strain. In consideration of the marked elas-
tic anisotropy of a-cristobalite, it seemed
essential to evaluate the directional depen-
dence of the Poisson’s ratio.

In a Cartesian coordinate system the
elastic strain (e;) and the stress (oy,) ten-
sors are related by

€= Szjkeokt’ 3)

The coordinate system is usually chosen to
coincide with the material’s principal crys-
tallographic axes. In terms of the single-
crystal elastic compliance coefficients, the
quotient of lateral to longitudinal strain,
—8,/S.» 18 the exact definition of Poisson’s
ratio under all possible orientations of the
coordinate system relative to the crystal’s
axes. To calculate Poisson’s ratio for an
arbitrarily chosen set of axes, we trans-
formed the elements of the compliance
tensor according to standard tensor trans-
formation rules (5, 15).

In a-cristobalite the directional depen-
dence of Poisson’s ratio exhibits marked
anisotropy. Over all crystallographic direc-
tions its magnitude ranges from +0.08 to
—0.5, although it remains predominantly
negative. Comparatively, the Reuss and
Voigt bounds of the single-phased aggregate
yield Poisson’s ratios of —0.13 and —0.19,
respectively (Table 1). Rotation of the
elastic compliance tensor about the a axis
produces a maximum v,; = —0.5 at ap-
proximately 42° from the b axis (Fig. 2B).
The occurrence of this maximum can be
appreciated in light of the topology of the
a-cristobalite structure. As the unit cell is
rotated around the a axis, the compressive
axes become aligned with the O pair dis-
playing the largest contractions (Fig. 2A).
Compression of these O...O separations
along with concomitant bending of the
Si-O-Si angle result in an inward rotation
of the SiO, tetrahedra. Consequently, the
structure contracts laterally.

It is suggested that for materials having a
large degree of elastic anisotropy, such as
a-cristobalite, a-quartz, stishovite (the
high-pressure modification of SiO,), and
MgSiO; in the ilmenite structure, whenev-
er single-crystal elastic coefficients are
available, it is valuable to carry out a
tensorial analysis of the elastic coefficients
and examine the entire range of behavior of
Poisson’s ratio.
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The Location of Bound Lipid in the
Lipovitellin Complex

P. A. Timmins,* B. Poliks, L. Banaszak

The location of the bound lipid in the soluble lipoprotein lipovitellin has been determined
by neutron crystallographic techniques. With the use of the contrast variation method,
whereby the crystals are soaked in different H,0-D,O mixtures, the lipid has been found
to occupy a large cavity in the protein whose structure had previously been determined by
x-ray crystallography. The lipid appears to be bound in the form of a bilayer with the major
protein-lipid interactions being hydrophobic and with the lipid headgroups projecting into
the bulk solvent and into a solvent-filled space in the cavity.

Existing molecular models of soluble lipo-
proteins are based mainly on physical meth-
ods that do not permit direct visualization
of molecular structure. We describe neu-
tron diffraction results which, when com-
bined with an earlier x-ray crystallographic
study, lead to a relatively complete three-
dimensional model of a soluble lipoprotein
called lipovitellin. The crystalline lipovi-
tellin complex was derived from lamprey
oocytes. It is comprised of three polypeptide
chains, LV1, LV2, and PV, of molecular
weight (M,) 66,800, 40,750, and 35,200,
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respectively. PV, sometimes also called
phosvitin, contains a significant number of
phosphorylated Ser residues [for a relatively
recent review, see (I)]. In addition to the
protein components, the complex contains
about 15% lipid, mainly in the form of
phospholipids. The lipovitellin complex
has been crystallized (2) and -its structure
solved to 2.8 A resolution by x-ray crystal-
lography (3) by using classical multiple
isomorphous replacement (MIR) tech-
niques. The resulting model, however, has
some important limitations that may be
summarized as follows. At the time when
the model was constructed, the amino acid
sequence was not known and the model was
therefore described as a polyalanine chain.
Although the complex is known to com-
prise ~1300 amino acids, the initial inter-
pretation of the electron density based on
multiple isomorphous replacement (MIR)
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phases accounted for 984 residues, indicat-
ing that part of the protein was probably
disordered in the crystal lattice. In particu-
lar, no elevated density corresponding to
phosphoprotein was observed. In the study
reported here, we used a model containing
a further 26 residues located in the density
after the application of solvent leveling
procedures (4). Most important, no elec-
tron density assignable to phospholipid was
visible in the x-ray study. In order to locate
the phospholipid in the crystallographic
model and search for the missing segment of
phosphoprotein, neutron diffraction exper-
iments were carried out with lipovitellin

