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Crystal Structure of Soybean Proglycinin
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Soybean glycinin is a member of the 11 S globulin family. The crystal
structure of proglycinin was determined by X-ray crystallography at
2.8 A resolution with an R-factor of 0.199 and a free R-factor of 0.250.
A trimer molecule was found in an asymmetric unit of crystals. The tri-
mer model contains three AlaBlb subunits and comprises 1128 amino
acid residues and 34 water molecules. The constituent protomers of the
homo-trimeric protein are arranged around a 3-fold symmetry axis with
dimensions of 95 A x 95 A x 40 A. The protomer model is composed of
five fragments which correspond roughly to conserved regions based on
the sequence alignment of various 11 S globulins. The core of the proto-
mer consists of two jelly-roll B-barrels and two extended helix domains.
This structure of proglycinin is similar to those of canavalin and phaseo-
lin belonging to the 7 S globulin family, strongly supporting the hypoth-
esis that both 7S and 11 S globulins are derived from a common
ancestor. The inter and intra-chain disulfide bonds conserved in the 11 S
globulin family are clearly observed. It is found that the face with the
inter-chain disulfide bond (IE face) contains more hydrophobic residues
than that with the intra-chain disulfide bond. This suggests that a mature
hexamer is formed by the interaction between the IE faces after proces-

sing.
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Introduction

Soybean is one of the major dietary seeds and its
proteins have better amino acid contents, in terms
of nutrition, than other plant proteins. Glycinin,
11 S globulin, is one of the major storage proteins
in soybean and accounts for about 40 % of the total
seed proteins. Thus, glycinin plays an important
role in the properties of food made from soybean.
The glycinin extracted from seeds has a hexameric
structure with a molecular mass of 300-380 kDa.
Five major subunits of glycinin have been ident-
ified and classified into two groups according to
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their amino acid sequences (group I, AlaBlb,
A2Bla and AlbB2; group II, A3B4 and A5A4B3).
Each subunit is composed of an acidic polypeptide
with a molecular mass of about 32 kDa and a basic
polypeptide with a molecular mass of about
20 kDa. The acidic and basic polypeptides are
linked by a disulfide bond." The sequence identity
in each group is about 80%, and that between
groups is about 45 %.

In the cell, the constituent subunits are
synthesized as a single polypeptide precursor, pre-
proglycinin. The signal sequence is removed
co-translationally in the endoplasmic reticulum
(ER) and the resultant proglycinin assembles into
trimers of about 8 S in size. As the proglycinin is
sorted to protein storage vacuoles (PSV), a specific
post-translational cleavage occurs between aspara-
gine and glycine, resulting in a mature subunit
consisting of the acidic and basic polypeptides.
Finally, glycinin assembles into a hexamer of about
11 S. It has been demonstrated that the cleavage is
a trigger for the formation of hexamers.? However,
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it is not known how the trimers stack to form hex-
amers. Moreover, the signal for sorting from the
ER to the PSV and the mechanism for the highly
packed accumulation remain unclear. For under-
standing the cellular mechanisms, it is very import-
ant to elucidate the protein structures of pro and
mature glycinins.

Many seeds, including soybean, contain another
type of storage protein, the 7 S globulins. On the
basis of amino acid sequence alignment, it is
suggested that the two families are evolutionarily
related.*” Until now, the crystal structures of only
two 7S globulins, canavalin from jack bean®® and
phaseolin from kidney bean,”'® have been
reported. Their subunits are composed of two simi-
lar domains containing a B-barrel followed by a
region of helices. Lawrence et al.” described the
detailed analysis of structural elements of phaseo-
lin, and predicted that 11 S globulins also contain
two copies of the conserved Pro/Gly motif, as do
7S globulins. In addition, from comparison of
sequences between the N and C-terminal domains,
the known three-dimensional structures of 7 S
globulins, and limited proteolysis analysis, Shutov
et al.'''? proposed a mechanism for 11 S and 7 S
gene evolution in which triplication of a single-
domain ancestor occurred. In a recent report, they
suggest gene duplication mechanism instead.”® To
understand the evolutionary relationship between
the two protein families, it is necessary to compare
their structures. However, there has been no report
on the high-resolution crystal structure for an 11 S
globulin. Because of the heterogeneity of molecular
species, it is difficult to crystallize mature glycinin
prepared from seeds.'* Therefore, we previously
expressed c¢DNA coding for the proglycinin
AlaBlb subunit in Escherichia coli to obtain a
homogeneous proglycinin homotrimer™ and suc-
ceeded in its crystallization.'*!”

Here, we have determined the crystal structure
of the proglycinin AlaBlb homotrimer and
revealed the core structure of the proglycinin pro-
tomer. The core structure consists of two jelly-roll
barrels and two extended helix domains in analogy
with 7 S globulins.

Results and Discussion

Quality of the final model

The final statistics for the refinement and data
collection are shown in Table 1. The proglycinin
model was refined at 2.8 A resolution with an R-
factor of 19.9% and a free R-factor of 25.0%
(PDB:1FXZ). The final 2|F,| — |F.| map contoured
at the 1o level provided good traces, with the
exception of the six disordered regions described
below. The final model includes 1128 amino acid
residues and 34 water molecules. From the
Luzzati'® plot, the mean absolute positional error
was estimated to be 0.3 A. A Ramachandran plot
(Figure 1) of the main-chain conformation angles
showed that about 84.6% lie within the core

Table 1. Statistics of data collection and refinement

Space group P4,

Cell dimensions

a,b,c(A) 115.524, 115.524,

146.998

Data collection
No. of crystals used 1
Resolution range (A) 00-2.8
No. of measured reflections 142,631
No. of unique reflections 46,010
Ryym (%) 8.9
Completeness (%) 99.5

Refinement
Resolution range (A) 8.0-2.8
No. of reflections used (F > 26F) 35,286 {3162}*
Completeness (%) 77.6 {55.6}
No. of residues 1128
No. of water molecules 34
Average B-factor (A?)

Protein atoms 22.5

Water molecules 239

rmsd
Bond length (A) 0.013
Bond angle (deg.) 3.27
R-factor 0.199 {0.271}
Free R-factor 0.250 {0.341}

2 Statistics for outer shells from 2.92 to 2.80 A and F > 2GF.

region, with 99.7% lying within the allowed
region.'”? Three Phe463 residues in the model
were found in a disallowed region (¢ =57 to 59°,
V= — 54 to —65 °). The Phe463 residues have well-
defined density and are located in a sharp bend
between the barrel and extended helix domains.
The residue Phe463 corresponds to Tyr376 in
phaseolin” and Tyr417 in canavalin,® which in turn
have a structure similar to that of proglycinin as
will be discussed. The Tyr376 residue in phaseolin
and Tyr417 in canavalin have ¢,y angles similar
to those of Phe463 in proglycinin. The average
B-factors were calculated to be 22.5 A% and 23.9 A?
for protein atoms and water molecules, respect-
ively. Figure 2 shows the plot of B-factors averaged
among three protomers along the amino acid
sequence. The average B-factors were relatively
low in continuous strand regions and slightly high
in tandem helix regions.

