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Abstract The onset of hen egg white lysozyme aggregation on
exposure to alkaline pH of 12.2 and subsequent slow growth of
soluble lysozyme aggregates (at 298 K) was directly monitored
by steady-state and time-resolved fluorescence anisotropy of
covalently attached dansyl probe over a period of 24 h. The rota-
tional correlation time accounting for tumbling of lysozyme in
solution (40 pM) increased from ~3.6 ns (in pH 7) to ~40 ns
on exposure to pH 12.2 over a period of 6 h and remained stable
thereafter. The growth of aggregates was strongly concentration
dependent, irreversible after 60 min and inhibited by the presence
of 0.9 M L-arginine in the medium. The day old aggregates were
resistant to denaturation by 6 M guanidine - HCI. Our results re-
veal slow segmental motion of the dansyl probe in day old aggre-
gates in the absence of L-arginine (0.9 M), but a much faster
motion in its presence, when growth of aggregates is halted.

© 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

Investigating the molecular basis of protein aggregation is
important owing to its role in a number of neurodegenerative
diseases like Alzheimer’s and Parkinson’s disease [1]. Recent
findings indicate that soluble oligomers of proteins which are
precursors in the pathway leading to insoluble amyloid fibrils
are the toxic species [2-4]. Also, in most cases where protein
aggregation and disease associated phenotypes were separated
in time, fibrous proteinacious inclusions were observed well
after the onset of the behavioural or neuropathological symp-
toms [5]. Clearly, the soluble aggregates formed early in the
aggregation pathway seem to play a major role in the neurode-
generative diseases.

Early diagnosis of amyloid disease has proved difficult be-
cause monitoring the early growth of protein aggregates has
not been possible for two reasons: (i) a simple and sensitive
method to specifically detect protein aggregates in solution is
not available, and (ii) the rapid rate at which proteins aggre-
gate in vitro (e.g., barstar, a ribonuclease inhibitor, aggregates al-
most instantaneously when transferred to pH 3 from pH 7 [6])
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makes tracking difficult. A consequence of the latter is that,
structural snapshots of the intervening steps of the aggregation
pathway, which are important to develop a molecular level
understanding, have remained inadequate. This report ad-
dresses both the above issues in protein aggregation. Once
the method to monitor growth of aggregates was established,
therapeutic strategies to inhibit the growth are easily tested
and identified as shown by us in the case of L-arginine.

2. Materials and methods

2.1. Materials

Hen egg white lysozyme (HEWL) (L-6876) and L-arginine hydro-
chloride (A-5131) used in our studies was procured from Sigma-Al-
drich Company Pvt. Ltd. 2-Dimethylaminonaphthalene-6-sulfonyl
chloride (D-23), was obtained from Molecular Probes (Eugene,
Oregon, USA).

2.2. Labelling with dansyl probe

For labelling, the procedure recommended by Molecular Probes was
followed. To a 3 mM lysozyme solution in 1 ml of 0.1 M, pH 9 sodium
bicarbonate buffer, 50 ul of 75 mM dansyl chloride in DMF was
added. The reaction mixture was kept at 4 °C with constant stirring
for 3 h. Subsequently, 1.5 ml buffer was added to the reaction mixture.
The unlabelled fluorophores were separated from the labelled protein
solution using an Amersham PD-10 desalting column previously eluted
with 50 mM, pH 7 sodium phosphate buffer. Protein and dye concen-
trations were determined by using absorbance at 280 and 339 nm,
respectively. The molar extinction coefficient for the labelled probe
at 339 nm is 3370 M~ ecm™! [14,15]. The molar ratio of the protein
to dye in the dye conjugated protein was calculated to be ~1:1. For
aggregation experiments, stocks of the labelled protein in pH 7 buffer
were diluted at least tenfold in 50 mM, pH 12.2 phosphate buffer.

