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ABSTRACT. The structures of the trigonal crystal form of boviftéactoglobulin variant A at pH 6.2, 7.1,

and 8.2 have been determined by X-ray diffraction methods at a resolution of 2.56, 2.24, and 2.49 A,
respectively. The corresponding values RofRee) are 0.192 (0.240), 0.234 (0.279), and 0.232 (0.277).
The C and N termini as well as two disulfide bonds are clearly defined in these models. The glutamate
side chain of residue 89 is buried at pH 6.2 and becomes exposed at pH 7.1 and 8.2. This conformational
change, involving the loop 8590, provides a structural basis for a variety of pH-dependent chemical,
physical, and spectroscopic phenomena, collectively known as the Tanford transition.

Bovine -lactoglobulin (BLG} is the major whey protein
of cow’s milk with a concentration of 0.3 g/100 miL)(and
was first isolated in 19342. This protein, which has 162
residues in its mature form, exists as a dimer in solution,
where the dimer has a molecular weight of approximately
36 000 @). BLG has a calyx fold, typical of the lipocalin
protein superfamily4), and shares with other lipocalins the
ability to bind a variety of small hydrophobic molecules in
vitro (5—8). f-Lactoglobulins are widely distributed. While
some BLG’s are monomeric, for example, hot@g pig (10),
and cat (1), most BLG’s occur as dimers, especially, for
example, in the order of hoofed mammalstiodactyla(12).
The ruminant animals have dimeric BLG's, which show very
high sequence identity to bovine BLGL3). Within a

concentration is particularly high during the colostral period
of lactation @2). Even though a retinelBLG complex
receptor has been found in newborn calves),the real
physiological function of BLG remains mysterious after more
than 60 years of research. It has been suggested that BLG
is involved in the digestion of milkfat and/or the transporta-
tion of retinol 24). Of nutritional significance is that human
milk does not contain BLG25).

Bovine BLG crystallizes in at least six crystal form6]
and was the subject of X-ray diffraction investigations as
early as 19383). Low-resolution (6 A) structures of BLG
in lattices X (triclinic), Y (orthorhombic), and Z (trigonal)
have existed for some tim@7). A medium-resolution (2.8
A) structure of BLG in lattice Y 23) identified a calyx fold

species, BLG often exists in several genetic variants. The similar to that of retinol-binding protein (RBP28) and now

cow (Bos tauruy, for example, has at least nine variants,
labeled as A, B, C, D, E1¢4), H (15), I, J (16), and W (L7).
The more common bovine BLG variants (A, B, and C)
respond differently to heat, a property of technological
significance in the industrial processing of milk and for the
characteristics of milk productd®). Bovine BLG is stable
at low pH (19), is resistant to proteolysi2(), and remains
mostly intact after it passes through the stomazl).( Its
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*PDB codes for the structures reported herein: BLGA at pH 6.2,
3blg; BLGA at pH 7.1, 1bsy; BLGA at 8.2, 2blg.

known to be typical of the lipocalin superfamily. High-
resolution structures of BLG in lattices 2% and Y @0)
have been published recently, although both structures are
reported to contain several ill-defined regions. The structure
of BLG in lattices Y and Z, as originally determined
(23, 31), contained a number of out-of-register errors that
have only recently been corrected in an analysis of BLG in
lattice Z & 3 A resolution R9), lattice X at 1.8 A resolution
(29), and lattice Y at 1.9 A resolutior8().2

Here we present the structure of bovine BLG (pure variant
A) in lattice Z at considerably higher resolution than
previously reported29). The higher resolution may arise
because the material used in this study was pure variant A
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Asp64 (Gly in variant B) and at Val118 (Ala in variant B).
More importantly, the structure of BLG has been determined
at three different pH values (6.2, 7.1, and 8.2). For the first
time it is possible to define a structural change that can
account for the pH-dependent behavior of bovine BLG, free
from potential complications of different crystal-packing
effects (of different crystal forms) on the conformations of
the flexible loops that plague the various structure analyses

2 Manuscript in preparation.
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of BLG. SPCh pH-dep_endent behaVi(_)r has been reCOQniZ_edTable 1. Reflection Data Set Statistics of BLGA in Lattice Z
for a long time. Centrifugation experiments by Pedersen in

1936 revealed that the sedimentation coefficients of BLG pH 6.2 pH7.1 pH 8.2
decreased with increasing pH in the range86(32). In EﬂﬁcceeﬁmuP P3:2: P32 P32,

