold.%).

We reported recently that Ggly specifically bound two
trivalent ferric ions 16). The ferric ion ligands were clearly
identified as Glu7#GIlu9 by NMR spectroscopy. Thus,
addition of the first ferric ion broadened beyond detection

the resonances from Glu7, and addition of the second ferric
ion broadened beyond detection the resonances from Glu8

and GIu9 (7). The identification was confirmed by exami-
nation of mutant peptides in which one or more of the
glutamates were replaced by Ala. Mutation of Glu7 or of
Glu8 and Glu9, resulted in a reduction in the stoichiometry
of ferric ion binding from two to one, as measured by
fluorescence spectroscop$7j. Mutation of Glu6é had no
effect on the stoichiometry of ferric ion binding.

Binding of ferric ions was essential for the biological
activity of Ggly (17). Replacement of Glu7 by Ala com-
pletely abolished the activity of Ggly in both cell-proliferation
and migration assay4.7), while replacement of Glu6é was
without effect. The absolute requirement for ferric ions was
confirmed by the observation that the chelating agent
desferrioxamine also completely inhibited Ggly activity).

In contrast, studies with the corresponding Glu7Ala mutant

of Gamide demonstrated that ferric ions were not essentia

for binding of Gamide to the CCK-2 receptor or for the
biological activity of Gamide 18). The importance of ferric
ions for the biological activity of Ggly was further demon-
strated by our observation that trivalent bismuth ions
competed with ferric ions and hence selectively inhibited
Ggly activity but had little effect on the actions of Gamide
(29).

Previous structurefunction studies with Ala-substituted
Ggly mutants indicated that some of the five consecutive
glutamates (Figure 1) were essential for biological activity
of Ggly (17). The observation that Ggly5L8 was fully active
but that Gglyt11 possessed only partial activity further

Chemicals and Cell Linessgly (Gglyl—18, ZGPWLE-
AYGWMDFG) and Ggly fragments (Figure 1) were pur-
chased from Auspep (Melbourne, Australia). The identity
of all peptides was confirmed by mass spectral analysis. The
purities of the peptides, as assessed by HPLC, were Ggly,
92%; LEBAYG, 96%; LEAY, 98%; EAY, 97%; LESA,
96%:; LEs, 97%; BA, 95%; and k, 98%. The impurities
consisted of water and salts.

The IMGE-5 cell line was established from the gastric
mucosa of mice transgenic for a temperature-sensitive mutant
of the SV40 large T antigen as described previougl).(
IMGE-5 cells were generally grown at 3% in Dulbecco’s
modified Eagle’s medium (DMEM) containing 1 unit/mL
y-interferon, 10% fetal bovine serum (FBS), 100 units/mL
penicillin, and 10Qug/mL streptomycin (permissive condi-
tions). For all experiments, cells were transferred to the same
medium without y-interferon at 39°C (nonpermissive
conditions), at which temperature they display differentiated
characteristics such as expression of functional adherens and
tight junctions. All experiments have been performed on cells
between passages 20 and 30.

Proliferation AssayCell proliferation was assayed Bi-
thymidine incorporation. IMGE-5 cells were seeded in a 96-
well plate at a density of (35) x 10° cells/well in DMEM
containing 10% FBS and cultured at 33. On the following
day, the cells were serum-starved at €3 for 24 h. The
cells were then treated with full-length or truncated Ggly at
the concentrations indicated in the textl uM DFO in
DMEM containing 1% FBS and 1QCi/mL [methyl-*H]-
thymidine. The cells were cultured at 3€ for 24 h and
then harvested using a NUNC cell harvester. The amount of

|3H-thymidine incorporated through DNA synthesis was

detected with & counter (Packard, Meriden, CT).

The effective dose required for 50% stimulation, 5D
and the maximum percent stimulatiéh were then obtained,
using SigmaPlot (Jandel Scientific, San Rafael, CA), by
nonlinear regression of the data to the equation

s= 100+ SC(EDy, + C)

whereSis the percent stimulation at a total concentration of
Ggly or Ggly fragmentC.