Structure of proglycinin

The crystal structure indicates that the protein is
a trimer composed of three protomers in each
asymmetric unit, and the trimeric protein arranges
the constituent protomers around a 3-fold sym-
metry axis with dimensions of 95 A x 95 A x 40 A
(Figure 3). The dimensions are consistent with
those previously reported from preliminary crystal-
lographic analysis of the proglycinin AlaBlb
homotrimer'” and electron microscopic studies of
various 11 S globulins,?**?* but smaller than those
of hemp 11 S globulin,** and very similar to those
of 7 S globulins.”*! Superimposition of protomers
(A, B and C) gave a root-mean-square deviation
(rmsd) of 0.30 A, 0.39 A and 0.34 A for the C”
atoms between A and B, B and C, and C and A,
respectively. The differences in the deviations
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Figure 1. Ramachandran plot for a proglycinin trimer.
Glycine and other residues are indicated by filled tri-
angles and filled squares, respectively. The Figure was
drawn with the program PROCHECK.?

among the subunits are mainly caused by differ-
ences in the structure formed by residues from
GIn308 to Ser310, because the GIn308 in protomer
C contacts with a symmetric molecule in the crys-
tals. The removal of the three residues resulted in
decrease of deviations between B and C, and
between C and A by 0.08 and 0.09 A, respectively,
while the deviation did not change between A and
B. The average B-factors of protomers A, B and C
were 21.1 A2, 24.2 A? and 21.8 A?, suggesting that
the structures of protomers A and C could be bet-
ter fixed than that of protomer B in crystals.

The protomer structure contains 25 strands and
five helices, and is folded into two B-barrel (jelly-
roll) domains and two extended helix domains
containing two helices. These domains are super-
imposed by a pseudo-dyad symmetry. Here, we
divide the protomer into N and C-terminal mod-

ules according to the pseudo-dyad symmetry axis,
and elements of the secondary structure in both
terminal modules are numbered sequentially, as
shown in Figure 4. N and C-terminal modules are
composed of 204 and 172 amino acid residues.
Figure 5 shows a comparison between the struc-
tures of the two terminal modules. A least-squares
fit of 132 C* atoms in a distance of 2.0 A produced
an rmsd of 0.97 A. Twenty-nine residues of the
superimposed 132 residues were identical between
the two terminal modules. Although the structures
of the N and C-terminal modules in the core of
proglycinin are very similar to each other, the
C-terminal module of the protomer does not con-
tain any helices in the barrel domain and contains
one strand less than the N-terminal module. There
is one more significant difference in the size of the
loop between strand I and ] (IJ loop). In the
N-terminal module, eight residues from Asn150 to
Aspl57 are inserted, and make a larger loop com-
pared with that of the C-terminal module, which is
located near the center of the trimer.

Disordered regions

We observed ten termini and constructed the
model containing five visible regions on the basis
of electron density maps. The electron density
maps of the ten terminal residues of the five visible
regions, with the exception of the side-chain of
Glu227, were clearly observed, and the averaged
B-factors at both termini of the five visible regions
are relatively higher (Figure 2). Since the same
molecular size was indicated by SDS-PAGE for
both the freshly purified protein and the protein in
the crystals (data is now shown), the model of pro-
glycinin AlaBlb was thought to have six disor-
dered regions (Figure 6). The four internal
disordered regions are concentrated around the N-
terminal module (Table 2). In the crystals, since the
trimer interacts with symmetric molecules, the
space of disordered regions 2 and 4 can be limited,
while there are sufficient open spaces around dis-
ordered regions 1, 3, 3" and 5 on all asymmetric
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Figure 2. Average isotropic temperature factor as a function of residue number in the final model. Each point is
averaged over three protomers. Secondary structures are indicated at the top. Helix and strand elements are shown
by filled and open boxes, respectively. The middle line indicates the average B-factor (22.5 A?). The arrow indicates

the processing site between Asn291 and Gly292.
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Figure 3. Stereo views of the ribbon diagram. Three protomers in the proglycinin trimer are shown by red, cyan
and green, respectively. The disulfide bonds in the trimer molecule are represented by yellow spheres with a radius

of 1.2

A. IA and IE indicate the disulfide bonds between Cys12 and Cys45, and between Cys88 and Cys298, respect-

ively. (a) The 3-fold symmetry axis runs perpendicular to the paper and is shown by a filled triangle. N and C
indicate the N and C termini, respectively. (b) Viewed after 180° rotation around the vertical axis. The residues just
after and before the internal disordered regions are labeled by blue letters. The model was generated using the

programs MOLSCRIPT* and Raster3D.*

protomers (Table 2). All protomers in the trimer
are packed in between the sides of the two B-bar-
rels. The biggest disordered region, 4, is comprised
of 48 residues. It is likely that there is not enough
space for the disordered region 4 to exist on the
side of the trimer due to the crystal packing. This
indicates that disordered region 4 may be located
on the face perpendicular to the 3-fold axis.
Besides, it is possible that disordered region 2
could interact with disordered region 4, since it
exists near Pro248 (Figure 3), or disordered region
2 might be extended over the helix domain of the
next protomer in the trimer.

On the other hand, protein sequences have pre-
viously been aligned among various 11 S globulins
from legumes and non-legumes, and five variable
regions have been proposed.*” Here, we examined
how these six disordered regions correspond to the

five variable regions. Five of the six disordered
regions corresponded roughly to the variable
regions (Figure 6), although there were three sig-
nificant differences between the disordered and the
variable regions. First, there is no variable region
corresponding to disordered region 3'. The disor-
dered region 3’ is composed of only five residues
and is rich in acidic residues. In glycinin group II
subunits, two residues are deleted in this region
compared with those of group I. This region could
be primarily variable. Secondly, disordered regions
3 and 5 are much smaller than the corresponding
variable regions III and V, respectively. The struc-
ture of 11 residues at the variable region III was
visible by crystallography. Further, we were able
to construct a model for 23 residues in variable
region V. This region contains a helix and is
responsible for interaction between subunits, as
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Figure 4. Schematic diagram of the hydrogen bonding
pattern found in the proglycinin protomer. (a) N-term-
inal module; (b) C-terminal module. Boxes indicate resi-
dues comprising secondary structural elements, while
circles indicate those in interconnection and terminal
regions. Hydrogen bonds between main chains are rep-
resented by means of directed arrows with heads corre-
sponding to the carbonyl oxygen atom. Helix and
strand elements are labeled as defined previously.”” The
arrows at the top show the direction of the antiparallel
strands. Broken lines represent disulfide bridges.

described below. Finally, disordered region 4 is six
residues longer at its C terminus than variable
region IV. The conservation in the six residues is
high among 11 S globulins (Figure 7). This con-
served sequence contains the processing site
Asn291-Gly292 for the maturation. The processing
site would protrude into the solvent to be suscep-
tible to the attack of asparaginyl endopeptidase,

although we could not observe the electron density
map of the site. Jung et al.* suggested that the
three conserved residues after site Asn291-Gly292
are not necessary for the processing. The role of
the three conserved residues remains unclear. The
A5A4B3 subunit is processed between Asn96 and
Arg97 in addition to the processing site, corre-
sponding to site Asn291-Gly292 in AlaBlb sub-
unit. As a result, an acidic chain of the A5A4B3
subunit is separated into A5 and A4 chains. The
site Asn96-Arg97 is located near the center of dis-
ordered region 2. Any other asparagine residues
are not found in the disordered regions far from
the visible regions of the five glycinin subunits.