1951, Groves, H_|pp, and McM_eeIgm repo_rted an increase in =, (xy 53.75 53.9 54.99
optical levorotation of BLG with increasing pH®); this b (A) 53.75 53.9 54.29

result was later extended to specific BLG varian®g})( c(A) 111.5 112.40 113.1
Tanford, Bunville, and Nozaki in 1959 found anomalous @ (deg) 90 90 90

titration behavior for BLG 85) and proposed that this arose 6 Egggg 2(2)0 220 gigo

from a carboxyl group with alf, of 7.3, which was buried  ynit cell volume (%) 279111 283429 288901

at acidic pH but became exposed at basic pH. More recently,lattice type code z z z
pH-dependent changes in the thermal behavior of BLG were unique reflections 6422 9293 7203
observed36): a peak in the thermalgram present at pH 6.75 lrifjtusnr:gln(cé) 2?;62152'56 2.328&72.24 2;’1; 3'46
disappears at pH 8.05. Another pH-related phenomenon,g . (ast shell) 0.066 (0.53) 0.038 (0.54) 0.080 (0.39)
described by Dunnill and Greer3%), is that the free completeness (%) (last shell) 99.1(97.2) 96.4 (95.6) 97.1 (89.6)
sulfhydryl group of BLG can react with reagents containing @/o(l)((ast shell) 16.6(2.0) 24.1(2.0) 10.5(2.0)
Hg?" much more readily above pH 6.7. Collectively, those **(lastshel 1.07(1.06) 1.06(1.19) 1.03(1.00)

pH-dependent changes, which occur atpH, in physical,
chemical, and spectroscopic properties of BLG are known Table 2: Statistics of Structures of BLGA in Lattice Z

as the N= R or Tanford transition 35). Here, the pH 6.2 pH 7.1 pH 8.2
anomalous carboxylate residue is identified as Glu89, A esolution limit () 150256 150224 150249
proposed by Brownlow et al.2@), and the structural g (no.of reflections)  0.240 (545) 0.279 (557) 0.277 (576)

transition is shown to involve a loop movement. R (no. of reflections) 0.192 (5877) 0.233 (8736) 0.232 (6627)
no. of protein atoms 1286 1286 1286
EXPERIMENTAL PROCEDURES no. of water molecules 115 62 101
. . . RMS (bond distances) (A) 0.009 0.008 0.005
A sample of bovings-lactoglobulin variant A (BLGA), RMS (bond angles) (deg) 1.6 15 1.4
isolated from the milk of a homozygous cow, was provided Ramachandran plb{%)
by the New Zealand Dairy Research Institute. The purity gﬁge o %-2 fﬁ-g 51%-%
. W . . .
of the_ sample was confirmed by SB&AGE. BLGA at a generously allowed 13 07 00
protein concentration of 2530 mg/mL in 0.010 M HEPES disallowed 0.7 0.7 0.7
at pH 7.4 was subjected to an ammonium sulfate crystal averages factor (A?)
screen. The screen matrix was4, with six equally spaced ”?3'” %ha}'” 37.1 47.9 471.2
concentrations of ammonium sulfate from 2.2t0 2.8 M, and 5% =14" ggf %'93 gg'g
four buffers at a concentration of 0.18 M with pH 5.0 (acetic accessible surface areaA ' ' ’
acid/KOH), 6.1 (cacodylic acid/KOH), 7.4 (HEPES/KOH), monomer 8235 8458 8666
and 8.7 (TAPSO/KOH). Crystals grew in hanging drops,  dimer 15524 15948 16165
comprising 2uL of protein solution and 2«L of well lock and ke 15377 15865 16128

solution. The well solutions with nominal pH 6.1, 7.4, and  *As determined by PROCHECK44). ® For one pair of the chain
8.7, which produced the crystals suitable for data collection of molecules formed by insertion of Lys8 of one molecule into a cavity
have their pH shifted to 6.2, 7.1, and 8.2, respectively, by of another molecule.
the ammonium sulfate. In general, BLGA will produce )
crystals in the lattice Z form in24 days over an ammonium  6-2. A set oi~550 reflections was separately and randomly
sulfate concentration range of 2:2.8 M. chosen for calculations .. for each structure. Unit cell
X-ray diffraction data sets were collected at room tem- @nd intensity differencesRere = 0.27 for combining the
perature with a Rigaku RAxis IIC image plate detector and three data sets) made thée. sets reasonably independent,
a Rigaku RU200 rotating anode generator. The data were@S Shown by the similar startirig factor of ~0.4 for each
processed and indexed by the program DENZ®) @nd structure. Simulated annealing (X-PLOR), to remove phase
merged by the program SCALEPACRY). Data collection bias, gave inconsistent results. Limited refinement, therefore,
statistics are summarized in Table 1. By means of the pr_ec_eded calculafcion of omit maps, and this procedure Iarggly
program AMoRe 40), the structure of BLGA at pH 8.2 in eliminated any bias. All structures have acceptable quality
lattice Z was solved by molecular replacement methods, Stalistics, as analyzed by PROCHEGHK)(and summarized
using as a search model the redetermined structure of BLGAIN Table 2.
from the orthorhombic crystal form (lattice YBQ);? the
mobile regions were excluded. The initRfactor was 0.43 RESULTS AND DISCUSSION
for a model comprising residues-61, 66-110, and 116 Molecular Structure of Bane BLGA in Lattice Z The
152. The program X-PLOR4() was used to refine the model for BLGA in lattice Z at pH 7.1, which has been
initial model, with the freeR factor, Riee (42), used to monitor refined to a resolution at 2.24 A, will be used as the reference
the progress of the refinement. Extensive rebuilding, using structure in the following discussion. BLGA in lattice Z
the molecular graphics program TURB@g], was involved folds into a calyx (see Figure 1), a motif typical of the
in the whole refinement procedure. The refined BLGA lipocalin superfamily 4). The secondary structure is sub-
structure at pH 8.2 in lattice Z was used as the starting modelstantially that observed for BLG in lattice %), where eight
to obtain the models for BLGA in lattice Z at pH 7.1 and antiparallels strands, labelefl-A to -H, fold with an up-
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Ficure 1: Stereo diagram of thedCatom traces of BLGA structures in lattice Z at pH 6.2 (red), pH 7.1 (yellow), and pH 8.2 (blue). The
side chains of Glu89 and the disulfide bridges connecting residuesiti®and 66-160 are shown. Figure prepared with TURBEBY

