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ABSTRACT:. Dynamic light scattering measurements were carried out on secretin in aqueous solution (2
mM; pH 5.0). The results indicated that the molecule exists as a fairly compact hexamer under these
solution conditions. Secondary structural properties of the secretin hexameric complex were evaluated
using CD and NMR spectroscopy. Specifically, the spectral properties of secretin in water were examined
as a function of peptide concentration. Results from the analyses indicated a 2-fold increa32%) 7

in a-helical content within the region SérArg?! as the peptide concentration was increased from 0.1

to 2 mM. Displacement of theeH proton chemical shifts relative to random coil values did not alter
significantly with increasing peptide concentration. This observation confirmed that the length of the
helical segment is independent of peptide concentration between 0.1 and 2 mM. The nature of the helix
was furthermore determined as amphipathic, and thus the potential for a cooperative intermolecular
association through the apolar helical face of individual monomers was indicated. These findings suggest
that secretin aggregates into symmetric hexamers at millimolar concentrations and, furthermore, that the
helical domain is stabilized through this intermolecular association. The potential for secretin to bind
divalent cations, including Ga and Zr#™, was also examined by GCand NMR spectroscopy. The
results revealed that Znhspecifically coordinates to the Hiand Asg residues of each secretin monomer
without disrupting the peptide’s helical structure, whereas @id not exhibit any interaction with the
peptide hormone. It was concluded from these studies that secretin may be stored in a hexameric form
within its secretory tissues and that zinc may play a role in the storage of secretin through a specific
interaction with the N-terminal histidine and aspartic acid residues.

Secretin is a 27-residue gastrointestinal polypeptide hor-  Glucagon HSQGTFTSDYSKYLDSRRAQDFVQWLMNT-OH
mone which plays a major role in the regulation of pancreatic
exocrine secretionl( 2). It is a member of the glucagon Secretin  HSDGTFTSELSRLRDSARLQRLLQGLV-NH,
superfamily 8) which also includes the vasoactive intestinal FiGure 1: Comparison of the amino acid sequence of glucagon
peptide, gastric inhibitory peptide, and growth hormone with that of porcine secretin. Amino acids common to both peptides
releasing factor. The primary structure of secretin is identical 2€ indicated by boldface type.

to that of glucagon in 14 of the 27 amino acid residue : . . .
- : hormones are essentially disordered in aqueous solution at
positions (Figure 1). . . A
micromolar concentrations but adopt a significant amount

Based on similarities in their primary structures, it is f hinathic helical structure i vent medi
expected that both glucagon and secretin may be character®' @MPNIPathic helical structure in nonagueous solvent media.

ized by similar conformational features in solution. NMR At higher peptide concentrations { mg/mL), glucagon
and CD spectroscopic investigations have been carried outréadily undergoes peptide aggregation in aqueous solution
on the two hormones under a variety of solution conditions @ccompanied by an increasedrhelical contentT). Based

in order to pinpoint regions of conformational order which On results from sedimentation equilibrium experiments, it
might be important for their biological functiond-£6). A has been suggested that this aggregation may be described
general conclusion from these studies is that the two @s @ two-state equilibrium involving dimers and hexamers
(8). The X-ray structure of glucagon crystallized under basic
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Engineering Research Council of Canada (to K.A.C.) and the Medical case, the hormone forms trimers through an intermolecular

?ci/?legr)ch Council of Canada (Grants MT-5655 and MT-10131) (to head-to-tail association involving the Ph&yrl?, and Ty#3
* To whom correspondence should be addressed. residues of one glucagon molecule and theTrpelr®, and

*Present address: ASTRA Research Centre Montreal, 7171 Fred-Phe? residues of a second glucagon molec@e (Further-

erick-Banting, Saint-Laurent, Montreal, Quebec, Canada H4S 1Z9. more. each glucagon molecule in the trimer adopts a helical
Phone: (514) 832-3200, ext 2441. FAX: (514) 832-3232. E-mail: structure encompassing residues26.

