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ABSTRACT. Bovine a-lactalbumin, a small acidic G&binding milk protein, formed amyloid fibrils at

low pH, where it adopted the classical molten globule-like conformation. Fibrillation was accompanied
by a dramatic increase in tiflestructure content and a characteristic increase in the thioflavin T fluorescence
intensity.S-(Carboxymethyle-lactalbumin, a disordered form of the protein with three out of four disulfide
bridges reduced, was even more susceptible to fibrillation. Other partially folded conformations induced
in the intact protein at neutral pH, either by the removal of'Gar by the binding of Z&" to the C&*—

protein complex, did not fibrillate, although Zrloadeda-lactalbumin precipitated out of solution as
amorphous aggregates. Our data suggest that the transformation of a protein into an essentially unfolded
(thus, highly flexible) conformation is required for successful fibril formation, whereas more rigid (but
still flexible) species may form amorphous aggregates.

A number of human diseases, known as amyloidoses, partially folded conformations because at either acidic pH,
originate from the deposition of stable protein aggregates, moderate guanidinium chloride concentrations, or elevated
amyloid fibrils. In each of these pathological states, a specific temperatures (apo form) it adopts the classic molten globule
protein or protein fragment changes from its native soluble state 29—31). Interestingly, it has been found that some
form into insoluble fibrils, which accumulate in a variety of associative forms oé-LA can induce apoptosis in tumor
organs and tissuesl<{6). Although approximately 20 cells 32, 33).
different proteins have been found to be involved in these  crystallographic analysis revealed that the three-dimen-
amyloidoses, most of them are unrelated structurally or at sjonal structure ofi-LA is very similar to that of lysozyme,
the level of primary structure. Despite these differences, all j e o-LA is comprised of a larger-helical domain and a
the amyloid fibrils from different pathologies display com-  small 3-sheet domain connected by a calcium-binding loop
mon properties, typically two to six unbranched protofila- (34, 35). The a-helical domain is composed of three major
ments 2-5 nm wide associated laterally or twisted together _helices (residues-511, 23-34, and 86-98) and two short
to form fibrils that are 413 nm wide (e.g., see resand 3, helices (residues &0 and 115118). The small
8). Fibrils with similar morphology have also been formed gomain is composed of a small three-stranded antiparallel
in vitro from disease-associate@{13) and disease-unrelated  g_pleated sheet (residues-444, 47-50, 55, and 56), a series
proteins (4—23). It has been proposed that amyloid fibril  of |00ps, and a short ;3helix (residues 7780). As in
formation can occur when the native structure of a protein |ysozyme, the two domains are divided by a deep cleft held
is destabilized, favoring formation of partially folded con-  together by two (Cys73Cys91 and Cys61Cys77) of the

formations (—6, 24, 25). N o four disulfide bridges (the others being CysBys120 and
o-Lactalbumin @-LA)! is a small acidic C&-binding Cys28-Cys111 bridges).

protein involved in the regulation of lactose biosynthesis as
a component of lactose syntheta®6, 7). a-LA possesses

a single Ca"-binding site and is frequently used as a model
C&"-binding protein distinct from the EF-hand familg§,

29). In addition, a-LA is very attractive for studies of

It is well-known thata-LA is a member of the lysozyme
family of proteins. Lysozyme and its variants have been
shown to form amyloid fibrils under a variety of conditions.
For instance, two nonconservative amino acid substitutions
(lle65Thr and Asp67His) in human lysozyme destabilized

: - _ (36—39) and accelerated its fibrillation in vitro3{, 40).
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addition of organic solvents)1{). Finally, a novel variant 100
of human lysozyme (Trp64Arg) has recently been reported

to cause a combination of amyloid deposition with sicca
syndrome and amyloid nephropath2]. From the studies 0 1
described above, many members of the lysozyme family may
be destabilized and able to form amyloid fibrils. In this study,
we report that another representative of the lysozyme kindred,
a-lactalbumin, forms fibrils either at low pH or by partial
disulfide reduction, conditions which induce a partially folded
conformation. -200 4

MATERIALS AND METHODS

-100 4/

[6] (deg cm” dmol™)