Disulfide bonds

Two disulfide bonds are highly conserved
among 11 S globulins. Here, we were able to
clearly confirm the two disulfide bonds in an elec-
tron density map of the proglycinin protomer. One
is an intra-chain bond formed between Cys12 and
Cys45, and the other is an inter-chain between
Cys88 and Cys298 (between the acidic and basic
chains) (Figure 8). The dihedral angles of the intra
and inter-chain bonds are 102° (right-handed) and
—93° (left-handed), respectively, and the distances
between C* atoms in the two cysteine residues are
4.6 A and 5.9 A, respectively. The two bonds are
located near the two symmetry-related terminal
modules. It is found that the intra-chain bond is
positioned in a slightly buried region compared
with the inter-chain bond. Since three cysteine resi-
dues forming disulfide bonds, i.e. all those except
Cys45, exist just after or before disordered regions,
we cannot rule out the possibility that these disor-
dered regions completely cover the two disulfide
bonds. In addition, the intra-chain bond is located
nearer the 3-fold axis in the trimer than the inter-
chain bond and is located on the interface between
protomers. These disulfide bonds could contribute
to structural stability and folding of the protein.
However, Utsumi et al.* disrupted inter and intra-
chain disulfide bridges of glycinin using site-
directed mutagenesis, and showed that these
mutants are able to assemble into a trimer and
form crystals.?” Jung et al.® also constructed a
mutant of legumin lacking an inter-chain disulfide
bond, and demonstrated that the mutant can
assemble into a trimer.

Interactions between acidic and basic chains

Proglycinin is divided into two chains after pro-
cessing by an endopeptidase. They are linked by
an inter-chain disulfide bond in mature form, as
described above. In general, they are called acidic
and basic chains, respectively. For example, the
putative isoelectric points of N and C-terminal
chains are 5.24 and 8.22, respectively, in the case of
the AlaB1b subunit (proglycinin; 5.72).

Table 3 lists hydrogen bonds between the acidic
and basic chains in the intra-protomer. A hydro-
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Figure 5. Comparison of structures between the N and C-terminal modules of proglycinin. Orange and cyan lines
indicate C* traces of the N and C-terminal modules, respectively. Sulfur atoms forming disulfide bonds are rep-

resented by a yellow sphere with a radius of 1.2 A.

gen-bonded salt bridge was found between
Asp121 and Arg303 on the molecular surface. Thir-
teen residues of 23 contributing hydrogen bonds
between acidic and basic chains are conserved
among the five glycinin subunits. Most of the
hydrogen bonds are found around the segments
that link the B-barrels (from Asnl0 to Leu20 in C-
terminal module and from I1e297 to Gly307 in N-
terminal module). The segments should play an
important role in the binding of acidic and basic
chains. Five other hydrogen bonds were found out-
side of the segments (Table 3). Although three
bonds are formed near the solvent, two strong
hydrogen bonds were observed between Glu71
and Ser339 in a completely buried region. When
the carboxyl group of Glu71 is ionized, the residue
has no partner for the salt bridge. If the proglycinin
is destabilized by the buried ionizable group of
Glu71, the desolvation energy may be compen-
sated by the two hydrogen bonds between Glu71
and Ser339.%

To account for the contribution of hydrophobic
interaction between the acidic and basic chains in
the intra-protomer, we calculated the accessible

Table 2. Putative location of disordered regions

surface area. Binding between the two chains
results in the decrease of approximately 1800 A2,
each in area of the surface of the acidic and basic
regions, which corresponds to 15 % and 18 % of the
whole surfaces of the acidic and basic regions,
respectively. The hydrophobic residues occupy
65 % of the decreased area and are surrounded by
hydrophilic residues in the buried surface. These
results suggest that hydrophobic interaction plays
an important role in the interaction between the
acidic and basic chains. Seven residues of Leul?,
Tyr73, Leul22, Leu302, Leu336, 1le394 and Phe415
contribute to the decrease in the surface area of
750 A2, and occupy 32 % of the hydrophobic area.
Among these residues, Leul7, Leu302 and Phe415
are strictly conserved in glycinin subunits, and
other residues are conserved in group I and conser-
vatively mutated in group II.

Interactions between protomers

As mentioned above, a protomer has two helix
domains extended from the barrels. The helix
domains of a protomer stack on those of the adja-

Region Residue numbers Modules Location Steric constraints®
1 1-9%(9)° C IA faced No
2 92-109(18) N IE face Yes
3 179-197(19) N IA face No
3 228-232(5) N IA face No
4 249-296(48) N IE face Yes
5 471-476(6) C Side No

2 Steric constraints owing to crystal packing.
® Three lacking residues are included.

¢ The number of residues in disordered regions are indicated in parentheses.

4 JA and IE faces are defined in section Disulfide bonds.
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Figure 6. Comparison of variable regions with disor-
dered regions. (a) Disordered regions obtained by crys-
tallography. Open and filled boxes represent modeled
and disordered parts, respectively. Numerals 1-5 and
italicized numerals 1-5 indicate modeled and disordered
parts, respectively. The disordered region 1 includes the
lacking three residues.® The arrow indicates the proces-
sing site. (b) Variable regions based on sequence align-
ment. Open and closed boxes represent conserved and
variable regions, respectively. Roman numerals I to V
indicate variable regions.

cent protomers. The protomers interact with the
interfaces between helix domains, between helix
and barrel domains, and between barrel domains.
A part of the B-barrel including strands C, E, H
and ] is responsible for these interactions in
addition to the helix domains. Table 4 lists com-
mon hydrogen bonds less than 3.5 A in all of the
three interfaces. About half of the hydrogen bonds
are found on the interface between barrel and bar-
rel domains. While almost all of the hydrogen
bonds are positioned near the solvent in the trimer,
two bonds, those between Tyr65 and Asn398 and
between Gly128 and Tyr355, are buried and
located at the center of the whole interfaces.
A hydrogen-bonded salt bridge is formed between
Argl10 and Glu438 in the interaction area of the
helix and barrel domains, but Argl10 is not con-

Table 3. Hydrogen bonds between acidic and basic chains

served in group II, indicating that the salt-bridge
does not play an important role in the formation of
the trimer.

To estimate hydrophobic interactions, we calcu-
lated accessible surface area. One protomer shares
an interface of about 2700 A% with two adjacent
protomers in the trimer, which occupies about
30% of the whole surface of one protomer. The
hydrophobic residues comprise 48 % of the total
residues in the interface and were distributed in
positions far from the solvent. These hydrophobic
residues were evenly distributed in all interfaces
between helix domains, between barrel domains,
and between helix and barrel domains. Forty-one
important hydrophobic residues on the interfaces
are shown in Figure 7, and occupy 87 % of the
hydrophobic area. Thirty-eight residues of the 41
(all those except for Met159, Ala213 and Ile220) are
conserved or conservatively mutated among glyci-
nin subunits.