2.3. Steady-state fluorescence

Steady-state fluorescence anisotropy measurements (G factor cor-
rected) were made in Jobin-Yvon Fluoromax-3 spectrofluorometer
equipped with automated Glan-Thompson polarisers and a PMT
operating at a voltage of 950 V in photon counting mode. Slit widths
for excitation at 370 nm were 1 nm and for emission at 444 nm between
5 and 10 nm. The background intensity from Raman scatter or buffer
was negligible (<5%) compared to sample emission intensity under
identical conditions as observed with blank samples.

2.4. Time-resolved fluorescence

Nanosecond time-resolved fluorescence intensity and anisotropy de-
cay measurements were carried out in Fluorocube (IBH, Glasgow)
using the time-correlated single photon counting method. The system
was equipped with motorized Glan-Thompson polarisers and an
IBH TBXO04 photon-detection module. For excitation an IBH
370 nm NanoLED with a FWHM of 1.3 ns and a repetition rate of
1 MHz was used. Excitation light was attenuated, whenever required,
using neutral density filters (OD = 3). A Schott UG-1 filter was also
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used at the excitation end to cut out long wavelength glow from the
370 nm light source. Emission was detected after passing it through
a Schott 420 nm long pass filter in order to block excitation photons.
Fluorescence intensity decay was collected in 1024 channels, with a
temporal resolution of 0.113 ns/channel. Peak counts were typically be-
tween 10 and 15 k. All measurements were done at 298 K.

The fluorescence intensity decay data were fit to a multi-exponential
model using the IBH DASG6 fluorescence decay analysis software. The
anisotropy decay data were fitted to multi-exponential decay model, as
described earlier [6]. In both cases above, the goodness-of-fit was deter-
mined by reduced * and the randomness of the residuals. For anisot-
ropy decay, the fits were additionally constrained to yield a calculated
steady-state anisotropy value that is close to that observed indepen-
dently using steady-state fluorimeter [6,17].

3. Results and discussion

Earlier reports using equilibrium sedimentation, have shown
that HEWL (at 1 mM concentration) forms dimers in the pH
range 5-9 and higher oligomers at pH 10-11 [8,9]. There are
also reports on the formation of fibrils by hen egg white lyso-
zyme at acidic pH and elevated temperatures [10,11]. Our re-
sults showed that the tendency to aggregate (at pM
concentrations) was most pronounced at pH 12.2 (see supple-
mentary material). Thus, exposure to alkaline pH of 12.2
served as a convenient approach to initiate the aggregation
of HEWL.

Fluorescence anisotropy is an excellent technique to study
the rotational motion of fluorophores in the excited state fol-
lowing their excitation using plane polarized light [7]. Stea-
dy-state fluorescence anisotropy (rg) gives us a time
integrated average value of the rotational motion of molecules
in the excited state. This parameter is however dependent both
on the fluorescence lifetime and rotational correlation time of
the fluorescent probe. Time-resolved anisotropy decay obser-
vations can reveal the multiple rotational motions experienced
by the fluorophore in the excited state in terms of their rota-
tional correlation time(s), ¢;. As ¢ arising from whole protein
tumbling, is directly related to the size (volume) of the fluoro-
phore conjugated protein from the Stokes—Einstein equation,
any event, like protein aggregation, which changes the size of
the protein can be directly monitored by measuring ¢. In this
work, HEWL was covalently tagged with the fluorescent
probe, 2-dimethylaminonaphthalene-6-sulfonyl chloride (dan-
syl chloride from now on) in order to specifically monitor
the rotational motion of lysozyme in solution under two differ-
ent conditions: (a) pH 12.2 (aggregation prone condition); and
(b) pH 7 (native state).