katharine.carpenter@arcm.ca.astra.com.
1 Abbreviations: NMR, nuclear magnetic resonance; CD, circular The potential for secretin to self-associate into regular

dichroism; DQF-COSY, double quantum filtered correlated spectros- ; ;
copy; TOCSY, total correlation spectroscopy; NOESY, nuclear Over- higher molecular weight aggregates has not yet been

hauser enhancement spectroscopy; TSP, 3,3,3-trimethylsilylpropionate;@Xplored. Understanding the molecular architecture adopted
ms, millisecond(s). by the hormone at millimolar concentration may provide

10.1021/bi980701x CCC: $15.00 © 1998 American Chemical Society
Published on Web 11/11/1998




16968 Biochemistry, Vol. 37, No. 48, 1998 Carpenter and Schiller

important insight into the molecular form in which the Instrument operating at 2@C. The scattered light intensity
hormone exists within in its storage/secretory tissues. was collected at regular intervals over a period of 12 min,
Insulin, for example, is known to self-associate into hexamers resulting in a total of 16 useful measurements, and the
in the presence of divalent metal ionE0). It is believed accumulated data were fit to a monomodal (single Gaussian)
that this metal-dependent association contributes to peptidedistribution. The translational molecular diffusion coef-
stability within the secretory/storage granules of the pancre- ficient, Stoke’s radius, and molecular weight were calculated
atic islet cells {1). The purpose of the present study was from the autocorrelated scattered light intensity data, using
to determine whether secretin remains monomeric and standard equationd ).

disordered in water over a broad concentration range or NMR Spectroscopy Aqueous samples of secretin em-
readily associates into structurally uniform aggregates atployed for metal binding experiments were prepared by
higher concentrations. The hormone’s ability to bindZn  adding 3.1 mg of peptide to 5@ of 30 mM sodium acetate

or C&* was also examined. buffer (90% HO/10% DO; pH 6.0). Samples of secretin
used for additional NMR experiments contained 0.8, 1.6, 3.1,
MATERIALS AND METHODS or 4.7 mg of peptide dissolved in 5@ of 50 mM sodium

0, 0 .
Porcine secretin (pentachloride form) was a generous gift Snoivgia;%ﬁg:é (t?)ofﬁ\ﬁg gn%nggosto?n ;Irliassgplill
from Dr. J. Knolle (Hoechst AG, Frankfurt am Main, FRG). NMR spectra were récorded on a Bruker DMX-600 é,pec—
Circular Dichroism SpectroscopySamples for CD spec-  trometer at 30°C unless indicated otherwise. Proton
troscopy were prepared by dilugra 2 mMstock solution  chemical shift assignments were made using standard
of secretin in 50 mM sodium phosphate buffer (pH 6.0) with procedures ¥4). Spin systems of individual amino acids
measured aliquots of the. same buffer. The resulting four \yere first identified from DQF-COSYI16) and TOCSY 16)
samples had concentrations of 0.1, 0.5, 1, and 2 MM, gata sets. Completion of the sequential assignment then
respectively, and a pH of 5.0. CD spectra were recorded proceeded through analysis of a 2D NOESY)(spectrum
on a JASCO J710 spectropolarimeter operating at room acquired for the sample. Mixing times of 50 and 100 ms
temperature (22C). Eight scans were collected fo_r each \ere employed for the TOCSY and NOESY experiments,
sample over a wavelength range of 3860 nm, using @  respectively. The 2D spectra were acquired in the phase-
0.01 cm path length cell, a 100 mdeg sensitivity, a 0.2 "M sensijtive mode, using either the TPPI or the States-TPPI
resolution, a 1.0 nm band_vwdth, a 100 nm/min scan speed, method, and typically were 512 data points in F1 and 2K
and a 0.25 s response time. The collected spectra weregata points in F2 with spectral widths of 6000 Hz in each
subjected to background subtraction and smoothing and theryimension. Phase-shifted sine-squared window functions
were converted to units of molar ellipticity per residue (deg \yere applied along both dimensions prior to Fourier trans-
cn?dmol™). The degree oft helicity was determined from  formation. Gradient water suppression was achieved by
the intensity of the eII|pt|C|ty. at 222 nm using thg Chen using the WATERGATE techniquel®). Chemical shifts
method of analysis1@). For zinc binding studies, aliquots  \yere referenced indirectly to 3,3,3-trimethylsilylpropionate
of either a 1.7 mM or a 33 mM stock solution of Zn@h TSP).
Tris buffer (50 mM; pH 7.15) were added to six different ~ gecretin was found to be completely insoluble at milli-
dilute secretin samples in the same buffer. A Tris rather mqjar concentrations when the sample pH was raised above
than phosphate buffer was employed for these experimentsyiy 5.0, indicating that one ionizable group in the molecule
since the formation of insoluble zirphosphate complexes  ust have a Ka around pH 5.0. The chemical shifts
was found to occur when Zh was added to solutions of  ¢orresponding to the side chaiiprotons of the four acidic
secretin in phosphate buffer. The sample volumes were resiques in secretin were therefore monitored as a function
adjusted such that the concentration of peptide wasMO o sample pH. Results of this pH titration are shown in
in each sample and the concentration of zinc varied from 0 Figure 2. Itis clear from the titration curves that Aspsp'®,
to 1.2 mM. CD spectra were acquired for the samples using gnd GI¢§ all have K4 values in the normal range for these
the same acquisition parameters described above and a 0-4esidues, i.e., between pH 3 and pH 4. ThelHjeoup,
cm path length cell. For the €abinding studies, 1.6 Mg however, has alfy in the vicinity of pH 5, and it is therefore

