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Abstract

To investigate which type of structural and conformational changes is involved in the aggregation processes of
bovine serum albumifBSA), we have performed thermal aggregation kinetics jn D O solutions of this protein. The
tertiary conformational changes are followed by Amide Il band, the secondary structural changes and the formation
of B-aggregates by the Amidétand and, finally, the hydrodynamic radius of aggregates by dynamic light scattering.
The results show, as a function of pD, that: tertiary conformational changes are more rapid as pD increases; the
aggregation proceeds through formation of ordered aggrefaligemers at pD far from the isoelectric point of the
protein; disordered structures add as the pD decreases. Mor@eaggregates seem to contribute only to oligomers
formation, as showed by the good correlation between kinetics of scattering intensity and IR absorption intensity.
These results indicate for BSA a general mechanism of aggregation composed by partial unfolding of the tertiary
structure and by the decrease whelix and random coil contents in favor @fsheet aggregates. This mechanism
strictly depends on pD and gives rise to almost two distinct types of macromolecular aggregates.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction gested a multistage aggregation mechanism in

] ) . which partial unfolding of native protein was the
The relationship between the conformational and jitig| step [6]. In thermally induced aggregation,

structural properties of proteins and the intermo- the compact native form of protein, with its well-
lecular interactions that give rise to the aggregation gefined secondary and tertiary structures, becomes

processes has been object, in the last years, ofyore flexible on heating and more reactive towards
many biophysical and pharmaceutical studis s neighbors. The degree to which it happens is

5]. In particular, studies on different proteins sug- temperature- and time-dependent, and is itself a
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91-6162461. ture, some molecular regions of proteins, like
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accessible to new intermolecular interactions, We have already performed a study on temper-
forming soluble aggregates through non-covalent ature induced conformational changes of bovine
and disulfide bond$7,8]. Moreover, intermolecu-  serum albumin(BSA) at tertiary and secondary
lar B-sheet formation can take place and contribute level followed by steady-state fluorescence and
to intermolecular association of the partially CD, to have information on preliminary steps of
unfolded protein molecule$9]. All these inter- BSA aggregation processes in the low concentra-
molecular interactions can give origin to the pro- tion regime[27].
tein gelling phenomenori6] and can mainly be In this work, we report a study on the effects
driven by surface net charge and hydrophobic areaof pD changes on aggregation kinetics of BSA to
exposed to the solvent. In this sense, Park et al.see if and how, in our conditions, intra- and inter-
have found that the structure of heat induced Molecular interactions can depend on surface net
protein gel can be controlled by adjusting either charge. The conformational changes at tertiary
surface net charge or hydrophobicifg0]. This  level are followed by the H-D exchange of the
has a relevant implication at pharmaceutical level Partially unfolded protein through time evolution
because it is possible to design controlled struc- ©f Amide Il band. Besides, the structural changes
tures of gels as drug carriers. at sec_ondary level are foIIO\_/ved by time evolution
The aggregation process of proteins is strongly of Amide I' band profile. This band is a probe of
affected by temperature, time of heating, concen- protein strqctural organization in terms @fhel!x,
tration and pH. For example, heating native serum random coil and3-sheet contents and gives infor-
albumin to approximately 86C causes reversible Mation on protein—protein aggregation through the
denaturation; whereas, heating for a longer period @PPearance of two shoulders attributed3tsheet
at 60°C, causes irreversible denaturatidi—13. formation [9,28—_33. F!nally, to have information '
In particular, when temperature increases, electro-©" the mean dimensions of aggregates, dynamic

static interactions are not substantially modified, light scattering measurements have also been
whereas, hydrophobic interactions are strength- performed.

ened, due to their entropic origiii4]. Moreover, 2. Materials and methods

changes in pH lead to titration of groups in the ]

unfolded form, causing destabilization of overall 2.1. Sample preparation

native protein structurgl5] and strongly affecting BSA (type A-0281 was purchased from Sigma;
the protein aggregation ratg]. At extreme pH  p,O was purchased from Eurisotd§9.97%. At
ValueS, far from isoelectric pOIr('pI), electrostatic each pD Value, the relative phosphate buffer was
repulsion between like charges in protein increases, prepared in B O and then diluted at 10% in D O,
resulting in a larger tendency to unfold, and mod- at a final concentration of 0.1 M. We note that pD
ifies the intermolecular interactiond16-19. values were corrected by O(.e. pD=pH meter
Moreover, at a fixed temperature and pH values, readingt+0.4) [32]. Samples, freshly prepared dis-
the size of aggregates depends on concentrationsolving 60 mg mi® of BSA, centrifuged2000
[20]; in particular, changing the concentration, it rpm) and passed through 0.2am filters, were
is possible to drive the aggregates formation from divided in two aliquots for IR and light scattering
oligomers to gel[21,23. measurements. Each sample was incubated at 58

