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The small protein barstar aggregates at low pH to form soluble oligomers,
which can be transformed into fibrillar aggregates at an elevated
temperature. To characterize structurally, with residue-specific resolution,
the process of amyloid formation of barstar, as well as to monitor the
increase in size that accompanies the aggregation process, time-resolved
fluorescence anisotropy decay measurements have been introduced as a
valuable probe. Seven different single-cysteine-containing mutant forms of
barstar were made, to each of which a fluorophore was attached at the thiol
group. The rotational dynamics of these seven fluorophores, as well as of
the sole intrinsic tryptophan residue in the protein, were determined in the
amyloid protofibrils formed, as well as in the soluble oligomers from which
the protofibrils arise upon heating. Mapping of the fast rotational dynamics
onto the sequence of the protein yields dynamic amplitude maps that
allowed identification of the segments of the chain that possess local
structure in the soluble oligomer and amyloid protofibrils. The patterns of
these maps of the soluble oligomer and protofibrils are seen to be similar;
and protofibrils display more local structure than do the soluble oligomers,
at all residue positions studied. The observation that transformation from
soluble oligomers to protofibrils does not perturb local structure
significantly at eight different residue positions, suggests that the soluble
oligomers transform directly into protofibrils, without undergoing drastic
structural rearrangements.
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Protein misfolding leading to amyloid formation
has attracted considerable attention in recent
times, due to its involvement in a variety of
neurodegenerative diseases such as Alzheimer’s,
Parkinson’s, Huntington’s and prion diseases.'™"*
The alternative conformations of amyloidogenic
proteins and their multi-step assembly pathways
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have been under intense scrutiny."" The notion that
protein aggregation is a cause, rather than an effect,
of neurodegeneration has undergone numerous
experimental tests.” Hence, understanding the
mechanism of the conformational change by
which soluble functional proteins transform into
insoluble aggregates is critical to obtaining an
understanding of the molecular basis of these
diseases. Transformation of a native protein into
fibrils appears to occur via steps involving soluble
oligomers. Structures formed late during the
transformation include the larger precursors
termed protofibrils. Protofibrils, which consist of
arrays of protein molecules rich in B-structure, have
been implicated as the toxic species responsible for
cell dysfunction and neuronal loss in Alzheimer’s

0022-2836/% - see front matter © 2006 Elsevier Ltd. All rights reserved.
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disease and other protein aggregation diseases.” For
a proper understanding of the role of soluble
oligomers in amyloid protofibril or fibril formation,
it is important to obtain residue-specific structural
information of the aggregation process.

Recently, solid-state NMR methods'® as well as
X-ray crystallographic methods,'*' have provided
considerable insight into structures of amyloid
fibrils. The same peptide may form fibrils of
different morphologies having different underlying
molecular structures, as seen in the case of the A
peptide.”® The cross-B structural motif, in which
continuous B-sheets are formed with B-strands
running perpendicular to the long axis of the fibrils,
is a defining characteristic, but the B-strands may
adopt either parallel or antiparallel arrangements in
the case of the AP peptide, depending on its
length.'® A parallel B-helix, which is primarily a
B-sheet structure with the proper cross-B-orien-
tation, may also be adopted.'® Nevertheless, there
are some striking, albeit gross, structural simi-
larities between fibrils formed by different pro-
teins,'” as well as between the soluble precursors
from which the fibrils arise.® To obtain an under-
standing of how polypeptide sequence and length
determine general features of structural organiza-
tion within fibrils, and of how different fibrillization
conditions affect fibril morphology, it is necessary to
study the process of amyloid formation using
different proteins.

The ability to undergo amyloid-like fibrous
aggregation is not restricted to proteins associated
with amyloid diseases; many proteins are able to
aggregate in vitro into fibrils under special environ-
mental conditions.”'* One advantage of studying
aggregation using proteins whose folding and
unfolding pathways have been well-characterized
is that the folding and unfolding studies often lead
to a better understanding of a key early step in
protein misfolding and aggregation, which is the