single crystals along with the H,0-D,0

contrast variation method [reviewed in
(5)]- The results show that the lipid moiety
is bound within a large cavity in the struc-
ture bounded by presumably hydrophobic
side chains located on the nearby B struc-
ture. Furthermore, the protein not account-
ed for in the x-ray maps, which was be-
lieved to be part of the PV chain, is
extremely disordered. The contrast varia-
tion study suggests that the missing segment
of phosphoprotein occupies a part of the
solvent volume of the crystal as discerned in
the electron density map.

The lack of lipid density in the x-ray

Table 1. Lipovitellin data collection statistics.
Crystals for neutron diffraction (maximum di-
mensions 1.0 mm by 0.5 mm by 0.5 mm) were
soaked for ~3 weeks in 0.6 M sodium citrate,
pH, 6.4, made up in D,0-H,0 mixtures as
indicated in the upper part of the table. Exact
D,O contents were obtained from neutron
transmission measurements. The crystals used
are very small compared with those necessary
for high-resolution neutron crystallography and
are sufficient for two prime reasons: (i) the
low-resolution diffraction is inherently strong;
and (i) the use of long-wavelength neutron
radiation (7.56 A) leads to a high crystal reflec-
tivity and hence large measured intensities. The
neutron diffraction data were collected to 12 A
resolution on the diffractometer DB21 at the
high-flux reactor of the Institut Laue-Langevin,
Grenoble, France. The incident beam consist-
ed of a monochromatic beam of neutrons of
wavelength 7.56 A, which are detected on a
two-dimensional Li/Ce scintillator detector (7).
Data collection times varied between 5 and 14
days depending on the D,O-H,O contrast.
Crystals undergo no radiation damage from
neutron irradiation.

D,0 Total Unique
content reflec- reflections R+
(% by tions (no.; % merge
mole) (no.) possible)

(o] 970 424 (88) 0.054
20 858 457 (96) 0.044
59 1086 431 (92) 0.038
85 690 386 (82) 0.018
93 1031 484 (100) 0.014

*R, = 3|l — <I>|/Z], where / is the intensity of a

reflection and the sum is over all observed refiections.

maps must be due to disorder in the phos-
pholipid. In this case, the contrast that
would produce scattering at low resolution
(> ~10 A) would be due to the difference
in average electron density between lipid
and water. As the mean electron density of
both these moieties is ~0.334 e A~3, the
contrast is zero or very small and lipid is
therefore indistinguishable from the solvent
water in the crystal. In the case of neutron
scattering, the contrast depends very
strongly on the H,0-D,O content of the
solvent and for the various components of
lipovitellin is illustrated in Fig. 1. These
variations are due to the difference in scat-
tering length between H (—0.374 x 1012
cm) and D (0.667 x 10712 cm).

The contrast variation method can be
used to identify lipid, protein, and phos-
phoprotein in any crystalline system con-
taining these components. If a partial struc-
ture is known from x-ray studies, the deter-
mination of a low-resolution structure based

Flig. 1. Contrast variation for neutron diffraction
studies of lipovitellin. Variation of scattering
length density of various components of lipovi-
tellin are shown as a function of D,O content of
the surrounding solvent. The point at which the
scattering length density of a component
equals that of the solvent is the contrast match
point. Note that the scattering length densities
are calculated for “dry” molecules. If the mole-
cule is disordered such that the volume that it
occupies is also partially occupied with water,
then the corresponding scattering length den-
sity is reduced so that in the high-dilution limit it
is equal to that of the mother liquor. This reduc-

on neutron diffraction data should be feasi-
ble. The case of lipovitellin is rather unfa-
vorable as only some 78% of the protein
structure is known, and in the absence of a
fitted amino acid sequence this can only be
modeled as a homogeneous scattering den-
sity. The neutron scattering ability of each
amino acid type varies differently with D,0
concentration and is particularly sensitive
to the ratio of exchangeable hydrogens to
nonexchangeable hydrogens.