of CaCl was added to S0@L of a secretin sample in 50 this residue which is responsible for the solubility of the
mM Tris buffer (pH 7.15) such that the final concentrations peptide below pH 5.

of peptide and Cé were 40uM and 29 mM, respectively. Temperature coefficients for the backbone amide protons
A CD spectrum was acquired for this sample using a 0.1 5nq ¢NH of each arginine side chain were determined by
cm path length cell. measuring their associatetH chemical shifts at 5°C

The conformational stability of secretin was assessed fromintervals between 10 and 3&8. The chemicals shifts were
the temperature dependence of CD spectra acquired for 2referenced relative to their starting values at°f Plots

mM secretin at 5°C intervals between 20 and 5TC. of chemical shifts vs temperature were linear in all cases,
Thermal destabilization was indicated by a change in suggesting that major conformational transitions did not
absorbance at 222 nm. occur in this temperature range.

Dynamic Light Scattering The secretin sample for For the ZiA" ion titration study, aliquots of a 33 mM stock

dynamic light scattering measurements was prepared bysolution of ZnC} were addedd a 2 mMaqueous sample of
dissolving 3.1 mg of peptide in 5Q of 50 MM phosphate  secretin in acetate buffer (pH 5.0), and a 1B NMR
buffer (pH 6.0). This resulted in a peptide sample concen- spectrum was acquired after each addition. The binding
tration of 2 mM and a sample pH of 5.0. Measurements affinity of secretin for C&" was examined by adding a 5
were made on a DynaPro-801 Dynamic Light Scattering molar equiv excess of Cafo a 2 mMaqueous sample of
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Ficure 2: Chemical shift variation of the £l proton for Hig (solid
circles), and off8 protons of residues ASpopen circles), Gl
(triangles), and As}y (squares) during a pH titration of 2 mM
secretin in HO.

2

L 0O

-2

e @

©

@

[6) (kDeg cm? dmot-t)

-20
197

L s
220 230

Wavelength (am)
Ficure 3: Circular dichroism spectra of secretin in aqueous solution
at 22°C and at different concentrations: (a) 0.1 mM, (b) 0.5 mM,
(c) 1 mM, and (d) 2 mM.

L s
200 205 210 215 225 235 240

secretin, and a 1BH NMR spectrum was acquired for the
sample immediately before and 24 h after addition of the
salt.

