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Metal Ion Binding to a-Lactalbumin Species’

Kentaro Murakami, Piet Jan Andree,? and Lawrence J. Berliner*!

ABSTRACT: A strong cation (calcium) binding site has been
demonstrated to exist in several a-lactalbumin species: bovine,
goat, human, and guinea pig. A metal ion induced confor-
mational change occurs, resulting in a unique (10-14-nm) blue
shift and relative quenching of Trp fluorescence for all species.
Calcium ion binding to the a-lactalbumins yielded dissociation
constants (Kg;, consistently in the 1071°-107'2 M range, while
Mn(II) binding was in the 20-30 uM range. Independent
determinations of these cation binding equilibria were made
by ESR measurements of free unliganded Mn(lI) in titrations
with the bovine species. One strong site (Kg, = 30.5 uM) was
found, which correlated directly with the fluorescence-asso-
ciated cation binding, plus three weaker sites (Kg = 1.1, 5.0,

a-Lactalbumin («LA)' serves as a “modifier” protein in
lactose biosynthesis (“lactose synthase™) as the noncatalytic
subunit in complex with galactosyltransferase (UDP-
galactose:D-glucose 4-B3-D-galactosyltransferase, EC 2.4.1.22).
The metal binding properties of bovine aLA (BLA) were
discovered in our laboratory by ESR and NMR as part of
control experiments for Mn(II) binding to the catalytic subunit
of the lactose synthase complex (Berliner et al., 1978; Andree
& Berliner, 1980). Both Brittain et al. (1976) and Hiraoka
et al. (1980) presented evidence for Tb(III) and Ca(Il) binding
to bovine al A, respectively, but no equilibrium data were
presented nor specific evidence for the exact binding locus.
Precise determination of cation—aLA equilibrium binding
constants and stoichiometry [for, e.g., Mn(II), Tb(1ID), etc.]
is crucial to NMR, ESR, and fluorescence measurements of
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and 5.0 mM, respectively). Several lanthanides as well as
Mg(1I) were found to displace Mn(II) from the strong site
on bovine a-lactalbumin (as monitored by ESR) and to cause
the identical fluorescence changes as found for Ca(II) and
Mn(II) above. The importance of measuring these equilibria
by both fluorescence and ESR was borne out by demonstrating
the potential errors in estimating dissociation equilibria by the
fluorescence method alone. Also, the errors in estimating Ky,
for samples containing partially metal bound apo-a-lactalbu-
min are described as well as rapid, sensitive methods for es-
timating the extent of metal-free protein and correctly ac-
counting for residual bound metal in equilibrium calculations.

intermolecular distance relationships in the physiologically
significant lactose synthase complex.

We have also been involved in characterization of structural
homologies in a series of aL A species (Berliner & Kaptein,
1981) and have addressed whether these metal ion binding
phenomena are common to most a-lactalbumins as a general
structural feature. We present fluorescence and ESR mea-
surements of the binding equilibria for several cations [Ca(Il),
Mn(1I), Cd(II), Mg(II), lanthanides] with bovine, goat, hu-
man, and guinea pig a-lactalbumins. A subsequent paper will
describe NMR evidence for the specific amino acid residue(s)
affected by this cation binding, in particular that region ad-
jacent to histidine-68 in bovine and goat a-lactalbumins (H.
Nishikawa, K. Murakami, and L. J. Berliner, unpublished
experiments).

Experimental Procedures

Proteins. Electrophoretically pure bovine «LLA (lots 75C
8110, 86C 8020, and SOF 8105) was from Sigma Chemical
Co. Other alLA species were obtained or isolated as noted

! Abbreviations: aLA, a-lactalbumin; BLA, bovine a-lactalbumin;
GLA, goat a-lactalbumin; HLA, human a-lactalbumin; GPLA, guinea
pig a-lactalbumin; ESR, electron spin resonance; EDTA, ethylenedi-
aminetetraacetic acid; EGTA, ethylene glycol bis(8-aminoethyl eth-
er)-N,N,N’,N-tetraacetic acid.

© 1982 American Chemical Society
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FIGURE 1: Intrinsic fluorescence spectra of bovine al. A at pH 7.4
(0.05 Tris-HC], 26 % 0.5 °C). The solid line is apo-bovine L A. The
dashed spectrum is Ca(II)-saturated protein. The excitation wave-
length was 280 nm. (While identical spectral line shapes were observed
over the excitation wavelength range 280-295 nm, it was experi-
mentally preferable to use a 280-nm excitation to reduce any light-
scattering problems in the emission spectra on this instrument.)

earlier (Berliner & Kaptein, 1981). Bovine alLA preparations
that contained partially bound Ca(Il) were demetallized by
the procedure discussed below.