In this scenario, many aspects concerning the °C and, for both experimental techniques, the time
correlation between the structural and conforma- evolution of signals was followed; the time=0
tional changes of protein and the degree and typewas considered after 7 min by positioning protein
of aggregation remain open questions. The exper-sample in the thermostable sample compartment.
imental approach usually used to monitor these 22 IR

. . L measurements

aspects is based on several spectroscopic tech-
nigues like CD, Raman, infrared spectroscopy and The single-beam IR spectra were measured
fluorescencd23-24. using a BIO-RAD FTS-40A spectrometer equipped
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with a PbS detector, with a spectral resolution of coefficient of particles in solution can be obtained,
1 cm! and 100 scans. All samples were placed and, by the analysis of the intensity autocorrelation
between two Caf windows, with a 0.025-mm function delineate below, the radius of the particles
Teflon spacer. In a separate experiment, the single-in solution can be determined.

beam spectrum of each solvent was measured, at In the case of a solution oWV different sized
the same temperature. Sample and solvent absorpspecies, the autocorrelation function can be fitted
tion spectra were calculated with respect to the by using the following equatioi42):

single-beam of empty cell. Finally, for each pD
value, the relative solvent spectrum was subtracted
to the sample one, after suitable normalization.
D,O solutions were used to avoid the spectral
overlaps between Amide | band and strong wherec; is an amplitude factor proportional to the
absorption band of water at approximately 1650 mean number of particles of a given radius and
cm~1, and to monitor the H—D exchanges between «; is defined asa;=D,q? ¢ being the scattering
protein and solvent by Amide II. For clarity, here Vvector andD; the diffusion coefficient. Making
we recall the assignments of the observed bands.use of the Stoke—Einstein relation 0y, we obtain
Amide | and Amide Il bands of proteins in,H O the hydrodynamic radius of each specie of parti-
solutions are centered at approximately 1660 and cles. In particular, for our measurements the anal-
1550 cnm, respectively, and shift towards 1650 Ysis is made in terms of one or two species. In
cm~! (Amide I') and 1450 cm® (Amide II') in this last case, we can obtain the contributions of
D,0 solutions[34,35. Amide | is primarily attrib- ~ the two speciesl; and/,, to the total intensity/,
uted to an out-of-phase combination o£© and as:

C-N stretchings of amide groups. Generally,

Amide | band has a composite band profile, C12

consisting of several spectral components related 11'2=1c1+c2' Y

to the different secondary structurd86—41.
Besides, Amide Il band is attributed to an out-of-
phase combination of in-plane C—N stretching and
N-H bending of amide groups. We outline that all
absorption bands are normalized for BSA concen-
tration by diving for the absorption intensity at
1650 cnt! of each sample, at room temperature.

G =[ LN jc;exp—ap)]’ (D

We have also made a parallel analysis of auto-
correlation function by means of CONTIN method
[43]. Using this analysis, we can obtain the fraction
of light scattered by species having a determined
value of the radiug44]. With CONTIN analysis,
we can also obtain mean weighted-intensity radius
of each specie. This radius coincides, in a satisfac-
2.3. Light scattering measurements tory way, with the hydrodynamic radius obtained
by single and double exponential decay analysis.

Light scattering measurements were performed
on a Brookhaven goniometer BI-SM200, at fixed 3. Results and discussion
9(° scattering angle, using a BI-9000AT correlator
and a duplicated Nd-doped solid state lases Fig. 1 shows absorption spectra in the Amides
532 nm. Both stati(SLS) and dynamic(DLS) region of a BSA sample in nativecoom temper-
light scattering measurements were performed, ature and aggregated form@fter 2 h of incuba-
with 100 s of integration time; the intensity cor- tion at 58°C).
relation function is obtained by acquiring data  As can be seen, BSA exhibits an intense Amide
between 5 and 100@us, in 200 channels. The I’ band centered at approximately 1650 ¢m , in
intensity of scattered ligh{SLS measurements  agreement with the reported percentagexdielix
allows us to obtain the amount of aggregates in structure in the native forni~66%) [45]; in the
the sample. From DLS measurements, the diffusion same region, spectral contributions at lower fre-
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Fig. 1. IR absorption spectra of BSA at pD 7.4, at room temperatoative form, dashed-dotted linend after 120 min of
incubation at 58C (aggregated form, solid line The arrows indicate the changes in the main Amide band profiles from native to
aggregated form.