conformational change that the protein undergoes
when partially destabilized. An archetypal model
protein for folding studies is the 89 amino acid
residue protein barstar, which is a natural inhibitor
of barnase, an extracellular endoribonuclease in
Bacillus amyloliquefaciens. Native barstar is mono-
meric (10.1 kDa) with three parallel o-helices
packed against a three-stranded parallel B-sheet,
and with a more poorly defined short helix
(Figure 1(a))."” At low pH, barstar unfolds partially
and reversibly to a molten globule-like A-form,2%->*
which possesses 60% of the secondary structure
present in the native protein, but is devoid of well-
defined tertiary interactions. Sedimentation velo-
city measurements have indicated that it is a soluble
aggregate with an apparent molecular mass of
about 150 kDa.*' Characterization of the A-form
using NMR spectroscopy has revealed that the
protein forms symmetrical aggregates (containing
15 or 16 molecules) in which the N-terminal
segment, anchored to the aggregated core com-
prised of C-terminal segments, does not take part in
the aggregation and exhibits large amplitude-
independent motion.>* At higher temperatures,
the A-form has been shown to transform into
amyloid fibrils.*® Our atomic force microscopy
(AFM) images reveal the presence of short and
curved protofibrils, with a diameter of =10 nm and
a length of 100-200 nm (Figure 1(b)). These
protofibrils transform into long and straight fibrils
in a very slow process, which takes one to two days
at room temperature (Figure 1(c)). A major attrac-
tion for using barstar as a model protein for
studying amyloid formation is its potential utility
for understanding how a soluble oligomer such as
the A-form is transformed into protofibrils and
fibrils.

Fluorescence methods of various levels of sophis-
tication have proven to be of much use in
unraveling the structural characteristics of amyloid

Figure 1. (a) Structure of barstar indicating the core Trp53 and sites of single Cys mutations (drawn from PDB). Each
single cysteine-containing mutant protein was labeled at its thiol using IAEDANS, as described in Supplementary Data.
(b) AFM image of protofibrils from fluorescently labeled barstar [Cys62-AEDANS]. The inset shows a magnified image.
The protein sample (50 uM at pH 2.7) was incubated at 70 °C for 2 h. (c) AFM image of matured fibrils from fluorescently
labeled barstar [Cys62-AEDANS]. The protein sample (50 uM at pH 2.7) was incubated at 70 °C for 2 h, and then at 25 °C
for 48 h. For each AFM image, an aliquot of the protein sample was transferred (after diluting 1:10 (v/v) with pH 2.7
buffer) onto a freshly cleaved mica surface. After incubating for 5 s, the mica surface was rinsed with 2200 pl of water
and dried under a stream of N, for 45 min before it was scanned. The AFM image was obtained with a PicoPlus AFM
instrument (Molecular Imaging Inc., Arizona, USA) operating in non-contact mode using NCL cantilevers (Nanosensors
Inc., Switzerland) with a resonance frequency of 165 kHz and a force constant ~50 N/m.
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fibrils.*** For example, residue-specific steady-
state fluorescence intensity measurements have
been particularly effective for characterizing the
amyloid core of the yeast prion protein.”® Steady-
state fluorescence anisotropy methods have been of
use in the case of the islet amyloid peptide.””?®
Time-resolved fluorescence measurements have
been shown to be useful in the early detection of
Alzheimer B-peptide.” Surprisingly, the power of
time-resolved fluorescence methods, which have
proven to be so useful in providing both global and
residue-specific structural information on protein
folding mechanisms,?*>2 has not been exploited in
the structural study of protein aggregation.

Unlike steady-state fluorescence measurements,
time-resolved fluorescence anisotropy decay
measurements provide insights into the global
dynamics (tumbling), and into the local dynamics
of the fluorophores and their surroundings.>*=” The
intrinsic (time zero) fluorescence anisotropy, ro, can
decay by local (fast) rotation of the fluorophore,
which is characterized by rotational correlation
time ¢, as well as by global (slow) motion of
the entire molecule, which is characterized by the
global rotational correlation time ¢gjow:

rt) = rO[Bfast exp(_t/¢fast)
+ Batow eXP(—/ dglow)] (1)

r(t) is the dynamic (time-dependent) fluorescence
anisotropy; ¢gow is related to the size (V) of the
aggregate by the Stokes-Einstein—Debye equation
in which n is the viscosity:

Pstow = MV/KT 2)

The amplitude of the local motion (B¢,s:) indicates
the rotational freedom (or the “degree of orienta-
tional constraint”) of the probe.38 In this work, Base,
which is related to the flexibility of the probe, is the
main structural parameter used to bring out the
information on the internal organization in both
oligomers and protofibrils. The other parameters,
including both the correlation times, are largely
insensitive to the location of the probe (see later).
Here, measurements of residue-specific fluores-
cence dynamics have been shown to be an effective
approach to characterize, at the individual residue
level, the formation of protofibrils from barstar.