down—up—down topology to form the calyx. Attached to Table 3: Accessibility (in &) of Titratable Residues and of Cys,

the calyx is a three-turo helix, a-H, residues 129142, Trp, and Tyr of BLGA at Different pH Valués

which is followed by an extr# strand,s-1, through which residue pH6.2 pH7.1 pH8.2 residue pH6.2 pH7.1 pH8.2
BLG associates into dimers, forming an extengesheet. Leul 181 186 144 Glud4d 57 68 66
Most of the hydrogen-bonding capacity of tfiesheet is Arg40 24 23 21  Gluds 63 68 59
utilized, except for the long strangD (residues 6477), Argl24 47 53 49 Glsl 140 134 155

. . Arg148 100 100 94  Glu55 52 51 53
across which the short straidE (residues 8684) crosses Lys8 203 190 187 Glu62 87 98 o1

approximately at right angles (see Figure 1). At the N [ys14 115 110 118 Glu65 132 103 140
terminus, a piece of extended strand, labgledl (residues Lys47 73 74 88 Glu74 74 74 89
4—8), makes a single hydrogen bond to strgh8 of the Lysgg 19 gg 32 GC|5uI8908 49 116 136
_calyx. As s gpparent in Fig_ure 1, the only major difference tﬁm 113 120 111 GlllJJ1112 72 745 951
in conformation as a function of pH occurs for loop EF Lys75 123 123 128 Glull4 87 126 124
(residues 8590). At pH 6.2 loop EF is folded over the Lys77 202 206 211 Glul27 108 115 118
entrance to the calyx (closed conformation), as previously tysgi 17lf gg 3?72 g:uigi 11%2 g% 11%56
observed for lattice XZ9) at a similar pH of 6.5. However, Lﬁloo 133 138 142 Cl-:-J|U157 118 114 108
at pH 7.1 and 8.2, loop EF is folded back (open conforma- Lysi01 71 70 73 Glul58 80 83
tion) to reveal the interior of the calyx. This change and its Lys135 74 64 85 Hisld6 130 126

i fnlicati i Lys138 104 116 138 Hisl6l 10 12
functional implications are discussed later. Lysl4l 167 160 167 Cys6b Y 36

B o
worro®ENe

In addition to the helixa-H, the three short helices Aspil 69 65 66 Cysl160 0 0
identified in the lattice X structure of BLG2Q) are also Asp28 57 63 64  Cys106 1 1
found in this BLGA structure. These helices are labelet ﬁ:ggg g? gi gg gﬁg? é é
a-2, anda-3 and comprise residues 283 (in loop AB), Asp64 129 133 123 Trpl9 5 2

112-117 (in loop GH), and 152158, respectively. Helix  Asp85 152 131 72 Trp6l 60 59 59

a-1 is a standardx helix in lattice Z, whereas it is a;3 Asp96 31 34 36 Tyr20 44 40 51
mo?ety in lattice X @9, and_ helices-2 ando.-3 are several ﬁ:gigg g‘é ﬁ gg %’,:gs 3(; 3% 3%
residues longer in the lattice Z structure at pH 6.2 and 7.1. aAsp130 115 105 110 Tyrl02 17 10 14
The o-H ando-3 helices are ended bygturns; similarly Aspl37 66 64 63 llel62 121 130 110

to lattice X 29), residues 1115 also form a short;3 helix. a Analyzed by programs AREAIMOL and RESAREA of the CCP4
With some exceptions, notably thep3helix spanning suite @7). Residues for which the accessible area changes by more
residues 1115, these smaller secondary structural elements than 30 & are highlighted in bold.

are not well conserved in the lipocalin familg2g, 45, 46).
Because the loop CD is connected to the C terminus via the
disulfide bond Cys160Cys66,0-3 may serve as a spring

to restrain the flexible loop CD (avera@dactor of residues

which summarizes solvent accessibilities of various residues
with charged side chains.

