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ABSTRACT. The high-resolution X-ray crystal structure of hunwactalbumin (at 1.8 A) in the presence

of an elevated level of calcium reveals a new secondary calcium binding site, 7.9 A away from the primary
calcium binding site known in ati-lactalbumin structures so far. The new calcium binding site is different
from the zinc and sulfate binding sites [Ren, J., et al. (1923Biol. Chem. 26819292-19298] but
shares common features with the manganese binding site as described by Gerkin [Gerkin, T. A. (1984)
Biochemistry 234688-4697]. The proximity of the manganese and calcium binding region and the
location of the functional site on one side of the charged surface aflaetalbumin molecule suggest

that these binding sites might play a role in the formation of the lactose synthase complex.

o-Lactalbumin (LA} is a well-studied protein that is C&" binding might be linked to the biochemical function
expressed only in the lactating mammary gland and is of LA. However, at least two subgroups of lysozymes
secreted into the whey fraction of milk (reviewed in refs possess similar Ga binding sites, suggesting that €a
1-4). As the specifier protein of the lactose synthase binding is a common (although not universal) feature of
enzyme system (EC 2.4.1.22), LA interacts with a galacto- members of the LA/lysozyme superfamil§5). Calcium
syltransferase (GT), UDPgalactdseacetylglucosaming-1,4- binding has a large influence on the molecular stability of
galactosyltransferase (EC 2.4.1.38), to modulate its acceptorLA and is required for refolding and native disulfide bond
substrate specificity so that it can catalyze the transfer to formation in the reduced, denatured protei®,(17). This
glucose, a very poor substrate in the absence of LA, to could reflect a biological regulatory mechanism or merely
synthesize lactose during lactation. LA is also similar in result from the low intrinsic stability of LA and its strong
sequence and closely similar in structure to the type-c C&" dependenced].
Iy_sozymes, _providing an extreme example of functional | A can bind different metal ions in addition to calcium
divergence in homologous proteins. (2, 7, 18—27); these have varying effects on the conforma-
LA derived from milk contains a single tightly bound€a tional state and physicochemical properties of LA (reviewed
ion (5); the Kapp for calcium binding to apo-LA under inref2). The presence of a secondary weaker binding site
physiological conditions is on the order of TaM (2, 6—8). for Ca* in bovine LA was originally reported by Kronman
The crystal structures of different species variants of 8A ( et al. 6) and confirmed by later studie23). However, a
13) and human LA grown under different conditions of pH similar site was not found in human LA2§). Multiple
and temperatureld) showed the presence of a calcium binding sites for other ions and combinations of ions have
binding site (we refer to this site as the primary or high- also been described. The high-resolution (1.7 A) X-ray
affinity site). The observation that the residues in LA that crystal structure of the human LAZn>" complex, which
ligand calcium in the high-affinity site are conserved in all also contains the primary €aion, shows that the Zf ion
currently known LA sequences suggests the possibility that does not significantly perturb the conformatidzg). The
Zn?* site was found to be located in the cleft of the LA
T This work was supported by a Leverhulme Trust (U.K.) research molgcule,. about 17 A from the primary Casite. NMR
grant to K.R.A., a NATO collaborative grant to K.R.A. and K.B., and Studies with“*C-reductively methylated LA also suggest that
partial support from NIH Research Grant GM21363 to K.B. a unique MA* site is located close to the N terminus of the
o *’tThe Suimié: Colffdi”ates_have beben i%&sned with the Brookhaven protein (L9). The involvement of metal ions in catalysis by
r(Z g\lc?dreassfj1 co??esé%ilcde:r?é%ntg ltJrTs :ruthor a)t. Department of Biology the lactose synthase SyStem and ”.‘e.'f effects on interactions
and Biochemistry, University of Bath, Claverton Down, Bath BA2 7AY, between LA and GT raise the possibility that a shared metal
U.K. Phone: 44-1225-826238. Fax: 44-1225-826779. E-mail: ion might play a role in the formation of the lactose synthase

K-?ﬁécggﬁ@g"ga‘:“k- complex. Secondary metal binding sites in LA provide an
I Universitg// of Miami Medical School. indication of regions on the LA structure that could

! Abbreviations: LA a-lactalbumin; mLA, recombinant bovine LA; participate in this type of interaction.