RESULTS

CD Studies Figure 3 depicts CD spectra of secretin
collected at four different peptide concentrations. Double
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FIGURE 4: Chemical shift index oftH protons for 2 mM secretin
in H,O (30°C) [see (9) for details of the analysis].

Light Scattering. Dynamic light scattering measurements
carried out @ a 2 mM secretin sample at 28C yielded
valuable information concerning the aggregation state of the
peptide in water. A total of 16 measurements were recorded,
and the average translational diffusion coefficieBtr)(
Stoke’s radiusRs), estimated molecular weight, and sample
polydispersity were determined from the results. The
measured polydispersity (2.07 A) was less than 15% of the
estimated Stoke’s radiuR¢ = 21.24 A), indicating that the
secretin sample was monodisperse. This result provides
confirmatory evidence that secretin exists predominantly as
a single molecular weight aggregate in aqueous buffer at 2
mM concentration, pH 5.0 and 20C. The estimated
molecular mass consistently returned from each dynamic run
was 18 kDa, which is 6 times the molecular mass of the
secretin monomer. Thus, secretin associates as a hexamer
in agueous solution.

NMR Studies.!H NMR experiments were initially carried
out on the 2 mM sample of secretin at 25. A single set
of proton resonances was assigned to each residue in the
sequence, and, furthermore, this feature did not change upon
lowering the sample temperature to G or increasing it
to 35°C. This result suggests that the six secretin molecules
within each hexamer are interacting in a symmetric fashion.
Any asymmetry would introduce a range of chemical shift
environments for protons directly involved in the intermo-

minima are observed at approximately 208 and 222 nm in lecular association, and, hence, additional peaks or severe

all four spectra, indicating the presence of helical structure.

Upon changing the peptide concentration from 0.1 to 2 mM,

selective line-broadening would be observed in‘thélMR
spectra.

the circular dichroism spectrum underwent changes which  Residues contributing to the-helical region of secretin
reflected a progressive increase in helix formation (Figure were identified using the chemical shift indexing method

3). The degree of molecular helicity calculated from the
molar ellipticity at 222 nm 12) increased with increasing
peptide concentration, exhibiting limiting values of 17% and

described by Wishart and co-workerk9). The a proton
chemical shift value for each residue in secretin was
compared to its random coil counterpasiHg) statistically

32% for the 0.1 and 2 mM secretin samples, respectively. It determined from an extensive database of protein structures
is clear from these CD spectral changes, occurring as a resul{(19). If aH-oHg > 0.1 ppm, then that residue was assigned
of varying the secretin concentration, that the peptide an index of 1. Conversely, ifiH-aHr < —0.1 ppm, then
hormone exists as a molecular aggregate in aqueous solutionthe residue was indexed asl. A minimum of four
The fact that the helical content increased with increasing consecutive-1's not interrupted ¥ a 1 defines am-helical
peptide concentration suggests that the helical structure isregion. Application of this method to the 2 mM sample of

stabilized through intermolecular association.

secretin yielded the index values shown in Figure 4.
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Table 1: *H Chemical Shifts (ppm) of 2 mM Secretin in,&8 at

303 kK&
% residue
g no. NH oH BH other
% Hist 3.28 GH 8.53; GH 7.35
g Sep 456 3.86
3 Asp® 8.64 4.68 2.74,2.71

Gly 841 3.97
Ths  8.06 4.13 4.26 yCH31.10
Phé 8.37 4.67 3.06,3.17
Thr”  8.02 4.21 4.21 yCH31.19
' SeP 829 4.39 3.89,3.99
Residue no. Gl 849 421 2.03,2.32
FiGUrRE5: Amide proton temperature coefficients for 2 mM secretin ~ Leu'® 8.09 4.17 1.62,1.650CH;0.83,0.90yH 1.56
in H,O (30 °C). Protons for which chemical shift changes could Se#! 8.20 4.27 3.94,3.98
not be assigned unambiguously due to spectral overlap are indicated Af%ﬁ 7.96 4.22 1.60,1.670CH;3.19; NH 7.30;yCH, 1.83, 1.90