Chemicals. Ultrapure manganese chloride (99.999%, lot
0518), cadmium chloride (99.999%, lot 0818), and zinc
chloride (99.999%, lot 0208) were from Aldrich Chemical Co.
EGTA (97-98%, lot 80F-5048) was from Sigma Chemical Co.
EDTA (99+%, lot 011581) was from Alfa Products. Lan-
thanide compounds were purchased as the chlorides of the
highest grade purity from either Alfa Products (99.9%) or
Aldrich Chemical Co. (99.99%). Ultrapure ammonium sulfate
(lot BZ-2740) was purchased from Schwarz/Mann.

Methods. (A) Fluorescence measurements were made on
a Perkin-Elmer MPF-44A spectrofluorometer with a ther-
mostated cell compartment (26 £ 0.5 °C).

(B) ESR experiments were carried out on a Varian E-4 as
“titrations” of free uncomplexed Mn(II) in capillary cells as
described earlier (Andree & Berliner, 1980). Each spectrum
was followed by a standard Mn(II) solution (pH 7.4, 0.05 M
Tris-HC]) taken under the same conditions to correct for slight
changes in instrumental response. Where Mn(II)g,, concen-
trations were quite low (<10 uM), the spectra were averaged
and the base line was corrected on a Varian E-935 data system.
Atomic absorption measurements for Ca(II) were made on
Perkin-Elmer Models 303 or 360. Proton water T, mea-
surements were made on Bruker HX90, WP80, and BKR
3228 instruments.

(C) Demetallization of the Sigma «-lactalbumin preparation
was required as the lots typically contained up to 23% cal-
cium/mol by atomic absorption. The procedures outlined
below were most effective for maximum calcium removal
without any residual EDTA or EGTA chelating agent re-
maining in the final purified sample (as checked by 'H NMR).
A 4 mg/mL «L. A sample in 100 mM EDTA (0.05 M Tris-
HCI, pH 7.4) at room temperature was precipitated after 30
min with 95% ultrapure (NH,),SO,. This step was then
repeated except with 100 mM EGTA, then 95% (NH,),SO,
precipitation was done, and finally a single chromatographic
step on Bio-Gel P-2 (0.05 M Tris-HCI, pH 7.4) was performed
to remove residual salts. We found that dialysis as an alter-
native to the steps above resulted in significant residual con-
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centrations of chelating agent remaining over several days.?
If exhaustive dialysis of apo-aLA was utilized in place of the
Bio-Gel P-2 step, an eventual remetallization of the apoprotein
occurred even with demineralized doubly or triply distilled
water that had been treated with Chelex 100 prior to use. All
glassware, etc., were first acid~EDTA washed and then rinsed
with Chelex 100 treated water several times. Typically, our
bovine alL A preparations were 95-99% metal free by atomic
absorbance and fluorescence (see Results).

Data Analysis. Fluorescence titrations were fit to a single
hyperbolic isotherm using a nonlinear regression scheme
(Marquardt’s algorithm) on a Hewlett-Packard 9835 calcu-
lator. Bound metal ion was calculated from a fluorescence
quenching factor

R = ga™/ g 09
where

observed aLA intensity (360 nm)

=1 - e
apo-aLA intensity (360 nm)
600m = | metal-saturated LA intensity (360 nm)

Imax™ = apo-aLA intensity (360 nm)
and

[metallfree = [metal]tota] - R[aLA]total (4)

This analysis assumed a cation stoichiometry of 1:1, which,
while strictly not correct, altered the fluorescence determined
dissociation constants by 1 or 2% (see Discussion). In every
experiment the apo-alLA intensity was checked by adding
small aliquots of EGTA until the intensity at 360 nm and the
ADax did not increase further.?

ESR-determined equilibrium constants were based on direct
measurement of free Mn(II), as described earlier (Berliner
& Wong, 1975; Andree & Berliner, 1980), where the fraction
of bound manganese to total protein is

Hobsd = (1 - 6)[Mn]lotal/[aLA]total (5)
where we have defined
6= [Mn]free/ [Mn]total (6)

as the fraction of free to total Mn(II).

These data were fit by nonlinear regression to a multipar-
ameter Scatchard plot.

Competitive binding experiments were made by either
EGTA fluorescence “back-titrations” of Ca(II)-bound «lLA
species or ESR competitive displacement titrations of fixed
Mn(II)-«LA complexes. Dissociation equilibria were calcu-
lated on the basis of known Ca(II)-EGTA or Mn(II)-aLLA
equilibrium constants.

