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High affinity binding of Ca21 to a-lactalbumin (LA)
stabilizes the native structure and is required for the
efficient generation of native protein with correct disul-
fide bonds from the reduced denatured state. A progres-
sive increase in affinity of LA conformers for Ca21 as
they develop increasingly native structures can account
for the tendency of the apo form to assume a molten
globule state and the large acceleration of folding by
Ca21. To investigate the effect of calcium on structure of
bovine LA, x-ray structures have been determined for
crystals of the apo and holo forms at 2.2-Å resolution. In
both crystal forms, which were grown at high ionic
strength, the protein is in a similar global native confor-
mation consisting of a-helical and b-subdomains sepa-
rated by a cleft. Even though alternative cations and
Ca21 liganding solvent molecules are absent, removal of
Ca21 has only minor effects on the structure of the met-
al-binding site and a structural change was observed in
the cleft on the opposite face of the molecule adjoining
Tyr103 of the helical lobe and Gln54 of the b-lobe.
Changes include increased separation of the lobes, loss
of a buried solvent molecule near the Ca21-binding site,
and the replacement of inter- and intra-lobe H-bonds of
Tyr103 by interactions with new immobilized water mol-
ecules. The more open cleft structure in the apo protein
appears to be an effect of calcium binding transmitted
via a change in orientation of helix H3 relative to the
b-lobe to the inter-lobe interface. Calcium is well known
to promote the folding of LA. The results from the com-
parison of apo and holo structures of LA provide high
resolution structural evidence that the acceleration of
folding by Ca21 is mediated by an effect on interactions
between the two subdomains.

a-Lactalbumin (LA)1 is the regulatory protein of lactose syn-
thase (1–3), modulating the affinity of the catalytic component,

UDP-galactose b-N-acetylglucosaminide b1,4-galactosyltrans-
ferase I, for acceptor substrates through a reversible protein-
protein interaction (4). LA is also secreted into milk and aggre-
gates of a partially folded form of the human protein have been
found to have selective apoptotic effects on tumor cells (5). LA
is homologous with the c-type lysozymes (LZs) (6) and provides
an example of extreme functional divergence in homologous
proteins with closely similar structures (7–9). LA binds calcium
strongly and specifically but the LZs include subgroups that
bind Ca21 at a site corresponding to that in LA and others
(“conventional” LZs) that lack a Ca21-binding site (10). The
Kd

app for Ca21 binding to apo-LA under physiological conditions
is of the order of 1027 M (11–13). The Ca21 ion in LA has a
structural role, being required for folding and native disulfide
bond formation in the reduced denatured protein (14, 15). At
ambient temperature and low ionic strength, apo-LA under-
goes a transconformation to a molten globule (MG) state, which
lacks a fixed tertiary structure but retains much of the native
secondary structure. The MG is also stabilized by mildly dis-
ruptive treatments such as low pH or intermediate concentra-
tions of denaturants (16, 17); it is also identical to a kinetic MG
that is highly populated during the refolding of chemically
denatured LA (18–20).

Crystal structures of holo-LA from various species in differ-
ent crystal forms and metal complexes (7, 8, 21–26) are similar
to those of the homologous LZs, with two lobes of structure
separated by a cleft (Fig. 1A). The larger a-helical lobe is
formed by the amino- and carboxyl-terminal sections of the
polypeptide chain (residues 1–34 and 86–123) while the
smaller lobe, which encompasses a small three-stranded anti-
parallel b-sheet, a small 310 helix and some irregular structure,
is formed by the central section of the polypeptide chain (resi-
dues 35–85). We refer to the lobes as “subdomains” since they
lack properties normally expected of true domains such as
sequence contiguity and distinct functional properties and or-
igins. The high affinity Ca21-binding site is located at the
junction of the subdomains and is composed of a contiguous
section of chain (residues 79–88) connecting the 310-helix of the
b-subdomain (residues 77–80) and helix H3 of the helical sub-
domain (residues 86–98), and contains highly conserved Ca21

liganding aspartates (7). A secondary Ca21-binding site (differ-
ent from Zn21 or SO4

22 site) has also been identified 7.9 Å away
from the primary binding site (26) (Fig. 1A). This site has
features in common with a Mn21-binding site originally de-
scribed by Gerken (27).