Migration ExperimentsTo assess the effects of Ggly
fragments on cell migration, wound-healing experiments

suggested that the N-terminal tetrapeptide was not essentialvere performed as detailed elsewhesk (n brief, IMGE-5

but that the C-terminal heptapeptide contributed to activity
(17). To define the minimum biologically active fragment
of Ggly, we have extended our structtifeinction studies

cells were grown in 12-well plates in DMEM at 38 until
they reached 80% confluence and then shifted t6@G@nd
serum starved for 24 h. After the confluent monolayer had

on the molecule to determine the relationship between been wounded with a 20k pipet tip, cells were washed 3

peptide structure, ferric ion binding, and biological activity.
The activity of fragments of Ggly has been measured in

proliferation and wound-healing assays with the nontrans-

formed gastric epithelial cell line IMGE-5. The requirement
for ferric ions for activity was tested by inclusion of the iron

times with phosphate-buffered saline (PBS; 2.7 mM KClI,
1.5 mM KH,POy, 142 mM NaCl, and 10 mM N#&PQ, at

pH 6.9) and treated with or without different compounds in
DMEM. Morphology and migration of cells were observed
and photographed immediately and after treatment for 24 h.
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The wound size was measured at six different positions on
the photographs, and averages were calculated.

NMR Spectroscopyhe peptides LEAYG, LEsA, EsAY,
and EA (approximately 2 mM) were dissolved in,8 with
5 or 10%?H,0. LEsAY was only slightly soluble at 2 mM
but dissolved completely on addition &fle-DMSO (75%
H,0/8% 2H,0/17% ?Hs-DMSO). The pH was adjusted to
5.3 with NaGH/HCI. 'H NMR spectra were recorded at
278 K on Bruker AMX 500, Avance 500, or Avance 600
spectrometers as described previoudly) (and referenced
to 2,2-dimethyl-2-silapentane-5-sulfonate at 0 ppm via the
chemical shift of the KO resonance at 5.00 ppm (4.96 ppm
for the 17%2?Hs-DMSO samples)41). Sequence-specific
IH NMR resonance assignments were made from two-

dimensional nuclear Overhauser enhancement spectroscopy

(NOESY) and total correlation spectroscopy (TOCSY).

Ferric ion titration experiments were carried out by
addition of 20, 50, or 200 mM ferric citrate or 100 mM ferric
chloride to the peptides. The pH was maintained at 5.3 by
addition of small amounts of N&@ or 2HCI. Concentration,
pH, temperature, and use of ferric citrate were in keeping
with the conditions that were employed in earlier Ggly NMR
experiments to prevent precipitation of peptide or ferric
hydroxide (7). The values of the apparent dissociation
constantKy, for the complexes between ferric ions and the
nonapeptide LEAYG or the octapeptide LEAY were
obtained from the change in chemical shift of the Glul10
amide proton on addition of ferric ions using SigmaPlot, by
linear regression of the data to the equation

VA = (KfAdra)(LU[FE™]) + (LA

where Ad is the change in chemical shiff\dmax is the
maximum change in chemical shift, and §Fgis the
concentration of added ferric ions.

Absorption Spectroscopfbsorption spectra of peptides
(100 uM in 5% DMSO/95% 10 mM sodium acetate
(pH 4.0) containing 100 mM NaCl and 0.005% Tween 20)
in the presence of increasing concentrations of ferric ions
were measured against a buffer blank, in 1-mL quartz
cuvettes thermostated at 26, with a Cary 5 spectropho-
tometer (Varian, Mulgrave, Australia).

Statistics.Results are expressed as the mearstandard
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Ficure 2: Activity of LEsAYG. The effect of Gglyt-18 (white
bars) or the nonapeptide E&YG (gray bars, Ggly5-13, 100 nM,
Auspep) on proliferation (A) or migration (B) of IMGE cells was
measured as described in the Materials and Methods in thymidine
uptake (A) or wound-healing (B) assays, in the absence or presence
of the iron chelator DFO (hatched bars). Wound size was measured
at time zero and after 24-h treatment. Data are the m¢a8EM

of two independent experiments, each in triplicate. Statistical
significance relative to the control (f < 0.05; **, p < 0.01) or

to the peptide-stimulated sample @< 0.05; ##,p < 0.01) was
assessed by one-way analysis of variance, followed by Bonferroni's
t test.

