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Analyses of cystine peptides derived from the high molecular weighbetween the sulfhydryl groups of these two cysteines would be great
glutenin subunits (HMW-GS) 5 and 7 indicate that, in spite of a distincenough €2.2 nm) to make intramolecular disulfide bond formation
sequence homology between the two subunits in the N-terminal regionnlikely. Although a somewhat similar region @fhelix was predicted
different disulfide linkages of cysteine residues are present in these regiofigt the subunit 7, in some predictions the helix was interrupted between
To investigate the structural basis for these experimental results, tlike first two cysteines, and this break was assigned either extended
conformational structures of the polypeptide chains corresponding to thstructure or arbitrarily modeled as an inveydarn. In the final structure
N-terminal regions (first 50 amino acids) of the wheat HMW-GS 5 and f subunit 7 with the assigned invengéurn, after energy minimization,
were modeled by computer methods. Secondary structures were pieeating, and dynamics, the two cysteines approached one another closely
dicted by the method of Rost and Sander (1993) and, to the extent app(e©.4 nm). Formation of an intramolecular disulfide bond appeared a
priate, applied to the constructed polypeptide chains. The resultiniikely possibility. This model is in accord with experimental evidence for
structures were energy-minimized and subjected to simulated heating atfds latter intramolecular bond (Kohler et al 1993). In agreement with the
dynamic eqiiibration. In the final structure ofubunit 5, the first two  modeling, an equivalent intramolecular disulfide bond of subunit 5 has
cysteines were located in a region of continumteelix. If folding to the  not been found and experimental evidence for a different arrangement is
helical form occurs rapidly during biosynthesis as expected, the distangeesented.

The N-termina domains of x-type high molecular weight glu- by differential chromatography (RP-HPLC before and after reduc-
tenin subunits (HMW-GS), e.g., subunits 5 and 7, have three cys- tion of disulfide bonds) (Kohler et al 1991). Cystine peptide frac-
teine residues designated as C? CP, and CY (Kohler et al 1993). tion Pkr3/13 was collected from several preparative runs and
The results from previous disulfide formation studies indicate thagurified by rechromatography. The major peptide obtained
in spite of a distinct sequence homology (Anderson and Greer{Bxrr,3/13a) was reduced with dithioerythritol and alkylated with
1989, Anderson et al 1989), different linkages of cysteine residuesvinylpyridine. The resulting constituent peptides were separated
appear to be present in this domain. It was shown previously thay RP-HPLC and analyzed for their amino acid sequences accord-
C?* and & of subunit 7 form an intramolecular disulfide bond ing to previous work (Kéhler et al 1993, Keck et al 1995).

(Kohler et al 1993), whereas" @ available for the formation of
an intermolecular linkage. The work presented here indicates thatmino Acid Sequences for Molecular M odeling
CY of subunit 5 is linked with & although so far the type of link-  The N-terminal amino acid sequences of subunits 5 and 7
age (intra- or intermolecular) and the origin dfi@ve not been through 50 residues were taken from Anderson et al (1989) and
determined. We examined possible structural explanations for tnderson and Greene (1989), who determined the gene DNA
different disulfide bonds formed by the homologous cysteine ressequences. Both genes were obtained from a genomic DNA
dues in the N-terminal regions of subunits 5 and 7 by computdibrary from the cultivar Cheyenne. The sequences in single letter
molecular modeling. code are as follows (numbers correspond to the positions of cys-
teine residues in the sequences):
MATERIALSAND METHODS
. L . . HMW-GS 5:
Isolation and Char acterization of a Cystine Peptide from 10 25 40
EanChed Gll’Itm_ln ) . . ) EGEASEQLQCERELQELQERELKACQQVMDQQLRDISPECHPVVVSPVAG-

The thermolytic digest of enriched glutenin was fractionated by
gel-permeation chromatography (GPC) on Sephadex G25. Theuw-GS 7:
peptide obtained in fraction 3 was further separated by reverse- 10 17 19