Results

Fluorescence Measurements. The intrinsic fluorescence
emission spectra of all LA species examined in this study were
both partially quenched and blue shifted upon titration with

2Ifa l-mL sample of ca. 5 uM apo-bovine aLA sample were dialyzed
over a 24-h period vs. 0.5-1 L of doubly distilled demineralized Chelex
100 treated water or Tris buffer, sufficient trace metal impurity [Ca-
(II)?] was absorbed by the protein as evidenced by changes in its
fluorescence parameters (/350/Imay) and its insensitivity to exogenously
added Ca(ll) (see Figures 1 and 2).

3 The ratio R was valid for any wavelength; however, the intensity at
360 nm (/34) was the most sensitive part of the emission curve to metal
binding.
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FIGURE 2: Fluorescence calibration curve for bovine a-lactalbumin
of percent 360/ Inax VS. R = Goped/qmax. The parameters were measured
from the intrinsic fluorescence emission spectrum (A, = 280 nm) of
a 5 uM bovine aLA solution (0.05 M Tris-HCI, pH 7.4, 26 £ 0.5
°C) by either (a) a Ca(II) titration of apo-bovine aLA [of precisely
known trace Ca(II) content by atomic absorbance] or (b) an EGTA
back-titration of Ca(IT)-aL A (1:1). There was also a concomitant
blue shift in A%, with increasing R (see Figure 1). Exactly the same
fluorescence behavior was observed with Mn(II) and Cd(II) as well
as several lanthanide cations. The percent I35/ /max ratio serves as
the most sensitive indicator of the fraction of bound cation [especially
Ca(II) impurities] that is directly related to the parameter R. Similar
calibration curves were prepared for the other al A species. The curve
for goat alLA was essentially identical with that for bovine al.A, while
GPLA and HLA differed slightly, due to their altered Trp content.

several cations [e.g., Ca(IT) and Mn(II)]. Figure 1 shows the
fluorescence spectra of apo- and Ca(Il)-saturated bovine aL A.
The emission maximum shifts from 337.5 to 324.5 nm upon
binding 1 mol of metal ion. A pronounced decrease
(“quenching”) of fluorescence intensity is monitored at 360
nm, which is directly proportional to the fraction (R) of metal
bound to a single high-affinity site. It is critical, however, to
know precisely the fraction of bound cation in the initial “apo”
protein sample; otherwise, g2eor™ (eq 2) is overestimated, R
(eq 1) is overestimated, and consequently [metal];,.. (eq 4)
and thus Ky, are underestimated. The magnitude of the
underestimate in [metal]y,.. is directly related to the total
protein concentration, [@L Al (eq 4). Figure 2 depicts the
change in the ratio of the emission intensity at 360 nm to the
intensity at the emission maximum wavelength, percent
Lo/ Imax, for aLA that is complexed with Ca(ll) at varying
levels of substitution. The value R is directly related to the
mole fraction of bound cation. The I49/ 1., ratio turns out
to be the most sensitive parameter that can be measured di-
rectly from the fluorescence spectra and is not dependent on
the concentration reproducibility characteristics of the spec-
trofluorometer. Furthermore, apoprotein samples that contain
residual Ca(II) may be corrected for this initially bound metal
in a subsequent titration by a correction procedure that yields
the correct Ky, (see the Appendix).

The binding of MnCl, to apo-bovine aL A was also shown
by fluorescence to induce precisely the same changes in
emission and intensity parameters as was found with Ca(IT).
The data shown in Figure 3 were fit by nonlinear regression
analysis to a Ky, = 31.7 £ 1.4 uM. The binding of Ca(II)
and several lanthanides was, on the other hand, extremely
strong. In the case of Ca(Il) a “direct metal titration” by
fluorescence was not at all accurate since the Ky was several
orders of magnitude smaller than the lowest observable protein
concentrations. Almost any method of “direct” analysis, in-
cluding equilibrium dialysis, would suffer the same experi-
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FIGURE 3: Fluorescence titration of apo-bovine aL A with MnCl,, pH
7.4, and 0.05 M Tris-HCI; [aLA) ) = 5.6 uM. The solid line is the
theoretical fit to Ky, = 31.7 uM. All other parameters were as in
Figure 1 or 2.
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FIGURE 4: Fluorescence titration of Ca(II)-bovine a-lactalbumin (1:1)
with EGTA. All other conditions were as in Figure 1 or 2. The data
were subsequently fit to a linearized form of a competitive binding
model that optimized the function (1 — R)/R vs. S, where S =
[EGTA]mm/([Ca(II)]lM - R[aLA]tm,) The Ky for several de-
terminations was 2 X 1071