-300

Materials 250 275 300

Thioflavin T (TfT), bovine a-lactalbumin, andS-(car- Wavelength (nm)
boxymethyl)e-lactalbumin were obtained from Sigma (St. 15000
Louis, MO). All other chemicals were analytical grade and
from Fisher Chemicals. B

10000 4
Methods

Circular Dichroism (CD) Measurement€D spectra were
obtained on an AVIV (Lakewood, NJ) 60DS spectropho-
tometer using a-LA concentration of 1 mg/mL at 37 and
55 °C in varying buffers. Near-UV (256320 nm) and far-
UV (190—-250 nm) CD spectra were recorded in 0.4 and
0.01 cm path length cells, respectively, with a step size of 10000 -
1.0 nm, a bandwidth of 1.5 nm, and an averaging time of 10
s. An average of five scans was obtained for each protein  -15000 -
spectrum, followed by subtraction of the buffer spectrum and 190 200 210 250 230 210 250
calculation of the ellipticity. Wavelength (nm)

FTIR Measurement®ata were collected on a Thermo-

Nicolet Nexus 670 FTIR spectrometer equipped with an Ficure 1: Structural characteristics afi-LA under different

MCT detector and an out-of-compartment 72 mni0 mm experimental conditions. Near-UV (A) and far-UV (B) CD spectra
x 6 mm, 45 germanium trapezoidal internal reflectance of 1 mg/mLa-LA measured at 37C: 20 mM Tris-HCI and 100

element (IRE). The hydrated thin films were prepared as mM NaCl at pH 7.4 (1), 20 mM Tris-HCI, 100 mM NaCl, and 5

; ; i i mM EDTA at pH 7.4 (2), 20 mM Tris-HCI and 5 mM EDTA at
described previouslyig@, 44). Typically, 256 interferograms DH 7.4 (3), 100 mM NaCl at pH 2.0 (4). 20 mM Tris-HCI, 100

were co-added at 2 crh resolution. Data analysis was mM NaCl, and 5 mM ZnGlat pH 7.4 (5), and 1 mg/mL 1S&-
performed with GRAMS32 (Galactic Industries). The sec- LA in 100 mM NaCl at pH 2.0 (6). '

ondary structure content was determined from curve fitting
to spectra deconvoluted using second-derivative and Fourier46—48). For instance, acidic pH converis-LA to the
self-deconvolution to identify component band positions.  classical molten globule statd@, 31), while release of Ca

5000 -

-5000 -

[6] (deg cm” dmol ™)

Fibril Formation and Kinetic Rzaluation Fibrillation of at neutral pH reduces the thermal stability of bovin&A
a-lactalbumin was monitored using a Fluoroskan Ascent so that moderate heating transforms the apoprotein into a
fluorescence plate reader as previously describgd Fibril molten globule-like conformatior8Q, 31, 46, 48). Further-

formation was detected by the characteristic increase in TfT more, the binding of Z# ions to C&*-loaded a-LA
(20 uM) fluorescence emission at 482 nm when excited at decreased protein thermal stability, caused aggregation, and
450 nm. The assays were performed at°87with a-LA increased its susceptibility to protease digestion. These results
either in 100 mM NaCl (pH 2.0) or in 100 mM NaCl, 20 also showed that-LA is in a partially unfolded but
mM Tris-HCI buffer (pH 7.4) with or without 5 mM EDTA  aggregated state in the presence of high"Zoncentrations
or 5 mM ZnCh. TfT fluorescence intensities were plotted (50, 51). In addition, disulfide bridges were shown to play
as a function of time and fitted to a sigmoidal curb)( a very important role in the stabilization ofLA structure
Electron MicroscopyTransmission electron micrographs (52—56). For example, when two of the four disulfides were
were collected using a JEOL JEM-100B microscope and reducedpo-LA retained approximately half of the secondary
Formvar-coated 300 mesh copper grids (Ted Pella Inc., and tertiary structure of the native protefd2( 53), while
Redding, CA). Samples at 1.0 mg/mL were applied to the the fully reduced form had little tertiary structure but still
grids for 4 min followed by one washing with buffer, one retained an appreciable amount of secondary structe (
washing with water, and two washings with 1% uranyl  In agreement with the above observations, we found that
acetate. changes in either the environment or the disulfide structure
of a-LA resulted in pronounced reductions in tertiary
RESULTS AND DISCUSSION structure levels but not in secondary structure levels. In
o-LA is known to adopt different partially folded con- particular, the near-UV CD signal was completely absent
formations under mildly denaturing condition29¢31, for 1SSe-LA, the form in which three disulfide bonds have
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Table 1: Secondary Structure Content of Bovinéactalbumin in
Different Conformational States As Determined by FTIR, Far-UV A
CD, and X-ray Analysis