In some crystal forms the C terminus of BLG is poorly
ordered, and the disulfide bond linking Cys160 to Cys66 is

61-67, 81 &). difficult to observe. In contrast, the disulfide bonds of BLGA
The averag® factor of loop CD (residues 6167) isvery in lattice Z are both clearly defined, not only that linking
high, almost 70% higher than the overall aver&jactor. Cys119 to Cys106 but also that linking Cys160 to Cys66,
These residues appear at relatively low densityfp 2 F. as illustrated in Figure 2A. The configurations and the

maps (0.8-1.0 of the RMS value of the density), although accessibilities of these two disulfide bonds are different. The
the omit maps clearly show their existence, as illustrated in distance betweend106 and @119 is only 3.83 A, while
Figure 2A. The N terminus, residues-4, which is not the distance betweeno®60 and @66 is 5.91 A. The
included in the structure of BLG in lattice X9), is well- former disulfide bond appears much more rigid. The solvent-
defined in lattice Z, as illustrated in Figure 2B. The accessible area of the disulfide bond at Cysi6§s66 is
N-terminal oc-amino group of Leul forms a salt bridge to 36 A2 and coincides with a higher than averagjéctor for
Glu108, burying the latter side chain, as detailed in Table 3, this region [for atoms withi 6 A of Cys66 and Cys160,
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Ficure 2: Electron density maps of selected regions of BLGA in lattice Z. Figure prepared with TURBOA, top) Stereo diagram of
loop CD at pH 7.1, residues 667 and 160. The final model is superimposed orfFa 2 F. omit map (calculated with residues-6&5
omitted), contoured at 100 (B, bottom) Stereo diagram of the N terminus of BLGA at pH 7.1, residue$ dnd 108. The final model is
superimposed on aFg — F. omit map (calculated with residues-4 omitted), contoured at 100

B(average)= 58 A?], while the other disulfide bond has an above thes-1 strands. The dimer interface burie®970 A2
accessible surface area of only 1.8 &nd is located in a  of the accessible area per dimer at pH 7B%0 A2 at pH
well-ordered region with lower than averaBeactors [for 6.2,~1010 A at pH 8.2) 47). These numbers are similar
atoms within 6 A of Cys106 and Cys11®B(average)= 31 to those calculated for BLG in lattice <1140 & at pH
A?). Both disulfide bonds have typical-€5—S—C torsion 6.5) 9). The percentage of the surface area buried per
angles of~100°. monomer of BLGA in lattice Z remains constant, however,
Intermolecular Interactions of BLGA in Lattice ZThe at 5.74%, 5.75%, and 5.84% at pH 6.2, 7.1, and 8.2,
space group of lattice Z B3,21. There are six asymmetric respectively. These percentages lie at the lower end of the
units, each containing one monomer, per unit cell. There range typically found for strongly associated dimet8)(
are four regions involved in three distinct intermolecular There are, however, small but significant differences in the
contacts of BLGA. The first interface, the dimer interface, orientation of the second molecule of the dimer with a change
has been previously described and illustrated in detail for in pH for BLGA in lattice Z and a rather larger difference
the structure of BLG in lattice X29). This dimer interface  in orientation between lattice Z and lattice X, as illustrated
is also found in lattice Y 30)? and presumably persists in in Figure 3.
solution; it is comprised of antiparallel strangsl and The second interface, which is illustrated in Figure 4 and
residues 2935 of loop AB. In lattice Z (but not X), the  does not appear to have been described previously, involves
monomer units are related by a 2-fold crystallographic axis. the side chain of Lys8 from one molecule acting as a “key”,
At pH 7.1 and 8.2 ordered water molecules are found in the which inserts into a “lock” provided by a neighboring
channel that is formed by the pair afH helices, which lie molecule. The lock is formed by Tyr20 and Ser21 from the
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Ficure 3: Differences in the dimer interface between BLG in lattice X (thin lines) and BLGA in lattice Z at pH 6.2 and 7.1 (increasingly
thicker lines). To highlight differences, the superposition is optimized for one molecule of the dimer. Figure prepared with A3RBO (

Ficure 4: Stereo diagram of the “lock and key” interface of BLGA. Lys8 and surrounding residues from one molecule (the key) are drawn
with thick lines. The residues forming the “lock” are drawn with thin lines. Hydrogen bonds are shown as dotted lines. Figure prepared
with TURBO (43).

