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Structure of the p-Lactoglobulin Tetramer

‘DETAILED investigations of the association behaviour
of the genetic variarits.of 8- la.etoglobuhn have shown. that
the “A variant aggregates strongly. and: revermbly to a
tetramer®>? of 144,000 molecular. weight - in: the cold
between pH 3:7 and 5-2.  The thermodynamms.of.thgg,
association have established the tetramer structure “to
be @yclie, involving the closmg of four bonds2, and its
hydrodynamc properties??®: show ‘it to be compact
A small-angle  X-ray scattering 'examination of this
association®has led to the conclusion that, of thé various
genera.l types: of poss1ble tetramer structures, a cubic
array of eight spheres was the most probable. This
conclusion was based on comparison -of the measured
radius of ‘gyration of the tetramer (34:4 A) with values
ca.lculated for: various ‘models. formed. of four of :the
monomeric. units -deduced by Green and Ase]wﬁzfemﬂourg5
from X:ray diffraction examination. - These monomeric
units have been shown t0 persist in solutlon“ The mono-
meér unit consists of & combination of two identical
spheres (of molecular weight 18,000) 17-9 A in radius,
impinging by 2-3° A ‘along their centre-to- centre a.xls‘
these two  spheres- dre furthermore, related by &. dyad
axis ‘of ,symmetry through' the planeof ‘¢ontact formed
between them. Recently, we have carried out a detailed
examination of compact models in the light-of khovm
»structurel TO ireme ts, the results of which:we
report in ‘this communication. = The basic requirém nts
'a]l four monomer molecules must be 1dentmal

ﬁt a,ll known experunental mfonnatlon and be: synunetrlcel
in nature“
Flrst, let iis examine the previously proposed structure?;

the eubic array ¢ of eight spheres, shown in Fig. 14:
6l the four 36,000 molecular weight mondmer
Wlf:h polar ‘sixes verbical, and-with the
on- the spherical ‘sub-units lying
g i he four dyad axes of symmetry
Amne plane along the ‘diagonals of the cross-
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TFig. 1. . Cubic models of lactoglobulin tetramer. (4) All four double
' spheres ahgned vertically; (B)same, showing planes of sub-unit contact;
(C) monomer structures required to close tetramer bonds in-model (A),
(D) monomers aligned in two pairs, one vertical, the other horizontal;
(E) tetramer bond location on monomers in structure (D). In this and
Fig. 2 the dyad axes of symnéetrg a};e designated by d, the tetramer
onds by ¢

other?. Since this structure violates the requirement of
identity between the four monomers, it must be ruled
out.. This requirement can be satisfied, however, by the
second cubic structure shown in Fig. 1D. In this, one
pair of monomers is rotated 90° with respect to the other,
the svrfaces of syb-unit contaet (shown shaded) now lying
in pairs in two. mutua.lly perpendleular planes; the dyad
axes are located in pairs, one pair remaining in the horizon-
tal intersphere plane, the other pair on a vertical line
going through the sub-unit contact planes of the monomers
the polar axes of which are in the horizontal position. In
this arrangement, the two tetramer bonds of a monomer
must be located in one plane and directed at a right angle
to the polar axis of the two-sphere structure, as shown
in Fig. 1E. While this structure satisfies the requirements
of structural identity, it lacks overall symmetry and, as
such, is probably less likely. Furthermore, this’ model
requires a 90° rotation of each sub-unit, along the tetramer
bond with respect to its tetramer partner: complement-
arity, if necessary for this type of bond, would not be
compatible with the dyad axis of symmetry.

A symmetrical tetramer structure, satisfying all the
requirements, - can be constructed by a,rra.ngmg the
monomers in an inclined ‘array, which results in the
decahedron shown in two views in Fig. 24 and B. Here, .
the four dyad axes of symmetry, d, and the four points
of tetramer coritact, #, are all in one single plane perpend-