o ) ) Arg’4 812 4.16 1.62,1.720CH,3.20; NH 7.25;)CH, 1.88
Apparent in Figure 4 is a large density 6fl’s and a total Aspl> 8.20 4.59 274,271
absence of 1's in the region SerArg?., indicating that this i:?ff? 3'% i-gg :1’)'?1(7)' 3.95
A ; ; ; a . . .
segment of secretin is primarily-helical. The same Argl® 7.97 409 157,1.700CH,3.23; NH 7.33yCH, 1.88

chemical shift analysis was repeated_for three additional |gpe 706 2 5CH;0.86, 0.90
NMR samples with secretin concentrations of 0.5, 1, and 3 GIn®® 8.14 4.06 2.10 yCH, 2.37, 2.44
. . . 2 . B
mM, respectively. Identical sets of proton index values ’L*é%?: ;-gg 4.16 161, 1-7228:2(3)%2' ’8“;07-2217(3“21-85' 1.90
. . . . . ¢ 3 U. , U
were obtained for all four peptide concentrations, suggesting | gzs g1 420 1.72 6CHz 0.83, 0.88yH 1.59
that it is not the number of residues involved in thdnelix GIn% 8.05 421 2.10 yCH; 2.40, 2.45

that is changing but rather the proportion of the secretin Gly*® 8.10 3.94

. . . . 6
conformational ensemble adoptinghelical structure which LeT; ;'gg 3'8573 %'g;' 1'7058320'85' 0.89yH 1.58
is becoming larger with increasing peptide concentration. It — : - _ _
is interesting to note that residues SerArg?: represent 37% a1H chemical shifts are referenced to 3,3,3-trimethylsilylpropionate

. . . L. 0 ppm).b?: roton chemical shift is either 4.16 or 4.23 ppm.
of the entire peptide sequence, a result which is in close( ppM) ap PP

agreement with the value of 32% molecular helicity deter-
mined from the CD measurements with the 2 mM secretin cases where an NOE cross-peak appeared between protons
sample. The fact that at a peptide concentration of 2 mM expected to be close together in a helical structure but were
the percent helicity calculated from the CD measurements interpreted with caution due to spectral overlap and the
approaches the percentage of residues adoptihelical aggregated nature of the peptide. These incluligd,i+3)
structure indicated by the NMR data suggests that at thisand dsn(i,i+3) NOEs between Asp and Ard® and a
concentration the region encompassing residues-Sarg?: dn(i,i+-4) NOE connecting Gfuand Led®. Spectral crowd-
in secretin is already predominaniyhelical. ing in theaaH—NH region of the NOESY spectrum prevented
The presence of intramolecular hydrogen bonding involv- assignment of other medium-range NOEs involving residues
ing the backbone amide protons and arginine side chain NHIn the proposed helical region of secretin.
protons was evaluated by examining the shifts of the NH  The stability of the helical structure was determined by
protons relative to a starting value, with respect to temper- comparing CD spectra obtained for 2 mM secretin at different
ature. Temperature coefficients calculated from linear plots temperatures between 20 and ¥l There was no change
of the arginineeNH proton chemical shift vs temperature observed in the CD spectrum acquired for secretin when the
(10° ppm/K) were 3.8, 5.8, 3.4, and 2.9 for AfgArg, sample temperature was in the range-26 °C. A slight
Arg’8, and Arg?, respectively. Temperature coefficients decrease in the absorbance at 222 nm was observed when
measured for the backbone amide protons are displayed inthe sample temperature was raised to’60 indicating the
Figure 5. onset of thermal destabilization of the hexamer structure at
A number of strong sequenti@hn(i,i+1) NOEs were this temperature.
observed within the region of secretin proposed to adopt a Metal Binding ExperimentsThe ability of secretin to bind
helical structure (Séf—Arg?). These includedyn(i,i+1) divalent cations under conditions in which the peptide is
NOEs between Léd and Sel?, Arg'4 and Asp®, Sef® and solubilized at high concentration (2 mM) or low concentra-
Ala'’, and between Afd and Arg® There were also several tion (40uM) was explored using NMR and CD spectroscopy.
additionaldyn(i,i+1) NOEs which could not be distinguished  Titration of an aqueous 2 mM sample of secretin (pH 5.0)
due to spectral overlap. For example, there was a strongwith Zn?" resulted in spectral changes occurring for several
dun(i,i+1) NOE cross-peak that was assigned to three of the!H resonances of residues in the N-terminal region of
different pairs of sequential residues including teand the molecule (Figure 6). These included upfield chemical
Arg'4 Leut® and GIrt% and GIf® and Argl. In other cases,  shift displacements of the GIYH and the Hi$ C;H andf
degenerate resonance frequencies associated with sequentiglotons, a downfield shift of the Ay proton resonances,