Residue-specific fluorescence dynamics
of native barstar

Seven single-cysteine-containing (at positions 3,
14, 25, 40, 62, 82 and 89) mutant forms of barstar
were made, and each was labeled with the
thiol-active fluorescent probe, 5-((((2-iodoacetyl)
amino)-ethyl)amino)naphthalene-1-sulfonic acid
(IAEDANS) whose fluorescence lifetime is long
(>10ns). Additionally, the single tryptophan resi-
due at position 53 was used as an intrinsic
fluorescence probe. In the native form, fluorescence
anisotropy decay kinetics of all the labeled proteins

showed similar long rotational correlation
times (4.0(+1.0) ns), which agree well with the
size of native barstar (hydrodynamic radius is
1.7(£0.4) nm), as reported in our earlier studies.””
An additional short rotational correlation time
(drast <1 ns) was observed, whose amplitude (Bsast)
is indicative of the extent of angular diffusion of the
probe (Table 1) according to the wobbling-in-cone
model (Figure 2).*® Different positions showed
varied amplitudes for this fast motion, which can
be correlated with the native structure of barstar.
Residue 3 is buried in the core and the probe
attached to Cys3 has smaller amplitude of local
motion, whereas, residue 89 is completely exposed
and the probe attached to Cys89 has the most
significant amplitude of local motion. Trp53 is
completely buried in the hydrophobic core, and
does not display any local motion, as revealed by
a single—ex]]oonential decay in the fluorescence
anisotropy.’

Residue-specific dynamics in soluble oligomers
(A-form)

Upon a jump from pH 8 to pH 2.7, the long
component in the time-resolved decay of the
fluorescence anisotropy of barstar increases from
~4.5ns (pH 8.0) to >100ns (pH 2.7). This can be
ascribed to the formation of large oligomeric
assemblies, since the aggregate size is related to
the long rotational correlation time (equation (2)).
Aggregation begins in less than 1 min, and con-
tinues to occur for several hours. For 50 pM protein,
a sharp increase in ¢qoy (thus in size) was observed
till about 0.5h (Figure 3). After 2h, the rate of
increase essentially levels off, and the rotational
correlation time is found to range between 100 ns
and 130ns, indicative of the tumbling of an
apparent molecular mass of 150-160 kDa.

Interestingly, different positions show widely
varying amplitudes for the fast motion, indicating
that the structure of the A-form is specific (Table 1).
We introduce the terms structure gain (for the
decrease in the amplitude of the fast motion) and
structure loss (for the increase in the amplitude of
the fast motion) during pH-induced oligomeriza-
tion of barstar. In the A-form, the large amplitude
fast motion of residues 3 and 14 indicates that the N
terminus is unstructured in the A-form; in contrast,
residues 82 and 89 display low-amplitude fast
motion suggesting that the C-terminal region is
more structured in the A-form. The most significant
structure loss was observed for residue 3, indicating
that the N terminus is unstructured and not
involved in the aggregation. This observation
corroborates our earlier NMR-data.** The dynamics
of the N terminus residues 3 and 14 resemble
closely that of the unfolded chain in showing a
three-exponential decay of fluorescence anisotropy
yielding a long component (=100 ns) and two well-
resolved fast motions, namely, segmental and local.
The middle region appears to be flexible in the
A-form: Trp53 shows significant fast motion, unlike
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Table 1. Typical parameters associated with time-resolved fluorescence measurements

Protofibrils

Soluble oligomer (A-form)

Native protein

(I)fast (ns)

q
(x10°M~1s™Y)

A b
(nm)
485

Tm” (nS)

(I)fast (ns)
(Bfast)
1.8 (0.18)
0.2 (0.14)
1.4 (0.18)

¢slow (ns)
(leow)

)\m aXb
(nm)

T (NS)