end of the first half of thegg-A strand; Val4l, Tyr42, Val43, interface. A total of 1050 Aof accessible ared7) is buried

and Glu44 from the middle of thg-B strand; and Leu156, at pH 7.1 (1090 Aat pH 6.2, 990 Aat pH 8.2). This “lock
Glul57, and Glul58 from the-3 helix, together with the  and key” interface is, therefore, quite substantial and leads
side chain of His161. The bottom of this hole contains a to alinear chain array of BLGA molecules in lattice Z. These
water molecule, which bridges the peptide moieties of Val43 interactions may be involved in the gelling properties of BLG
and Ser21 via hydrogen bonds. This water molecule is also(49, 50). The percentage of surface area buried in this
hydrogen bonded to the inserted Lys8's ammonium group. interface per dimer decreases with increasing pH: 6.64% at
The insertion of Lys8 leads to formation of several hydrogen pH 6.2, 6.18% at pH 7.1, and 5.69% at pH 8.2. This
bonds, detailed in Table 4. In addition to these hydrogen intermolecular interaction does not occur in either lattice X
bonds, there are extensive van der Waals contacts in this(29) or lattice Y @0).
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Table 4: Hydrogen Bonds of the Lock and Key Interface of BLGA

key residue atom distance (A) lock atom residue

Lys8 NZ 2.9 OE2 Glu44
Lys8 NZ 2.9 (@] Val43
Lys8 Nz 2.8 O Trpl9
Lys8 NZ 3.0 watetr2.8 N Ser21
Lys8 NZ 3.0 watet2.8 O Val43
Thr4d (6] 2.9 N Thrl8
Thré N 3.1 OG1 Thrl
Thré (0] 3.0 0OG1 Thrl8
Gly9 N 2.9 OE1l Glul57

a A buried water is hydrogen bonded between NZ of Lys8 and the
main-chain N of Ser21 and O of Val43.

The final interface is the loop interface which is formed
from loops CD, EF, and GH. Space groBf;21 has two
2-fold crystallographic symmetry axes. One of them passes
through the dimer interface described above, while the other
2-fold axis places pairs of the loops CD, EF, and GH into
mutual contact. There do not appear to be any specific
interactions among these rather mobile regions, whose
proximity caused some difficulty in the interpretation of
electron density maps. These loops, especially loop EF
(residues 8590), form the doorway to the interior of the
BLGA calyx.

BLGA molecules in lattice Z are packed layer by layer,
perpendicular to the-axis of the crystal. Each layer is
rotated by 60 with respect to an adjacent layer. Within one
layer, BLGA molecules form parallel chains via the lock
and key interfaces. The loop interfaces act as a cushion
between adjacent chains. The dimer interfaces of one chain
are interleaved and face up and down along the crystal-
lographicc-axis. In another simple point of view, BLGA
molecules are packed as parallel dimer chains. A general
loosening of intermolecular contacts in the lock and key
interface is observed as the pH increases.

Potential Ligand-Binding Sites of BLGABy analogy with
retinol-binding proteinZ8, 45, 46) and other proteins of the
lipocalin superfamily, the inside of thelactoglobulin calyx
appears to be the major ligand binding s8)( The surface
of the interior of the calyx, which involves exclusively
hydrophobic side chains from residé&gul0, lle12, Valls,
Valdl, Val43, Leud6leu54, 1le56, Leu58, lle71, Ala73,
Ala80, Phe82 lle84, Val92, Val94, Leul03, Phel05, and
Met107, appears to complement well the surface of retinol,
as illustrated in Figure 5A51) for BLGA at pH 7.1 (open
conformation of loop EF) and as proposed previou&l$, (
29,52). This complementarity is also present at pH 6.2 and
8.2, except that at pH 6.2 the retinol would be totally buried
underneath loop EF, which is in the closed conformation
(Figure 5B,C); in this case the OE1 atom®fu89° could
form a hydrogen bond with the retinol OH group, while the
OE2 atom ofGlu89 is adjacent to the peptide O atom of
Serl16. Assigning the carboxyl residue with the anomalous
pKa of 7.3 to Glu89, then at pH 6.2 the carboxyl oxygen
OEZ2 should be protonated and, therefore, hydrogen bonde
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FiIGURe 5: Molecular surface of BLGA in lattice Z. All the surfaces
have been rendered with program GRASR)( External surfaces
are colored blue for positively charged regions of the surface and
red for negatively charged regions. (A, top) Ribbon-type diagram
of the main chain of BLGA in lattice Z at pH 6.2. A retinol molecule
orange) has been fit into the calyx cavity (green). The side chain
f Cys121 points into a small cavity (blue), which lies between

to Ser1160. The side chains of residues Leu46 and Leul03ine three-turm helix and the outside of the cavity. (B, middle)

lie between the side chain dtp192 and thes-ionone ring
of retinol in our model. This model differs in detail from