on the nonapeptide Ggly5l3 (LEsAYG) (Figure 1) and the
ability of such fragments to bind ferric ions. As pointed out
in our earlier study of Ggly 16), investigation of the
complexes between gastrin-derived peptides and ferric ions

error of the mean (SEM). Data were analyzed by one-way is hampered by concentration-dependent precipitation of the
analysis of variance. If there was a statistically significant peptides at pH values below 5.5 and precipitation of iron
difference in the data set, individual values were compared hydroxides at pH values above 4.0. In this investigation, we
with the appropriate value without DFO by Bonferroni's  jso noted that addition of ferric chloride to the Ggly
test. Differences withp values < 0.05 were considered  fragments at the millimolar concentrations employed in NMR
significant. studies resulted in quantitative precipitation of the peptides
RESULTS from_eolution. We therefore restricte_d our studies to t_he
conditions used previously to allow a direct comparison with
We have previously utilized quenching of tryptophan previous data for Gglyl, 17); the pH values were 5.3 for
fluorescence to show that the 18-residue peptide hormoneNMR experiments, with iron added as ferric citrate, and 4.0
Ggly (Gglyl-18, ZGPWLEAYGWMDFG) bound two for absorption spectroscopy, with iron added as ferric
trivalent ferric ions in aqueous solutiod ). Examination chloride.
of the structure of Ggly byH NMR spectroscopy indicated Activity of the Nonapeptide LAY G. We first compared
that the first ferric ion bound to Glu7 and the second ferric the activity of Ggly and the nonapeptide 4&YG in cell-
ion to Glu8 and GIlu9 17). The importance of ferric ion  proliferation and migration assays. The nonapeptide signifi-
binding for biological activity was demonstrated by inclusion cantly stimulated proliferation of the nontransformed gastric
of the chelating agent DFO in cell-proliferation and migration cell line IMGE, as assessed by incorporation ®f]fhymi-
assays 17). Similar techniques have now been used to dine, and the stimulation was completely blocked by inclu-
investigate the biological activity of Ggly fragments based sion of the chelating agent DFO (Figure 2A). In wound-
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° 150 7/ Table 1: Affinity and Potency of Ggly and Ggly Fragments as
-OE A R . Stimulants of Cell Proliferation

g 140 * EDss, SEM repli- S repli-  signifi-
2 130 peptide (nM) (nM) cates (%) SEM cates cance
o

‘c’ Ggly 0.8 0.4 5 373 24 5 NS
O 120 LEsSAYG 1.0 0.4 5 458 25 5

= LEsA 2.4 11 5 347 26 5 NS

o 110 LEs 0.9 0.7 5 299 35 5 0.003
:g EsAY 11 0.7 5 36.1 34 5 NS
o 100 EsA 0.5 0.4 5 29.1 3.1 5 0.002
o 0@, , Es 14 1.0 5 225 25 5 <0.001

1 10 agffects of increasing concentrations of Ggiyl8 or of Ggly

fragments on the proliferation of IMGE cells were measured in
thymidine uptake assays as described in the Materials and Methods.
The data from five independent experiments (Figure 3) were fitted to
the equatiors = 100+ SC(EDs + C) with Sigmaplot as described in

the Materials and Methods, to obtain the indicated values (and SEM)
for EDsp and the maximum percent stimulati®indicated above. The

150 -

©
=
S
o 140 significance of the differences in tif&values from the value for the
X 130 nonapeptide LEAYG was assessed by one way analysis of variance,
~ followed by Bonferroni'st test. There was no significant difference in
S 120 the EDy values.
®
= 110 250
£ 5
3 100 —w-E5 = *k
& 0@ . ‘ : A g 200 - o N
1 10 100 1000 e . * *
[Peptide] (nM) § [REd:
- ##
Ficure 3: Potency of Ggly fragments depends on the chain length. ® o "
The effects of increasing concentrations of GgiyB (@) or of -_g : 100 -
the indicated fragments of the nonapeptidesA¥G (A) or the E <
heptapeptide £AY (B) on proliferation of IMGE cells were >
measured in thymidine uptake assays as described in the Materials iE 50 -
and Methods. Points represent the means of five independent =
experiments, each in duplicate. Lines of best fit to the equation 0
s = 100 + SC(EDso + C) were generated with Sigmaplot as N
described in the Materials and Methods. SEM bars are only shown oo“ v:\(’ Qf-’v' (.,Y.'\ \39 Qf:v' &
on the maximum and minimum data sets for clarity. The best fit &Y <