Fig. 1 shows the variation in fluorescence steady-state
anisotropy (rs) of dansyl labelled lysozyme with time at pH
12.2 and pH 7 (control). At pH 7, no significant change in
rss (~0.06) of lysozyme is observed for over a day, indicating
that the overall structure of native protein is intact and unper-
turbed in this time span. At pH 12.2, immediately on exposure
to alkaline pH, the ry increased to ~0.08. Subsequently, we see
a gradual increase in rg during the first 360 min, followed by
saturation over a period of 24 h in contrast to pH 7 (native
state). Importantly, the magnitude of this increase is dependent
on the concentration of lysozyme from 4 to 200 uM (Fig. 1).
At 4 uM, the rg saturates at 0.13, while with 40 uM it settles
down at 0.15 and finally at 200 uM, it stabilises at 0.20.
Time-resolved fluorescence intensity decays with 40 uM lyso-
zyme have revealed the following: (a) the mean fluorescence
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Fig. 1. Change in steady-state anisotropy of dansyl labelled lysozyme
with time. pH 7, 40 uM, open circles; pH 12.2, 4 uM, filled triangles;
pH 12.2, 40 pM, filled squares; and pH 12.2, 200 uM (only 40 pM was
dansyl labelled, rest are unlabelled), filled circles. All measurements
were done at 298 K.

lifetime of dansyl conjugated HEWL (Fig. 2) was constant
over the period of first 360 min shown in Fig. 1, and (b) the
mean fluorescence lifetime at pH 12.2 showed no significant
variation compared to that at pH 7 (Fig. 2). Therefore, the
quantum yield of the dansyl probe is fairly constant with time
and unaffected by change in pH. Covalent linkage of the dan-
syl chromophore to a solvent exposed lysine residue on the sur-
face can account for this insensitivity of dansyl quantum yield
to lysozyme aggregation. Therefore, the observed increase in
rss at pH 12.2, can only occur owing to a large increase in aver-
age rotational correlation time of dansyl probe. This would
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Fig. 2. The mean fluorescence lifetime, t,,,, of 40 uM dansyl labelled
lysozyme was calculated using the formula 7, = Y., o;7;, where 7; and
o; correspond to the ith lifetime component and its amplitude,
respectively. The intensity decays (see supplementary material) were
monitored over a period of ~360 min. The mean fluorescence lifetimes
(tm) were determined in pH 7 (open squares) and in pH 12.2 buffer
(open circles).
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imply an increase in the size of lysozyme with time. The con-
centration dependence of the rise in rg is a clear indicator of
the formation of higher oligomers, since the growth kinetics
would depend on the concentration of monomers. Apparently,
higher protein concentrations favour aggregates of larger size
as evident from Fig. 1. It must be noted that the 200 tM sam-
ple contained only 40 pM of labelled lysozyme. This implies
that labelled and unlabelled lysozyme are not differentiated
during aggregation. Importantly, it also indicates that dansyl
group had no role in promoting aggregation. Another striking
feature in the progress of this aggregation is the absence of a
lag phase. More investigations at faster time scales (s or ms)
are however required to probe this. It must be borne in mind
that as rg does not yield the population of aggregated species,
thus it cannot be used to estimate the kinetic constants. In or-
der to confirm the observations in Fig. 1, time-resolved fluores-
cence anisotropy measurements were carried out.