8 Residues that are invariant across 17 diffey¢tactoglobulins are
highlighted in boldface type.

Molecular surface at pH 6.2; same orientation as in (A). Loop EF
covers the entrance to the calyx cavity. (C, bottom) Molecular
surface at pH 7.1, with the molecule in the same orientation as in
(A) and (B). Loop EF flips to expose the interior of the calyx. A
retinol molecule (red) lies at the base of the deep hole. The
molecular surface at pH 8.2 is very similar.
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other models for the BLGretinol complex. An early model  Tpc s Displacements (in A) forCAtoms of BLGA at pH 6.2,
for retinol binding to BLG placed the retinol deeper inside 7.1, and 8.2

the calyx @3) and directed away from loop EF, compared
to that proposed here. A later model for retinol and retinoic

pH 6.2 pH7.1 pH 8.2 X (pH 6.5)

acid binding 62) proposed interaction of the headgroup with B: g:i 0.95 0.24 8:52 8:;‘8
Lys70 [Lys69 in the revised structur2g, 30)] and proximity pH 8.2 0.98 0.38 0.51
of the s-ionone ring toTrpl9 on the basis of fluorescence X (pH 6.5) 0.61 1.16 1.16

quenChing %2. In bOth of these mOdels_' the position and ~ acalculated by means of LSQKABAY). The entries above the
orientation of the retinol ligand are different from that diagonal are for the calyx core of niffestrands and the three-tuen

observed crystallographically for the huma)and bovine he£><4gﬁggﬂctericsti502ngliPOC%lira [C7a7|yX Cgrgb_sstzanﬂs;\:(g%:g).
(46) RBP—retl_n0|_d complexes, in that the re_tlnol is bu_rle_d 'g-G((lol—ﬁoﬁﬁ-(H(ll?—)'lzﬁS),(anqe-l()1'4€3—1(52) an&ﬁheﬁx (1282*
more deeply inside the calyx _Of BLG and its !ong_ axis 1S 142)]. The entries below the diagonal are for the entire molecule. BLG
tilted (23, 52). In our model (Figure 5A) the retinol is also  in lattice X (29) is included for comparison.
located deeper inside the BLG calyx, but compared to the
RBP—retinol complexes, the retinol is similarly oriented, pH 8.2, as summarized in Table 2. In terms of dimers, the
except for a rotation of approximately 18@bout its long probable association state of BLG in solution over this pH
axis. At pH 6.2, a trail of electron density is clearly visible range and at room temperature, the accessible surface area
inside the calyx, immediately under the lid, loop-8%0. increases from-15 520 & at pH 6.2 to~15 950 & at pH
Modeled as water molecules, satisfactory refinement (includ- 7.1 to~16 320 & at pH 8.2. This is a factor responsible
ing lowering of Ryed is obtained B ~ 50 A2, H0-+*H,0 for the swelling of the unit cell of BLGA in lattice Z. The
2.7-3.0 A). However, no hydrogen-bonding contact with increase in accessible surface area is associated with a small
the main protein chain is observed, and contacts with the increaseof ~6% in buried surface at the dimer interface,
hydrophobic side chains are greater than 3.6 A. While no from 950 & at pH 6.2 to 1010 Aat pH 8.2, an increase
potential ligand was included in the protein purification, we that appears incompatible with electrophoretic evidence that
cannot eliminate the possibility that this density is part of a at high pH BLG dimers dissociate more readil§4).
hydrocarbon chain. At pH 7.1 and 8.2, no ordered electron However, as structural results essentially show only the
density inside the calyx is observed. enthalpic contribution to the free energy for the dinser
Besides the traditional binding site discussed above, monomer equilibrium, the small increase in buried surface
another potential binding site for small molecules appears area (or the absence of a decrease) with increase in pH, while
to exist. In lattice Z, strands-F, -G, andf-H, the second  surprising, is not incompatible with thermodynamic data, as
half of 8-A, and-I create a flaj3 sheet, as shown in Figures entropic effects are not necessarily apparent in the structure.
1, 3, and 5A. Thisg sheet is mostly covered by the N Except for loop EF (residues 8®0), the BLGA calyx
terminus ando-H, thereby creating a small cavity im- experiences only minor changes in conformation as a
mediately adjacent to SG Cys121, to which a methylmercuric function of pH, as shown in Figures 1, 3, and 5B,C. Pairwise
ion can bind with negligible rearrangement of main-chain superpositions, calculated via TURB@3j, of the three
and side-chain group8(@).2 However, introducing a bulky ~ BLGA structures (lattice Z, pH 6.2, 7.1, and 8.2) lead to
moiety to this small cavity may disturb the secondary RMS differences of less than 0.21 A for thex@toms of
structure, such as helixH and strangB-A, which surrounds 144 residues out of 162 that satisfy the criterion of a
this site. The disturbance may be transferred tgthetrand maximum displacement in & atoms of 0.5 A. RMS
through thep sheet and indirectly influence the dimer displacements for the whole molecule and for just the calyx
interface off-lactoglobulin. Thus, modified BLG may have core, calculated by LSQKABA(), are summarized in Table
different association behavior compared to native BLG. 5. The RMS displacements between the lattice X and lattice
Ralston 63) showed that BLG, which was chemically Z structures, for the core calyx, are somewhat largerGb

modified by blocking a sulfhydryl group witiN-ethylma- A, indicating a small degree of conformational variability

leimide, exhibited different characteristics for pH-dependent in the core calyx.