icular to 8 centra.l tetramer ax1s, T. The dyad axes are
,norma;l/ to this. central axis. The tetra;;mer bonds- lie on
the corners of & square; the two bonds on each moénomer
are located ‘symmetrically on the,sub-units and. their
projection on the plane;of sub-unit contact forms a 90°
‘angle. In the tetramer, they are inelinied at an-angle of
35%with respect t0 the vertical, the bond: from the upper
‘sphere pomtmg ‘downward, that from the- lower sphere
-upward. / Thus, the upper sphere of " each ‘monomer forms
a tetramer bond with the lower sphere of aniother monomer.
Since bhe monomeric: units are ‘inclined: at- an angle of
81° ‘with respect: to’ the vertical, the inclination -of the
tetramer bonds with respect to thie polar axis: of the
monomer is 66°.  When viewed along thetetramer axis,
T (Fig. 24), the centre of each sphere in the -upper layer
is - located a.symmetnca.lly ‘between those of thé two
lower ones with which it is'in contact. This arises because
‘of the difference «n’ centre: to. centre distances: 335 A
within:: ‘the monomer, 85 8 A along ‘the tetramer bond.
The locations of the tetramer bonds and, “dyad’ axis in
the monomer . are shown in*Fig. 2C.- The three-sphere
relationship. in: ‘the tetra.mer structure of Kig. 24-B is
identical to ‘the ‘one ‘she wir by trm,ngle ABC in Fig. 2D
in which-anc ible structure, to be: dlscussed as
follows, is deplcted 5 S'a are 62° 8, angle b is 55° 44,
The structure of Fig. 24-B i is cha.ra.ctemzed by & principal
four-fold- axis of symmetry, T\ which coincides with the
vertical axis “through-the centre of the structure. Fig.
2A-B, then, has 422 symmetry ‘Furthermore, in this
model, intermolecular contacts are limited to the tetramer
bond sites plus two further pomts of ‘contact with neigh-
bourmg spheresﬁ A "'ty is present along the vertical
tetrad: axis; with an rage ‘diameter of -about. 18 A;
this’ permits access Wa,ter molecules, - léaving some
interior: molecular’ surfa,ce in contact with solvent. Since
itiis quite probable that.the surface of the protein molecule
;conta.ms den 'ty of ola.r resuiuess’ this structure
1 amour ,f‘gf polar  side-
lgctrl_gj'. St nterior of ‘the
o xpendlture f - least . energy
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2. Staggei‘ed tetramer structures. 422 symmetry: (4) top view; (B) side view.

EF, GH=335 A; AE, BC, FG, DH (
a=62°8"; b=>55° 44

along the short diagonals and two perpendicular. The
presence of a principal dyad axis of symmetry, X, gives
this structure 222 symmetry. In this structure, however,
there is less symmetry than in the previous one. The
tetramer bonds exist ‘in two different conformations
making structural complementarity  across :these bonds
impossible.  Also, the spherical sub-units are in’ two
groups, differing by their environment: - four, units
B, C; F'and @, make contact with five other spheres each ;
the others, 4, D, E and H, make contact with four other
sub-units each. Thus, the amount 6f monomer molecular
surface which must be buried in the hydrophobic interior
of the tetramer is considerably larger than in structure
24. As a result, it is considered that structurs 2D is
less likely to occur, even though it is an isomer of the
previous one formed only by rotation about the tetramer
bonds.. Tt is of interest to note that the model of Fig. 2D .

es the tetrad axis of symmetry; (C) monomer structure required by structure

B); (D) 222 symmetry: X indicates overall dyad axis of symmetry; distances 4B,

along tetramer bonds) = 35-8 A. Angles
44



Table 1. RADII (R)'\'OF’ GYRATION ‘OF TETRAMER Momm

Experimenta. 344+4

is one of the- extremes allowed by the rotation of Fig. 24
about the tetramer bonds \(assumm.g no complement-\
arity); the other extreme” (a mirror. image) is. produeed
by 90° rotation of 2D in the opposite direction. }

The radii of ,gyra.tlon of the three structures have been
‘calculated usmg the ‘monomer molecular dimensions of
-Green a.nd Ascha,ffenburg5 with ‘the results shown ‘in‘
"Table 1. = As can be seen, all three ﬁt the. sma]l-a.ngle.
‘X -ray scattermg ‘datat eqiially well.

:On the basis of the foregoing ana.lys1s, a.nd in pa,rtieular,
the elément of symimetry present in each model considéred
and the energy required. to- bring polar residues into the
low dielectric medium in the interior .of the tetramer,
the structure of Fig. 24-B (422 symmetry) is. regarded
as ‘the’ favoured one. (The identical tétramer structure
has’ been deduced” mdependently by Dr. D. W. Green
(pmvate commumca,tlon) ). Structural - fluctuations be-
tween it and the two 222 “structures (Fig. 2D and its:
mirror 'image) are not excluded, although unlikely, sinee
they ‘would' destroy complementarity about the tetramer
bonds and would involve the: ‘expenditure of extra.energy
in the burlal of a.ddltlonal polar groups E
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