¢fast (ns)
(Bfast)
2.4 (0.20)
0.4 (0.26)
4.2 (0.20)
0.5 (0.20)
1.9 (0.19)
1.7 (0.12)
0.5 (0.45)
2.1 (0.18)
2.7 (0.11)
3.2 (0.16)

¢slow (1’15)
(leow)

b

(nm)
494

)\max
(Bfast) Tma (I‘IS)
0.7(0.19)

¢s]ow (ns)
(ﬁslow)

Position

13.1 1.7

>200 (0.68)

487

14.6

>100 (0.54)

2.7

1

4.2 (0.81)

1.1

481

12.8

>200 (0.82)

486

12.6

>100 (0.60)

0.7(0.32) 10.5 496

47 (0.68)

14

0.9
0.4
44
0.4
0.4
0.6

481
475
339
483
473
474

12.2
14.7

1.0 (0.10)
2.1 (0.07)
0.6 (0.37)
1.5 (0.12)
2.1 (0.08)
1.3 (0.17)

>200 (0.90)
>200 (0.93)

485
475

13.1
15.6

120 (0.81)
124 (0.88)
>50 (0.55)
135 (0.82)
111 (0.89)

496
492
331
496
493

8.3
12.8

0.4(0.30)
0.6(0.25)

3.8 (0.70)
4.8 (0.75)
43 (1.0)
3.5 (0.62)
43 (0.70)
3.5 (0.52)

25

>50 (0.63)
>200 (0.88)
>200 (0.92)
>200 (0.83)

340

483

2.3

12.5

1

0.6

1

0.4(0.38)
0.4(0.30)
0.3(0.48)

62
82
89

14.4
1

477
476

13.9

12.8
8.6

3.9

13.9

139(0.84)

497

Errors in ¢ast+0.2 11S; Brast +0.02; dsjow £20 n1S; Bsjow £0.02; T4, (mean fluorescence lifetime)+0.01 ns. Data were collected at 460 nm emission wavelength after incubating the labeled proteins

(50 pM) at pH 2.7 at room temperature (24(11) °C) for 2 h for soluble oligomers and at 70 °C for 2 h for protofibrils.

y magic angle measurements.

2 Mean fluorescence lifetime obtained b

® Emission maxima.

=0.

7o at [Q]

Corresponds to Trp fluorescence. It should be pointed out that the fluorescence anisotropy decay of Trp in aggregates does not allow us to obtain the correct estimate of the long rotational

correlation time due the short fluorescence lifetime of Trp.

1+kq7o[Q]. 7 is the fluorescence lifetime at a quencher concentration [Q]. =

qis the bimolecular quenching constant; to/t=

<k
d

in the native form, where it shows no fast motion
because it is completely buried. The mean fluor-
escence lifetime of Trp53 is also much shorter
(2.3ns) compared to that in the native form
(4.8 ns), indicating a much greater solvent-exposure
of Trp53 in the A-form. This result is corroborated
by the observation that the fluorescence emission
maximum of Trp53 in the A-form is red-shifted with
respect to that in the native state (Table 1). The
residue-specific time-resolved fluorescence aniso-
tropy decay measurements therefore allow the
construction of a dynamic amplitude map that
illustrates the structural fine-points in the A-form.
The order of flexibility in the A-form of barstar can
be seen from the map shown in Figure 4(b).

Residue-specific dynamics in protofibrils

The A-form of barstar is transformed into
protofibrils (Figure 1(b)) by incubation at 70 °C.?
A significant increase in the long (global) rotational
correlation time (>200ns) is seen during the
transformation to protofibrils. This value, which
represents the higher limit of our measurements,
indicates the formation of structures of very large
size. Global tumbling correlation times of structures
of 10 nm diameter and several hundred nanometers
long are expected to be microseconds and beyond.

In the protofibrils, the amplitude associated with
the shorter correlation time, B¢, which is the main
structural parameter (Figure 4), is diminished for all
the residues except for residue 89 (Table 1). Thus all
residues, except residue 89, show structure gain on
going from the soluble oligomeric A-form to the
protofibrils, as shown by the decrease in the values
of Brast (Table 1). This observation points out the
formation of a much more ordered aggregate upon
fibrillation. Interestingly, two out of the three
B-sheets, which were originally present in the native
form, appear to have lost some structural ordering,
as indicated by large amplitude, fast rotation found
in residue 3 (B-1) and residue 53 (B-2). The region
around residue 25 appears to be more structured
compared to those around residues 3 and 14, but far
less structured compared to that around residue 40
(Table 1 and Figure 4(a)). The dynamic amplitude
map constructed for protofibrils is shown in
Figure 4(b).