phenomena. The omit electron density maps for loop EF, in its two
Behavior of BLGA during the Tanford Transition To conformations, are shown in panels A and B of Figure 6,

date, no substantiated structural basis has been found for thand the superposition of BLGA in the vicinity of loop EF at
various pH-dependent phenomena of BLG, in particular for pH 6.2 and 7.1 is shown in Figure 6C. At low pH, loop EF
the location of the carboxylic acid/carboxylate group impli- serves as a door or lid to block access to the calyx. At high
cated by Tanford et al3p) in titration studies and tentatively  pH, loop EF flips away from the calyx, which then becomes
assigned as Glu89 by Brownlow et &29. The structures  accessible for ligands. In addition, this conformational
of BLGA at different pH values provide a pseudodynamic change leads to Glu89 changing from a buried situation at
view of BLGA during the pH-induced transition, unencum- low pH to exposed at high pH; see Figures 1 and 5. The
bered by comparisons across crystal forms and by samplesolvent-accessible area of Glug9 is 4 & pH 6.2, 116 A
heterogeneity. at pH 7.1, and 136 Aat pH 8.2, as detailed in Table 3.
The earliest observed pH-dependent property of BLG was Indeed, the 4 Aaccessible surface area of Glu89 at pH 6.2
that an increase in pH (from 6 to 8) was accompanied by a is contributed by its carbonyl oxygen atom, and the COOH
decrease in sedimentation coefficier@®)( which can now group of Glu89 is totally buried. The side chain of Glu89
be attributed to an overall increase in molecular volume/ at low pH is mostly surrounded by hydrophobic residues,
surface area: the accessible surface area of BLGA increasedut the presumably protonated carboxyl atom OE2 forms a
from 8240 & at pH 6.2 to 8460 Aat pH 7.1 to 8670 Aat hydrogen bond with the carbonyl oxygen atom of Ser116
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Ficure 6: Stereo diagrams of electron density for loop EF of BLGA in lattice Z at pH 7.1 and 6.2. Figure prepared with TU8B@(

top) pH 7.1 (open conformation of loop EF): Superposition of the final positions of residue3086n a F, — F. omit map (residues
86—89 omitted), contoured at ®5(B, middle) pH 6.2 (closed conformation of loop EF): Superposition of the final positions of residues
85—-90 on a F, — F. omit map (residues 8689 omitted), contoured at Q755 To avoid overlap, the orientation is not the same as that for

(A). (C, bottom) Stereo diagram of loop EF for the superposition of BLGA in lattice Z at pH 6.2 (red, closed conformation) with that at
pH 7.1 (yellow, open conformation).

(2.8 A). Thus, at pH 6.2, the carboxyl group of Glug9 is the buried charge of the carboxylate group of Glu89 triggers
unavailable for titration. When deprotonated at high pH, the expulsion of this group, with the associated movement
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of loop EF in which Glu89 is situated. This is consistent and at the surface some charged residues, Lys101, Lys135,
with the titration behavior of BLG and with the anomalous Arg148, Asp129, Asp137, Glul31, and Glul34, are within
carboxylate K, of ~7.3 found for BLG 85). The confor- 8 A of the SH group. At pH 6.2, these residues provide a
mational changes in loop EF begin at residue 85, when less negatively charged environment, and the aveBdgetor
approaching the loop from the N terminus, and at residue of atoms withih 8 A of the Cys121 SG atom is 16.2%A

90, when approaching the loop from the C terminus, as Increasing the pH to 7.1 will change the static charge to a
illustrated in Figure 6C. As detailed in Table 3, no other more negatively charged state (favoring the access of
charged residue undergoes a change from buried to exposeg@ositively charged reagents). In addition, the aver8ge
as a function of pH, although the main chain of Asp85 factor of atoms withi 8 A of theCys121 SG atom increases
becomes partially buried at pH 8.2. In the closed, low-pH to 30.0 & This implies that increasing the pH above 6.7
conformation, the hydrophobic side chain of Leu87 is partly (37) will favor (thermodynamically) the binding of a
buried and in contact with hydrophobic side chains (or positively charged reagent to the SG atom of Cys121 and
portions thereof) of residues Leu39 and Lys60. In the high- increase (kinetically) the susceptibility of this thiol to
pH open conformation, these side chains become morechemical modification, even though the solvent accessibilities
exposed and in the case of Leu87 completely exposed. Aof Cys121 do not change with pH, at least in the 3-D
previous observation that Glu89 is buried at pH 7.8 in lattice structures of BLGA (see Table 3).