FTIR
molten globule,
native, pH 7.4 pH 2 fibrils g
C
structural wavenumber wavenumbey wavenumber 8
assignment  (cm™%) 9P (cm™h %P (cm™) %P 5
[7]
turn 1685 3.8 1685 5.7 1685 6.2 2
turn 1669 30.5 1669 24.0 1667 12.7
o-helix 1650 47.8 1653 43.2 1651 20.3
[-sheet 1635 9.6 1637 16.5 1631 55.1
[-sheet/side 1621 8.3 1621 10.6 1614 5.7
chains
Far-UV CD*
structural native, pH 7.4 molten globule, pH 2
assignment %, K& %, LG4 %, KS %, LGH B
o-helix 36 a7 47 56
B-sheet 9 21 11 14
X-ray dat& 3]
3 C
structural native, pH 7.4 3
assignment %, K& %, LG4 5
(72}
a-helix 31 47 2
pB-sheet 8 25

aThe estimated error in the frequenciesd® cnm . ® The estimated
error in the percent contribution to total secondary structuseli$%.
¢ Data taken from reb7. 4KS and LG, secondary structure content
determined by the methods of Kabsh and Sanféy &nd Levitt and
Greer ©68), respectively.

been reduced and the six cysteines have been S-carboxy-
methylated, and significantly reduced for the intact protein
incubated at pH 2.0. Further, at neutral pH, 5 MM EDTA in
the absence of salt (100 mM NaCl) or addition of 5 mM
ZnCl, produced a moderate decrease in the magnitude of
the signal, while 5 mM EDTA with salt showed little change
in native ellipticity (Figure 1A). In contrast to the almost
universal change in tertiary structure seen by the diminished
near-UV CD spectra, the far-UV CD spectra revealed that
the helical secondary structure @fLA was largely main-
tained under the above conditions. Even acidic pH produced
only a slight distortion in secondary structure, which was 1700 1680 1660 1640 1620 1600
further confirmed by FTIR analysis (cf. panels A and B of
Figure 2 and Table 1). These results are in a good agreement Wavenumber (cm™)
with recently published data for far-UV CD analysis of Fgure2: FTIR secondary structure analysiscofA in different
molten globules&7) (see Table 1). The 1S&LA form of conformational states: native at pH 7.4 (A), acid-induced molten
o-LA was the only sample that appeared to be significantly globule at pH 2.0 (B), and fibrillar at pH 2.0 after overnight
unfolded, showing only approximately one-third of the incubation ath37’C with s:!rrl?g (C). FTIR ?pectra of the amhlde I
normal far-UV CD signal. Thusg-LA appeared to lose (rj%%gg ﬁlr:g; own as solid lines. Curve fit spectra are shown as
considerable tertiary structure while maintaining most sec-
ondary structure under these defined conditions. Such formsbridges under the other experimental conditions (5 mM
may lend themselves to fibril formation. EDTA in the absence or presence of salt, or 5 mM Zret|
Incubation ofa-LA at 5 mg/mL in 100 mM NacCl at pH neutral pH).
2.0 and 37°C with constant stirring resulted in a dramatic Further evidence afi-LA fibrillation under conditions of
change to a viscous and slightly turbid solution, indicative low pH, or fibrillation of 1SSei-LA at neutral pH, was
of fibril formation. A similar appearance was seen with obtained with the TfT binding assay. TfT is a fluorescent
solutions of 1SSx-LA. FTIR analysis of the intact protein  dye that interacts with amyloid fibrils, leading to a major
solutions produced at pH 2.0 showed the transformation of increase in the fluorescence intensity in the vicinity of 480
the highly helical o-LA (~50%) into a predominantly — nm (58). The time courses of TfT fluorescence for bot.A
p-structural conformation+455%) (see Figure 2 and Table at pH 2 and 1S$-LA display typical sigmoidal curves, with
1). Formation of extensivg-structure is characteristic of fibrillation of 1SSe-LA characterized by an extremely short
protein aggregation, particularly in the formation®fich lag time. There was no evidence in the TfT assay of fibril
amyloid fibrils. There was no evidence of incubation-induced formation by either the native protein or apetA at neutral
conformational perturbations for-LA with intact disulfide pH on the time scale that is shown. In fact, at neutral pH (in