For lipovitellin, crystals similar to those
used for x-ray studies were used to obtain
neutron diffraction data. The details of data
collection, processing, scaling, and phasing
are given in Tables 1 and 2. For neutron
scattering, calculations based on chemical
composition show that protein and phos-
pholipid are matched by solvent in the
crystal interstices at solvent compositions of
~40 and 10% by mole D,0O, respectively.
Hence in a scattering density map with
40% D,0O one would expect to see mainly

7.0 T T 1 T
g 6.0
~ 50
2% 40
§5s0
2} 20 Protein
58 1oL | _
iz Phospholpid |
_1 .o " 1 1 " A
0O 20 40 6 8 100
D,0 (%)

tion in absolute scattering density, however, does not change the contrast match point, which is only
a function of the chemical composition. The optimum contrast at which to view, for example,
phosphoprotein remains that at which normal protein is matched by the solvent. Note especially that
at 40% D,0, the most negative density is attributable to lipid. The arrows indicate the contrasts at

which final maps were calculated.

Fig. 2. Crystalline lipovitellin at 40% D,O. The stereodrawing shows the neutron scattering length
density map in 40% D,0 contoured at 1.5¢ (where o is the root-mean-square neutron scattering
length density) and superimposed upon an a-carbon trace representing the protein model in
green. The model is that determined by x-ray crystallography (3). The negative density shown in
violet at this contrast indicates the presence of phospholipid. Small areas of density within the
protein are probably due to clumps of hydrophobic amino acids, which also have negative
contrast in 40% D,0.
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phospholipid at high negative contrast and
in 10% D,O to see predominantly protein
at high positive contrast. Because of the
presence of phosphoserines in the phosvitin
chain, one would expect to see portions of
this polypeptide component at positive
contrast in the 40% D,O map. In 93%
D,0, all of the lipovitellin components
would be at negative contrast, with lipid
having ~1.8 times the contrast of protein.

The map at 40% D,0, along with the

Table 2. Lipovitellin phase estimation. The data
were scaled together using a procedure (8)
that also enables the D,O contents to be re-
fined. Once the data are scaled together, struc-
ture factor (F) amplitudes for any contrast can
then be interpolated from the general relation
that relates structure factor to contrast (9). We
chose to work with data from contrasts corre-
sponding to 10% D,0, where lipid is on aver-
age matched out, 40% D, 0O, where protein is on
average matched with the solvent, and 93%
D,0, which was the highest measured contrast.
Starting phases for the neutron data in 10%
D,O were obtained by calculation from the
x-ray coordinates. We assumed that each ami-
no acid has the volume and scattering power of
an average amino acid, that is, a volume of 133
A3 and a scattering power in H,0 of 2.4 x 102
cm, which varied with D,O because of the
presence of 1.8 exchangeable hydrogen at-
oms. The R values for the starting model are
shown. That for 40% D,O is indeterminate as
the structure factors are zero because the
model protein has no contrast at this point. The
starting model was combined with the contrast
variation to produce a “best” map at the three
chosen contrasts in a fashion analogous to that
of single isomorphous replacement (70). The
40% D,0 best map already showed significant
density in the cavity. The best maps were then
improved by density modification using a suite
of programs written by Roth (77). The envelope
used for density modification was an F_,. o,
map calculated from the x-ray coordinates. For
example, a fraction of 15% of the most negative
density in the 40% D,O map was extracted and
used as a model for the lipid. A similar proce-
dure was applied to the 93% D,O map where
the lipid model was recombined through the
structure factors with the structure factors cal-
culated from the x-ray model at that contrast.
After solvent leveling, these models were then
reused for calculating "best” maps and the
process cycled until no significant improve-
ment of R factor was obtained.