%
Ficure 4: Dependence of activity on ferric ions. The effect of Ggly
fragments (100 nM) on proliferation of IMGE cells was measured

; ; v thymidine uptake assays as described in the Materials and
healing as;ays_, the n_onapeptld_e appearec_i to be more eﬁeCtN%)lethods, in the absence (black bars) or presence (gray bars) of the
than Ggly in stimulating cell migration (Figure 2B). Again,

X . ! ’ . iron chelator DFO. Data are the meatisSEM of at least three
the stimulation of migration by the nonapeptide sA¥ G independent experiments, each in duplicate. Statistical significance
was reversed by inclusion of DFO in the medium.

relative to thedurtljstimulated contrcl)l (b < 0.05; %, p < I(l).Ol)d )

Actity of Shorter Galy Fragmeniste then nvestigated 525, 255€55ed by one vy, anays of vatance folued by
the activity of shorter fragments of Ggly in cell-proliferation  rejative to the corresponding treatment without DFO (##, 0.01)
assays. All fragments stimulated proliferation of IMGE cells was determined by atest. While the activity of Ggly fragments
in a dose-dependent manner (Figure 3), but curve fitting of of seven residues or more was inhibited by DFO, the activity of
the experimental data indicated that the maximum stimulation SPOTter fragments was not dependent on ferric ions.
achieved at saturating concentrations of the hexapeptides LE
and EA and the pentapeptidesBvas significantly less than  significantly blocked by DFO in*H]thymidine incorporation
that achieved with the nonapeptide 48YG (Table 1). In  assays (Figure 4). The activity of the heptapeptideA.E
contrast, no significant difference was observed between theappeared to be lower in the presence of DFO, although the
maximum stimulation achieved at saturating concentrations reduction did not reach significance € 0.059). However,
of the heptapeptides IsB and BAY and the nonapeptide  no significant reduction of the activity of the hexapeptides
LEsAYG. The fact that there was no significant difference LEs or EsA or the pentapeptide sEwas observed in the
between the ER values observed for any of the peptides presence of DFO (Figure 4).

(Table 1) suggested that all peptides bound to the Ggly peptide Structuresie next investigated the structure of
receptor with similar affinities to the nonapeptidedA¥ G. the nonapeptide LAYG and shorter Ggly fragments in
Dependence of Aclity on Ferric lons. To determine aqueous solution by NMR spectroscopiy.chemical shifts

values for ERp and the maximum percent stimulati@used to
construct the lines are presented in Table 1.

whether the biological activity of Ggly fragments required
ferric ions, we next investigated the effect of DFO on cell
proliferation induced by the Ggly fragments. The activities
of the nonapeptide LAY G and the heptapeptide;&Y were

and NH-C*H coupling constants determined from 1D,
TOCSY and NOESY spectra of the nonapeptideAEG

in 95% H0/5% 2H,0 at pH 5.3 and 278 K are given in
Supplementary Table S1 of the Supporting Information. In



Gastrin Fragments Biochemistry, Vol. 43, No. 37, 200411857

contrast to the well-defined structure observed for Ggly in A
solution, the nonapeptide LEYG appeared to be unstruc-
tured. That is, nuclear Overhauser enhancements were only
observed between resonances from the same or neighboring
residues; NH and @4 chemical shifts (with the exception MM A\ 1Fe
of the C-terminal NH resonance) did not differ from random
coil values 22) by more than 0.3 ppm; and NHC*H <« E9,10
coupling constants ranged from 6 to 8 Hz. These features
are consistent with conformational averaging of the peptide 0Fe
backbone. The loss of structure on deletion of residues 14
18 of Ggly is in agreement with our previous suggestion , , , .
that the disklike structure of Ggly is stabilized by hydro- 900 880 860 840 820 3800 7.0
phobic interactions involving Trp1l4 and Phell77),

Similar results were obtained with shorter Ggly fragments. W
IH chemical shifts and NHC*H coupling constants deter-
mined from 1D, TOCSY and NOESY spectra of JA&Y,
LEsA, EsAY, and B in 90% H0/10%D,0 at pH 5.3 and 1Fe
278 K are given in Supplementary Tables-&5 of the
Supporting Information, respectively. For the octapeptide E9
LEsAY, it was necessary to adéHe-DMSO to 17% to E10 oFe
dissolve the sample, and some of the differences in the
positions of individual resonances may therefore be the result
of the addition of DMSO. As with the nonapeptided&YG, 9.00 880 860 840 820 800 7.80
the shorter fragments also lack a well-defined structure in
aqueous solution.