In the absence of Ca21, denatured LA, with intact disulfide
bonds, refolds slowly to a native conformation and this process
is accelerated by at least 2 orders of magnitude by the prefer-
ential binding of Ca21 binding to high energy intermediate(s)
(17). Structural differences between the apo and holo proteins
are of considerable interest in providing high resolution struc-
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tural information relevant to late events in LA folding and
early steps in unfolding to the MG but the detailed structure of
the native conformation of the Ca21-free protein has not been
determined previously. We describe here x-ray crystallographic
structures for both apo and holo forms of bovine LA that allow
a detailed comparison of their structures at 2.2-Å resolution.
The two forms were crystallized in tetragonal and orthorhom-
bic space groups, respectively, with six molecules in the asym-
metric unit. Throughout our discussion, we refer to the Ca21-
bound protein as bLA and the Ca21-free form as apo-bLA.

EXPERIMENTAL PROCEDURES

Preparation of Proteins

Native bovine LA (bLA) was obtained from Sigma and used without
further purification. Apo-bLA was prepared by gel filtration of holo
protein in 0.01 M HCl (pH 2.0) in Ca21-free water as described by
Kronman et al. (11) and was subsequently lyophilized. Containers were
treated with EDTA solutions and washed with Chelex-treated water.

Crystallization

Apo-bLA—Crystals were grown by the vapor diffusion method. Equal
volumes (2.0 ml) of protein (;20 mg/ml in water) and reservoir solution
(2.0 M ammonium sulfate, 0.1 M Tris-HCl, pH 6.0) were mixed on
siliconized coverslips and left to equilibrate at 16 °C against the reser-
voir solution. Crystals appeared in ;20 days as tetrahedrons. Care was
taken to avoid contamination by adventitious metal ions during crys-
tallization experiments. All glassware were acid washed using nitric

acid and rinsed with Chelex-treated water according to the protocol of
Veillon and Vallee (28).

bLA—Native bovine LA was crystallized by the vapor diffusion
method at 16 °C against a reservoir solution containing 15% PEG 8,000
and 0.05 M potassium dihydrogen orthophosphate. Crystals can also be
grown using sodium acetate (pH 5.0). Equal volumes (2.0 ml) of protein
solution (;20 mg/ml) and reservoir solution were used. Lozenge-shaped
crystals appeared after a day and continued to grow for about 5 days.

Diffraction Data Collection

Apo-bLA—Data were collected from one crystal at the Synchrotron
Radiation Source, Daresbury on station PX 9.5 (oscillation range 1.0°,
exposure time ;150 s/image, l 5 0.90 Å) at room temperature (19 °C)
using a 30-cm MAR Research image plate. The data set was indexed in
tetragonal space group P41212, which indicated the possibility of 6 or 8
molecules in the asymmetric unit with a solvent content of 61.3%
(Matthews coefficient of ;3.2 Å3/Da). Data integration and reduction
were performed with the programs DENZO and SCALEPACK (29).
Diffraction spots up to 2.0 Å were observed but completeness dropped
beyond 2.2-Å resolution. The data collection statistics are presented in
Table I.

bLA—Data from one bLA crystal were collected to 2.2 Å on station
BW7B at EMBL-Hamburg Synchrotron Radiation Source, using a
30-cm MAR Research image plate (Table I). The oscillation range per
image was 1.0° (l 5 0.847 Å) and the exposure time was 40–50 s/image.
Both DENZO and SCALEPACK programs were used for data process-
ing (29). To improve the completeness at low resolution shells, a me-
dium resolution data set which was collected previously, using crystals
exposed to graphite monochromated CuKa x-rays (l 5 1.5418 Å) pro-