D,O . Figure of
content R value merity
(% by
mole) Initialt  Final  Initial§  Final
10 0.43 0.29 0.747 0.835
40 0.34 0.542 0.828
93 0.71 0.36 0.638 0.861

*R = 3|F — FuelZF e Where F = F_,,_ for initial and
= Foeq for final. tFrom x-ray crystallographic
coordinates.  }Figure of merit is the average of the
cosine of the difference in phase difference between
the value calculated from the model and that deter-
mined from the contrast variation experiment for the
contrast under consideration with respect to a refer-
ence contrast.  §After first .., calculation.

polypeptide chain trace of lipovitellin from
the x-ray studies, is shown in Fig. 2. The
most striking feature is the presence of
continuous high negative density in the
central cavity formed by the B-sheet do-
mains. The volume of this negative region
is of course dependent on the contouring
threshold, but if we use levels as shown in
Fig. 2, the cavity density is equivalent to
~28,000 A3. If we assume that at this
contrast we are seeing primarily the acyl
chains of the phospholipid, the neutron
scattering cavity is large enough to accom-

modate ~32 molecules of phospholipid.
Therefore the neutron diffraction results are
in general agreement with the amount of
lipid known to be present based on chemi-
cal analyses (2). A few regions of small
volume containing negative density not
visible in Fig. 2 are probably due to scatter-
ing length density fluctuations within the
protein. The starting model, which consist-
ed only of homogeneous polyalanine, was
modulated by the density modification
scheme.

Another nearly orthogonal view of the

Flg. 3. The lipid cavity in lipovitellin. The stereodrawing contains the same map as is shown in Fig.
2 viewed from a direction perpendicular to the dimer interface. The negative neutron scattering as
seen by the violet contours can be compared with the crystallographic model in green. Itis apparent
in this view that the lipid density is located mostly toward the open end of the cavity while there is
very little negative density in the region adjacent to the dimer interface. The lipovitellin dimer
interface is formed by the single a helix and its symmetry-related mate, which is not shown. Two
phospholipid molecules have been inserted into the density to show how such molecules might
pack into the cavity. The two phospholipid molecules illustrated here represent C,¢-C,, phosphati-
dylicholine. In the lipovitellin complex, a mixture of different phospholipids, along with a small
amount of neutral lipids, is present. The molecules have been placed such that their acyl chains are
in the negative density defined by the neutron diffraction studies and their polar headgroups
protrude into the aqueous regions on either side.

Fig. 4. Positive neutron scattering density at 40% D,O. The stereodrawing contains the positive
neutron scattering density of lipovitellin shown in light blue contoured at 1.3c. The positive density
at this contrast indicates either hydrophilic amino acids or segments of the phosphoprotein. The
contoured region indicated by a red arrow is at the interface between the two constituent monomers
of the dimer and may be an extension of the « helices that in the x-ray model are the main elements
of this interface (see text).
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cavity (Fig. 3) shows that the density does
not entirely fill the cavity as defined by the
x-ray model. Although only a monomer is
shown in Fig. 3, the area of the cavity
region close to the dimer interface has very
little density associated with it. This is the
part of the cavity that is formed mainly by
two opposing a helices from different sub-
units. It is marked in the x-ray model of Fig.
3 by the single a helix forming a backdrop
to the cavity region. The neutron maps at
10% D,0 and 93% D,O (not shown) also
indicate a similar lack of density, which
suggests that this region is either full of
solvent or more probably that it is the
location of highly hydrated lipid head-
groups, which have very little contrast.

The two phospholipid molecules placed
in the negative density in Fig. 3 show a
hypothetical packing arrangement within
the lipoprotein complex. In the scattering
length density of the 93% D,O map, where
the highest contrast arises from close-
packed acyl chains, the density in the
cavity merges smoothly into the B sheet of
the surrounding protein. This is strong ev-
idence for the major interaction between
lipid and protein to be through hydropho-
bic contacts. If the interaction were
through hydrated phospholipid head-
groups, one would expect to see a very low
density region in contact with the protein.
Two molecules of phospholipid are shown
to indicate that the size of the neutron
cavity is sufficient to accommodate a micro-
domain of phospholipid bilayer. Based on
31P nuclear magnetic resonance studies, the
possibility that the phospholipid in lipovi-
tellin is in such an anisotropic environment
has been suggested (6).