Definition of Ferric lon LigandsTo define the ligands C A - A 2Fe
involved in ferric ion binding, we next investigated the effect
of ferric ions on the NMR spectra of the nonapeptide
LEsAYG. Addition of paramagnetic ferric ions as ferric “ “ n N 1Fe
chloride resulted in quantitative precipitation of the nona-

peptide from solution. On addition of ferric citrate (1:1),

changes were observed in the line widths, resolution, and <« E9 <« E10
chemical shifts of the NH resonances of the nonapeptide 0Fe
LEsAYG. In contrast to Ggly, where addition of the first A

ferric ion broadened beyond detection the resonances from . , . . . . .
Glu7 and addition of the second ferric ion broadened beyond 900 880 860 840 820 800 7.0
detection the resonances from Glu8 and GILB,(the largest Ficure 5: Definition of ferric ion ligands. The amide region of

: the one-dimensionalH NMR spectrum of LEAYG (A) at 500
effects were observed for the overlapping NH peaks of the MHz or LESAY (B) or Es (C) at 600 MHz are shown. Peptide

Gl_u9 and Glul0 residues (numbering as for the parent Ggly) concentrations were approximately 2 mM in 95%Q#6% 2H,0
(Figure 5A and Supplementary Table S6 of the Supporting (A), 75% H,0/8% 2H,0/17% 2He-DMSO (B), or 90% HO/10%
Information). The maximum change in chemical shift *H:O (C) at pH 5.3. The N-terminal amino group is not visible
observed was 0.06 ppm at 2 mol of addedFmol of from fast exchange; the remaining resonances are fortuitously in

. the same order as the peptide sequences. Addition of 1 or 2 mol/
peptide for Glu10. At 5 mol of Fe/mol, there was a general mol of ferric citrate to the nonapeptide L&Y G or the octapeptide

degradation in the spectral quality because of the high | g Ay caused a selective downfield shift in the resonances because
concentration of paramagnetic ions in solution, but the peaksof Glu9 and Glu10 (arrows, numbering as for Ggly). The observa-
had returned to within 0.01 ppm of their original chemical- tion that the Glu9 and GIlu10 NH resonances showed the largest
shift values. A downfield shift was likewise seen in the downfield shifts was reproducible with different batches of peptides,

. o . he magni f the ferric-ion-in hi iffer lightl
multiplet conS|st|ng of th_e overIappmgVB resqnances of Bg:vtveeen Z)?pe:tﬁr?\%sn?s.tAZd(ietiog oc; ferr(ijcugﬁgafe tf(gstr?e Se(?\?aspegpt%ge
the Glu6-Glul0 side chains, which has a maximum at 2.32 g did not shift the glutamate resonances. Note that some of the
ppm. When these effects are closer to the site of ferric ion differences in the positions of individual resonances may be the
binding, they are larger than those on the corresponding NH result of the different DMSO concentrations.
resonances, but overlap of the triplets made the effect on
each specific residue more difficult to observe. At 2 mol of by addition of Fé", except for the terminal Gly
Fe*t/mol, two unresolved maxima could be discerned in the resonance, which moved downfield by 0.05 ppm, probably
broadened multiplet, 0.11 and 0.19 ppm downfield from the because of the interaction of the terminal acid group with
maximum observed in the absence of ferric ions. At 5 mol ferric ions. The observation that the Glu9 and Glu10 NH
of Fe¥"/mol, the peak had returned to 2.34 ppm. A TOCSY resonances showed the largest downfield shifts was repro-
spectrum of the peptide with 2 mol of ¥émol confirmed ducible with different batches of peptide, although the
that the Glu9 and GIlul0'®l resonances at 2.31 and 2.28 magnitudes of the ferric-ion-induced shifts differed slightly
ppm, respectively, in the ferric ion-free sample, were most between experiments. Because no ferric-ion-induced changes
affected. The glutamate®8 multiplet moved downfield by  in chemical shift were observed when EDTA was added to
0.02 ppm. Other side-chain chemical shifts were unaffected the nonapeptide before ferric citrate (spectra not shown), we