phasle. high_performance |IC]LIId ChromatOQraphy (RP_H.PLC.).O%GEASGQLQCEHELEACQQWDQQLRDVSPGCRPITVSPGTRQYEQQPVV*
Cy silica gel (Keck et al 1995). Cystine peptides were identified
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23.1) software from Molecular Simulations, Inc. (San Diego, CA) was isolated by preparative RP-HPLC and purified by rechroma-
was used for molecular modeling. The Quanta software was used tography (chromatogram not shown). The major peptide obtained
to construct peptides equivalent to the first 50 residues of the N- (Prrn3/13a) was reduced and alkylated with 4-vinylpyridine. A
terminal sequences of subunits 5 and 7 from alibrary of geometric ~ further separation then yielded the two S-alkylated peptides (13a-
parameters included in the software and to apply the secondary 1, 13a-2), which were analyzed for amino acid sequences. The
structure predictions. Because the predictive method does not results (Table 1) show that fragment 13a-2 was derived from
specify the peptide backbone ¢, Y dihedral angles for amino acid subunit 5 (Anderson et al 1989), whereas fragment 13a-1 occurs
residues involved in loops or turns, these angles were not applied in all the HMW-GS present in the cultivar Rektor investigated to-
to the resulting peptide where predicted, with the exception of one  date (subunits 5, 7, 9, 10). Thus, peptide,¥13a represents a
inverse y turn. The @, Y dihedral angles for the centra residue of disulfide bond between‘®f subunit 5 with € of subunit 5 or
the three-residue inverse y-turn were arbitrarily set as—75 and 59°, some other subunit. Even though the type of linkage (intra- or
which are within the range found fgiturns in proteins (Milner-  intermolecular) and the origin of°@ould not be determined, the
White 1990, Kumosinski et al 1993). After construction of theresults indicate that the disulfide formation within the homologous
peptide in the computer and application of secondary structure, tieterminal regions of subunits 5 and 7 differs. Although we can-
resulting structure was energy-minimized in CHARMm by thenot say with certainty that no other possible connections involving
method of Steepest Descents, followed by the Adopted Basthe cysteine side chains in question exist in glutenin, we have no
Newton-Raphson (ABNR) method, both of which are part of thesignificant findings that point in that direction at present. These
software package. Minimization generally consisted of 100 stepsonsiderations served as the basis for the computer modeling
with the method of Steepest Descents followed by 500 steps wittudies.
the ABNR method. Minimization parameters were: Coordinate
Update Frequence, 5; Energy Gradient Tolerance, 0.01; Enerd§olecular Modeling
Value Tolerance, O; Initial Step Size, 0.02; and Step Value Toler- HMW-GS5. Secondary structure prediction for subunit 5 by the
ance, 0. PHD method indicatedi-helix for residues 5-32 without inter-
Heating from the equivalent of 0-300°K was then simulatediuption. This region includes the first two cysteineésa@d
followed by equilibration of the energy of the molecular systenm(residues 10 and 25) of the N-terminal sequence. Other predic-
for the equivalent of 30 psec. Heating parameters used were: Otibns were for extended structure and loops, although in this pro-
put Frequency, 10; Time Step, 0.001. Equilibration parametemgram loop means neither-helix nor extended structure and so
used were: Output Frequency, 10; Equilibration Frequency, 20@nay include turns of various types as well as unordered structure.
Time Step, 0.001. The force field used in CHARMm to define thé=or some residues, no prediction was significant. Because the
energy of the molecule during these calculations is described lefault condition is extended structure and the predictive method
Brooks et al (1983). Finally, the molecule was energy-minimizegrovides no indication of what types of loops or turns are present
once again by the ABNR method until no significant change waé.e., what torsional angles might be applied), only the predicted
noted in the resulting energy of the system. No attempt was madehelical structure was applied to the molecule. During energy

to include solvent in the modeling. minimization, the energy of the peptide rapidly became negative
RESULTS AND DISCUSSION ' . TABLEI ' .

Experimental Evidence for Disulfide Bonds of Subunits5and 7 Ammoﬁ%ﬂ fﬁgfﬂg‘? wg&'g&gn?gaﬁﬁﬁ?éaﬁ\?Ve_révse)d From
Evidence for an intramolecular disulfide bond between the oo

cysteine residues®and ¢ of subunit 7 was previously provided _ ysiene

by the isolation and analysis of the cystine peptig@/P(Table [) ~ ~ePtide  Sequence HMW-GS Residue?

from a tryptic digest of whole glutenin (Koéhler et al 1993). In aPr2/1 EGEASGQLQCEHELEACQQVVDQOLR 7 Cach

continuation of recent studies on the thermolytic digest of enrich- )

ed glutenin (Keck et al 1995), peptide fraction 3 obtained by Gp&rmi/13al Ac 5791 c

on Sephadex G25 was further separated by RP-HPLC,0silC Par3/13a2 15PECHP 5 o

ica gel (Fig. 1). Cystine peptides were identified by differential
chromatography. The cystine peptide fractign, 8’13 (peak 13) * Designation of cysteine residues according to Kohler et al (1993).
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Fig. 1. Reversed-phase high-performance liquid chromatography of fraction 3 obtained from a thermolytic digest of enriched glutenin by gel-permeation
chromatography (Keck et al 1995).
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and was satisfactorily negative after heating, equilibration, and re-
minimization, indicating that the resulting structure was appar-
ently without any important unfavorable interactions. Absolute
values of the energy are not given because they are in part compo-
sition-dependent and we are comparing peptides with slightly
different sequences. The RMS force is the more appropriate
measure of a satisfactory state for the equilibrated molecular
structure. The RMS force was <0.3 for all structures considered
here. Energy minimization and molecular dynamics produced
some changes in torsional angles and displacement of atoms, but
the a-helix survived intact. In the resulting molecule, the cysteine
residues at positions 10 and 25 (C? and C") were well separated in
the a-helical part of the molecule with a distance of 2.2 nm
between the sulfur atoms (Figs. 2a and 3a).