mental inaccuracy. Therefore, a competitive back-titration
with EGTA was carried out at pH 7.4 by using the known
binary dissociation constant for Ca(II)-EGTA of 8.5 X 10710
M at this pH (Kim & Padilla, 1978). The data are shown
in Figure 4 for bovine alL A from which was calculated a
Ca(II)-BLA dissociation constant, K, = 2.3 X 10710 M,
which was 1 order of magnitude stronger than that reported
by Permyakov et al. (1981a) at pH 8.04. We also found
evidence for several other metals that bound to BLA, including
several lanthanides [Tb(IIT), Eu(I1I), Gd(1II), Yb(III), Pr-
(I1I), Dy(I1I), Cd(I1), Mg(II), Co(1I), and Zn(II)]. The
binding of Co(II) and Zn(II), however, did not follow the same
fluorescence changes as for other metals (see Figure 2) but
rather they bound at a secondary site or sites, which will be
reported later. Our results for this series of cations, which were
found to bind to bovine alLA, are compiled in Table I. In
all cases with the exception of Co(II) and Zn(II) the emission
wavelength and line shape changes were identical regardless
of the cation employed. All of the lanthanides bound with
dissociation constants comparable to that of Ca(Il), i.e., ca.
107'° M, but were not quantitated precisely due to a lack of
accurate dissociation constants for lanthanide~-EGTA or
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TableI: Bovine alLA Metal Ion Equilibria®
K 4i¢s determined by

cation fluorescence ESR
Ca(ll) 2x 107 M too small to estimate®
Mn(II) 31.7 uM 30.5 oM, 1.1 mM,
5.0 mM, 5.0 mM
Cd(II) 2.5uM
Mg(ID) 0.67 mM¢ 0.75 mM

Tb(IL1), Dy(11l), ~1071°-10"2M¢%  too small to estimate?
Yb(IIl), GA(IID),

EudIl)

¢ pH 7.4, 0.05 M Tris-HCl, 26 °C. b A stoichiometric release of
Mn(iI)¢¢e Was observed per aliquot of cation titrated (see Figure
6). ¢ Compare with the values of 0.5 mM and 5§ mM for a strong
and weak site, respectively, reported by Permyakov et al. (1981b).
d The K 3i¢¢ could not be accurately determined from a direct
Ca(Il) titration since the lower limit of protein concentration was
larger than 1.0 uM. An EGTA competitive back-titration could
not be evaluated without the individual equilibrium constants for
each lanthanide., The evidence above as well as that from NMR
observations suggests that these cations bind to the same Ca(ll)
site with comparable affinities.

Table II: Fluorescence Parameters and Associated Equilibria for
Apo- and Metal-Bound a-Lactalbumin Species®

bovine goat human guinea pig
species (BLA) (GLA) (HLA) (GPLA)
apo-aLA
A;l";x (nm) 338 338 338 332
%136/ Tmax 74.5 74.1 70.0 58.0
Ca(Il)-aLA
)\l‘?;‘;x (nm) 324 324 327 323
%1 360/ Tmax 37.1 32.8 45.1 30.0
% q 71.1 71.2 59.8 64.7
Kdiss
Ca(Il) (nM) 0.2 0.03 0.005
Mn(Il) (uM) 31.7 17.0 26.9
Mn(Il), ESR 30.5 uM,
1.1 mM,
5.0 mM,
5.0 mM

¢ pH 7.4,0.05 M Tris-HCl, 26 °C. The fluorescence parameters
Iiso/lmax and g are described under Experimental Procedures.

EDTA. Some relative competitive binding equilibria between
Ca(Il) and some of the lanthanide shift reagents were esti-
mated from proton NMR studies (H. Nishikawa, K. Mura-
kami, and L. J. Berliner, unpublished results).