GPLA, guinea pig LA; GOLA, goat LA; BLA, baboon LA; BULA, ; i ati ; ;
buffalo LA: HLA, human milk LA: GT, j-1.4-galactosyltransferase: We have performed extensive crystallization trials using

NMR, nuclear magnetic resonance; PIPES, 1,4-piperazineethanesulfonichUma—n LA in the presence of elevated |eYe|S of calcium.
acid; rms, root-mean-square We report here the structure of human LA with two calcium
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binding Sit_es (prir_n_ary and secondary) oc_cupied and discussTable 1: Crystallographic Data Processing and Refinement
the potential significance of the second site for the structure statistics

and activity of LA. Throughout the paper, the previously

. space grou orthorhombiB2,2,2
reported structures of human LA with €abound only at CEH dm?ens'?ons A) a=3547b= 62&%6,
the primary sites {1, 14) will be designated as the native ¢ = 45.96, one human LA
structure. molecule/AU
resolution range (&) 10:01.8

EXPERIMENTAL PROCEDURES N Py

: : : overall completeness (%) 82.0

Human LA was obtained from Sigma and used without redundancy a1

further purification. The crystals were grown in the presence completeness in the outer shell (%) 64 (198 A)

of 100 mM calcium chloride using the hanging drop vapor Ryt (%) 6.99 (18%, 2.6:1.8 A)
diffusion method. This protocol was slightly different from  no. of reflections used in 8907

that previously described for native human LA (grown in Rcrej'?)%"(f;”i(i%f‘ A 210

the presence of 10 mM calcium chloride) using the batch R”Z:é(%) 26.3

method which contains only the primary calcium binding no. of protein atoms 983

site (L1). Briefly, drops containing protein (20 mg/mL) at  no. of water molecules 106

pH 7.5in 0.1 M PIPES, 1.8 M ammonium sulfate, and 100 "0 of calcium ions 2

rms deviation in bond lengths (A) 0.011

mM calcium chloride were equilibrated against a reservoir s geviation in bond angles (deg) ~ 1.40

SOIu.tion cont_aining 2.0 M ammonium sulfate, 100 mM aNumber of measurementsNumber of unique reflection$.Reym
calcmm ch_Iorlde, and 0.2 M PIPES buffer at pH 7.5. The _ S wili(hk) — (KIS w3l (hkl), where TClis the averaged
crystallization trays were left at 35C, and after 1 week, intensity of thei observations of reflectiohkl. ¢ Ruysi= ¥ ||Fo| — |Fel|/
they were brought to room temperature (aboutf@p. One Y |Fol, whereF, andF. are the observed and calculated structure factor
brick-like crystal grew to 0.5 mnx 0.3 mmx 0.3 mm after ~ amplitudes, respectively Ryeeis equal toReys for a randomly selected
3 weeks, and the systematic absences and symmetry wer@?? Subset of reflections not used in the refinemé@3) (
consistent with space grolg?,2;,2 with the following unit
cell dimensions:a = 35.47 A,b = 69.56 A, andc = 45.96
A (isomorphous with the native human LA crystals; see ref
11).

Diffraction data were recorded from a single crystal using
a Siemens area detector. Graphite monochromatedaCuK
X-rays were produced by a Siemens rotating anode generator
operating at 45 kV and 70 mA. The data frames (0. 2&r
frame, 200 s per frame exposure) were measured at room
temperature. A total of 800 frames were collected in order
to obtain a complete data set to 1.8 A resolution. These P
frames were processed and reduced using the XENGEN Ca y
software package3(Q) (Table 1). The structure of native EEE+[2] e
human LA at 1.7 A {1) was used as the starting model.
The refinement of the structure by simulated annealing was N
carried out with XPLOR (version 3.13() to a conventional 5
crystallographidR-factor (Rerys) 0f 21% and to arRiee (32)
of 26.5% for all the data from 8 to 1.8 A resolution. The
model exhibits reasonable stereochemistry (rms deviation
from ideal covalent bond lengths 0.011 A, Table 1) and
consists of all the protein atoms, two Laons, and 106
water molecules.

