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as stable in the mutant as it is in the natural galactose-binding
CRDs. It should also be noted that many of the proteins within
the broad categories of mannose/glucose-binding and galactose-
binding in Fig. 1 bind to distinct subsets of sugars. Thus there
must be additional structural features of the CRDs that influence

their interactions with ligands. O
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THE principal protein excreted in male rat urine, urinary a2-
globulin and the homologous mouse protein, major urinary protein,
have been well characterized, although their functions remain
unclear. Male rat urine affects the behaviour and sexual response
of female rats’, leading to the proposal that rodent urinary proteins
are responsible for binding pheromones and their subsequent
release from drying urine’. Urinary a2-globulin is also involved
in hyaline droplet nephropathy, an important toxicological syn-
drome in male rats resulting from exposure to a mumber of
industrial chemicals and characterized by the accumulation of
liganded urinary a2-globulin in lysosomes in the kidney, followed
by the induction of renal cancer’. We now report the three-
dimensional structures of mouse major urinary protein (at 24 A
resolution) and rat urinary a2-globulin (at 2.8 A resolution). The
results corroborate the role of these proteins in pheromone trans-
port and elaborate the structural basis of ligand binding.

The sequences of rat urinary a2-globulin (A2U) and mouse
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TABLE 1 Data collection and structure solution

Resolution Complete- Rymt  Aigof  Number  Rieniic§
Crystal (A) ness* (%) (%) of sites
MUP native  14-24 85 33
HgBr, 14-25 91 31 26 1 49(3A)
K,PtClg 14-30 91 5.2 19 5 54 (4 A)
K3UOFs 14-30 95 36 14 3 54(5A)
A2U native  14-28 97 55

Crystais of MUP were grown from a solution of CdCl, in malate buffer (P432,2,
a=b=57.34 c=1090A), and crystals of A2U were grown from a solution of
polyethylene glycol 3350 in citrate buffer (P2,, a=56.6 A, b=1035A, c=62.7 A,
B8=95.3°)". No other external ligands were added. Diffraction data were obtained from
these crystals on a Nicolet/Siemens X100A area detector, mounted on a Rigaku RU-200
rotating anode X-ray generator. The frame data were processed with the program
XDs. Strong anomalous scattering from Cd2* ions present in the native crystals of
MUP prevented the use of anomalous data for initial phase determination. With an
overall figure of merit for the MIR phases of only 0.48 at 3 A resolution, automatic
solvent flattening? failed to produce sensible molecular boundaries and we therefore
defined the molecular envelope manually using the program MEDIT*2, Solvent flattening
then produced an interPretd)Ie map. X-PLOR* and Hendrickson-Konnert least-squares
restrained refinement'> has led to a final R-factor of 18.7% at 2.4 A, with an rm.s.
bond-length deviation of 0.021 A. The present model comprises residues 5-161 (of
which the side chains of four residues are disordered), two fully and two partially
occupied Ca** ions, 70 water molecules and abound molecule of 2-(sec-butyl)thiazoline.
With this MUP structure, with ligand, water and side-chain atoms uncommon to A2U
removed as the basis for a search model, the program MERLOT*® gave clear, unam-
biguous solutions for the orientations and positions of the four monomers per asym-
metric unit of A2U. The resulting A2U model was then subjected to rigid body minimiz-
ation by use of X-PLOR, limited rebuilding by FRODO™’, simulated annealing refinement
with X-PLOR and conventional restrained least-squares refinement by PROLSQ, to an
R factor of 23.4% at 2.8 A, with an r.m.s. bond-length deviation of 0.023 A. This model
comprises residues 5-161 of four independent protein monomers (of which 3,2,3
and 6 residues in the four chains respectively cannot yet be modelled). Solvent
molecules have not yet been included.

* Per cent of total possible.

T Reym=1n Lil(h);— <Kh)>|/T, Li|(/(h);| where h are unique reflection indices.

1 Fractional isomorphous difference.

§ Reentric=Ln (lFPH_FPI_lFHD/Xh |FPN_FP"

major urinary protein (MUP) show them both to be members
of the lipocalin protein family”. These are small proteins capable
of binding hydrophobic molecules with high affinity and selec-
tivity. This burgeoning family now contains over 20 different
proteins, principally identified through sequence homology*. An
alignment showing several lipocalins is given in Fig. 1.
Lipocalins have a wide range of functions and include odour-
binding proteins found in the nasal mucosa’ or excreted in urine.
Some members of this family may possess dual molecular rec-
ognition properties—for the ligand bound by the protein and
for a receptor cell to which the ligand is transported. This has
been found for retinol-binding protein® and the odour-binding
proteins (M. Boudjelal, A. Sivaprasadarao and J.B.C.F., unpub-
lished results).

We have previously reported the crystallization of MUP and
A2U (ref. 7). Although sequence analysis shows them to be
lipocalins, molecular replacement using other lipocalin struc-
tures as search models failed to produce interpretable solutions;
we therefore used the multiple isomorphous replacement
method and prepared three heavy-atom derivatives of MUP.
The MUP structure was then used as a model to solve A2U by
molecular replacement. The crystallographic procedures, sum-
marized in Table 1, will be reported in detail elsewhere.