amide protons such as those belonging to'Aemnd Led® and a collapse of the multiplet associated with the twd Ser
(Table 1) prevented observation of the corresponding 3 protons, as the Zi:peptide concentration ratio increased
dun(i,i+1) NOEs. from 0:1 to 3:1. Conversely, there were no NMR spectral

In support of a helical structure dgn(i,i+3) NOE between changes observed when excess Ga@ls addedd a 2 mM
Alal” and GIrt® was observed. There were also three other sample of secretin at pH 5.0 even 24 h after addition of the
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FicUrRE 6: H NMR spectra for 2 mM secretin in @ containing ZnGl at Zr#+:secretin concentration ratios of (a) 0:1, (b) 1:1, (c) 2:1, and
(d) 3:1.

metal. Metal binding studies were repeated for secretin at
low concentration (4Q«M; pH 7.15) where the peptide is
expected to exist in its monomeric form. Under these dilute
conditions, secretin still adopts some partial helical structure,
as evidenced by the CD spectrum acquired for the peptide
in the absence of metal. Addition of Znto the sample did

not produce significant changes to the CD spectrum, sug-
gesting that binding of Z1 to the secretin monomer does
not significantly affect the helical structure of the molecule.

DISCUSSION

Early circular dichroism studies carried out on secretin
revealed that the molecule contains some partial helical FIGURe 7: Helical wheel diagram of secretin in the region Leu
structure in dilute agueous solutioB0j. The amount of ~ Arg*.
secretin helical structure was later shown to increase charged arginines and a negatively charged'Aape now
dramatically in the presence of anionic lipid4).( Helical located on the hydrophilic face of the amphipathic helix,
propagation probability calculations performed on secretin while Alal’, Leu*3, and possibly Letf, which resides at the
indicated that the helical region lies within residues eu edge of the helical region, make up the hydrophobic face of
GIn?° (4). This prediction is in close agreement with the the peptide.

Sefl-Arg?! helical region determined in the present study.  The dependence of the amide proton chemical shifts on
Segrest and co-workergl) classified the originally proposed  temperature was consistently lower in the regiort'Sereu?®
a-helical region (residues +20) of secretin as a class H than in the region Asp-Leu!® (Figure 5). This suggests
amphipathic helix on the basis of the molecule’s hormonal that amide protons in the proposed helical region {Ser
properties and high density of positive charge. Incorporating Arg?Y) are comparatively more shielded from the aqueous
amino acids Let?—Arg?! of secretin into a helical wheel solvent than those within the N-terminal segment #Asp
diagram (Figure 7) demonstrates that extending the helicalLeu!®. Reduced amide proton solvent exposure found to
region of secretin to include residues EeuArg?! does not occur for residues SBr-Arg?! is likely a consequence of
affect the amphipathic nature of the helix. Four positively intramolecular hydrogen bonding between amide protons and
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Ficure 8: Model of a secretin monomer containing a helical
structure from Sét through Arg. Sites of interresidue salt bridges
are illustrated by dotted lines.

backbone carbonyls involving these residues. This finding
is consistent with a high population of helical structure within
the region Sét—Arg?! of secretin. There was one residue
in the proposed helical region (A% for which a slightly
higher amide proton temperature coefficient was obtained.
It is therefore possible that a slight bend in the helical
structure occurs at residue 15. Lo¥NH temperature
coefficients were also obtained for three out of the four
arginine residues: Afg, Arg'® and Argl. The presence

of a salt bridge between a positively charged arginine side

chain and a negatively charged aspartic acid or glutamic acid

side chain would explain the low degree of exposure to the
aqueous environment observed for thelsi protons.