RESULTS AND DISCUSSION

The structure reported here for human LA at an elevated
concentration of C# is closely similar to that previously  Fgure 1: Overall topology of the human LA structure. The four
described for human LA at lower calcium concentrations disulfide bridges are shown. The primary and secondary calcium
(Figure 1). The rms difference between the two structures binding sites are marked as (1) and (2) in spheres. This figure was
(including all atoms) is only 0.11 A. Most of the new drawn with the program MOLSCRIPTAR).
structure is well-defined in the electron density map with The high-affinity C&* site (designated as the primary site)
the exception of the loop region between residues 44 andcould clearly be identified as a strong feature in the electron
46 and the flexible C terminus. In all currently known LA density map and forms the calcium binding elbd@y, one
structures, both of these regions have high temperature factorsf the most rigid parts of the molecule. The location of the
and display alternative conformations, suggesting that they primary C&* ion and its coordination (distorted pentagonal
represent regions that are flexible in the LA molecule. bipyramid) are essentially identical to those observed in the

The unique feature of the present structure is the presencepreviously published structure of human LA1j. The
of two calcium binding sites in close proximity (Figure 1). secondary Cad binding site was located as a persistent
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Ficure 3: Diagram showing the details for the two calcium binding
sites in human LA. The figure was drawn with the program SETOR
(43).

Ficure 2: Diagram of the electron density in the vicinity of the
two calcium ions in the human LAC&" complex structure:
primary calcium ion (A) and secondary calcium ion (B). The
electron density map is calculated after refinement with amplitude
coefficients 2Fo|-|Fc|. The contour level is 1& Drawn with the
program SETORA43).

FIGURE 4: Electrostatic surface potential of human LA. Regions
of negative potential are colored in red and positive potential in

i ; blue. The surface is transparent to reveal the underlyitg C
feature of a difference Fourier map at thelével (the only backbone of the protein (shown in white). The various metal binding

“difference” in the difference map) which could not be and functional sites established from crystallographic studies are
adequately accounted for by a water molecule. Further shown. The figure was drawn with the program GRASR) (
refinement of the structure fully confirmed this feature,

resulting in a significant drop in thig. value by about 0.7%  involved in coordinating the CGa ion at this site in a
with the inclusion of a C¥ ion rather than a water molecule tetrahedral arrangement:y®@ of Thr38, Q1 of GIn39, &2

in the secondary site. Refinement of the site occupancy of Asp83, and the carbonyl O of Leu81. No water molecules
factor for the two C#& ions gave values of 0.99 and 0.92 are present in the coordination sphere, although one internal
for the primary and secondary sites, respectively. The water molecule is 3.8 A from the secondary metal ion.
electron density maps (at 1.8 A resolution) for the two sites However, we do not rule out the possibility that there may
are shown in Figure 2; the detailed atomic structures aroundbe disordered water molecules that are not observed in the
the two ions are shown in Figure 3, and the coordination electron density map that would add to the coordination
parameters are listed in Table 2. sphere.

The distance between the Laons bound at the two sites This finding demonstrates definitively that human LA has
is 7.9 A. The secondary site is located on the surface of thea second specific G4 binding site that is occupied in the
LA molecule and has a coordination number smaller than presence of higher concentrations of calcium. The binding
the ideal value for a Ca ion. Four protein groups are of the second Cd ion does not produce any significant
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Table 2: Comparison of CalciurProtein Ligand Distances (A) in Diffferent LA Species