Fig. 3 shows anisotropy decay profiles of the 40 uM labelled-
lysozyme at pH 7 and pH 12.2 (at different time points). The
values of the fitted parameters are shown in Table 1 (see sup-
plementary material for the fits with residuals). At pH 7, the
anisotropy showed a monoexponential decrease to zero with
time, yielding a rotational correlation time (¢) of 3.6 ns. No
major change was observed in ¢ over a period of 24 h. A value
of 3.6 ns for native lysozyme is consistent with a previous re-
ported value (3.8 ns) [12]. Note that ry (and calculated r) is
less at pH 7, owing to fast segmental motion in the subnano-
second scale which cannot be detected in our instrument owing
to excitation pulse width ~1.3 ns (fwhm). At pH 12.2, unlike
pH 7, starting with 7= 15min a finite residual anisotropy
(r~) 1s evident at longer time (~30 ns). The r.., shows a grad-
ual increase with time till # = 355 min. A minor drop in r, oc-
curs after overnight incubation. The slow ~9.6 ns component
observed initially might arise from an oligomer. The short cor-
relation time (~2.4 ns) arises from fast segmental motion, most
likely about the long lysine side chain. At 7= 60 min, the
anisotropy decay did not yield a good fit (reduced ¥*> = 3.1)
for two-exponential model. A three-exponential fit (reduced
%> = 1.4) revealed, rotational correlation times, 1.4, 7.0 and
42 ns with amplitudes 0.19, 0.52 and 0.29, respectively. This
indicates a heterogeneous ground state ensemble population
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in the transitionary phase, owing to a mixture of dimeric/tri-
meric and large multimeric aggregates. As time progresses,
the 7-9.6 ns component seems to get transformed to ~40 ns,
yielding a better biexponential fit. This represents a clear in-
crease in population of larger aggregates. After 200 min, we
observe that the long component has stabilised to a constant
amplitude (population). A 39-45 ns rotational correlation time
would imply a multimeric lysozyme aggregate. Overnight incu-
bation does not affect the size of the aggregate significantly
(Table 1). In fact, no appreciable change was observed after
several days either. The change in the short component from
2.4-1.4 initially to 3.5-4.1 ns much later is interesting. It re-
veals that segmental motion of the dansyl probe is relatively
free when HEWL is in the form of smaller aggregates (oligo-
mers) early on, but becomes more hindered as larger multi-
meric aggregates begin to dominate. The aggregated protein
clearly does not provide sufficient freedom for segmental mo-
tion. Table 1 also shows that a significant fraction (>60%) of
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Fig. 3. Time-resolved anisotropy decay of dansyl labelled lysozyme
(40 uM) under different conditions. Dark green, pH 7; magenta, pH
12.2 after 15 min; black, pH 12.2 after 60 min; red, pH 12.2 after
1188 min; and blue pH 12.2 after 355 min. See Table 1 for details on
the fitted curves.

Table 1

Details of fits to anisotropy decay curves in Figs. 3 and 4

pH ¢ (min) ro’ r” ¢i° (ns) ¢2° (ns) $5° (ns) o oy o a
7.0 - 0.18 0.04 3.6 - - 1.0 - - 1.6
12.2 15 0.24 0.08 2.4 9.6 - 0.40 0.60 - 1.4
12.2 60 0.26 0.12 1.4 7.0 42 0.19 0.52 0.29 1.4
12.2 100 0.23 0.13 5.3 39 - 0.53 0.47 - 1.4
12.2 215 0.24 0.14 3.7 39 - 0.36 0.64 - 1.4
12.2 355 0.25 0.15 4.1 45 - 0.36 0.64 - 1.5
12.2 1188 0.22 0.14 3.5 43 - 0.32 0.68 - 1.6
12.2, 09 M Arg 22 0.25 0.11 2.9 14 - 0.33 0.67 - 1.4
12.2, 09 M Arg 60 0.23 0.11 2.5 18 - 0.29 0.71 - 1.4
12.2, 09 M Arg 135 0.23 0.11 33 20 - 0.37 0.63 - 1.4
12.2, 09 M Arg 300 0.23 0.11 2.6 17 - 0.33 0.67 - 1.5
122,09 M Arg 1140 0.20 0.07 1.9 13 - 0.49 0.51 - 1.6

The errors in the values reported for ¢, are within 10%, while those for ¢, and ¢; are within 5%, based on results from multiple experiments.

“Initial anisotropy.

®Steady-state anisotropy calculated from fit.
“Rotational correlation time(s).

dFractional amplitudes associated with correlation time.
°Reduced y* for the fit.