It was hoped that the neutron diffraction
studies would also indicate the location of
the phosphorylated segment of phosvitin.
As noted above, the x-ray model is not
complete because no electron density was
found to suggest the position of phosphor-
ylated side chains. The prediction is that a
component containing mainly phospho-
serine would appear as positive contrast in a
40% D,O map as can be seen in Fig. 1.

The regions of positive contrast in the
40% D,0O map are shown in Fig. 4, again
along with the x-ray model. There are only
three larger regions of density that have a
higher contrast than normal protein. One
of these regions appears to be an extension
of the a helix that forms the dimer interface
and may therefore mediate closer contacts
between the lipovitellin monomers. There
is little to be said about the other two
positive regions except that they are located
in solvent channels within the crystal lat-
tice. They occupy volumes outside of the
existing x-ray model. In addition to these
three larger positive peaks, numerous small
positive peaks, again all outside of the x-ray

model, are also visible in Fig. 4. Without
the indication of a single aggregate site in
this positive density, speculation about the
location of the missing phosphoprotein is
difficult. The simplest explanation in agree-
ment with the appearance of the positive
neutron scattering peaks at 40% D,O sug-
gests either that it is located in one of the
three larger positive peaks or that the miss-
ing phosphoprotein is probably highly dis-
ordered and hydrated.

The contrast variation technique, when
used in conjunction with single-crystal dif-
fraction, predicts the location of the phos-
pholipid within the molecular model of
lipovitellin derived from x-ray studies. Al-
though the resolution is only at 12 A, the
neutron-defined lipid cavity is located in a
region that was unoccupied in the x-ray
model. We have therefore demonstrated
that in lipovitellin the stored phospholipid
is located in a cavity in the protein formed
primarily by B-sheet structure. We suggest
that the lipid is stabilized through hydro-
phobic interaction with the presumed apo-
lar face of the juxtaposed B sheets.
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Vacuolar Chitinases of Tobacco: A New Class of
Hydroxyproline-Containing Proteins

Liliane Sticher, Jan Hofsteenge, Alfred Milani,
Jean-Marc Neuhaus, Frederick Meins, Jr.*

The fungicidal type | chitinases contribute to the defense response of plants against
pathogens. Two tobacco chitinases represent a different class of hydroxyproline-containing
proteins. Hydroxyproline-rich proteins are predominantly extracellular, structural glyco-
proteins that lack enzymatic activity and contain many hydroxyproline residues. In contrast,
type | chitinases are vacuolar enzymes. They are not glycosylated and contain a small
number of hydroxyproline residues restricted to a single, short peptide sequence.

Hydroxylation of prolyl residues is an im-
portant posttranslational modification of
some secreted structural proteins. In ani-
mals, the major hydroxyproline-containing
protein (HCP) is collagen, in which hy-
droxyproline residues are essential for stabi-
lizing the triple-helix structure of the mol-
ecule (I). In plants, several secreted struc-
tural glycoproteins contain hydroxyproline
(2): the hydroxyproline-rich glycoproteins
(HRGPs) or extensins, which are compo-
nents of cell walls with chains of one to four
arabinoses O-linked to hydroxyproline; the
arabinogalactan proteins (AGPs), which
are soluble proteins and have polymers of
galactose and arabinose O-linked to hy-
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droxyproline; and certain lectins of solana-
ceous plants, with O-glycosylated hydroxy-
proline in domains structurally similar to
HRGPs. The 4-trans-hydroxyproline (4Hyp)
and the less common 3-trans-isomer found in
HCPs result from the posttranslational hy-
droxylation of peptidyl prolines present in
repeated peptide motifs such as GPPG (3) in
collagens (4), SPPPP in HRGPs, and APA
in AGPs (Table 1).

Here, we show that the type I tobacco
chitinases CHN-A and CHN-B are HCPs.
Type I chitinases are vacuolar proteins (5)
implicated in the defense of plants against
pathogens (6). The mature tobacco isoen-
zymes consist of a conserved lectin domain
linked to the catalytic domain by a short
spacer rich in T, P, and G residues (7, 8).
The primary structures of the isoforms differ
by only three conservative substitutions and
a deletion of five amino acids in the spacer

(Fig. 1).
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