2Fe
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FiGure 6: Stoichiometry of ferric ion binding. The absorption spe

ctrum of (A) the nonapepti@Y(E or (B) the heptapeptideAY

(100 uM in 5% DMSO0/95% 10 mM sodium acetate (pH 4.0) containing 100 mM NaCl and 0.005% Tween 20) in the abseaod (
presence of ferric ions at a ratio of 1 (- - -) or 2-f mol/mol was measured at 2& in a Cary 5 spectrophotometer as described in the

Materials and Methods. The spectrum was corrected for the change observed when the same concentration of ferric ions was added to 5%
DMSO in the buffer alone. Addition of aliquots of ferric chloride to (C) the nonapeptide or (D) the heptapeptide resulted in a linear
increase in the absorption minimum at 247 nm up to a molar ratio of approximat@y. 2\(similar stoichiometry was observed from

titrations at the absorption maximum of 275 nm)( The mean values for stoichiometry and maximum increase for the three tyrosine-

containing peptides LEAYG, LEsAY, and BAY from three indepen

dent experiments are presented in Table 2.

conclude that all changes were dependent on ferric ion Table 2: Stoichiometry of Ferric lon Binding by Ggly and Ggly

binding to the nonapeptide.

We then investigated the effect of added ferric ions on
the NMR spectra of shorter Ggly fragments. Addition of
ferric ions as ferric citrate to the octapeptides AN again
resulted in a downfield shift in the NH resonances from Glu9
and Glul0, with a maximum change in chemical shift of
0.05 ppm at 2 mol of added Fémol of peptide (Figure 5B
and Supplementary Table S6 of the Supporting Information).
The maximum for the overlapping’8 resonances had again
diverged into two maxima 0.11 and 0.12 ppm downfield,
the latter movement being 0.07 ppm smaller than the
movement for LEAYG. For the heptapeptides & and
EsAY, smaller downfield shifts were observed in the NH

Fragments

peptide  stiochiometry SEM fold increase SEM replicates
Ggly 2.0 0.? 2.1 0.2 3
LESAYG 1.93 0.15 2.0 0.4 3
LEsAY 2.15 0.03 2.9 0.1 3

EsAY 2.58 0.03 35 0.1 3

a Stoichiometry of ferric ion binding to Ggly fragments containing
tyrosine residues and the maximum increase in absorbance on addition
of ferric ions were determined at the absorption maximum of 275 nm
as described in the caption of Figure 6. Values from the indicated
number of independent experiments were combined to obtain the mean
values (-SEM) presented abovéValues taken from rel6.

tion that the affinity of the peptides for ferric ions decreases

resonances from Glu9 and Glul10, with a maximum change with decreasing chain length.

in chemical shift of 0.01 ppm at 2 mol of added*FHenol

of peptide (Supplementary Table S6 of the Supporting
Information). For the pentapeptide,Bo shift was observed

in the NH resonances from either Glu9 or Glu10 (Figure 5C
and Supplementary Table S6 of the Supporting Information).

Stoichiometry of Ferric lon Binding to Ggly Fragments.
The stoichiometry of ferric ion binding to Ggly fragments
containing tyrosine residues was measured by absorbance
spectroscopy 1(6). The ultraviolet absorbance of both the
nonapeptide LEAYG (Figure 6A) and the heptapeptide

Thus, the evidence is clear-cut that, in contrast to Ggly, which EsAY (Figure 6B) increased markedly on addition of ferric

binds ferric ions via Glu#GIlu9 (17), the nonapeptide
LEsAYG and the octapeptide LAY bind ferric ions via
Glu9 and Glul0. The data with the heptapeptidesA_&nd

ions. Titration experiments at either the absorbance minimum
at 247 nm or the absorbance maximum at 275 nm revealed
that for both the nonapeptide k&YG (Figure 6C) and the

EsAY are consistent with the same conclusion, although the heptapeptide Y (Figure 6D) the stoichiometry of binding
binding in this case is weaker. In fact, the decrease in the was approximately 2 mol of ferric ion per mol of peptide

magnitude of the maximum change in chemical shift from
the nonapeptide to the pentapeptide supports the generaliz