Cation Binding to Other a-Lactalbumin Species. Our
findings that Ca(II) and Mn(II) bound to several other a-
lactalbumin species were strongly suggestive of a homologous
sequence (conformational) segment in these immunologically
and physiologically cross-reactive forms (Ley & Jenness, 1970;
Prieels et al., 1979). A detailed characterization of their
surface residues has been reported earlier and has already
found remarkable homology (Berliner & Kaptein, 1981).
Table II summarizes our results with bovine, goat, human, and
guinea pig a-lactalbumins. The fluorescence emission spectral
parameters are slightly different from one another, particularly
HLA and GPLA, which lack a specific Trp fluorophore
(Sommers & Kronman, 1980). Yet despite a few nanometer
differences in their A\Z;, values, all display a significant blue
shift upon cation binding. The Ca(1I) dissociation constants
are quite strong and within 1 order of magnitude of each other.
Where we were not sample limited, we were able to demetallize
the protein and measure the Mn(II) binding equilibria as well
(see Table II). In order to quickly analyze a new sample for
the extent of residual bound metal before attempting a cation
binding experiment, we prepared calibration curves similar to
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FIGURE 5: Scatchard plot of ESR titrations of bovine a-lactalbumin
with Mn(II), pH 7.4 (0.05 M Tris-HCI, 26 £ 2 °C). (A) Apo-aLA.
The solid line is a best fit multisite analysis for four sites of Ky, =
30.5 uM, 1.1 mM, 5.0 mM, and 5.0 mM. (Inset) Apo-aL A in the
presence of 0.1 M (NH,),SO,. The solid line is best fit to a single
site of Ky = 300 uM. (B) Ca(Il)-loaded apo-aL A (1:1). Here the
strong site corresponding to Ky, = 30.5 uM in (A) above is blocked
with Ca(II). The remaining weaker sites were fit to Ky, = 1.1, 5.0,
and 5.0 uM, respectively. The Ca(II)-loaded protein was prepared
by adding a slight molar excess of CaCl, to the apoprotein followed
by dialysis.

that in Figure 2 for each species.

ESR Binding Measurements of Mn(Il) and Other Cations.
The binding of Mn(II) may be measured directly by the de-
crease in the free Mn(II) spectrum upon complexation since
the complexed Mn(1I) spectrum is broadened to such an extent
that its spectral contribution is negligible under the conditions
used to attain the range of binding stoichiometry needed for
an accurate equilibrium measurement. Figure 5A shows a
Scatchard plot of Mn(II) binding to apo-BLA. The data are
consistent with a single strong binding site and three weaker
sites. In order to obtain a quantitative measure of the con-
tributions of the weak sites to the overall binding, we prepared
“Ca(II)-loaded” BLA that contained exactly equimolar Ca(II)
and protein by atomic absorption. Figure 5B depicts a
Scatchard plot for the binding of Mn(II) to sites 2—-4. The
Ca(II) binding affinity to site 1 is so strong (as noted in Tables
I and II) that no competition for this site by Mn(II) occurs
over the concentration ranges employed in Figure 5. The
effects of increased ionic strength are shown in the inset to
Figure SA, where only a single strong site of Ky, = 300 uM
was accurately measurable in 0.1 M (NH,),SO,. The dis-
sociation constants calculated for each site in Figure 5 are
summarized in Table I. The excellent agreement between the
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FIGURE 6: Ca(lIl) displacement of Mn(II) from bovine alL A. A fixed
Mn(II)-BLA complex (0.4 mM:0.4 mM) was titrated with Ca(II)
and plotted as the ratio of [Ca(II)] g to [l A]g vs. the fraction
of Mn(II) that is free, § = [Mn]s./[Mn],. Note that 8 only very
gradually rises above Ca(II) saturation of the strong cation site since
weak site Mn(II) binding will occur to some extent under these
conditions (see Figure 5). All other conditions are identical with those
in Figure 5.

Ky, for site 1 by ESR and that by fluorescence was only
possible by using ultrapure MnCl,.* If one corrects the
fluorescence-calculated Ky value for the three weak site(s)
binding, the change in Mn(II);. concentration (eq 4) is
manifested in at most a 1-2% change in the calculated Ky,
[since at the Mn(II) concentrations employed in the fluores-
cence measurements the extent of weak site binding is quite
small].

An apparent strong competition by Ca(II) for site 1 is
demonstrated by ESR measurements in Figure 6 where we
have plotted the net displacement of Mn(II) from the Mn-
(IN-BLA complex. Note the linear response to increasing
Ca(II) to a 1:1 stoichiometry, which is reflective of a much
stronger affinity of the protein for Ca(II) vs. Mn(II) and, as
were the data in Figure 5B, consistent with competitive binding
to the (strong) site 1.°> Several lanthanides were titrated vs.
Mn(II)~-BLA by the same procedure to give identical results
as that shown (Figure 6) for Ca(II), implying K, values of
the same or stronger order (1071°-10"!! M).%" The binding
of Mg(II) to BLA by Mn(II)-displacement ESR measure-

4 The importance of using ultrapure cation salts was quite evident with
MnCl,, When ACS reagent grade MnCl, (Fisher M-82, lot 751748),
which contains 1-5 ppm of various heavy metals, was used, a Ky, for
Mn(II)-BLA was measured as 1-2 uM. After dialysis of a fully titrated
sample the fluorescence emission spectrum was that of fully metal lig-
anded BLA (see Figure 1) reflecting the tight complexation of a heavy
metal impurity, quite likely Ca(II). It is important to point out that the
relatively high volumes and the relatively /ow number of total moles of
protein favor a higher trace metal/protein ratio than do our ESR ex-
periments.