guencies can contribute to the overall band profile, 58 °C, one decreases and the other increases. This
typically attributed to random coil structures suggests that the hydrogens remained within the
(~31% in the native form We do not distinguish  core of the protein, that are inaccessible to the
between these two spectral contributions so, in the solvent in the native form, can undergo to H-D
following, we will consider mainly the larger one exchange during the incubation time, as the protein
due to thea-helix structure. The intensity of this partially unfolds. We have studied the kinetic of
band decreases when protein is in the aggregatedhis exchange by following the time evolution of
form, suggesting a partial loose of the-helix IR spectra in the Amide Il region as a function of
content. Moreover, this decreasing is accompanied pD. As can be seen, in Fig. 2 the decrease of
by the appearance of two shoulders at 1620 and Amide Il at approximately 1540 cmt and the
1680 cnt't , that are attributed to the intermolecular increase of Amide Il at approximately 1450
B-sheet aggregatef®,28—-33. The formation of cm~! are strictly related, suggesting that an
intermolecular strand structures in thermally exchange occur in our sample, indicative of a
induced protein aggregates was clearly demonstrat-conformational changes at a tertiary structural
ed by Clark et al., by using small angle X-ray levels. As reported in Fig. 3, at pD 7.4 this
scattering [46,47. In our sample, the presence exchange stops after 20 min, while at lower pD it
after 2 h of incubation at 58C, of these two  slows down until 50 min.
shoulders reveals the formation of these intermo- It is noteworthy that, by changing pD, different
lecular B-sheet aggregates. values are observed in the Amide Il at the begin-
Moreover, as clearly shown in Fig. 1, both ning of the kinetics, whereas the same value is
Amide Il and Amide Il spectral contributions are  obtained for times longer than 60 min. This could
present and, in particular, before and after 2 h at be due to small differences in the native tertiary
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Fig. 2. Time evolution of differential spectra, defined &4(:) =A(r) —A(+=0), in the Amide Il region of BSA, at pD 7.4 and at
58 °C.
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Fig. 3. Time evolution of differential absorption intensity, definedAas(r) =A(r) —A(r=0), at 1540 cm* (Amide 1) of BSA, at
58 °C. Squares: pD 7.4; triangles: pD 6.8; circles: pD 6.2.
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Fig. 4. Absorption spectra of BSA at room temperature in the Amides region. Solid line: pD 7.4; dashed line: pD 6.8; dashed—
dotted line: pD 6.2.

conformation induced by pD, as also shown by shoulders is correlated to the partial loss of the
the spectra at room temperature reported in Fig. 4. native a-helix secondary structure, as also put in
Once partial unfolding occurs, those differences evidence by the presence of two isosbestic points
found disappear. This behavior is to put in relation at 1630 and at 1670 cnt , suggesting a transition
with the results obtained in a previous work, where between these two secondary structures.
we reported the steady-state fluorescence kinetic To see the role played by different pD values
measurement of BSA and observed conformational on the aggregation, we report in Fig. 6a the kinetic
changes at tertiary structure level at pH 6.2 within of IR spectra of BSA at pD 6.2 and in Fig. 6b the
the first 100 min. Data shown in Figs. 3 and 4 differential spectra of the same sample. A compar-
suggest that, by lowering pD toward$ ¢~5 for ison of these data with those reported in Fig. 5
this protein, [48]), the protein conformation shows a substantial difference in the evolution of
appears more compact. the spectra. At pD 6.2 the spectral contribution of
To follow the changes on secondary structure of the B-sheet aggregates at 1620 thh  appear with
BSA, we report in Fig. 5a the time evolution of lower intensities and the shoulder at approximately
IR spectra in the Amide’Iregion. Fig. 5b shows 1680 cnt?! is not clear detectable; moreover, the
the differential spectra obtained by subtracting to overall Amide [ band appears more asymmetrical-
the spectrum at a generic timethe initial spec-  ly broaden (Fig. 6b) as aggregation proceeds.
trum at r=0. We can observe a progressive Furthermore, the isosbestic points observed at pD
decrease of main contribution at 1650 tin  and 7.4 are not present, suggesting that the aggregation
the progressive increase of the two shoulders at process is more complex than the simpléelix
1620 and 1680 cm* , typically attributed to inter- — aggregated3-sheet transition. The increment
molecularp-sheet structures. The growth of these of the width of Amide | band suggests an increase
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Fig. 5. Time evolution of Amide’lspectral region of BSA, at pD 7.4 and at %8: (a) absorption spectrdp) differential spectra,
defined asAA(1) =A(r) —A(t=0).

also in the random coil structures. An intermediate on BSA samples are related to the extent of the
behavior is observed for kinetic measurements at macromolecular aggregation process, we have per-
pD 6.8 (data not reported formed light scattering measurements on the same

To summarize the effects of pD on the spectral samples. Fig. 8 shows the time evolution of the
properties of BSA, we report in Fig. 7 the time total scattered intensity at the three pD values,
evolution of the intensity of differential spectra at after suitable normalization. As can be seen, the
1620 cnT?! . Data reported in Fig. 7 indicate that growth of the aggregation is largely pD dependent;
the amount of-aggregates diminished when pD in particular, the extent of the aggregation increases
decreases. by lowering pD.