In addition to these interactions, an off-set stack-
ing interaction by three aromatic residues of Tyr65,
Phel63 and Tyr355 was observed. Tyr65 and
Phel63 are strictly conserved in five glycinin sub-
units, and Tyr355 is conserved as tyrosine or
tryptophan residues. Phel63 is strictly conserved,
and Tyr65 and Tyr355 are conserved as tyrosine/
phenylalanine and tyrosine/tryptophan, respect-
ively, in all 11 S globulins.” Tyr65 is located in the
center of this stack and interacts with Tyr355
derived from the adjacent protomer. In addition,
OH groups of Tyr65 and Tyr355 form buried
hydrogen bonds between subunits. These stacking
residues are not found in canavalin and phaseolin.
It seems that the stacking interaction plays an
important role in binding between monomers in
11 S globulins.

Residue Atom Residue Atom Distance (A)
17 Leu*? N 382 Val* O 29
20 Leu* N 392 Val O 2.8
20 Leu* O 392 Val N 2.8
46 Ala* O 360 Asn* ND2 3.0 P
52 Arg NH1 364 Tyr* OH 2.8 F
71 Glu OE1 339 Ser* O 2.7 1
71 Glu OE2 339 Ser* O 29
75 GIn OE1 364 Tyr* OH 30T
116 Asn O 303 Arg NE 3.4
119 Glu* O 305 Asn* ND2 3.0
120 Gly* O 306 Ile* N 29
120 Gly* O 307 Gly N 3.2
121 Asp* OD1 303 Arg NH2 29
121 Asp* OD1 305 Asn* ND2 3.1
121 Asp* OD2 303 Arg NE 2.8
121 Asp* OD2 303 Arg NH2 32
122 Leu N 304 His O 2.8
122 Leu (e} 304 His N 3.0
124 Ala N 302 Leu* O 3.5

Hydrogen bonds observed in protomer A of proglycinin are shown.
? Asterisk indicates residues conserved among five glycinin subunits.
* Dagger indicates bond observed in the region except for segments that link the B-barrels.
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AlaBlb -19 MAKLVF-SLC FLLFSGCCFA FSSREQPQQN ECQIQKLNAL KPDNRIESEG GLIETWNPNN 40
AlbB2 -19 MAKLVL-SLC FLLFSGCCFA FSFREQPQON ECQIQRLNAL KPDNRIESEG GFIETWNPNN 40
A2Bla -18 MAKLVL-SLC FLLFSG-CFA --LREQAQQN ECQIQKLNAL KPDNRIESEG GFIETWNPNN 38
A3B4 -24  MGKP FFTLSLSSLC LLLLSSACFA ---ITSSKFN ECQLNNLNAL EPDHRVESEG GLIETWNSQH 37
A5A4B3 -23  MGKP -FTLSLSSLC LLLLSSACFA ---ISSSKLN ECQLNNLNAL EPDHRVEFEG GLIQTWNSQH 37
gly cons * KRR kK R Ak Kokkk kKKK Kk k% Kk K K Kk
i1s cons * * ok kkk ok
second SSsSsss s sssss h
hydro
AlaBlb 41 KPFQCAGVAL SRCTLNRNAL RRPSYTNGPQ EIYIQQGKGI FGMIYPGCPS TFEEPQQPQQ RGQSSRP----QDR 110
AlbB2 41 KPFQCAGVAL SRCTLNRNAL RRPSYTNAPQ EIYIQQGSGI FGMIFPGCPS TFEEPQQKGQ 107
A2Bla 39 KPFQCAGVAL SRCTLNRNAL RRPSYTNGPQ EIYIQQGNGI FGMIFPGCPS TYQEPQESQQ RGRSQRP----QDR 108
A3B4 38 PELQCAGVTV SKRTLNRNGL HLPSYSPYPQ MIIVVQGKGA IGFAFPGCPE TFEKPQQQSS RRGSRSQ-QQLQDS 110
ASA4B3 38 PELKCAGVTV SKLTLNRNGL HLPSYSPYPR MIITAQGKGA IGFAFPGCPE TFEEPQEQSN RRGSRSQKQQLQDS 110
gly cons e * o
115 cons *x PR * o P x ko xw *
second hhhhhhssss ssssss sss ssssss Ss sSsssssssss ssss
hydro t ot (33
AlaBlb 111 HQKIYNFREG DLIAVPTGVA WWMYNNEDTP VVAVSIIDTN SLENQLDQMP RRFYLAGNQE QEFLKYQQEQ 180
AlbB2 108 HQKIYHFREG DLIAVPTGFA YWMYNNEDTP VVAVSLIDTN SFQNQLDQMP RRFYLAGNQE QEFLQYQPQK 177
A2Bla 109 HQKVHRFREG DLIAVPTGVA WWMYNNEDTP VVAVSIIDTN SLENQLDQMP RRFYLAGNQE QEFLKYQQQQ 178
A3B4 111 HQKIRHFNEG DVLVIPPGVP YWTYNTGDEP VVAISLLDTS NFNNQLDQNP RVFYLAGNPD IEHPETMQQQ 180
A5A4B3 111 HQKIRHFNEG DVLVIPPGVP YWTYNTGDEP VVAISLLDTS NFNNQLDQTP RVFYLAGNPD IEYPETMQQQ 180
gly cons  *x* % k% * e KRk koK kkk K Rk KkkkE K K KREEKK *
115 cons . - * ok % * . ok ox ok
second SSSSSSS SSSsSS S sSssss SSSSSssss Sss
hydro I + ot
AlaBlb 181 ---GGHQSQK-GKH QQEEENEGGS ILSGFTLEFL EHAFSVDKQI AKNLQGENEG EDKGAIVTVK GGLSVIKPPT 250
AlbB2 178 QQ-GGTQSQK-GKR QQEEENEGGS ILSGFAPEFL EHAFVVDRQI VRKLQGENEE EEKGAIVTVK GGLSVISPPT 249
A2Bla 179 Q--GGSQSQK-GK- QQEEENEGSN ILSGFAPEFL KEAFGVNMQI VRNLQGENEE EDSGAIVTVK GGLRVTAPAM 248
A3B4 181 QQQKSHGGRKQGQH QQQ-EEEGGS VLSGFSKHFL AQSFNTNEDT AEKLRSPDDE --RKQIVTVE GGLSVISPKW 251
AS5A4B3 181 QQQKSHGGRKQGQH QQEEEEEGGS VLSGFSKHFL AQSFNTNEDI AEKLQSPDDE --RKQIVTVE GGLSVISPKW 252
gly cons ok ok ok ko *kkk ok * M [
115 cons P - * N *
second hhhh hhh hhh hhhh sss . .
hydro s+ 0+ o4t ot 4 : Figure 7. Sequence alignment of
AlaBlb 251 DEQQQRPQEE EEEEEDEK-P QCKGKDKHCQR —————————— NGIDETICTM RLRHNIGQTS 310 five glyCll’lln subunits. Accession
AlbB2 250 EEQQQRPEEE EK-=====-! P DCDEKDKHCQS -- R NGIDETICTM RLRHNIGQTS 296 P
A2Bla 249 RKPQQEEDDD DEEE----QP QCVETDKGCQR =-mmmmm=== ——m= NGIDETICTM RLRQNIGQNS 301 numbers (Genbank) are indicated
A3B4 252 QEQEDEDEDE DEEYE--QTP SYPPRRPSHGK HE (27 aa) EPRGRGCQTR NGVEENICTM KLHENIARPS 339 : . .
A5A4B3 253 QEQQDEDEDE DEDDEDEQIP SHPPRRPSHGK RE (58 aa) EPRERGCETR NGVEENICTL KLHENIARPS 373 n Parentheses~ AlaBl1b (M36686)/
gly cons K okk Kk kAk ok kK % . )
115 cons cerre . Al1bB2 (X15123); A2Bla (D00216);
second A3B4  (AB049440);  A5A4B3
hydro 4
AlaBlb 311 SPDIYNPQAG SVTTATSLDF PALSWLRLSA EFGSLRKNAM FVPHYNLNAN SIIYALNGRA LIQVVNCNGE 380 (X5%1863)' A}?S()lfu‘:ely | Conservelzjd
AlbB2 297 SPDIFNPQAG SITTATSLDF PALSWLKLSA QFGSLRKNAM FVPHYNLNAN SIIYALNGRA LVQVVNCNGE 366 i i 1 ini -
A2Bla 302 SPDIYNPQAG SITTATSLDF PALWLLKLSA QYGSLRKNAM FVPHYTLNAN SIIYALNGRA LVQVVNCNGE 371 res'l ues in the IV(-".’ glycmin §u
A3B4 340 RADFYNPKAG RISTLNSLTL PALRQFGLSA QYVVLYRNGI YSPHWNLNAN SVIYVTRGKG RVRVVNCQGN 409 units and conservative and strlctly
AS5A4B3 374 RADFYNPKAG RISTLNSLTL PALRQFQLSA QYVVLYKNGI YSPHWNLNAN SVIYVTRGQG KVRVVNCQGN 443 N
gly cons * xk Kk * k% - *xx * % Kk kKK KRR * Kkkk * Conserved resmlues among the 11 S
115 cons * ok ok x * x * - ok oxk ok ok kx A o
second sss S sssss S sssss S SSSSsSsSs SSSSSSS SS SSSSS globuhn famlly are marked by
hydro ¥ L 3 . .