(Table 2). Similar results were obtained with the octapeptide
ak EsAY (data not shown). The increase in absorbance at the
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Ficure 7: Affinity of ferric ion binding. The reciprocal of the
change in chemical shiftAd) of the Glu10 NH resonance of the
nonapeptide LEAYG (®) or the octapeptide LAY (M) was
plotted against the reciprocal of the concentration of added ferric
citrate ([F€™]) as described in the Materials and Methods. Lines
of best fit were obtained by linear regression with Sigmaplot, and
values of the apparent dissociation constanfLEsAYG, 7.0 mM,

r2 = 0.995; LEAY, 5.4 mM, r2 = 0.996) were calculated by
dividing the slope by the ordinate intercept.

absorbance maximum at 275 nm—2.6-fold) was similar

Biochemistry, Vol. 43, No. 37, 200411859

WMDFG) were biologically active in stimulating gene
expression in canine gastric parietal ceR8)( The results
presented herein reveal that simultaneous deletion of both
four N-terminal and five C-terminal residues to form the
nonapeptide LEAYG has no effect on maximal activity in
either proliferation or migration assays (Figure 2) or on
potency in proliferation assays (Table 1). These observations
are in sharp contrast to the structufanction profile of
amidated gastrins, in which only the four C-terminal residues
are essential for activity2d).

As a result of multiple post-translational processing steps,
the gastric antrum contains a heterogeneous mixture of large
progastrin-derived peptides and shorter fragments of Gamide
such as amidated gastrin27, 4-17, 6-17, and 13-17 (13,

14). Many of these processing products are also found in
the circulation. Equivalent forms derived from Ggly have
not yet been isolated from the human antrum, although
substantial amounts of gastrin27gly are present in the rat
antrum @5). N-terminal fragments, particularly gastrinl

10, are present in the human antrum in concentrations
equivalent to Gamideld). The presence of gastrirllO is
relevant to the present study because the processing site

to the 2.1-fold increase previously observed at the absorbanceG1u10-Alall follows the pentaglutamate sequence. A com-

maximum at 281 nm on addition of ferric ions to Ggly. The

bination of the Glu10-Alall bond cleavage with the Leu5-

increase in absorbance at the absorbance minimum at 247GIu6é bond cleavage that generated gastih® would

nm (LEsAYG, 7.1 £+ 1.6-fold; LEAY, 12 + 1-fold; and
EsAY, 17 + 2-fold) was much greater than the 3.3-fold

produce the pentapeptide.Similarly, a combination of the
Leu5-Glu6 bond cleavage that generated gastriti6 with

increase previously observed at the absorbance minimum athe Tyr12-Gly13 bond cleavage that generated gastrinl3

250 nm on addition of ferric ions to Ggly.

Affinity of Ferric lon Binding to Ggly FragmentsThe
affinity of Ggly for ferric ions was originally measured by

quenching of the fluorescence of the two tryptophan residues.

(16). The binding data were well-fitted by a model with two
equivalent but independent binding sitelb)( The same

approach could not be used in the present study because th

Ggly fragments lack tryptophan. However, the affinity of
the Ggly fragments for ferric ions could be measured from
the shift in the Glu10 amide resonance on addition of ferric
ions (Figure 7). The apparelt values of 7.0 mM obtained
for the nonapeptide LAYG and 5.4 mM for the octapeptide
LEsAY are considerably weaker than tlig value of 0.6
uM obtained previously for Ggly in fluorescence experi-

17 would produce the heptapeptideA. However, direct
demonstration of the gastrin nonapeptidesAEG and its
smaller fragments in human antrum and serum and measure-
ment of their concentration in the circulation by radio-
immunoassay will be dependent on the development of new
antibodies, because current radioimmunoassays are directed
at either the N or C termini of Gamide and Ggly.