Gluten proteins are synthesized by ribosomes attached to the
endoplasmic reticulum with simultaneous insertion of the length-
ening polypeptide chain through the membrane into the lumen
(Galili et a 1993, Shewry 1995). It seems likely that secondary
structures, such as a-helix, form rapidly as the polypeptide chain
emerges from the membrane, making it unlikely that cysteines C*
and C° (positions 10 and 25) approach one another sufficiently
closely during biosynthesis to form an intramolecular disulfide
bond. The relative position of the third cysteine C® in the molecule
(residue 40) was not well defined because we were unable to
specify the torsional angles of some predicted loop structures sur-
rounding this cysteine. Our modeling does not rule out the possi-
bility that either the cysteine at position 40 (CY) or the cysteine at
position 96 (C% not included in this study) might fold back to
form an intramolecular disulfide bond with any of the preceding
cysteines in the polypeptide chain. The possibility of the four
cysteines in the N-terminal domain of subunit 5 combining to
form two intramolecular disulfide bonds seems unlikely. Subunit 5
must form two or four intermolecular disulfide bonds by way of
its N-termina domain. Otherwise, this subunit would not be con-
ducive to formation of extensive polymers with only one cysteine
at the C-terminal end of the protein molecule.

HMW-GS 2 is identical to subunit 5 in sequence through the
first 124 residues, with the exception of a serine residue at posi-
tion 96 instead of the cysteine C* found in the sequence of subunit 5

at this position, thus having only three cysteine residues (C?, C°,
and C° at positions 10, 25, and 40, respectively) near the N-termi-
nus of the protein. Accordingly, it may be speculated on the basis
of our results for HMW-GS 5, that subunit 2 forms either one or
three intermolecular disulfide bonds. In either case, it would be
expected to be less effective in forming intermolecular disulfide
crosslinks than subunit 5. Both proteins have only one cysteine
near the C terminus (C?) and would not be expected to differ in
reactivity in the C-termina domain. We note, however, that when
a genetically engineered mutant gene of subunit 2 in which the
codon for the cysteine of the C-terminal domain had been changed
to that of serine, thus eliminating the C-terminal cysteine of the
equivalent protein, was expressed in tobacco (Shani et al 1994),
the resulting protein formed mainly polymers larger than dimers.
This indicates, insofar as the expression in tobacco endosperm
may be extrapolated to expression in wheat endosperm, that al three
cysteines of the N-terminal domain form intermolecular disulfide
bonds to a large extent (there was a small amount of the homo-
dimer of the subunit 2 mutant present even in the absence of
reducing agent).

HMW-GS7. Varsion 11.93 of the PHD method predicted a-hdlica
secondary structure for residues 6-13, residues 16-20, and resi-
dues 24-26 of HMW-GS 7 (50 residues considered). For a few
residues, no prediction was made, and others were predicted to
have extended structure (default structure in the modeling) or loop
or turn structures. The-helical conformation was applied to the
appropriate residues in the computer-constructed model of subunit 7.
In our first approach, loops or turns were not applied because of a
lack of information about torsional angles for the amino acid resi-
dues involved. The resulting structure was subjected to simulated
energy minimization, heating, and dynamic equilibration as was
the model of the HMW-GS 5. In the resulting model, the sulfur
atoms of the cysteine residuedadd C (positions 10 and 17) had
a distance of 0.95 nm after energy minimization. This was not as
close as would be expected to favor the formation of an intra-
molecular disulfide bond between the two cysteines.

Structure prediction by a differently trained architecture of the
PHD neural network method (Version 5.94_317) resulted in a
prediction ofa-helical structure for residues 8-27 in contrast to