The dynamic amplitude map for the protofibrils
is very similar to that of the soluble oligomers, the
A-form (see above), except in the overall decrease in
values of B, suggesting that the A-form may act
as the precursor for protofibrils. Thus, the structure
in the fibrils seems to be a more consolidated form
of that in the A-form oligomers. This observation
makes it unlikely that the A-form transforms into
protofibrils by first undergoing drastic internal
structural reorganization, because the dynamic
amplitude maps would then not be expected to be
so similar. The possibility that the similarity of the
two dynamics maps for the A-form and the
protofibrils may be due to the presence of large
levels of the A-form in the samples of protofibrils
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can be ruled out because no significant amounts of
soluble oligomers are seen in the AFM images of
protofibrils (Figure 1(b)). AFM images, of which
Figure 1(b) is typical, also show that no amorphous
aggregates co-exist with the protofibrils.

No detectable change in fluorescence dynamics,
for several hours after the formation of protofibrils,
was observed at any of the eight locations. After a
long incubation period, we had observed, by AFM
imaging, the transformation of protofibrils to fibrils
having linear structures (Figure 1(c)). Thus, we infer
that the internal structure of protofibrils and fibrils
are very similar to each other.

We feel it is essential to address the following
important issues related to the present study:. (i) The
organic probe used in this study may induce
additional structural changes in the protein mol-
ecule and whether, by doing so, it might affect the
fibrillation process. There are, however, several
observations that suggest that this is not the case:
(a) all labeled and unlabeled proteins assemble to
form soluble oligomers (the A-form) and proto-
fibrils like wild-type barstar under similar con-
ditions. (b) All of them form soluble oligomers (the
A-form) of comparable size, as evident from the
long rotational correlation time, ¢gow- (c) Similar
results are obtained by using a different thiol-active
fluorescent probe, namely acrylodan (data not
shown). (d) The data for the A-form are corrobo-
rated by NMR data obtained using wild-type
barstar.”* Of course, at this stage, it is difficult to
rule out completely the minor effects of probe
labeling. (ii) We have compared the dynamics of
AEDANS at seven different locations with that of
Trp53, although the properties of these two probes
are, of course, significantly different. Since the
linker arm of Trp is much shorter than that of
AEDANS adduct, the amplitude associated with

wobbling-in-cone model (8 is the
(i) cone-angle) to illustrate the local

and global rotational motions of
20 fluorophores linked covalently to
macromolecules.®®

the fast rotational correlation time should be
smaller in the case of Trp53 when the flexibilities
are similar. But we observe an increase in the
amplitude at Trp53 when compared to Cys40 and
Cys62, indicating that Trp53 is much more flexible.
It is possible that Trp53 resides in a flexible loop
connecting two segments of the chain participating
in the aggregate core. (iii) We have measured the
fluorescence emission of the AEDANS adduct at
460 nm (Table 1) as well as at 530 nm (Supplemen-
tary Data Table S1). The fluorescence emission of
AEDANS is very sensitive towards its local
environment; thus, the emission at 460 nm probes
the population of protein molecules in which the
AEDANS is buried, while emission at 530 nm is
biased towards the population of protein molecules

" ¢
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Figure 3. Kinetics of aggregation leading to the
formation of soluble oligomers (A-form) of barstar.
Time-course of change in the slow rotational correlation
time (diong), following a pH jump from 8 to 2.7, of
fluorescently labeled barstar [Cys62-AEDANS] (50 uM, at
24(+ 1) °Q).
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Figure 4. (a) Typical profiles of fluorescence anisotropy decay of barstar in protofibrils with simulated fits (continuous
lines). AEDANS labeled at Cys3, pink; at Cys14, blue; and at Cys40, red. (See Table 1 for typical parameters.) Smooth
lines were simulated with the parameters shown in Table 1. The samples were excited at 418 nm and emissions were
collected at 460 nm (see Supplementary Data for more information). (b) Dynamic amplitude map (representing the
amplitude, B,st, Of the short rotational correlation time) of barstar in the A-form (red) and protofibrils (blue).