asterisks in gly cons and 11 S cons,
AlaBlb 381 RVFDGELQEG RVLIVPQNFV VAARSQSDNF EYVSFKTNDT PMIGTLAGAN SLLNALPEEV IQHTFNLKSQ 450 . .
AlbB2 367 RVFDGELQEG QVLIVPQNFA VAARSQSDNF EYVSFKTNDR PSIGNLAGAN SLLNALPEEV IQQTFNLRRQ 436 respectlvely. Twenty-seven I'ESIdLIeS
A2Bla 372 RVFDGELQEG GVLIVPQNFA VAAKSQSDNF EYVSFKTNDR PSIGNLAGAN SLLNALPEEV IQHTFNLKSQ 441 . . .
A3B4 410 AVFDGELRRG QLLVVPQNFV VAEQGGEQGL EYVVFKTHHN -AVSSYI--K DVFRAIPSEV LSNSYNLGQS 476 in the A3B4 subunit and 58 resi-
A5A4B3 444 AVFDGELRRG QLLVVPQNFV VAEQAGEQGF EYIVFKTHHN -AVTSYL--K DVFRAIPSEV LAHSYNLRQS 510 . ey s
gly cons  awexax % % earex ks PR P *x dues in the A5A4B3 subunit in the
11S cons * - * P * * okkk k% . .
second Ssssssss ssss S sssss S ssssss sss hhh hhhhh hh Varlable reglon IV are eXtraCted at
hydro % +t t E: % + ot : .
¥ the bottom of this Figure. The
AlaBlb 451 QARQIKNNNP FKFLVPPQES QKRAVA 476 : :
AlbB2 437 OARQUKNNNG FSFLVFPKES QRRVVA 462 residues of helices and strands are
A2Bla 442 QARQVKNNNP FSFLVPPQES QRRAVA 467 _
BE 13D R oo Seprvnp represented as s and h, respect
A5A4B3 511 QVSELKYEGN WGPLVNPESQ QGSPRVKVA 539 ivel Double daggers indicate
gly cons * * *xok h Y' h gg
118 cons * * 1 1 1 1
s cons  x ydrophobic _ remdue;s contributing
hydro * to the interaction between
27 aa DDEDEDEEEDQPRPDHPPQRPSRPEQQ protomerS.

58 aa QDEDEDEDEDKPRPSRPSQGKREQDQDQDEDEDEDEDQPRKSREWRSKKTQPRRPRQE

Hexamer formation

To discuss glycinin maturation, we term the two
faces perpendicular to the 3-fold axis in a proglyci-
nin trimer the IE and IA faces. The IE and IA faces
contain an inter-chain and an intra-chain disulfide
bond, respectively, which correspond to the left
and right faces in Figure 3(b), respectively. To form
a hexamer after processing, two trimers must inter-
act with each other between the same faces,
because interaction between the different faces
should result in oligomeric rod-like assemblies lar-
ger than a hexamer. The dimensions of hexamers
observed from primary crystallo%ra hic analysis®*
and electron microscopic studies®’ "> are consistent
with the hypothesis that a hexamer is formed by
interactions between the same faces of two trimers.
Here, the question is raised of which face is
responsible for the interaction, the IA or IE face.
Comparison of the two faces indicates that the IA
face has a larger curvature than the IE face. The

number of hydrophobic residues that are exposed
on the IE face is larger than that on the IA face,
while there is no remarkable difference in the dis-
tribution of electrostatic potentials between the two
faces (Figure 9). These facts suggest that the hex-
amer is formed by the interaction between the IE
faces. Another question is that of what interferes
with the hexamer formation of proglycinin. Dickin-
son et al.? reported that processing is required for
the hexamer formation. The processing site is
located on the IE face, just beyond the disordered
region 4. Since Pro248, the C-terminal residue of
the conserved region 4, also exists on the IE face,
the disordered region 4 including 48 amino acid
residues must be located on the IE face, as
mentioned above. Therefore, it is possible that the
disordered region 4 interferes with hexamer for-
mation by steric hindrance. The disordered region
4 must be able to move from the IE face to the side
of the trimer by the processing.
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Figure 8. Stereo view of the schematic drawing
around the inter-chain disulfide bond between Cys88
and Cys298. Representation of the protein model in a
2|F,| — |F.| electronic density map contoured at 1.2c
generated using the program TURBO-FRODO (Bio-
Graph). The meg) shown in blue was superimposed on
the refined 2.8 A resolution coordinates of proglycinin.
Carbon, oxygen, nitrogen and sulfur atoms are shown
by yellow, red, cyan and green, respectively.