TABLE I
Data collection and refinement statistics of apo-bLA and bLA

Space group details Apo-bLA bLA

Cell dimensions (a, b, c) (Å) a 5 b 5 119.57, c 5 152.74 a 5 72.05, b 5 104.65, c 5 117.41
a, b, g (°) 90, 90, 90 90, 90, 90
Space group P41212 P21212
No. of molecules per asymmetric unit 6 6

Data collection and processing statistics

Station (synchrotron) Daresbury PX95 EMBL, BW7B
Image plate Mar. 30 Mar. 30
Wavelength (Å) 0.9 0.847
No. of observations 561254 371734a

No. of unique reflections 57273 45363a

Max. resolution (Å) 2.2 2.2a

Completeness (outermost shell) (%)b 99.3 (99.5) 99.2 (99.2)a

Rsym (I) (outermost shell) (%)c 8.6 (63.3) 8.1 (51.7)a

,I/ s (I) . (outermost shell) 8.8 (2.5) 11.5 (2.1)a

Outermost shell (Å) 2.28–2.20 2.32–2.20a

Refinement statistics and model quality

Resolution range (Å) 40.0–2.20 40.0–2.20
No. of reflections 56422 45348
No. of protein atoms 5844 5856
No. of solvent molecules 167 89
Ca21 ions 6
Rfree (%)d 24.8 25.3
Rconv (%)e 19.1 21.6
R.m.s. deviations in

Bond lengths (Å) f 0.011 0.006
Bond angles (°) 1.582 1.27

Temperature factors (Å2)
Overall 36.1 49.7
Average main chain 34.1 48.9
Average side chain 37.8 50.7
Ca21 ions 42.3
From Wilson plot 20.1 31.2

a For bLA, includes reflections after merging with the in-house data collected on a Siemens area detector mounted on a Siemens X-ray generator
(wavelength 5 1.5418 Å, 0.25 ° per frame).

b Completeness in the range `-resmax, where resmax is the maximum resolution to which data were collected.
c Rsym(I) 5 (hkl(iuIhkl,i 2 Iaverage,hklu/u(hkl(iuIhkl,iu 3 100.
d Rfree 5 (hkl,Tu uFobs 2 kuFcalc u u/(hkl,TuFobsu 3 100, where hkl,T represents the test set (5% of the diffraction data for apo-bLA and 10% for

bLA).
e Rconv 5 (hklu uFobs 2 kuFcalcu u/(hkluFobsu 3 100.
f Deviations from ideal values (59).
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FIG. 1. A, structure of LA and the func-
tional regions of the molecule showing the
location of metal ions identified in LA
crystal structures. Secondary structural
elements (S, b-strand; H, a-helix; h, 310
helix) are marked. The figure was pro-
duced using BOBSCRIPT (55). B, super-
position of bovine LA structures. The
Ca21-free (apo-bLA) structure is shown in
red, the native bovine LA (bLA) structure
is shown in yellow, and recombinant bLA
(mLA) in green. The superposition of the
structures was performed with program
O (35). The insets show the details of
packing interactions in aromatic clusters
I and II (the hydrophobic box).

Apo- and Holo-bovine a-Lactalbumin Structures 37023

 at B
IA

B
LIO

T
E

C
A

 A
R

E
A

 B
IO

M
E

D
IC

A
 on M

ay 24, 2009 
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org


duced by a Siemens rotating anode generator operating at 50 kV and 80
mA at room temperature was merged using SCALA and subsequently
converted to structure factor amplitudes with the program TRUNCATE
as implemented by the CCP4 suite of programs (30). The systematic
absences were found to agree with an orthorhombic P21212 space group
with either 6 or 8 molecules in the asymmetric unit and with a solvent
content of 52.3% (Matthews coefficient of ;2.6 Å3/Da) (Table I).