in which the AEDANS is exposed. Hence, we see
that the values of By, are consistently lower when
determined from data collected at 460 nm than
when determined from data collected at 530 nm.
The pattern in the values of Bg.s: apparent in the
dynamic amplitude maps constructed from data
collected at the two wavelengths is essentially
unchanged. (iv) We have excited AEDANS-labeled
barstar at 418 nm, which is on the far red side of the
absorbance peak (337 nm). The use of the longer
excitation wavelength provides higher initial intrin-
sic anisotropy ([7ola1s nm =0.33) than what would
have been provided by use of a wavelength on the
blue side of the absorbance peak ([*9]l307 nm=0.22),
which allows us to detect smaller changes in the
dynamics. Furthermore, the choice of the excitation
wavelength in such studies is, in general, restricted
by the availability of suitable laser sources, as in this
case. Fortunately, the absorbance spectrum of
AEDANS is not very sensitive to its environment.
Table 1 also shows the site-specific value of the
wavelength of maximum emission (Amax) of the
AEDANS adduct. While the pattern of Apax is
similar to that of Bgg (Table 1), there are a few
discrepancies. It is likely that B, is a more reliable
structural parameter when compared to Apax.

Dynamic quenching corroborates the time-
resolved fluorescence anisotropy results

Time-resolved fluorescence anisotropy carries the
information on the extent of angular diffusion of the
probe. Although it is possible that a probe having
large internal motion may be buried and solvent-
inaccessible, it is far more likely that the residues
that have larger angular diffusion (large amplitude
local motion, Bs,st) Will be exposed to the aqueous

phase and, consequently, will be expected to
demonstrate efficient dynamic quenching. For
protofibrils, we observe that the pattern of dynamic
quenching by acrylamide (solvent-exposure) is
similar to that of dynamic fluorescence anisotropy
(local motion, PBg,st). Here again, we find that the
fluorescence of Trp53 is quenched extensively,
indicating that it is highly exposed. Thus, the values
of the bimolecular quenching constant, k, (which is
related to the solvent-exposure), in protofibrils,
appear to correlate closely with the time-resolved
fluorescence anisotropy data (Table 1).

Structural insights into the aggregation process

The dynamic amplitude map points out the
regions that are involved in the protofibrillar
assembly. It would appear that the N terminus is
not involved, because of fewer hydrophobic resi-
dues and because of the presence of more positively
charged residues at pH 2.7. The region comprising
residues 40 to 82 appears more prone to self-
assembly, presumably because of the presence of
more hydrophobic and fewer charged residues.
Hydrophobic interactions appear to play a major
role in defining amyloid structure.

For many proteins, partially unfolded molten
globule forms appear, to be the precursors for
amyloid aggregation.”® In this study, it has been
possible to obtain residue-specific information on
the amyloid protofibrils, and on the soluble
oligomer (A-form), from which they appear to
arise. An important point to address is whether
the A-form is on-pathway or off-pathway during
the fibrillation process. The pattern of structure, as
displayed in the dynamic amplitude map is similar
in the A-form and protofibrils (Figure 4(b)), and all
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the residue positions demonstrated structure gain
during the process of transformation from the
A-form to protofibrils. Since formation of amyloid
structure from soluble precursors is expected to be
progressive and accumulative, the similarity
between the dynamic amplitude maps of the
A-form and protofibrils makes it unlikely that the
A-form is off-pathway to the direct fibrillation
process. Moreover, in higher magnification AFM
images, small spherical beads are observed in
protofibrils (Figure 1(b), inset). These beads are
likely to represent spherical oligomers (A-form)
annealed into a pearls-on-a-string morphology in
the protofibrils.

Conclusion

In this study, it has been possible to obtain
residue-specific information on the protofibrils,
and on the soluble oligomers (A-form), which
appear to be their precursor. Characterization of
the rotational dynamics at eight different positions
on the polypeptide chain indicates that the trans-
formation of the A-form into amyloid does not alter
the local structure significantly at these positions.
Hence, it appears that the internal structure of the
soluble oligomers is largely preserved during this
transformation. It is anticipated that the novel
dynamic fluorescence-based method, introduced
here for the study of amyloid aggregation, will
allow us to interrogate the initial steps that
determine the mechanism of amyloid formation.
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