residue atom mLA GPLA GOLA BLA BULA HLA this study
Lys79 o 2.15 (39.6) 2.24 (10.8) 2.30 (14.0) 2.2 (13.9) 2.27 (18.0) 2.34 (8.40) 2.28 (7.06)
Asp82 1 2.40 (35.4) 2.42 (12.1) 2.50 (34.4) 2.4(11.7) 2.29 (23.7) 2.35(11.0) 2.46 (4.12)
Asp84 o 2.24 (32.7) 2.16 (10.3) 2.28 (20.3) 2.3 (12.6) 2.37 (17.2) 2.24 (5.8) 2.20 (5.31)
Asp87 1 2.49 (30.8) 2.44(10.1) 2.41(27.9) 2.3(7.9) 2.26 (14.3) 2.40 (10.4) 2.49 (7.57)
Asp88 (@)X} 2.59(33.1) 2.33(10.8) 2.47 (12.5) 2.3(18.8) 2.55(9.0) 2.42 (7.3) 2.52 (5.81)
water 1 —b 2.44 (8.6) - 2.4 (16.1) —b 2.30(7.9) 2.55 (4.30)
water 2 —b 2.33(21.8) —b 2.6 (21.0) —b 2.50 (19.1) 2.50 (3.63)
cat (1) (35.2) (8.3) (17.5) (11.5) (14.6) (6.2) (7.46)
cat (2) (35.1)
Coordination around the Low-Affinity Ca (2) lon (This Study)

Thr3s o1 2.67 (12.0)

GIn39 Gl 3.06 (10.14)

Leu81 o 2.75(10.63)

Asp83 @1 2.84 (19.86)

Ca* (1)—Ca* (2) distance= 7.86 A (this study)

aThe temperature factors §fare given in parentheses. Abbreviations: mLA, recombinant bovinell2fy GPLA, guinea pig LA 12); GOLA,
goat LA (12); BLA, baboon LA (L0); BULA, buffalo LA (13); HLA, human milk LA (11). ® The water molecules were not well defined due to

limited resolution.
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Ficure 5: Stereodiagram of human LA showing the calcium, sulfate, and zinc binding and functional sites. The figure was prepared with

the program SETOR4Q).
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structural change in the protein. Previous binding studies the sulfate and the second protein molecule interacts with

have indicated that bovine apo-LA has two?Cainding
sites @, 33). However, a second site was not detected in
human LA by*Ca NMR, although two sites were found in
bovine LA 28). The second site in bovine LA must be
different from that described here since it probably includes

LA in a fashion similar to that of the second Taion
described here, forming H bonds with GIn39, Asp83, and
Lysl. The NMR results of Gerkerl9) indicated that the
Mn2* jon is 7.4 A from theo-amino group (Glul of bovine
LA). Since a crystal structure for LA was not available at

His68. Binding to this site is also blocked at higher salt that time, a model for the M binding site was developed

concentrations2) and would be unlikely to be occupied at

using a predicted structure for LA based on the structure of

the concentrations of ammonium sulfate used in crystalliza- the homologous chicken lysozym@&4( 35). In this model,
tion. The site described here appears to be a lower-affinity the ligands for the M#&" ion are the side chain carboxyl
site that was not observed at the concentrations of calciumgroups of Glul, Glu7, and Glull and the peptide carbonyl

used in previous binding studies.
The second Cd binding site is distinct from the 2h
binding site described by Ren et aR9 and, on initial

group of Asp84. The crystal structure of LA has a fold
similar to lysozyme as envisaged by model buildifg 11,
36) but the energy-minimized modeB%) used by Gerken

examination, appears to be at a location different from that is incorrect in detail (reviewed in red7). It appears to be

of a M?* binding site described by Gerkeh9) on the basis

of NMR studies with*3C-reductively methylated bovine LA.
The Zr** binding site is at a dimer interface in the crystal
and involves residues 49 and 116 from different LA
molecules, together with water molecules. A sulfate ion is
also present in the Zh—LA structure at an intermolecular
surface, but this ion is also present in?Ziree crystals.
Ligands of the sulfate ion are Arg70 from one molecule,
GIn39 and Lys94 from a symmetry-related molecule, and
two water molecules29). A water molecule which bridges