The biological activity of the nonapeptide LEYG is still
absolutely dependent on the presence of ferric ions. As with
Galy (17), activity in both proliferation and migration assays
is completely blocked by inclusion of the chelating agent
DFO in the medium. Absorbance spectroscopy indicated that
the nonapeptide still bound 2 ferric ions (Figure 6), although
the affinity of ferric ions for the nonapeptide (apparent
Kg = 7.0 mM at pH 5.3) as determined from NMR

ments. Furthermore, the reduction observed from the nona-

peptide to the pentapeptide in the magnitude of the maximum €XPeriments (Figure 7) was much lower than the affinity
change in chemical shift on addition of ferric ions is previously calculated for Ggly from fluorescence experiments

consistent with the suggestion that the affinity of peptides [K¢ = 0.64M atpH 4.0 (€)]. At least part of the difference

shorter than the nonapeptide for ferric ions decreases with alS the result of the inclusion of citrate in the NMR

decreasing chain length. However, the reduction in the
maximal chemical shift prevented accurate estimatiokof
values for shorter Ggly fragments.

DISCUSSION

experiments to increase ferric ion solubility at the higher pH.
Attempts to repeat the LFAYG titration with ferric chloride

instead of ferric citrate resulted in the immediate formation
of a precipitate and a quantitative reduction in the intensity
of the signal from the peptide remaining in solution. These
observations suggest that ferric ions bind strongly to the

Previous studies with Ggly fragments revealed that either peptide but that, when citrate is present, the appafers

the N or C terminal could be deleted without complete loss
of biological activity (L7, 23). Thus, the peptide L&
AYGWMDEFG, formed by removal of the four N-terminal
residues of Ggly, was fully active in cell-proliferation or
wound-healing assays, while the activity of the peptide
ZGPWLEA, formed by removal of the seven C-terminal
residues, was reduced by approximately 5a%).(Similarly,
both Ggly1-13 (ZGPWLEAYG) and Ggly6-18 (EAYG-

reduced by competition with the citrate.

The affinities of Ggly and gastrin fragments for ferric ions
were measured at acidic pH values to circumvent problems
with precipitation of iron hydroxideslg). The affinities at
neutral pH are presumably considerably higher but could not
be calculated because precipitation of Ggly and Gamide at
acidic pH values has prevented measurement of e p
values of all of their glutamate residued6f. We are
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therefore unable to calculate the fractional occupancy of the This study has several important implications. The obser-
ferric-ion-binding sites of Ggly and gastrin fragments under vation that fragments as short as the heptapeptidea B&d
physiological conditions. However, the experimental obser- EsAY are fully active indicates that extensive proteolytic
vation that the chelating agent DFO completely blocks the processing may not completely inactivate Ggly and that
activity of Ggly and LEAYG in proliferation and migration bioactive forms that are not detected by current radio-
assays (Figure 2) clearly establishes that ferric ion binding immunoassays may be present in tissues and/or plasma. Our
occurs and is critically important in tissue culture experiments results with the nonapeptide k&Y G and the heptapeptides

at neutral pH. LEsA and BAY confirm the critical role played by ferric

Determination of the affinities of Ggly and the nonapeptide ions in_ the bioIog_icaI activities of Ggly and indicate t.hat iron-
for ferric ions by the same method is not possible at present.S€lective chelating agents may act as antagonists of the
We could not estimate the affinity of the nonapeptide and Proliferative and migratory effects of Ggly and its longer
shorter Ggly fragments by fluorescence spectroscopy as wefragments in vivo. Moreover, the demonstrqtlon that thg N
had previously with Ggly, because the nonapeptide lacks @"d C termini of Ggly can be removed without altering
tryptophan. We also could not determine the apparent affinity biological activity suggests.that. future attempts to design
of ferric ions for Ggly from our previous NMR experiments 91y antagonists could begin with Ggly fragments as short
because the stoichiometric reduction in the Gh&lu9 as the heptapeptides b or EsAY.
resonances on addition of ferric ions made the monitoring
of chemical-shift changes difficult1y). However, the SUPPORTING INFORMATION AVAILABLE
different behavior of the amide proton resonances of Ggly = Chemical shifts and coupling constants for the peptides
and Ggly fragments on addition of ferric ions, with the Glu9 LEsAYG, LEsAY, LEsA, EsAY, LEs, EsA, and B and
and Glul0 resonances of the nonapeptide and octapeptidehemical-shift changes on addition of ferric ions. This
shifting downfield (parts A and B of Figure 5) and the Glu7  material is available free of charge via the Internet at http://
Glu9 resonances of Ggly stoichiometrically reduced, is pubs.acs.org.
consistent with the observed considerable difference in
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