Absorbance




o-Lactalbumin Fibrillation Biochemistry, Vol. 41, No. 41, 20022549

4000 4 0.3 h in the presence of 150 mM NacCl. Similarly, in the
absence of salt, 1S&LA had a lag time of 32.4 0.2 h,
while the addition of 100 mM NacCl decreased the lag time
to 1.6+ 0.1 h.

(ii) Fibrillation of intact o-LA occurred within a narrow
pH range, while fibrillation of 1S$t-LA occurred over a
wide pH range. The results of Lowry protein assays showed
that 13+ 1, 954+ 3, and 19+ 2% of thea-LA formed
insoluble fibrils when incubated for 60 h at pH 1.5, 2.0, and
2.5, respectively, but fibrillation of 1S&-LA was almost
insensitive to pH from 2.0 to 7.4 (and to the presence of
EDTA, Figure 3). In fact, according to the Lowry protein
assays, 9% 3% of 1SSe-LA was insoluble when incubated
for 60 h under the all conditions that were studied.

(iii) Fibrillation of the o-LA molten globule was shown
o ) ) to have a “normal” dependence on protein concentration;
Ficure 3: Fibrillation of a-lactalbumin monitored by the enhance- i.e., a 20-fold increase in the protein concentration resulted

ment of thioflavin T fluorescence intensity at 3C with stirring: . 2 5-fold d in the lag ti d
intact nativea-LA protein in 20 mM Tris-HCI and 100 mM Nacl [N @ 2.5-fold decrease In the lag time and a commensurate

at pH 7.4 @, overlapping withO at baseline), apoprotein in 20  increase in the rate constant for fibril growth (data not
mM Tris-HCl and 5 mM EDTA at pH 7.4Q), molten globule shown).
protein in 100 mM NaCl at pH 2.0%), 1SSe-LA in 100 mM (iv) The lag time of 1SSx-LA fibrillation was consider-

mgg: 2: Sn g'gg))’alf’dsigléﬁ_'&zﬁ r;g/lmTl\r/lls_-l_l;lisC_IHa&d 1188 r;nu ably shorter than that of the molten globule of the intact
NaCl, and 5 mM EDTA at pH 7.401). ’ protein at pH 2.0 (1.6 0.2 and 28.2+ 0.3 h for 2 mg/mL

1SSe-LA and intact protein in 100 mM NaCl at pH 2.0,
the presence or absence of EDTA as well as in the presencegespectively) (Figure 3).
of ZnCly), fibrils were not formed even after incubation of (v) Both forms ofa-LA showed comparable elongation
a-LA for 14 days. However, increased turbidity was rates (0.10t 0.01 hY) at low pH (Figure 3).

TfT fluorescence

0 20 40 60 80 100
Time (hrs)

observed in the neutrat-LA solutions containing 5 mM (vi) An increase in the incubation temperature up to 55
ZnCl,, reflecting the formation of insoluble aggregates that °C did not change the fibrillation profiles of intact-LA
are different from fibrils. compared to those at 3C. Thus,a-LA at pH 2 still formed

The morphology of the insoluble material formed by both fibrils, while holo-a-LA or apo-a-LA at neutral pH did not.
1SSea-LA and intact protein at low pH (high-magnitude TfT ~ Further, in agreement with previous studig8, 31, 46, 48),
signals) and by intaat-LA at neutral pH in the presence of we found the near-UV CD spectra were almost completely
5 mM ZnCk (no TfT signal) was analyzed by transmission abolished at 55C for all forms of the intact protein, while
EM. Figure 4 shows that both 1S6tA and the intact the nativelike far-UV CD spectra were maintained. Together,
protein at low pH formed typical amyloid fibrils, whereas the UV CD data reflect a temperature-induced transformation
protein incubated in the presence of 5 mM Zn&irmed of the proteins into a molten globule-like conformation at

amorphous aggregates. 55 °C. However, these molten globule forms were not
Several important points concernirgrLA fibrillation sufficient for either holo- or apoproteins at neutral pH to
should be emphasized here. form fibrils or any other insoluble aggregated material for