Comparison with the structure of 7S globulins

It is found that the overall structure of progly-
cinin is ve ery close to those of canavalin® and
phaseolin.”!® Lawrence et al.” addressed the struc-
tural relationship between 11 S and 7 S globulins
by 11 S/7 S alighment based on the canonical 7 S
element, and pointed out that Pro/Gly motifs in
internal structural repeats (Pro67/Gly81 and
Pro254/Gly269 in phaseolin) are the most con-
served key residues. Our analysis showed that the
corresponding residues of Pro63 and Pro353 in
proglycinin AlaBlb are positioned on strand C in
both terminal modules and form a B-bulge struc-
ture, and Gly77 and Gly368 residues are positioned
in a loop between the strands D and E in analogy
with those of 7 S globulins. This indicates that the
Pro/Gly motif is certainly conserved between the
11S and 7S globulins as predicted.” Thus, we
compared the backbone structure of the proglyci-
nin protomer with those of phaseolin and canava-
lin based on the Pro/Gly mot1f A least-squares fit
produced an rmsd of 1.35 A between proglycinin
and phaseolin using 179 C* atoms, and 191 C*
atoms were superimposed with an rmsd of 1.30 A
between proglycinin and canavalin. These results
indicate that the backbone structure of glycinin is
similar to those of canavalin and phaseolin, and is
more similar to that of canavalin than that of pha-
seolin. In addition, the results strongly support the
hypothesis that both 7S and 11 S globulins are
derived from a common ancestor. Figure 10 shows
the superimposition of the C* models of the pro-
glycinin with those of 7 S globulins. The two barrel
domains in the proglycinin are well superimposed
on those of 7 S globulins, whereas the position of
helix domain appears to be slightly different. How-

Figure 9. Comparison of IA and IE faces. (a) Dia-
grams of the hydrophobic surface of the proglycinin tri-
mer. Alanine, valine, leucine, isoleucine, methionine,
proline, phenylalanine, tyrosine and tryptophan are
colored green. The left and right diagrams show the IA
and IE faces, respectively. (b) Electrostatic surface poten-
tial calculated using the program GRASP.* Positive
potential is colored blue and negative potential is
colored red (values range from —33 (red) to 32 (blue) in
units of kgT, where kg is the Bolzmann constant and T is
temperature). Orientation is the same as in (a).

ever, the overall structure of the helix domains of
the proglycinin seems to be similar to those of
canavalin and phaseolin, although the extended
helix domains contain one less helix than canavalin
and phaseolin. When the N and C-terminal mod-
ules of the proglycinin were compared separately
with those of 7S globuhns, the rmsd values
decreased to 1.15 and 1.0 A, respectively. These
results indicate that the two terminal modules of
the 11 S and 7 S globulin protomers are similar to
each other, but that their configurations are slightly
different.

Based on the three-dimensional structures, we
aligned protein sequences of canavalin, phaseolin,
and proglycinin, as shown in Figure 11. Here, we
found 46 identical residues among the three pro-
teins, and 27 identical residues in C-terminal mod-
ule, suggesting that the C-terminal module is more
conservative than N-terminal module between 11 S
and 7 S globulins. The alignment between phaseo-
lin and proglycinin is basically similar to that
described.” There is, however, a deletion of three
residues between helix 0 and strand B, while they
introduced a gap in strand A of the N-terminal
module. This difference is probably due to the fact
that proglycinin has a helix structure in this region.
Additionally, a deletion of one residue is present
between strands H and I in the N-terminal module
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Figure 10. Comparison of the structure of proglycinin
with those of canavalin (PDB; 1CAU) and phaseolin
(PDB; 2PHL). (a) C* traces showing the superimposition
of proglycinin with canavalin. Thin and broken lines
indicate proglycinin and canavalin, respectively. (b) C*
traces showing the superimposition of proglycinin with
phaseolin. Thin and broken lines indicate proglycinin
and phaseolin, respectively.

of proglycinin compared to their alignment. Since
an insertion of five residues exists just after strand
I, it may have been difficult to find the deletion. In
their 7 S/11 S alignment, 29 globally conserved
residues were shown. Only one residue between
strands H and I is inconsistent with our result.
This is probably due to the deletion between
strands H and 1. These results indicate that the 28
globally conserved residues could be applied to
other related proteins including the structurally
conserved module.”

In the case of canavalin and phaseolin, the
reduced accessible surface area following the for-
mation of a trimeric structure was about 6000 A2,
of which hydrophobic residues comprised 48 and

Z Al A 0
Gly 1 FSSREQPQONECQIQKLNALK PDNR IESEGGLIETWNPN NKPFQCA 46

Can 41 ESRAQNNPYLFRSNK ~ FLTLFKNQHGSLRLLQRFNEDTEKLE 81
Pha 1 TSLREEEESQDNPFYFNSDNSWNTLFKNQYCHIRVLORFDQOSKRLO 47
B c D E

cly 47 GVALSRCTLNRNALRRESYTNGPQETYIQQGKGIFGMIYPGCPST 91
Can 82 NLRDYRVLEYCSKPNTLLLPHHSDSDLLVLVLEGQAILVLVNPD 125
Pha 48 NLEDYRLVEFRSKPETLLLPQOADAELLLVVRSGSAILVLVKPDD 93

F G H
Gly 92 FE DRHQKIYNFRE GDLIAVPTGVAWWMY 134
Can 126 GRDTYKLDQ GDATRIQAGTPFYLI 149
Pha 94 RREYFFLTSDNPIFSDHQKIPACGTIFYLYV 121
I J
Gly 135 NNE DTPVVAVSIIDTNSLENQLDQMPRRFYLAGNQEQEFLKYQQEQG 181
Can 150 NPDNNQNLRILKFAIT  FRRPGTVEDEFLSSTKRL 183
Pha 122 NPDPKEDLRIIQLAMP VNNPQIHEFFLSSTEAQ 154

p 2 3

Gly HOQEEENEGGSILSGFTLEFLEHAFSVDKQIAKNLQGENE 229
Can PSYLSAFSKNFLEASYDSPYDEIEQTLLQE 214
Pha QSYLQEFSKHILEASFNSKFEEINRVLFEEE 185
Gly
Can
Pha
Z A A
Gly 278 CQRPRGSQSKSRRNGIDETICTMRLRHNIGQTSSPDIYNPQAGSVTTA 325
Can 241 SSQDKPFNLR SRDPIYSNN YGKLYEI 268
Pha 217 NTIGNE FGNLTER 232
0 B C D E
Gly 326 TSLDFPALSWLRLSAEFGSLRKNAMFVPHYNLNANSIIYALNGRALIQ 373
Can 269 TPEKNSQLRDLDILLNCLOMNEGALFVPHYNSRATVILVANECGRAEVE 316
Pha 233 TD NSLNVLISSIEMEEGALFVPHYYSKAIVILVVNEGEAHVE 274
F G H

Gly 374 VVNC NGERVFDGELQEGRVLIVPONFVVAARSQSDNF 410
Can 317 LVGLEQQQQQGLESMQLRR YAATLSEGDIIVIPSSFPVALKAASDLN 363
Pha 275 LVGPKGN KETLEIES YRAELSKDDVFVIPAAYPVAIKATSNVN 317

1 2 3

Gly 411 EYVSFKTNDTPMIGTLAG ANSLLNAL PEEVIQHTENLKSQQA 452
Can 364 MVGIGVNAENNERNFLAGHKENVIRQI PRQVSDLTEPGSGEEV 416
Pha 318 FTGFGINANNNNRNLLAGKTDNVISSIGRALDGKDVLGLTESGSGDEV 365

J!