Structure Determination

Apo-bLA—The structure of recombinant bLA (mLA, in the mono-
clinic form) determined previously at 2.3 Å (24) was used for molecular
replacement with the program AMoRe (31). A combination of molecular
replacement, rigid body refinement using X-PLOR (32), and visual
inspection of the 2Fo 2 Fc electron density maps were helpful in iden-
tifying positions for five of the six apo-bLA molecules in the asymmetric
unit. Further attempts to determine the sixth molecule using molecular
replacement were not successful. However, visual inspection of the Fo 2
Fc electron density map calculated using the refined model with five
molecules, identified the position of the sixth molecule as a large piece
of contiguous density sufficient to accommodate one more molecule.
Careful examination of the packing features of five molecules and the
symmetry information derived from the self-rotation function enabled
accurate positioning of the sixth molecule in the unaccounted electron
density region. These results confirmed the presence of only six mole-
cules (three dimers) in the asymmetric unit.

bLA—The structure of bLA was determined by molecular replace-
ment with the program AMoRe (31) using the structure of recombinant
bovine LA (24) as a search model. As in the case of apo-bLA, packing
considerations and visual inspection of electron density maps revealed
the positions of the six molecules (three dimers) in the asymmetric unit.

Refinement

The resultant models of the apo-bLA and bLA structures (six mole-
cules) were first subjected to rigid body refinement. Cycles of refine-
ment were performed using simulated annealing protocol with the
program X-PLOR (32) and non-crystallographic restraints for apo-bLA
and with CNS (33) for bLA. The progress of refinement was monitored
through both free and conventional R-factors (34). Alternate cycles of
manual rebuilding with the graphics program “O” (35), and refinement
cycles using the standard protocol improved the quality of the model. In
the case of the bLA structure, simulated annealing omit maps calcu-
lated using CNS indicated density at the calcium site sufficient to
accommodate a Ca21 ion in all six molecules (no Ca21 ion was detected
for apo-bLA throughout refinement). Six Ca21 ions were incorporated
into the model (one per molecule) at final stages of the refinement.
During the final stages of refinement water molecules were inserted
into the model only if there were peaks in the Fo 2 Fc electron density
maps with heights greater than 3s and they were at hydrogen bond
forming distances from appropriate atoms. 2Fo 2 Fc maps were also
used to check the consistency in peaks. During the final cycles of
refinement the non-crystallographic restraints were released and indi-
vidual molecules were examined on the graphics with the aid of electron
density maps. Analysis of the Ramachandran plot (calculated with the
program PROCHECK, Ref. (30)) for both structures showed that all
residues lay in the allowed regions. The details of refinement statistics

and model accuracy are listed in Table I. Structural superpositions were
performed with program O (35) and SHP (36).

RESULTS

Overall Structures—The structures of both apo-bLA (tetrag-
onal form) and bLA (orthorhombic form) were refined to 2.2-Å
resolution (Table I). The six molecules in the asymmetric unit
of each structure are very similar with r.m.s. deviations of
;0.39 Å in apo-bLA and ;0.52 Å for bLA. The two structures
are similar to each other and to recombinant bovine LA, mLA
(24) (Fig. 1B), and LA from other species (Table II), but bLA is
more similar to each of the other known structures than is
apo-bLA (average r.m.s. deviation of 0.60 Å versus 0.75 Å).
Differences between various holo-LA structures are mainly
confined to the flexible, solvent exposed loop regions between
residues 43–47, 62–65, and the disordered C-terminal tail. The
flexible loop region, residues 105–111, which is located adja-
cent to the lower end of the cleft, adopts a “helical” conforma-
tion in both apo-bLA and bLA, as in the previously determined
structure of mLA crystallized at pH 8.0 (24) (Fig. 1A). Cur-
rently known LA structures indicate that at higher pH values
(6.5–8.0) this loop adopts the helical conformation and at low
pH (4.6), the “loop” conformation (22, 24).

Apo-bLA and bLA, have, respectively, ;6,512 Å2 and ;6,820
Å2 accessible surface area. 167 water molecules were identified
in apo-bLA and 89 in bLA with temperature factors (B-factors)
,45 Å2 (Table I). This difference could be explained due to
higher solvent content in apo-bLA crystals (see “Experimental
Procedures”) and different packing interactions. The formation
of dimers in the crystal results in a loss of 463 Å2 (;3.6%) of the
accessible surface area in apo-bLA and 536 Å2 (;3.9%) in bLA,
consistent with other relatively low affinity protein-protein
interfaces. Interactions in the dimers are mainly mediated
through charged residues. A comparison of the B-factors in
apo-bLA and bLA indicates that the absence of calcium results
in an increase in mobility in main chain and side chain atoms
in the Ca21-binding site and C-terminal region but a decrease
in mobility in the b-lobe (Fig. 2).