The potential for the side chain carboxyl group of Gdun
Asp!® to form a salt bridge with one of the cationic sites
provided by the four arginine side chains was determined in

a previous study by comparing the ORD spectra obtained
for 9-glutamine secretin and 15-asparagine secretin with that

obtained for the parent peptid®2). A loss of helical
structure was observed in both cases presumably due to th
removal of interresidue salt bridges important for stabilizing
the helix. A model of secretin containing a helical structure
from Leut to Arg?! was constructed in order to visualize
potential sites of side chain interactions (Figure 8). Accord-

ing to the model, salt bridges are easily formed between the

side chains of As}y and Ard® and between the side chains
of GIu® and Ardg?. Reduced exposure to the aqueous solvent
experienced by the At and Arg® eNH protons as a

consequence of these two ionic bonds is supported by the

low temperature coefficients measured for the ‘Argnd
Arg'® eNH protons. The fact that neither Glor Asp'®
bound C&" provides additional evidence for the presence
of salt bridges involving these two residues, since calcium
is known to preferentially bind to the anionic carboxylate
function of aspartic acid and glutamic acid residues.

That the helical core of secretin is stabilized through
intermolecular association is evident from the CD and NMR
concentration dependence studies.

properties upon variation of the concentration were apparentthe storage and/or function of secretin and zinc.

in both cases (Figures 3 and Table 1). An increase in

Carpenter and Schiller

sample examined, and the obtained molecular mass of 18
kDa was indicative of a secretin hexamer. Therefore,
although it is possible that lower molecular mass secretin
aggregates or monomers may also be present in solution at
millimolar concentration levels, their proportion must be very
low.

The NOESY spectra acquired for 2 mM secretin contained
numerous interresidue NOEs, indicating that the peptide
adopts a well-defined structure at this concentration in
aqueous solution. However, these NOEs were not used to
calculate a structure for the secretin hexamer since intramo-
lecular NOEs could not unambiguously be distinguished from
intermolecular NOEs. This problem was further complicated
by the large amount of spectral overlap observed to occur
among the leucine and arginine residues (Table 1). Never-
theless, some general statements can be made regarding
global structural features of the secretin hexamer. Both the
oH chemical shifts and amide proton temperature coefficients
support the presence of a helix in the region'SeaArg?! of
secretin. The observation of strong sequendial(i,i+1)
NOEs in this segment of the peptide provides further
evidence for the presence of a helical structure. By contrast,
NOE cross-peaks within the secretin N-terminal segment
His'—Gly* were extremely weak, indicating a comparatively
greater flexibility for this portion of the molecule. This result
is supported by the comparatively higher amide proton
temperature coefficients found to occur in the N-terminal
region of secretin (Figure 5). The hexamer must be
symmetric since a single set of sharp resonances was
observed in the proton spectra acquired for 2 mM secretin.
This would only occur if all the protons in one monomer of

the hexamer are in identical chemical shift environments as

their counterparts in the five remaining monomeric units. It
is quite possible that the secretin hexamer structure involves
pairwise association between amphipathic helices located on
distinct monomers within the hexamer. If the apolar faces
of two helices are in fact associating, then they must be doing
so in a parallel or tilted parallel fashion since long-range
NOEs between residues at opposite ends of the proposed
helical region (Sét—Arg?') were not observed. The ex-
perimentally determined Stokes radius for 2 mM secretin
(21.2 A) is considerably smaller than the length calculated
for the extended peptide (49.06 A), suggesting that the
secretin hexamer is a fairly compact structure. Finally, the
very low polydispersity obtained from light scattering
measurements carried out on 2 mM secretin defines an
equilibrium in which the secretin hexamer is highly favored
over higher or lower molecular weight aggregates.