Z (29) appears to be in contradiction with our observations
that at pH 7.1 and 8.2 this residue is exposed to solvent.
However, the two structures are not strictly comparable, since
(i) the material used in the cited stud®9j is a mixture of
variants A and B, (ii) the data in the cited structug9)(
extend only 6 3 A resolution, and (iii) the Tanford transition

is sensitive to ionic strength.

In addition to the anomalous carboxylate at residue 89,
increased exposure for three of the four tyrosine residues
with change in pH across the Tanford transition has been
identified G5, 56). We have been unable to identify a
significant change in the environment of any tyrosine that
is directly linked to the pH-induced conformational change

in the EF loop, for either monomers (see Table 3) or dimers. .
The conformational change of loop EF is propagated into of the stomach21). The pH-dependent conformation of

reorientations of the side chains for Met107, lle84, and to a fragment EF may be related to the physiological function of

lesser extent Leu39. The environments of tyrosine residues{g’ﬂ"’(‘;tgtgIl((:\tl)vulla'r|1| Inp;/(;\t/g(;tstrlnﬁedlti);;r? dci?,hfr(,'ecgggaigtg{ﬂgcog
at positions 20, 42, and 99 appear to remain unchanged at” . ’ " ) ’
P PP g while the opened calyx, characteristic of BLG at high pH,

pH 6.2, 7.1, and 8.2. Tyrl02, however, remains unmoved . . ) . :
by changes in pH but it is in the vicinity of a chain of permits release of the ligand in the small intestine for
absorption.

conformational changes involving the side chains of charged
residues beginning with Lys135 and extending to Glul31
and Glul34. Whether these changes are intrinsic to BLG CONCLUSIONS
in solution, or are associated with changes in crystal packing,

remains uncertain. Examination of intermolecular contacts  B|.GA undergoes significant conformational changes as
as a function of pH reveals that no tyrosine is close to the the pH changes from 6.2 to 8.2, as inferred from a variety
dimer interface. Although Tyr20 of one molecule lies of chemical and physical evidence. The structures of BLGA
alongside Lys8 of another in the lock and key intermolecular i, jattice Z at pH 6.2, 7.1, and 8.2 provide insight into these
interface, this interface is unlikely to be responsible for the changes. As the pH is increased, there is an expansion in
observation of dimers in dilute solutions. Tyr20 and Tyr99 ne volume of BLGA. In addition to the previously well-
may be tentatively identified as the tyrosines most susceptible characterized dimer interface, there is in latia substantial

to chemical modification byN-acetylimidazole at pH 7.5 jnterface created by insertion of Lys8 into a pocket of a
(56). Tyr20 is partly buried by the flexible fragment 156 hgjghhoring molecule. Loop EF (residues-8®) forms a
158, whose conformation varies with lattice tyf9,(30), lid to the calyx, which is closed at pH 6.2 and open at pH
and for Tyr99 the edge of the aromatic ring and the hydroxyl 7 1 anq 8.2 Glug9. which is buried at pH 6.2, becomes
group are exposed to solvent. Tyr42, which remains buried exposed at pH 7.1 and 8.2. This conformational change

atthe pH values of this study, can be identified as the tyrosine ;. .ounts for the physical and chemical pH-dependent
residue that remains buried and inaccessible to Chem'calproperties of BLG and has functional implications for the

modifiers, such as cyanuric acifiq) andN-acetylimidazole ; o ;

(56), and to titration until the pH is above 136). reversible binding and release of ligands.
The reactivity increase of Cys121 at high pH is not directly

related to the opening of the calyx lid at high pH. Although ACKNOWLEDGMENT

the opening permits access to tha @om of Cys121, the

SH group points away from the interior of calyx and into ~ We acknowledge helpful discussions with Gavin Mander-

the small cavity of BLGA; see Figure 5A. There are a son, Phillip A. Jeffrey, Gillian E. Norris, and Lindsay

number of hydrophobic residues in the immediate vicinity, Sawyer.

Functional Significance of the pH-Dependent Conforma-
tion of BLGA The Tanford transition has been observed
not only in bovineS-lactoglobulins but also in gogt-lac-
toglobulin 68). The key residue of the Tanford transition,
Glu89, is one of only 21 conserved residues through all
currently sequenceg-lactoglobulins (SwissProt59), as
aligned by CLUSTALW 60) and summarized in Table 6
(Supporting Information). This suggests that pH control of
access to the interior of the calyx of BLGA may have
functional implication. It is well-known that the pH environ-
ment of the digestive canal changes from acidic in the
stomach to basic in the small intestine and that BLG remains
intact on passage through the acidic proteolytic environment



Structure off3-Lactoglobulin

SUPPORTING INFORMATION AVAILABLE

Table 6 showing the sequence alignmentisdactoglo-
bulins (2 pages). Ordering information is given on any
current masthead page.
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