* Direct evidence of competition for the same site comes from our 'H
NMR experiments to be published subsequently (H. Nishikawa, K.
Murakami, and L. J. Berliner, unpublished results).

6 When a protein sample contained initially bound Ca(II), the ESR
titrations also yielded quite accurate measures of the extent of partially
bound Ca(II) in experiments like that in Figure 6 where the curve leveled
out at ratios of exogenously added metal to protein less than 1.0. In
Scatchard plots like those in part A and the inset of Figure 5, the strong
site portion of the curve extrapolated to values of n < 1.0. The agreement
by atomic absorption analysis was remarkable.

7 We have since measured secondary site Ca(II) binding to BLA by
ESR under conditions similar to those in Figure 5B, where a Ky(overall)
= 0.40 £ 0.17 mM was obtained.
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FIGURE 7: Displacement of Mn(II) from bovine LA by Mg(II). The
parameter § is defined as in Figure 6. [Mn(II)];q = 0.39 mM;
[aLA)ia = 1.0 mM. All other conditions are identical with those
in Figure 5A.

ments is shown in Figure 7. The relative weak binding
constant (vs. the other metals in Table I) was in quite good
agreement with that obtained by fluorescence.

Further insight into the nature of the strong cation site may
come from the water proton 7! relaxation rate enhancement
factor, ¢, For Mn(II)-BLA under conditions where only site
1 (strong site) was occupied, we obtained an ¢, = 2.2-2.5 over
three different frequencies, 60, 80, and 90 MHz, respectively,
which was unchanged in the presence or absence of 0.1 M
(NH,),S0,. Addition of equimolar Ca(II) to the BLA sample
shifted the observed enhancement factor close to that for free
Mn(II).2

Discussion

The phenomenon of cation binding to alLA is common to
several (and perhaps all) species particularly for Ca(Il), a
highly abundant cation in milk (Altman & Dittmer, 1971).
The extremely “tight” dissociation constants measured for
Ca(II) with each species (ca. 107! M) suggest that the
physiological state of oL A should be the Ca(II)-bound form.
The fluorescence spectral characteristics of these alLA species
reflect distinct changes in Trp environments upon cation
binding. The mechanism of the observed Trp emission and
blue shift is not consistent with a direct contact quenching
mechanism since Mn(II) and the lanthanides should be more
effective quenching agents. Thus, the mechanism is more
consistent with a ligand-induced conformational change, a
suggestion already supported by the studies of Hiraoka et al.
(1980) on the Ca(II)-induced stabilization of BLA to dena-
turation. Further evidence comes from our 'H NMR studies
of bovine aLA, which detects at least two distinct residue shifts
that occur upon Ca(II) binding, as well as paramagnetic re-
laxation of one that results from Mn(II) binding (His-68) (H.
Nishikawa, K. Murakami, and L. J. Berliner, unpublished
experiments).

While the precise location of the cation site awaits further
X-ray and NMR studies, the species similarities found here
strongly suggest a common binding locus of highly conserved

8 If one compares this e, with that for proteins of similar size, and
assuming fast exchange and 7. = 2.6-5 ns, the calculated coordination
number, g, is less than 1.0, suggesting inner sphere water ligand exchange
is significantly restricted in the first coordination sphere (Dwek, 1973).
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sequence homology throughout the oL A species. The strong
preference for calcium-like ligands and the weaker binding
with Mn(IT) suggest that principally oxygen-containing ligands
comprise the coordination moieties of tiis site. The Mn(II)
water relaxation experiments are most consistent with a model
comprising a high degree of protein coordination leaving at
best one water proton in the first coordination sphere. The
nature of the blue-shifted Trp residue(s) that is (are) con-
formationally linked to the cation site may be narrowed down
by comparing the compositions of the alLA family described
earlier (Table II). Of the four Trp residues in bovine and goat
aLA one is replaced in human (residue 26) and guinea pig
(residue 60), respectively. Of the remaining two Trp residues
(104 and 118) the former has been shown by photo-CIDNP
NMR to be directly solvent accessible in all of the oL A species
studied here (Berliner & Kaptein, 1981) while the latter has
been found to be buried by CIDNP and by conformational
calculations on the bovine form (Warme et al., 1974). Since
residue 104 was speculated to be intimately involved in an
internal energy transfer quenching mechanism with Trp-26
and -60 (Sommers & Kronman, 1980), the similar fluores-
cence characteristics found for each species in Table IT and
the CIDNP results suggest that Trp-118 rather than Trp-104
is the principally affected fluorophore upon cation binding.