significant that the second €aion in the present structure

is 9.5 A from theo-amino group, a distance remarkably
similar to the M3*—a-amino distance determined by Gerken
of 7.4 A. Considering differences in the liganding require-
ments of M+t and C&" as well as the fact that the two
studies were conducted with different species variants under
somewhat different conditions, these distances agree suf-
ficiently to represent compelling evidence that the?Mand
second C# sites are closely similar. Although the exact
nature of the MA"™ site requires clarification with ongoing
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Table 3: Variability of Amino Acid Residues at the Second
Calcium Binding Site among Known LA Spesie

human LA residue variability
Thr38 Ser (rat and platypus)
GIn39 Glu (camel) and Lys (rabbit)
Leu81 invariant
Asp83 invariant

structural studies, available data indicate that the secofid Ca
site represents a surface region of LA that can bind both
inorganic cations and water molecules. The affinity for
cations can be partly attributed to the electrostatic potential
of this part of the LA surface (Figure 4). A comparison of
known LA sequences indicates that there is a partial
conservation of the metal liganding residues, and the types
of substitutions observed appear to be compatible with the
retention of a partial metal binding site in all LAs (Table 3).

Could this site have any functional relevance? The
interaction of LA with GT is synergistic with monosaccha-
rides, an arrangement that is manifested functionally in a
1000-fold reduction of th&,, for glucose in the presence of
LA (38, 39). GT is also a metal-binding protein, and two
metal binding sites are implicated in its activity. Catalysis
by GT is absolutely dependent on the binding of¥to a
high-affinity (micromolarKy) binding site, while the binding
of a second metal ion affects the interaction of GT with
UDPgalactose40). Zn?*" and some other ions can replace
Mn2t at the primary site, although with loss of catalytic
efficiency, but Ca" does not bind to this site. Calcium,
organic cations such as spermidine, and even cationic
proteins can replace Mhat the second site, and it is possible
that an endogenous cationic protein may act at this site in
vivo (41). The interaction of LA with GT is also affected
by metal ions and substrates, and the congruence in meta
binding properties of the two proteins has led to speculation
that a metal ion could bridge them in the lactose synthase
complex @).

The functional site in LA identified by mutational and
chemical studies is shown in Figure 5. This encompasses
part of the lower cleft that corresponds to monosaccharide-
binding subsite F of lysozyme and an adjacent surface that
has no functional equivalent in lysozynm&8(39). Structural

studies show that these regions have alternative conforma-

tional states in different crystal forms of human LA and in
the structures of other species variari8-14). Their high
regional flexibility is also indicated by relatively high
crystallographic temperature factors. Mutagenesis of func-
tional site residues indicates that GIn117 and Trp118 are
specifically involved in the proteinprotein interaction with
GT while Phe31, His32, and Leul10 (components of the
region corresponding to lysozyme subsite F) influence the
affinity of the LA—GT heterodimer for glucose. The action
of LA as a competitive inhibitor of the binding of monosac-
charide derivatives with extensions at @) 6r C2 indicates
that the functional site in LA is close to the acceptor substrate
binding site of GT in this complex and appears to be likely
to form part of a hybrid glucose binding site at the t&T
molecular interface3g).

As shown in Figure 5, the second Tabinding site
described here is located in the same surface of LA as the
mutationally defined functional site. Itis close to (17 A from
His32) but not contiguous with this region and also appears

Biochemistry, Vol. 37, No. 14, 19981771

to be unlikely to form a functionally important independent
metal-binding site. However, components of the site could
participate in a metal-binding site at the EA&T interface.

In this regard, a likely role for the catalytically important
Mn2* ion in GT is the activation of the 4-OH group of the
acceptor substrate for nucleophilic attack on C1 of the
galactose moiety of UDPgalactose. This mode of action
would require that the MiT ion be adjacent to the acceptor
binding site where it could interact with residues of LA. The
urgent need for structural studies of lactose synthase is
emphasized by the indirect nature of evidence on which this
and other hypotheses about LA action are based.
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