Calcium-binding Site—The Ca21-binding site in bLA has an
identical conformation (distorted pentagonal bipyramid co-or-
dination) to that found in all currently known LA structures
(Fig. 3, Table III). In bLA, as well as mLA, the average B-factor
for the Ca21 ion is slightly higher than in the known structures
of LAs from other species. However, the Ca21 ion and the two
water molecules that form its coordination sphere are clearly
visible in the electron density map, except in molecule 5, where
only one water molecule was identified. At low ionic strength
and neutral pH, apo-bLA assumes a MG state in solution. This

TABLE II
Comparison of different LA structures

The r.m.s. deviations in Å are given after superposition using the least square fitting option in O applied to Ca atoms of residues 1–120 (values
in boldface) and to the core of the molecule (values in normal typeface). LA core: residues 5–11, 23–40, 50–61, and 71–104. mLA: recombinant
bovine LA at 2.3 Å (PDB code; 1HFZ (24)). Baboon LA at 1.7 Å (PDB code; 1 ALC (9)). Guinea pig LA at 1.9 Å (PDB code, 1HFX (24)). Goat LA
at 2.3 Å (PDB code, 1HFY (24)). Buffalo LA at 2.3 Å (25). Human LA at 1.7 Å (21). Human LA in complex with Zn21 at 1.7 Å (PDB code, 1HML
(23)). Human LA with two Ca21 ions at 1.8 Å (PDB code, 1A4V (26)).

Apo-bLA bLA mLA
(recom. bovine) Baboon Guinea

pig Goat Buffalo Human Human in complex
with Zn21

Human with two
Ca21 ions

Apo-bLA 0.68 0.80 0.93 1.01 0.75 0.80 0.99 0.97 0.94
bLA 0.39 0.51 0.89 0.82 0.61 0.60 0.87 0.87 0.89
mLA (Bovine) 0.41 0.28 0.94 0.84 0.77 0.70 0.92 0.90 0.93
Baboon 0.65 0.65 0.65 1.06 1.06 1.04 0.41 0.36 0.47
Guinea pig 0.57 0.44 0.44 0.66 1.11 1.08 1.01 1.03 1.04
Goat 0.60 0.45 0.54 0.80 0.70 0.52 1.05 1.01 1.02
Buffalo 0.53 0.95 0.48 0.76 0.63 0.27 1.01 1.01 1.02
Human 0.66 1.00 0.65 0.27 0.63 0.81 0.78 0.35 0.35
Human in complex with Zn21 ion 0.62 0.94 0.58 0.21 0.61 0.71 0.69 0.26 0.35
Human with two Ca21 ions 0.63 1.37 0.60 0.23 0.59 0.74 0.71 0.23 0.16
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is converted to a native conformation at higher concentration of
NaCl or KCl (37). In the crystal structure, apo-bLA is probably
stabilized in a native conformation by the high ionic strength of
the crystallization medium since no ion was found replacing
the absent calcium. In addition, the two conserved water mol-
ecules (part of the Ca21 site), which are present in all known
holo-LA structures, are absent in apo-bLA. In apo-bLA, the side

chain of Asp87 is reoriented but there is no other major struc-
tural change (r.m.s. deviation for Ca atoms between residues
78–90 for apo-bLA and bLA is 0.26 Å). Overall, the Ca21

binding loop in apo-bLA has a slightly higher solvent accessi-
bility and significantly increased B-factors compared with the
corresponding loop in bLA (Fig. 2).