The ESR measurements of Mn(II) binding have allowed
us to characterize more than one metal binding site and relate
the fluorescence-sensitive binding to the strong cation site.
That is, the excellent agreement between the Mn(II) binding
curve as measured by fluorescence (Ky,, = 31.7 uM) and the
(strong) site 1 by ESR (K = 30.5 uM) allows one to con-
clude that the blue-shifted Trp fluorescence is connected to
a single strong metal site and is (apparently) insensitive to
cation binding at the weak sites.’

The importance of studying physical phenomena by more
than one method was clearly confirmed by our ability above
to obtain essentially identical strong site dissociation constants
for Mn(II)-BLA (Table I). Our initial attempts with reag-
ent-grade MnCl, demonstrated both the extent of tight metal
binding resulting from ppm levels of impurities in MnCl, and
the significant underestimate in the magnitude of the calcu-
lated K44 Knowledge of the existence and affinity of ad-
ditional cation sites is critically important to future fluorescence
and magnetic resonance based distance measurements. Since
these methods are based essentially on dipolar type interactions
with a 1/(distance)® dependence, an only slightly occupied
secondary site may contribute significantly to such measure-
ments if its distance from the fluorophore (or spin) in question
is much closer than that of the principal (strong) site. Further
consideration of multiple site binding becomes important in
evaluation of dissociation equilibria such as that shown for the
Mn(II)-induced fluorescence changes in Figure 3, where the
observed physical change was correlated with a single equi-
librium constant. Since evaluation of Ky, requires direct
knowledge of the free ligand concentration, that fraction of
total ligand bound to other (non-fluorescence-associated) sites
would not be obtainable without the ESR-derived binding
constants. While the correction for secondary site binding was
relatively small in this case of Figure 3 and did not alter the
K, here substantially, this is certainly not the case in general

 While it was experimentally difficult to accurately measure weak site
binding dissociation constants by ESR Mn(II) displacement for other
cations, a gradual but steady increase in free Mn(1I) was noted in ex-
periments similar to those in Figure 6 or 7 if one titrated well beyond the
major binding curve. It is thus probable that up to three weak sites may
exist for Ca(II) and other metals on bovine (and other) a-lactalbumins.
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when binding stoichiometry is not known directly.

The appendix that follows describes how one may correctly
estimate the Ky, for a fluorescence cation “titration” of an
aLA sample containing residual partially bound Ca(lII).
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Appendix

Correction Method for the Determination of K, for Cation
Binding to a Partially Metal Bound Protein Sample. Since
aLA has very strong affinity for, e.g., Ca(II), it is sometimes
very difficult to prepare a completely pure apo-aLA sample,
especially where one is sample limited. However, one can
correctly estimate the Ky value for another cation binding
to this protein sample if the Ky of the residual bound metal
is at least 1 order of magnitude smaller than that of the cation
titrant. First, the I350/ e« ratio of the initial aLA sample
(before titrating) was measured and R was calculated from
the calibration curve, for example, for BLA (see Figure 2).
Now, for example, in an Mn(II) titration of this sample, the
observed fluorescence intensity at 360 nm, I‘j'gf)d, is the sum of
three components

Iglg%d = l-"apolapo + pcalca T EMaIMn @)

where 1,5, Ic,, and Iy, are the fluorescence intensity at 360
nm of apo-, Ca(II)-saturated, and Mn(II)-saturated ol A,
respectively, and oy, ficy, and gy, are the fractions of total
oL A that are metal free, Ca(II) bound, and Mn(II) bound,
respectively. Since J¢, = Ivn = Jpg and pype + e + pvn =
1, then

[glg%d = l”'apo[apo + Ibd(l - ”’apo) (8)
Hapo = (388" = Tna) / (Lpo = Tpa) )

The value I,4 is determined from the intensity of the cation
[or Ca(Il)] saturated sample, while /,;, is determined by
titrating an initial sample with EGTA until the intensity stops
increasing.