To see if and how the above reported results on A comparison between data in Figs. 7 and 8 put
the structural changes induced by the temperaturein evidence an apparent contradiction: in fact, if
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Fig. 6. Time evolution of Amide’lspectral region of BSA, at pD 6.2 and at 38: (a) absorption spectrdp) differential spectra,
defined asAA(r) =A(r) —A(t=0).

the formation of B-aggregates is the principal intensity arising from different-in-size species,
mechanism driving the process of macromolecular whose hydrodynamic radius can be determined.
assembly, according to data in Fig. 7 we should The results of this analysis is reported in Fig. 9
have to expect that the extent of the aggregation and compared with data obtained from IR
will be smaller at low pD values, in contrast with measurements.
data reported in Fig. 8. These considerations sug- As can be seen from Fig. 9, left panels, at pD
gest that the aggregation mechanism is more com-7.4 the total intensity can be rationalized as the
plex and that other protein—protein interactions contribution of only one specie, whose hydrody-
can contribute. namic radius increases rapidly to a value of
To have further information about this point, we approximately 200 A. This suggests that, at this
have performed an analysis of the scattering datapD value, the aggregation proceeds in a homoge-
in terms of different contribution to the total neous way via formation of oligomers. To see if
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Fig. 7. Time evolution of the differential absorption intensity of Amidedmponent at 1620 cnt  of BSA at 58. Squares: pD
7.4; triangles: pD 6.8; circles: pD 6.2.
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Fig. 8. Time evolution of the static light scattering intensity of BSA at’68 Squares: pD 7.4; triangles: pD 6.8; circles: pD 6.2.
Data are normalized for BSA concentration by dividing for initial scattering intensity of each saf{@le,



184 V. Militello et al. / Biophysical Chemistry 107 (2004) 175-187

I(t)-1(0)/1(0)

-
o

(3]

2500 |- - ad
2000 |- . NG

1500 |- - A

Radius (A)

1000 - A

A
500 - L AA
A

A
" T LL] Illlll -l... ..1.. ...1. [ 11 1] ....-.l..

0 20 40 60 80 0 20 40 60 80
Time (min) Time (min)

ll.1lllllTlll..rll-lT

Fig. 9. Top panels: time evolution of total scattering intensifgolid line9 and of the contribution to the intensity of lar¢gashed—
dotted lineg and small aggregatelashed lines Bottom panels: time dependence of the radii of lard&riangle9 and small

(square} aggregates; for the sake of clarity, not all the experimental points are reported. dppthepanels are also reported, for
comparison, the time evolution of the intensity of Amidecbmponent assigned t®-aggregatefopen symboly after suitable
normalization(see text. Left panels: pD 7.4;right panels, pD 6.2.

the growth ofp-aggregate structures is related to A (oligomer9, and the other being characterized
this mechanism, in the upper panels of Fig. 9 we by very large radius, accounting for almost the
have put on top the data relative to the total 85% of the total intensity. IR data relative to the
intensity of light scattering the differential IR same sample are put on top of intensity scattering
intensity data, reported in Fig. 6, by a suitable data, by the same scaling factor used for data at
scaling factor. As can be seen, IR data are almostpD 7.4. As can be seen, IR data are almost
coincident with light scattering ones, in the whole coincident with the intensity contributions to total
time interval studied, suggesting that, at this pD scattering due to the smaller spedigigomers.
value, the aggregation proceeds essentiallypsa Here we do not report the data at pD 6.8 that
aggregation. Different considerations must be again show an intermediate behavior.

made for data at lower pD values. As can be seen The fine analysis of the scattering data allows
from Fig. 9, right panels, the total scattering us to resolve the apparent contradiction above
intensity cannot be account by the contribution of discussed. In fact, the decrease of the amount of
only one specie. Data analysis shows the presence-aggregategas the pD increasgss in favor of

of two population distributions, one whose hydro- the appearance of other larger species that contrib-
dynamic radius do not exceeds the value of 150 ute to increase the total scattering intensity. From
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all these results, the final considerations are that in correlation with the amount of tertiary and
aggregation viap-aggregates is the mechanism secondary structures lost during aggregation.
that prevalently contributes to the oligomers for-
mation, whereas other mechanisms add at lower Acknowledgments
pD values.

We wish to thank M.U. Palma and M.B. Palma-
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