Cleft and Subdomain Interface—In the c-type LZs, the cleft
contains the active site comprising six monosaccharide-binding
subsites (A-F) to which the hexasaccharide substrate binds. In
all known LA structures, the side chain of Tyr103, which is an
alanine in most LZs (9) blocks subsites A and B. In bLA the
phenolic hydroxyl group of Tyr103 forms hydrogen bonds with
the amide oxygen of Gln54 (2.9 Å) and the main chain amide of
Asn56; these bonds are part of the interaction interface between
the two lobes, Tyr103 being part of the helical lobe while Gln54

and Asn56 are in the b-lobe. The largest structural change
observed in apo-bLA is in this region; Tyr103 is shifted toward
the interior of the cleft and water-mediated interactions with
Gln54 and Asn56 replace the direct hydrogen bonds. Also, an
H-bond between the carbonyl group of Tyr103 and the amide
nitrogen of Leu104 is replaced by an interaction with a new
immobilized solvent molecule. In apo-bLA, Tyr103 forms con-
tacts (,4.5Å) with more residues in the a-subdomain than in
bLA, particularly Val99 and Gly100, and fewer with residues in

FIG. 3. Comparison of apo-bLA (red) and bLA (yellow) struc-
tures at the Ca21-binding site and the flanking 310 helix (h2) and
a-helix (H3).

TABLE III
Thermal parameters at the calcium-binding site (Å2)

bLA

Lys79-O Asp82-OD1 Asp84-O Asp87-OD1 Asp88-OD1 Wat (1) Wat (2)

mol1 37.68 35.58 38.16 38.23 32.34 35.71 31.82
mol2 38.45 52.59 50.39 40.58 33.80 46.88 42.57
mol3 43.24 49.74 54.50 44.35 43.04 40.12 40.61
mol4 40.96 43.17 46.41 34.57 36.63 32.68 39.32
mol5 48.31 62.25 54.45 53.05 51.10 40.97
mol6 39.11 41.37 38.25 39.84 30.87 33.86 35.17

Apo-bLAa

Lys79-O Asp82-OD1 Asp84-O Asp87-OD1 Asp88-OD1

mol1 29.76 55.50 35.78 56.53 28.38
mol2 30.99 64.83 35.44 42.54 34.26
mol3 36.30 62.98 39.62 42.83 34.20
mol4 37.52 57.51 38.07 49.20 37.74
mol5 35.04 64.89 36.57 51.08 33.74
mol6 39.87 69.30 43.10 50.59 37.72

a Equivalent residues in Apo-bLA.

FIG. 2. B-factor plot (main chain)
for apo-bLA and bLA. In apo-bLA, the
absence of calcium results in an increase
in mobility in main chain and side chain
atoms in the Ca21-binding site and
COOH-terminal region but a decrease in
mobility in the b-lobe.
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the b-subdomain, notably Gln54 and Ile55. This change involv-
ing Tyr103 is present in all 6 molecules of apo-bLA and results
in a more open cleft that can be seen in the altered position of
the b-lobe in Figs. 1B and 4. In the 1.7-Å resolution structure of
baboon LA, an internal channel between Ile27 and Asp88 (from
the Ca21-binding site) is partly occupied by internal water
molecules (9). The corresponding channel is present in both
bLA and apo-bLA. Three buried water molecules are present in
bLA (Wat9, Wat92, and Wat12) and these have counterparts in
baboon LA. Of these, Wat12 is a ligand of the Ca21 ion which
blocks its access to solvent. The buried solvent molecules are
highly conserved in known LA and LZ structures. All three are
present in the Ca21 binding echidna LZ (38) while hen egg
white LZ (39) has solvent molecules corresponding to the two
that are not part of the calcium-binding site. Apo-bLA has
buried solvent molecules corresponding to Wat8 and Wat4 but,
like the non-Ca21 binding hen egg white LZ, lacks the water
associated with the Ca21-binding site.

Model building using the carbohydrate of hexa-N-acetyl-chi-
tohexaose from the human LZ structure (40) and a simple
molecular dynamics exercise using the program CNS (33) in-
dicates that the more open cleft of apo-bLA, unlike the closed
cleft in bLA, could potentially accommodate carbohydrate res-
idues in sites A-F (Fig. 5).