(i) Fibrillation of botha-LA forms was extremely sensitive  the 4 weeks that were measured (data not shown).
to the ionic strength of the solution. For instance, the lag  Our results allow some conclusions about the structural
time of a-LA molten globule (pH 2.0) fibrillation decreased prerequisites ofx-LA fibrillation to be made. First, of the
from 48.9+ 0.5 h in the presence of 25 mM NaCl to 19.9 various conditions that were tested, only low pH converted

FiGure 4: Negatively stained transmission electron micrographa-of fibrils prepared from the acid-induced molten globule (A) or
1SS-a-LA at pH 7.4 (B) or amorphous aggregates prepared frémldaded holoe-LA in the presence of 5 mM Zng(C). The bars are
100 nm in length.
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intacta-LA into a molten globule that was able to fibrillate.
This may be due to the fact that the acid-induced molten
globule was essentially less ordered and much more flexible
than the molten globule forms induced by either the removal
of Ca&" (59) or high temperatures. Second, our data are
consistent with a highly flexible partially folded conforma-
tion representing the important prerequisite for successful
fibril formation (molten globule at low pH or 1S&-LA),
whereas a more rigid but still flexible conformation may
interact to form amorphous aggregates but not fibrils. As an
example, while ZA"-loaded Ca&"-bounda-LA acquired a
molten globule-like form (Figure 1A,B), it was still suf-
ficiently rigid to form amorphous aggregates rather than
fibrils. On the other hand, the reduction and carboxymethy-
lation of three of four disulfide bridges in 1SBLA
produced an essentially unfolded flexible conformation
(Figure 1B), which was able to form fibrils. Third, the
formation of an essentially unfolded conformation may
represent an important primary step of intaet A fibrilla-

tion. For example, fibrillation of 1S®&-LA (essentially
unfolded) was characterized by a very short lag time, while
its elongation rate was comparable with that of intadtA
fibrillation at pH 2.0. This suggests that the major event
during the lag phase of intact-LA fibrillation would be

the partial unfolding of its molten globule-like state into a
conformation with properties similar to those of 183-A,
after which rapid fibril formation occurs.

It is interesting to compare our results with the data re-
trieved for other amyloidogenic systems. Amyloid-like fibrils
may be formed in vitro from both disease-associated and
disease-unrelated proteins (e.g., see?jeft has been pro-
posed that amyloid fibril formation from native proteins
occurs via a conformational change leading to a partially 19.
folded intermediate conformation, the subsequent association
of which is a key step in fibrillation1—6, 24, 25). Detailed
structural analyses of the early events during the fibrillation
of several proteins have uncovered the vital role of substan- 21.
tially unfolded forms as fibril precursors. Examples include
fibronectin type Il (L5), the SH3 domaini4), monellin (L6),
immunoglobulin light chains SMAGQ) and LEN €1, 62),
and several others. Interestingly, it has been noticed that de-
pending on the environmental conditions, SMA can be con-
verted into one of the two partially folded intermediates,
nativelike I(N) and substantially unfolded I(U). The I(U)
intermediate readily formed amyloid fibrils, whereas I(N)
preferentially led to amorphous aggrega®®.(On the other
hand, partial folding was shown to be a primary step in the
fibrillation of so-called natively unfolded protein63—65),
such asx-synuclein (3), islet amyloid polypeptideg), and
prothymosina (23). These data strongly indicate that essen-
tially unfolded and highly flexible conformations (notably
distinct from the native, molten globule-like, and completely
unfolded ones) might represent key species in the fibrillation
process. As comparable behavior has been observed for glob- 35’
ular and natively unfolded proteins, both disease-associated
and disease-unrelated, we assume that essential unfolding33.
might be a structural prerequisite for fibril formation in all
systems.
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