Changes in spectral Several studies have demonstrated a possible link between

For
example, high concentrations of zinc are found in the

a-helical content from 17% to 32% was observed when the pancreatic secretory tissues and intestinal mucosa which are
peptide concentration was increased from 0.1 to 2 mM. The sites of secretin storage and action, respectively. Secretin-
fact that at a peptide concentration of 2 mM the amount of induced bicarbonate output has also been shown to be greatly
helical structure in secretin determined from the CD mea- reduced in zinc-deficient rat28). The concentration of zinc
surements agrees well with the 37% molecular helicity in the pancreatic tissues is significantly correlated with both
indicated by the NMRx proton chemical shift data suggests endo- and exocrine functior24). Zinc is known to play a

that the molecule is almost fully associated at this concentra-structural role in the storage of another hormone, insulin,
tion. Further evidence in support of this finding is derived produced in thé cells of the pancreatic isletél). Secretin
from results obtained from the light scattering experiments. has also been shown to be transiently expressed in these
Negligible polydispersion was observed with the 2 mM insulin-producings cells 25).
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In the present study, the potential for secretin to binéifzn Insulin is stored as crystalline hexamers inside the secre-
was investigated. Based on specifiel chemical shift tory granules of the pancreafccells, coordinated by both
displacements, which resulted from addition ofZio a 2 Ca&" and Zr#*. Upon being released into circulation, the
mM sample of secretin, it can be concluded that zinc binds concentration of insulin drops dramatically from approxi-
to the N-terminal region of the molecule. Specific residues mately 40 mM to within 10°—107! M, thus allowing the
involved in the metal binding site likely include Hisnd hexamer to dissociate into its bioactive monomeric fotd).(
Asp?® for two reasons. First of all, the proton resonances In the present study, it was demonstrated that secretin
associated with these two residues and their nearest neighborgssociates as symmetric hexamers at millimolar concentra-
(Sef and GIy) exhibited significant NMR spectral changes tions. Further concentration of the hormone to levels found
upon addition of ZA" (Figure 6), and, second, the Zn within secretory granules~40 mM) (26) could therefore
binding amino acid side chains most frequently found in promote aggregation of secretin into a crystalline array of
nature are the histidine imidazole and, to a lesser extent, thehexamers in a manner similar to what has previously been
carboxyl of aspartic acid (or glutamic acid). Evidence for Observed for insulinXl). Itis not clear whether Z plays
the formation of a hydrogen bond involving the Asjide- arole in the storage of secretin, although high concentrations
chain carboxyl group and GIYH, which resulted from this ~ Of zinc are found in the duodenal mucosa. Perhaps zinc
metal-peptide interaction, was also obtained. In particular, Might aid in the assembly of secretin hexamers within its
an upfield chemical shift displacement of the GIyNH secretory granules via coordination of one*Zmwith two
reflecting movement of this proton to a more solvent-shielded His', Asp* zinc binding sites located on two distinct
environment was observed. A hydrogen bond of this nature hexamers.
is commonly seen in polypeptides and restricts the aspartic In conclusion, the results of this study show that secretin
acid side chain to adopt exclusively atg(configuration. aggregates as a symmetric hexamer in aqueous solution at
Addition of Zr?* to the 2 mM sample of secretin did not Millimolar concentrations. The stabilization of an amphi-
produce any chemical shift changes in the helical portion of Pathica-helical structure within the peptide region L'éu
the hormone. This result supports the presence of two saltArg?" is furthermore promoted through this molecular self-
bridges involving Gl and Asps, since the negatively association. It is thus possible that secretin exists as a stable

charged carboxylate groups in the side chains of these twoh€xamer when in a highly concentrated form40 mM)
residues are not available for binding zinc. It is apparent Wlthln_ its s_torage/secretpry tissues and'then dlssquates into
from the Zr#* titration data presented in Figure 6 that NMR  the bioactive monomeric form when diluted to picomolar
signal changes continue to occur beyond &'Zsecretin concentrations following its release into circulati@vy;
concentration ratio of 1:1. This would indicate only a
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