Fig. 2. Final models in space filling form (Van der Waals radii for atoms) of the first 50 amino acid residues of high molecular weight glutenin subunits
5(A) and 7 (B). Sulfur atoms in darker shade. Numbers indicate cysteine positions.
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the previous prediction where residues 6-13 and 16—20 inclusive, residues i and i+2 are hydrogen bonded (Milner-White1990, Ka-
were predicted to be in tlee-helical form. The differences appar- sarda et al 1994) and would not disturb the predicted adjacent
ently result mainly because secondary structure prediction is baskdlical regions as would a four-residue turn. The resulting
on comparisons with homologous or similar sequences in proteins sfructure was processed as for the previous models. Again, the
known three-dimensional structure. A scarcity of hagols se- energy rapidly became negative during minimization and remain-
guences in the structure databases makes predictions for gluten proteidssatisfactorily negative throughout the dynamics calculations
much weaker than for many globular proteins. This weakness afd the RMS force was small. Although some changes in torsion-
homology combines with the nature of neural networks to givel angles and some atom displacement occurred during minimiza-
different results for the different versions or architectures (Rodion and dynamics calculations, the overall structure was similar
and Sander 1991, 1993). However, no difference was noted in the that of the starting structure to which omiyhelical structure
prediction for subunit 5 in the range between cysteines 10 and 2fd a singlg-turn had been applied.
when predictions by the two architectures were compared. The final structure for the HMW-GS 7 is shown in Figures 2B
Because our molecular modeling indicated that it was not posnd 3B, where cysteines @d C (positions 10 and 17) are loc-
sible to form the disulfide bond in question without disrupting aated in short lengths @f-helix that are bent back on one another
continuous a-helical conformation including the two cysteine by the short loop centered at residue 15. Although in the final
residues in question and there is good evidence that these tastoucture the appliegturn no longer had a hydrogen bond linking
residues are linked by an intramolecular disulfide bond (Kéhler aetesidues 14 and 16, the backbone dihedral angles of residue 15
al 1993), we used the structure prediction that indicated a break differed only slightly from those applied. The two sections of he-
the a-helix between cysteines 10 and 17 as the basis for furthdix interacted through one backbone-to-backbone hydrogen bond
molecular modeling. A change in the distance between the sulftinat linked residues 10 and 17. The sulfur atoms of cysteines 10
atoms of the cysteines®@nd ¢ could easily be achieved by and 17 approached one another relatively closely (0.43 nm) in the
changing the dihedral anglgsand for the a-carbon atoms of final model of subunit 7, in contrast to those of cysteines 10 and
the amino acid residues 14-16, where no prediction for helix h&b of subunit 5 (2.21 nm). It would be expected that this close
been made. For example, simple rotation algpfdr the residue approach would favor an intramolecular disulfide bond between
14 a-carbon of the first structure (again followed by energy mini-these two residues in subunit 7. This is in accordance with the
mization, which indicated that the rotations had produced no urexperimental results of Koéhler et al (1993). The position of the
favorable interactions) brought the sulfur atoms to within 0.52 nnthird cysteine in the sequence! @sidue 32), relative to the first
of one another, a distance that makes the formation of an intrawo cysteines, was not sufficiently well defined to indicate
molecular disulfide bond betweer?® @nd C likely. Our third  whether or not it would be likely to interact with either of the first
approach involved amino acid residues 14, 15, and 16. No cotwo cysteines, but the experimental evidence does not support
formation was predicted for these residues in the PHD predictiosuch an interaction. Either way, our modeling suggests that the N-
In a subset prediction, however, the method predicted that residterminal region of the HMW-GS 7 is most likely to form a single
15 was in a loop conformation, whereas no prediction was madetramolecular disulfide bond and one intermolecular disulfide
for residues 14 and 16. Because only three residues were ipend. Thus, subunit 7 (one intermolecular disulfide bond) is likely
volved, we chose to apply an inversturn, which is common in  to be equivalent to or less effective than subunit 2 (one or three
proteins (Milner-White 1990), to residues 14-16 as a likely possintermolecular disulfide bonds) and definitely less effective than
bility by assigning dihedral anglgs= —75° andp = 59° to residue subunit 5 (two or four intermolecular disulfide bonds) in forma-
15. They-turn is a three-residue turn found in proteins in whichtion of glutenin polymers.

10
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Fig. 3. Final models asin Fig. 2 in protein cartoon form (polypeptide backbone only). Cysteine side chains added with atoms of appropriate Van der
Waals radii for high molecular weight glutenin subunits 5 (A) and 7 (B). Sulfur atomsin darker shade.
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CONCLUSION

Molecular modeling based on secondary structure predictionsin
the absence of any known constraints on bond angles and atom
distances that might be obtained from X-ray diffraction of crystals
or from nuclear magnetic resonance spectroscopy of the peptides
in solution must be considered highly speculative. There is heavy
dependence in our modeling on the reliability of predictions for a-
helical structure based on amino acid sequences, which have an
accuracy >70% for the method of Rost and Sander (1993) for
most globular proteins, but much less (to an unknown extent) for
gluten proteins, which have few similarities in sequence to pro-
teins of known three-dimensional structure.

We think, however, that our results are in agreement with the
experimental evidence available so far and are intuitively satisfy-
ing. Further experimental evidence concerning the arrangement of
disulfide bonds in glutenin polymers is needed, but our models
should provide some guidance in the design of new experiments
aimed at elucidating the relationship between conformational
structure and disulfide bond formation. One experiment might be
the chemical synthesis of a peptide corresponding to residues 5—
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