During a titration

Ema =1 —pea — Hapo (10)

and the term pc, is a constant [since the Ca(II) binding is so
strong] determined from the R parameter from the calibration
curve (see Figure 2). The correct K is found from a fit of
[Mn(II)]free VS. pipmy OVer the range up, = 0 to (1 — pe,) Where

[Mn(II)]free = [MH(II)]total(l - ”’Mn) (11)
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Factor Va-Factor Xa Interaction. Effects of Phospholipid Vesicles of

Varying Composition®

Theo Lindhout,* José W. P. Govers-Riemslag, Piet van de Waart, H. Coenraad Hemker, and Jan Rosing

ABSTRACT: The interaction between factor Xa and factor Va
was investigated both in solution and in the presence of
phospholipid vesicles with varying contents of phosphatidyl-
serine. The binding parameters were inferred from the kinetics
of prothrombin activation. Factor Xa and factor Va form in
solution an equimolar complex with a dissociation constant
of 3.3 X 10 M. Phospholipid vesicles promote the formation
of the factor Xa—Va complex. The Ky of complex formation
is dependent on both the phospholipid concentration and the
composition of the phospholipid vesicle. For the interaction
between factor Xa and factor Va in the presence of phos-
pholipid vesicles containing 40 mol % dioleoylphosphatidyl-
serine (DOPS) and 60 mol % dioleoylphosphatidylcholine
(DOPC), the K increases linearly with increasing phospholipid
concentration. In the presence of 10 uM phospholipid

’Ee activation of blood coagulation factor II (prothrombin)!
into thrombin, catalyzed by the serine protease factor Xa,
requires at physiological conditions the presence of the non-
enzymatic components phospholipid, Ca?* ions, and factor Va.
It has been shown that these so-called accessory components
augment the rate of prothrombin activation and that a pro-
thrombinase complex composed of factor Xa, negatively
charged phospholipid, Ca?*, and factor Va is the most efficient
in catalyzing prothrombin activation (Suttie & Jackson, 1977).

Kinetic studies on prothrombin activation by prothrombinase
complexes of different composition (factor Xa in either the
absence or presence of phospholipid, Ca®*, and /or factor Va)
reveal that phospholipids cause a profound decrease of the K,
for prothrombin, while factor Va causes a drastic increase of
the V.. of thrombin formation (Rosing et al., 1980). The
changes of the kinetic parameters caused by the accessory
components are consistent with a model in which phospholipid
provides a surface upon which factor Xa, factor Va, and

t From the Department of Biochemistry, Biomedical Center, Rijksu-
niversiteit Limburg, Maastricht, The Netherlands. Received March 12,
1982, P.v.d.W. was supported by the Netherlands Organization for the
Advancement of Pure Scientific Research (Z.W.0.).

0006-2960/82/0421-5494301.25/0

{DOPS/DOPC, 40/60 mol/mol) K; = 3 X 101! M. When
the mole percentage of DOPS in the phospholipid vesicles is
lowered from 20 to 5 mol %, there is a gradual increase of the
K. In the presence of 10 uM phospholipid vesicles containing
5 mol % DOPS and 95 mol % DOPC K, = 2.8 X 10710 M.
The K, measured in the presence of phospholipid vesicles
containing 5 mol % DOPS and 95 mol % DOPC is inde-
pendent of the phospholipid concentration. Two models are
discussed that can quantitatively explain the effect of phos-
pholipid vesicles on the complex formation between factor Xa
and factor Va. Studies on the effect of the polypeptides with
M, 80000 and M, 94000 of which factor Va is composed on
the Kj of the factor Xa—Va complex suggest that factor Xa
binding to factor Va requires a Ca?*-mediated interaction
between the two polypeptides.

prothrombin interact at increased local concentrations and
factor Va changes the catalytic capacity of factor Xa.

Another important function of factor Va in haemostasis was
discovered by Miletich et al. (1978). Their experiments
suggest that factor Va is part of a highly specific factor Xa
binding site on human blood platelets. The same tight binding
site for factor Xa is also present at the surface of bovine blood
platelets (Dahlbick & Stenflo, 1978). Recently, Tracy et al.
(1981) demonstrated that factor Xa and factor Va interact
stoichiometrically at the platelet surface and that factor Xa
binds to platelet-bound factor Va with an apparent dissociation
constant of 6 X 1071° M. Similar binding parameters were
obtained in a phospholipid model system (Nesheim et al,,
1979b).

The precise mode of action of phospholipid in promoting
the interaction between factor Xa and factor Va is not known.
In fact, it is not unequivocally demonstrated that factor Xa-Va
complex formation at the platelet surface is the result of
protein—phospholipid interaction per se. While Bevers et al.

! The nomenclature of the blood coagulation factors used is that
recommended by the Task Force on Nomenclature of Blood Clotting
Zymogens and Zymogen Intermediates.
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