2100

the anisotropy decay in the aggregated protein is accounted by
tumbling of the whole protein. This feature of dansyl-labelled
HEWL makes it easy to track aggregation by simpler methods
like steady-state anisotropy as shown in Fig. 1. Taken to-
gether, the data clearly support the growth of lysozyme aggre-
gates with time and their subsequent stability. Unlike a
previous report [16], which used fluorescein (lifetime = 4 ns)
our use of a long lifetime dansyl probe (lifetime = 11 ns) per-
mits unambiguous measurement of the size of aggregates in
terms of their rotational correlation time.

There have been earlier reports of arginine being effective in
suppressing the aggregation of denatured lysozyme [13, and
references cited therein], but nature of lysozyme aggregate(s)
in the presence of arginine remains to be defined. We have
investigated the effect of L-arginine on the aggregation of the
labelled lysozyme in pH 12.2 buffer. We employed 0.9 M L-
arginine hydrochloride in our studies with the intention to
bring a marked influence on aggregation, based on reports
from previous work [13], where L-arginine concentrations up
to 1 M have been employed. From Fig. 4 and Table 1, it is
clear that in the presence of arginine, the longer correlation
time initially shows a higher value, ~14 ns. This may occur
due to a minor increase in bulk viscosity (~1.5-fold as mea-
sured by a viscometer) in the presence of 0.9 M arginine. Thus
the observed ~14 ns component is actually the ~9.6 ns compo-
nent observed in the absence of arginine. This value gradually
increases to 20 ns later at 135 min suggesting a minor progress
in aggregation. After overnight incubation in the presence argi-
nine, the longer component stabilised around ~13 ns, which is
similar to the size which we observed initially (¢ = 22 min). The
larger aggregate (~20 ns component) has clearly broken down
into smaller oligomers. The ~13-14 ns component, like the
~9.6 ns component, is likely to arise from a small oligomer
of lysozyme. Control experiments in the absence of arginine,
done simultaneously under identical conditions, revealed a
long correlation time ~42 ns consistent with previous results.
It is apparent that the presence of arginine is effective in arrest-
ing the growth of aggregates. The presence of arginine clearly
prevents the formation of large aggregates (~40ns compo-
nent). Interestingly, the short component (~1.9ns) at

0.25
with 0.9 M L-Arginine.HCI
0.20 4 t=135 mins
\ t=22 mins
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Fig. 4. Time-resolved anisotropy decay of dansyl labelled lysozyme
(40 uM) at pH 12.2in the presence of 0.9 M arginine is shown for
different time intervals subsequent to exposure to alkaline pH. Black
curve, ¢t =22 min, red curve ¢ = 135 min and blue curve, ¢ = 1140 min.
See Table 1 for details on the fitted curves.
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1140 min in the presence of 0.9 M arginine (1.5-fold more vis-
cous), reveals a much faster segmental motion (compared to
~3.5 ns in aggregates in the absence of arginine) with a signif-
icantly higher amplitude (~0.49). A lower value of initial
anisotropy (ro) is also a proof of this. Obviously, rotation of
the dansyl probe about lysine side chain in small oligomers
in the prolonged presence of arginine is much less hindered
suggesting a loosely packed protein.