The structures of MUP and A2U are similar to those of other
lipocalins, consisting of an eight-stranded B-barrel and an a-
helix, with loops between the B-strands. There are no large
differences in main-chain conformation between the four
molecules of A2U in the asymmetric unit (r.m.s. difference
between the a-carbon (Ca) coordinates for any pair of
monomers is 0.76 to 1.20 A) or between any of these molecules
and MUP (r.m.s. difference between all Ca coordinates is 0.96
to 1.20 A). Their similarity to other lipocalins is typified by an
r.m.s. difference in Ca positions of 1.21 A between equivalent
residues in the B-sheet cores of MUP and RBP. The packing
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FIG. 1 Sequence alignment, made in the light of structural correspondence,
of human serum retinol-binding protein (RBP)!®, bovine B-lactoglobulin
(BLG)'®, MUP2921 and A2U%2. Although only one sequence for MUP and A2U
is shown the urinary proteins are encoded by a gene family expressing at
least seven closely related forms of the protein. The alignment was produced
with the program SOMAP?3, Colours represent the nature of the residues:
red, negatively charged; blue, positively charged; green, polar; grey, hydro-
phobic; purple, aromatic; brown, glycine and proline; yellow, cysteine. Despite

of MUP and A2U in the crystals is, however, different (Fig. 2)
and comparison with the packing observed in other lipocalin
structures suggests that there is no consistent pattern in their
quaternary structures.

The interiors of the B-barrels of MUP and A2U form pockets
with a highly apolar lining, ideal for the transportation of small
hydrophobic molecules through hydrophilic media. There is

FIG. 2 Ribbon diagram?’ of a, the A2U tetramer, and b, the MUP dimer. A2U
crystallizes as a tetramer, with the sides of the S8-barrels packing against
each other. The one MUP molecule in the asymmetric unit makes its most
extensive interactions to a molecule related to it by a 2-fold rotation about
an axis parallel to the axis of the B-barrel. Two of the four Cd®* ions in
the asymmetric unit, which are necessary for crystallization, are involved in

this interface suggesting the stability of crystal packing in MUP is dominated
by the interactions with the metal ions.
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little sequence similarity (typically 30% identity between pairs), the lipocalin
family shows a high degree of structural similarity>*. RBP, BLG (which also
binds retinol and other hydrophobic ligands), insecticyanin®® and bilin-binding
protein?®, the first examples of known 3-dimensional structure, all comprise
similar cup-shaped antiparallel 8-barrel frameworks with successive +1
topology, formed from strands linked by loops that differ between the
proteins.

FIG. 3 The electron density in the binding pocket of a MUP with 2-(sec-
butyl)thiazoline shown in yellow, and b, A2U. Aromatic residues lining the
binding pocket are shown in purple. Both are F, — F, electron-density maps;
the bound ligand was not included in either the refinement or map calculation.
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clear electron density in the ligand-binding pocket of MUP and
A2U, showing that both have been co-purified and crystallized
with a bound ligand. Gas chromatography of MUP suggests
that the principal component bound by MUP in vivo is 2-(sec-
butyl)thiazoline® (Fig. 3), although this may represent the major
species of several present in the crystal, MUP has been shown
to bind at least three different ligands in vivo and some or all
of these may also be present at low occupancy. The fit to the
electron density of 2-(sec-butyl)thiazoline is good, but difference
electron density maps show additional weak positive electron
density close to the modelled ligand. The electron density ob-
served in the ligand-binding pocket of A2U is different in shape,
located closer to one side of the barrel and slightly less deep in
the binding pocket than in MUP (Fig. 3), although it is still
consistent with the size and shape of a number of pheromones.

There are differences in both the identity and positions of
amino-acid residues forming the binding pocket of MUP and
A2U. Most noticeable are the substitution of Val 58 and Ala
107 of MUP by phenylalanine in A2U. With Phe 94 these three
residues form the base of the binding pocket of A2U, forcing
any bound ligand to occupy a slightly higher position in the
pocket. The substitution of Leu 44 and Ala 122 of MUP by
valine in A2U and large movements of the side .chains of Phe
60 and Tyr 121 also give rise to important differences in the two
binding pockets. Also of note in the MUP structure is a hydrogen
bond from the side-chain hydroxyl group of Tyr 124 to one of
two water molecules in the binding pocket. In A2U the hydroxyl
group of Tyr 124 points directly at the electron density corres-
ponding to bound ligand. These differences help explain why
these homologous proteins bind a variety of ligands with
different affinities®. The size and hydrophobicity of the binding
pocket is also consistent with the ability of A2U to bind a number
of environmentally important chemicals found in unleaded
petrol and shown to induce A2U nephropathy in rats>.

Our results give persuasive support to the proposition that
A2U and MUP function as pheromone transport proteins in
male rodent urine and will help in understanding the molecular
basis of the modification of behaviour in rodents. They also
provide detailed information on the structural basis for ligand
binding by these proteins, which may be important in the meta-
bolism of xenobiotic compounds in the rat and the metabolism

of fatty acids in the kidney'’. g
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