DISCUSSION

The effects of Ca21 on folding and stability in LA appear to
reflect differences in its affinity for different LA conformers.

The native state binds Ca21 with high affinity (Kd ,1 mM)
whereas the kinetic MG state has a relatively weak affinity (Kd

;1 mM) for calcium (17). The removal of calcium from LA
consequently increases the stability of the MG relative to the
native state. Despite its low affinity for Ca21, the presence of
calcium affects the structure of the MG, resulting in more
highly persistent structure (41). Calcium accelerates the rate of
refolding in denatured bLA (disulfide bonds intact) by more
than 2 orders of magnitude (17, 42); the dependence of folding
kinetics on the Ca21 concentration is thought to result from
calcium binding to high energy intermediates in the folding
process which have partially formed Ca21-binding sites (17).
The requirement for Ca21 in the formation of native protein
with correct disulfide bond arrangements from the reduced
denatured protein (14, 15) suggests that it also binds selec-
tively to similar rate-limiting intermediates in the oxidative
folding process. The MG and the high energy intermediates in
folding are arrays of conformations as opposed to discrete spe-
cies and Ca21 binding appears to be a common property of a
range of partially folded states of LA in which affinity for the
ion increases as their Ca21-binding sites become more native.

The structural studies described here show that the overall
fold is the same in the holo and apo-forms of bLA which is
consistent with the fact that calcium is not required for activity in
LA (11, 43). Interestingly, crystal structures of the apo and holo-
forms of a mutant of the non-Ca21 binding human LZ in which a
Ca21-binding site has been introduced by mutagenesis, indicate

FIG. 4. A and B, molecular surfaces for apo-bLA and bLA at the entrance of the cleft. In the apo-bLA structure a water molecule makes
interaction with the hydroxyl group of Tyr103 and the main chain atoms of Gln54 and Asn56 (not shown in the figure) (C). Superposition of residues
showing the location of Tyr103 in apo-bLA (in pink) and bLA (in blue). The perturbation of Tyr103 in apo-bLA results in a slight opening of the cleft.
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that only subtle, local perturbations are required to accommodate
the Ca21 ion (44). Similarly, the Ca21 binding loop in equine LZ
(45) and the corresponding loop in hen egg white LZ, a prototype
non-Ca21 binding LZ (39), are closely similar in structure (r.m.s.
deviation of 0.59 Å for Ca atoms between residues 81–93).

The absence of any cation from the crystallization medium in
apo-bLA replacing the calcium of the holo protein, supports the
view that stabilization of the native state of the apo protein by
higher concentrations of monovalent cations (19, 16) results, in
this case, from increased ionic strength and not specific bind-
ing. Water molecules that interact with the Ca21 ion in the holo
protein are also absent. Although changes in the immediate
vicinity of the site are small, a larger structural change is found
at the inter-lobe interface (which connects the Ca21-binding
site and the cleft involving Tyr103 through a channel containing
trapped water molecules) located on the opposite face of the
apo-bLA structure. As shown in Figs. 1B and 4, this change
reflects a perturbation of interactions between the a- and
b-lobes of LA at the edge of the hydrophobic box, resulting in a
more open cleft structure in the apo protein. Despite the minor
structural adjustments in the Ca21-binding site of the apo
protein, it is reasonable to think that the larger change in the
cleft is propagated from the Ca21 binding loop. Charge repul-
sion between the carboxylates of the five aspartyl residues in
this region is a probable source of this change; the reorientation
of the side chain of Asp87 and a slight expansion of the loop
appear to be in response to this, reducing the negative charge
density. The effects of charge repulsion in this region have been
previously discussed by Kronman (16) and Forge et al. (42).
Local destabilization of this region may also account for in-
creased B-factors in the loop in apo-bLA (Fig. 2). In the native
form of apo-bLA described here, the relatively low level of