Previous work [13] has suggested that L-arginine increases
the equilibrium solubility of the denatured state(s) of lysozyme
by stabilising these state(s) against pathways such as aggrega-
tion by most likely acting as hydrogen bond donors. Another
recent work [18] has suggested that arginine inhibits aggrega-
tion by slowing protein—protein association reactions by being
preferentially excluded from protein—protein encounter com-
plexes, but not from dissociated protein monomers. Our re-
sults here reveal two competing, but opposite pathways in
the presence of 0.9 M L-arginine. One weakly favouring aggre-
gation (in comparison to aggregation tendency in the absence
of arginine) and the other strongly opposing aggregation, but
favoring a more unfolded protein. Initially the weak aggrega-
tion pathway seems to have a lead, as observed by small, but
gradual increase in rotational correlation time for global
motion (~20 ns at 135 min, amplitude = 0.63) and segmental
motion (3.3 ns at 135 min, amplitude = 0.37). Later, the path-
way opposing aggregation takes over and begins to dominate
(see Table 1). After an overnight incubation at room tempera-
ture, a relative decrease in the magnitude of rotational correla-
tion time for both segmental motion (1.9 ns at 1140 min,
amplitude = 0.49) and global tumbling (13 ns at 1140 min,
amplitude = 0.51) accompanied by a relative increase in ampli-
tude of fast segmental motion is evident compared to earlier
times. This argues in favour of a relatively more unfolded,
small oligomer of lysozyme compared to that in the absence
of arginine. This unfolded state is stabilised by the presence of
L-arginine and resists aggregation consistent with earlier reports
[13,18]. Clearly an equilibration time of about a day is required
to fully realise the inhibitory influence of arginine on protein
aggregation. It would be worthwhile to explore the kinetics of
aggregation inhibition with different derivatives of L-arginine
to obtain clues on the mechanism of inhibition. This work is
in progress.

We investigated the reversibility of the oligomers formed.
For this, we transferred aliquots of aggregates [40 pM] at dif-
ferent time points in Fig. 1 to pH 7 (100 mM phosphate) and
measured the steady-state anisotropy immediately after dilu-
tion and after overnight incubation (see supplementary mate-
rial). A marginal decrease was observed in pH 7 at early
times (~30 min), while later (~60 min) the r¢ values were sim-
ilar to that observed with alkaline pH, indicating that the olig-
omerization that occurs at pH 12.2 is irreversible after the
initial 60 min. Interestingly, the appearance of the long compo-
nent (~42 ns) also becomes apparent from ~60 min onwards
(see Table 1 and earlier discussion). Thus, the onset of irrever-
siblity is clearly linked to the formation of larger aggregates.
Earlier studies, have revealed that HEWL (at 1 mM concentra-
tion) polymerizes reversibly with increasing pH, studied up to
pH 11 [8,9].

We attempted to denature the day old lysozyme aggregates
(40 uM) by transferring them (1:10 dilution) to a solution con-
taining 6 M guanidine - HCI at pH 7. The ri, immediately after
transfer was 0.128 £ 0.002, and while it was 0.117 = 0.001 after
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overnight incubation at 298 K in the same medium. The aggre-
gates formed are clearly resistant to denaturation.

In order to confirm that the observed aggregation is not due
to covalent modification of the amino group, studies were car-
ried out with unlabelled lysozyme. It is worthwhile to recall
here that in Fig. 1, the steady-state anisotropy observed at
pH 12.2 with 200 uM lysozyme sample, contained 160 uM of
unlabelled lysozyme. In addition, the formation of aggregates
in unlabelled lysozyme (150 uM, pH 12.2) was clearly observed
from the rise in light scattering (4 = 350 nm) intensity using
vertically polarised light in the spectrofluorometer in contrast
to lysozyme (150 uM) at pH 7 (see supplementary material).
Hence, it is unlikely that aggregation is promoted by the cova-
lent modification of lysozyme.

In conclusion, we show that soluble aggregates in the early
stages of protein aggregation can be unambiguously tracked
in real time using fluorescence anisotropy of labelled dansyl
probe. Our data reveal that segmental motion is hindered in
aggregated protein. In the presence of 0.9 M arginine when
the progress of aggregation is arrested, we show that segmental
motion is quite free, while the protein itself is likely to be
loosely packed. We also show that irreversibility of aggrega-
tion is likely to coincide with the appearance of large multi-
meric aggregates. Finally, the slow aggregation kinetics of
lysozyme in alkaline pH can perhaps provide an experimental
model to understand the molecular events during aggregation
in structural detail given the wealth of structural data available
in PDB for this well characterised protein.
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Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.febslet.2006.
03.012.
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