I J

Gly 453 RQIKNNNPFKFLVPPQESOKR 476
Can 407 EELLENQKESYFVDGQOPRH 445
Pha 366 MKLINKQSGSYFVDAHHE 397

Figure 11. Alignment of protein sequences among the
glycinin AlaBlb subunit, canavalin and phaseolin based
on the three-dimensional structures. Gly, Can and Pha
indicate glycinin, canavalin’® and phaseolin,” respect-
ively. The helices and strands are numbered above the
alignment. The identical residues are represented by
red. The green and black underlines indicate helices and
strands, respectively. The disordered or lacking residues
are shown by blue letters.

53 %, respectively, comparable with 48% of the
proglycinin. In addition, the distribution of the
hydrophobic residues in the interacting interfaces
of the proglycinin is similar to those of both 7 S
globulins. The hydrophobic residues of both 7 S
globulins are also located far from the solvent, and
are surrounded by hydrophilic residues. The distri-
bution and the number of hydrogen bonds are also
similar between the proglycinin and 7 S globulins,
and buried hydrogen bonds are observed in the
center of the interface between the barrel domains.
However, the residues contributing to the hydro-
gen bonds are not well conserved among the three
globulins compared with the hydrophobic resi-
dues.

Shutov et al.'? described the gene triplication
hypothesis between B-conglycinin (7 S) and glyci-
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Table 4. Hydrogen bonds between protomers

Distance (A)

Residue Atom Domain Residue Atom Domain AB? BC CA
62 Arg NH1 B 444 Thr (@] H 2.8 2.7 3.0
65 Tyr OH B 398 Asn (e} B 2.9 2.9 2.8%¢
110 Arg O B 456 Lys NZ H 2.8 3.1 2.6 *
112 GIn N B 435 Ala (@] H 2.9 2.9 3.1
128 Gly O B 355 Tyr OH B 2.9 3.0 2.8
153 Glu O B 397 GIn NE2 B 3.4 3.0 3.2%
155 GIn N B 397 GIn OE1 B 2.7 3.0 3.0*
155 GIn OE1 B 417 Thr 0OG1 B 3.0 2.6 2.7 *
155 GIn OE1 B 417 Thr (@) B 3.4 29 3.1*
155 GIn NE2 B 358 Asn (e} B 3.0 32 3.0*
157 Asp oD2 B 12 Cys N B 2.8 2.8 29*
171 GIn OE1 B 378 Asn ND2 B 29 2.8 2.8
177 GIn NE2 B 378 Asn OD1 B 2.9 3.4 29
204 Gly O H 381 Arg NH1 B 29 2.7 2.8
206 Thr N H 373 GIn OE1l B 3.1 3.1 3.0
213 Ala O H 459 Asn ND2 H 2.6 2.7 2.7
215 Ser O H 458 Asn ND2 H 2.7 29 2.9
223 Asn ND2 H 446 Asn (@] H 2.7 2.8 29
244 Ser N B 439 Glu OE1 H 29 2.9 3.2*
244 Ser N B 439 Glu OE2 H 3.2 3.0 3.1*

? Distance between protomers A and B in a trimer.
* B and H indicate barrel and helix, respectively.

¢ Asterisk indicates hydrogen bonds which may be conserved among five glycinin subunits.

nin based on sequence comparison and limited
proteolysis  analysis. ~However, they have
suggested the gene duplication mechanism
recently.'® Table 5 shows mutual and cross-com-
parisons of the N and C-terminal modules of cana-
valin, phaseolin and proglycinin based on
superimposition of their C* models. The N-term-
inal module of proglycinin is most similar to the
C-terminal module of the proglycinin, and the
comparison of the N-terminal module to the four
terminal modules of canavalin and phaseolin
shows that the N-terminal module of proglycinin
is evenly similar to the four terminal modules,
since there is no significant difference of rmsd
value and the number of superimposed atoms
among them. On the other hand, the C-terminal
module of the proglycinin is more similar to the
C-terminal modules than to the N-terminal mod-
ules of both canavalin and phaseolin. These results
suggest that the evolutionary conservation between

11 S and 7 S globulins in the structure of the C-
terminal modules in a subunit of the proglycinin is
greater than that of the N-terminal module, sup-
porting the gene duplication hypothesis. In
addition, the result of conservation is consistent
with the number of identical residues among glyci-
nin, canavalin and phaseolin, as shown in
Figure 11. The N-terminal module of the proglyci-
nin may be most diverged from the other terminal
modules. The rmsd values show that the N and C-
terminal modules of canavalin are most similar to
the N and C-terminal modules of phaseolin,
respectively, indicating the conservation between
the N and the C-terminal module structures of 7 S
globulins and the validity of this structure-based
comparison.

The center of the trimer

Ko et al® found a hydrophilic channel with a
diameter of around 18 A along the 3-fold axis in

Table 5. rms distance of C* atoms among six modules of proglycinin, canavalin and phaseolin (A)

Module GlyN GlyC CanN CanC PhaN
GlyC 0.973(132)®

CanNe 1.10(119) 1.00(108)

CanC 1.11(115) 1.05(125) 0.93(108)

PhaN¢ 1.14(110) 1.08(102) 0.76(154) 0.99(106)

PhaC 1.08(112) 0.95(120) 0.93(106) 0.72(150) 1.01(105)

* The rmsd values were calculated using distances between superimposed C* atoms in a distance less than 2.0 A
b The number of C* atoms superimposed in a distance less than 2.0 A are represented in parentheses.
¢ N and C-terminal modules of canavalin contain 183 (55 to 224 and 241 to 253) and 182 (44 to 54 and 254 to 424) residues, respec-

tively.

4 N and C-terminal modules of phaseolin contain 193 (18 to 210) and 169 (11 to 17 and 220 to 381) residues, respectively.
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a canavalin trimer. A similar hydrophilic channel
was also observed in the phaseolin trimer.”
However, we could not find any hydrophilic
channels in the center of the trimer, because the
channel is closed by the IJ loop. In particular, a
side-chain of Leul52 protrudes toward the 3-fold
axis from each protomer, because the side-chains
of three Leul52 residues made a hydrophobic
cluster in the center. The length of the IJ loop of
the proglycinin was longer than those of phaseo-
lin and canavalin by more than four residues
(Figure 11). This loop is conserved among 11 S
globulins. In glycinin, Leul52 was conserved as
leucine and phenylalanine. The reason for the
structural difference in the center of the trimer
between 11 S and 7 S globulins is not clear.