repulsion between the aspartates resulting from shielding by
the high ionic strength, produces a slight tilt of 310 helix h2
(residues 76–82) relative to a-helix H3 (residues 86–99). Helix
H3 is clamped to the region immediately NH2-terminal to h2 by
the Cys732Cys91 disulfide bond, so that slight expansion of the
loop is transmitted in the form of an increased separation of the
helical and b-sheet subdomains (see Figs. 1B and 3) to disrupt
native interactions in aromatic cluster II. In the helical subdo-
main, the structural change only affects the vicinity of Tyr103 so
that interactions within aromatic cluster I are not significantly
changed (Fig. 1B, inset). We suggest that, at low ionic strength,
increased charge repulsion will further expand the calcium
binding elbow to produce, by the same mechanism, further
separation of the subdomains and sufficient disruption of in-
teractions in the hydrophobic box to result in a loss of net
stability in the native structure. Interactions between the sub-
domains are necessary for the formation of fixed native struc-
ture as shown by previous protein dissection studies that indi-
cate that the isolated a-helical subdomain forms a MG but not
a native structure (46) while the isolated b-subdomain is un-
structured (47). Thus, the changes observed in the apo-bLA
structure appear to represent an initial step in the transition to
the MG. The enhancement of the rate of folding in LA is
thought to result from Ca21 binding to rate-limiting interme-
diates containing Ca21-binding sites; this has been proposed to
stabilize native interactions around the binding site (42). The
apo- and holo-bLA structures indicate that Ca21 binding affects
packing at the subdomain interface as well as the immediate
environment of the Ca21-binding site in folding intermediates.
The importance of this interface may be reflected in the strong
conservation of a region of sequence in very distant relatives of
the LAs and c-type LZs including goose-type LZs and bacterial

FIG. 5. The molecular surfaces of apo-bLA (left) and bLA (right). The structure of hexa-N-acetylchitohexaose (from the human LZ
structure, Song et al. (see Ref. 40)) was modeled in the cleft of apo-bLA, followed by a molecular dynamics simulation using the program CNS (33)
(left). For comparison, the position of the hexasaccharide modeled in the apo-bLA structure is also shown in bLA (right). The figure was prepared
with the program GRASP (56).
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transglycosylases and invasion proteins that represents the
b-subdomain component of the interface (Fig. 6). A mutation at
one of these conserved sites in human LZ is the cause of
hereditary systemic amyloidosis (48).

The structure of the acid-stabilized MG state of LA has been
characterized by NMR (42, 49–52) but probably cannot be
investigated by x-ray crystallography. bLA is a useful model for
studies of protein folding because of its lower cooperativity,
reflected in alternative conformations in different crystal forms
(24), its equilibrium stable MG state, and the unique structure
of its apo-form revealed here. A pre-MG state that is stable at
equilibrium under mildly acidic conditions has been also de-
scribed (53, 54), suggesting that additional near-native par-
tially unfolded conformations may be accessible to structural
analysis. Studies are in progress to determine if apo-bLA can
be crystallized under more destabilizing conditions to allow the
structural analysis of other conformers that illuminate addi-
tional steps in the unfolding process.

Conclusions—LA, the regulatory protein of lactose synthase,
is a calcium-binding protein. The binding of Ca21 stabilizes the
native structure and calcium is required for the generation of
native LA from the reduced denatured state. Previous studies
have shown that on removal of Ca21 from native LA, the
protein adopts a MG structure, a compact conformer with a
large proportion of native secondary structure but little fixed
tertiary structure. There is considerable interest in the MG
state of LA since it is identical to an early intermediate in the
folding pathway.

In order to elucidate the influence of Ca21 binding on the
structure of LA, structural studies were performed on apo- and
holo-bovine LA. The results reveal subtle, but significant con-
formational differences between the two forms of the protein.
In the apo protein the major perturbation is on the opposite
face from the Ca21-binding site in a cleft region at the inter-
lobe interface. This change appears to be result from a slightly
expanded structure in the Ca21-binding site in the apo protein
that is magnified by a change in the relative orientation of two
helices; the perturbed structure of the apo protein provides

high resolution information about a late step in the transition
from the MG to native state in LA.
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