Potential N-glycosylation sites

Among the five glycinin subunits, the AlaBlb
and A2Bla subunits have one potential N-glyco-
sylation site of Asn4l8 and  Asn300,
respectively.’*?! However, they are not glycosy-
lated as B-conglycinin is in soybean. To investi-
gate why the two potential sites are not
glycosylated, we analyzed the structures in the
vicinities of the two asparagine residues. The
structure of Asn418 in the AlaBlb subunit was
determined in this study. The residue is posi-
tioned just after strand I in the basic chain and
near the 3-fold axis of the trimer. The side-chain
of this residue is not very accessible to solvent
molecules, indicating that the glycosylation at
this site does not occur due to steric hindrance.
On the other hand, we hypothesized the position
of Asn300 in A2B1b on the basis of the crystal
structure of the AlaBlb subunit and sequence
alignment (Figure 7). The results suggested that
Asn300 may be located on strand C and on the
side of the trimer, and that the side-chain of the
residue may face the solvent. Therefore, it
appears that the disordered regions cannot cover
the residue. Further, we cannot rule out the
possibility that the glycosyl chain is trimmed off
from the A2Bla subunit before maturation.

Sorting of glycinin to the vacuole

Proglycinin is assembled into a trimer in the
ER and is sorted to PSV during seed maturation.
It is believed that a vacuolar sorting determinant
is present on the molecular surface of the pro-
glycinin trimer.*>* The protein sequence of gly-
cinin, with the exception of the signal sequence,
must play a role in the sorting and accumu-
lation. Saalbach et al* investigated the intra-
cellular localization of bacterial chloramphenicol
acetyltransferase fused with the fragment of
Vicia  faba prolegumin B4 in tobacco, and
suggested that a prolegumin contains multiple
targeting information, probably formed by higher
structures of relatively long peptide sequences.
Recently, based on the secretion granule for-

mation in mammals,**?® a mechanism of aggre-

gation sorting was proposed for legumin in
developing pea cotyledons.*’*° The more hydro-
phobic prolegumin participates in aggregate for-
mation and in the binding of prolegumin to
membranes of dense vesicle or multivesicular
bodies. Moreover, the processing of prolegumin
to mature form and the resultant hexamer for-
mation cause a decrease in hydrophobicity that
leads to the dissociation of legumin aggregates
from the membrane.®> The crystal structure of
proglycinin suggests that the hexamer may be
formed by the interaction between the IE faces
of the trimer. This suggestion is consistent with
the result that the prolegumin is much more
hydrophobic than mature legumin,® since the IE
face of proglycinin is more hydrophobic than the
IA face (Figure 9). However, the formation of a
dense vesicle containing storage proteins in the
densely packed state cannot be explained by
hydrophobic interactions alone, and thus other
factors will need to be investigated.

Materials and Methods

Crystallization and data collection

The crystals of proglycinin AlaBlb homotrimer were
grown at 281 K by the dialysis method'¢ and by hang-
ing-drop vapor diffusion method employing 5 pl of a
10 mg/ml protein solution mixed with 5 pl of precipitant
solution containing 8 % PEG6000, 0.1 M Mes (pH 5.5)
and 04 M NaCl. The crystals made by the dialysis
method were used for collection of native data. The data
collections for the native and derivative crystals were
carried out at 293 K on a Bruker multiwire HI-STAR
detector mounted on a MAC Science M18XHF rotating
anode generator at the Research Institute for Food
Science, Kyoto University, or a Siemens X-1000 multi-
wire detector at the Institute for Protein Research, Osaka
University.

MIR phasing

The multiple isomorphous replacement (MIR) method
was applied to determine the protein structure. The
native crystals were soaked in two different pH solutions
containing heavy-atom compounds. The soaked crystals
were checked for isomorphism by measuring changes in
their cell dimensions and diffraction intensity. The iso-
morphous difference Patterson functions at 3.5 A resol-
ution were calculated for each derivative. The refinement
of the heavy-atom parameters and phase determination
were carried out by the conventional MIR method using
the program package PHASES.*' Additional heavy-atom
sites were identified using difference Fourier techniques.
It was possible to locate the 3-fold axis of the trimer in
the asymmetric unit by comparing the identified heavy-
atom sites. The initial MIR phases were calculated to a
resolution of 3.2 A from five derivatives with a mean
figure of merit = 0.58 (Table 6). After solvent flattening,
a mean figure of merit of 0.70 was obtained at 3.2 A res-
olution. The phases were improved and extended to a
resolution of 2.9 A by applying 3-fold symmetry aver-
aging, solvent-flattening and partial modeling. This
resulted in a mean figure of merit of 0.62 at this higher
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Table 6. Summary of statistics for heavy-atom derivatives

PCMB-1 CH,;HgOH KAu(Cl), KAu(CN), PCMB-2

Method of crystallization Dialysis Dialysis Dialysis Hanging drop Hanging drop
Soaking conditions

Concentration (mM) 1 2 1 10

Period (hour) 18 18 15 1.5

pH* 7.6 . 7.6 5.5 5.5
Detector X-1000 X-1000 X-1000 High Star High Star
Wavelength (A) 1.54 . 1.54 1.54 1.54
Resolution (A) 34 . 5.0 3.2 3.2
No of observations 68,998 127,263 50,480 152,342 147,621
No of unique reflections 23,245 29,156 8,470 51,491 44,651
Completeness (%) 74.2 . 99.7 88.4 94.0
R-merge (%) 14.9 10.4 10.5 14.1
MIR phasing statistics

R-Cullis 0.673 0.697 0.634 0.698 0.567

R-Kraut 0.102 0.098 0.073 0.120 0.135

Phasing power 1.31 1.59 0.95 1.60

Heavy-atom sites 3 3 6 12

0.1 M Tris (pH 7.6), 0.1 M Mes (pH 5.5).

resolution. The solvent flattening and phase improve-
ment were performed by using the program PHASES.

Model building and refinement

The initial structure model of glycinin was built
against the electron density map at 2.9 A referring to the
structures of canavalin and phaseolin”®'° using the pro-
gram TURBO-FRODO (Bio-Graphics). Crystallographic
refinement was carried out against 2.8 A data with
F>2cF. A randomly selected 5% of the data was
removed prior to refinement for analysis of the free R
factor.*? Starting with this model, the refinement was
performed with the program X-PLOR.** The initial
model was subject to one round of simulated annealing,
followed by a round of Powell minimization. The refine-
ment was performed at 2.8 A resolution with the three
monomers restrained by the non-crystallographic sym-
metry. The progress of the refinement was guided by the
decrease in both the conventional and free R factors.
Non-crystallographic symmetry (NCS) restraints were
imposed with a weight of 20 kcal/mol per A2, based on
the analysis of the free R-factor where the NCS weight
was varied. A number of rounds of manual rebuilding of
poorly fitting residues followed. Each round of manual
rebuilding was followed by conjugate-gradient energy
minimization and individual B-factor refinement. NCS
was not included in the final cycle of refinement, and 34
solvent molecules were built.

Calculation of accessible surface

The accessible surface was calculated using program
NACCESS.* The probe is taken to be a water molecule
as a sphere with a radius of 1.4 A.
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