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Abstract

In an attempt to understand the mechanism of amyloid
Sfibril formation in light chain amyloidosis, the properties
of amyloidogenic (SMA) and benign (LEN) immunoglobu-
lin light chain variable domains (V,) were compared. The
conformations of LEN and SMA were measured using sec-
ondary and tertiary structural probes over the pH range
Sfrom 2 and 8. At all pH values, LEN was more stable than
SMA. The CD spectra of LEN at pH 2 were comparable to
those of SMA at pH 7.5, indicating that the low pH confor-
mation of LEN closely resembles that of SMA at physiologi-
cal pH. At low pH, a relatively unfolded intermediate
conformation is populated for SMA and rapidly leads to
amyloid fibrils. The lack of such an intermediate with LEN,
is attributed to sequence differences and accounts for the
lack of LEN fibrils in the absence of agitation. A xkIV-spe-
cific monoclonal antibody that recognizes the N-terminal
of SMA caused unraveling of the fibrils to the protofilaments
and was observed to bind to one end of SMA protofilaments

by atomic force microscopy. The antibody result indicates
that each protofilament is asymmetric with different ends.
A model for the formation of fibrils by SMA is proposed.

myloidosis involves deposits of normally soluble
Airoteins either neurologically, or systemically.
myloidogenic proteins sometimes undergo pro-
teolysis before formation of fibrils, as with immunoglobu-
lin light chains and apo-SAA in AL and AA amyloidosis,
respectively. In some cases, fibril formation is associated
with specific mutations, for example, transthyretin, apo
A-1, gelsolin, cystatin C, lysozyme (reviewed in'?).
[Immunoglobulin (Ig) light chain deposition diseases
involve both fibrils, as in AL (or light chain) amyloidosis,
or amorphous aggregates, as in light chain deposition dis-
ease (LCDD)’. Various sequences of Bence Jones proteins
have been characterized and their propensities to aggregate
have been studied**. A detailed analysis of amyloidogenic,
amorphous aggregate-forming or non-aggregating light
chains revealed a significant decreased stability for the
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amyloidogenic chains®. Recombinant Ig light chains have
also been studied and again the amyloidogenic chains were
shown to be less stable than the benign ones™'°. The varia-
tion within the Ig light chain variable domain sequences
makes the molecular basis of protein aggregation both in-
teresting and challenging to decode.

Both SMA and LEN (initials of the patients) belong to
the kIV family of Ig light chains. SMA was extracted from
lymph node-derived amyloid fibrils of an AL amyloidosis
patient'!, whereas LEN, was collected from the urine of a
patient with multiple myeloma who showed no evidence of
renal dysfunction or amyloidosis'®. The sequences of SMA
and LEN are very similar; only eight amino acids differ out
of 114. Four of these residues are in CDR3 (Q89H, T94H,
Y96Q, S97T), two are in CDR1 (S29N, K30R) and the re-
maining two in the framework region (P40L, 1106L). A
detailed study by Raffen et a/"* of SMA-like mutations in
LEN showed that only the Y96Q, Q89H, and P40L muta-
tions decreased the stability significantly. Other point mu-
tations S29N, T94H, and S97T actually increased the
stability of LEN. Analysis of the mutations revealed that
the stability difference between LEN and SMA could be
accounted for by the sum of the stability differences of the
individual point mutations, and that no two mutants acted
synergistically to significantly reduce the stability of SMA".
The high-resolution crystallographic structure of LEN (1.8
A) has been solved (PDB Accession No. 1LVE)"* and is
shown in Figure 1, in which the positions of the substitu-
tions in SMA are indicated. Recently, we reported the ex-
istence of two partially-folded intermediate conformational
states of SMA as the pH is decreased: a relatively native-
like intermediate, 1, observed between pH 4 and 6, and a
more unfolded, but compact, intermediate, I, below pH 3"
The I, intermediate readily forms amyloid fibrils, whereas
I, preferentially leads to amorphous aggregates. Except at
pH 2, where negligible amorphous aggregate is formed, the
amorphous aggregates formed significantly more rapidly
than the fibrils. Amorphous aggregates of SMA have also
been recently reported in the presence of copper®. No such
corresponding intermediates have been observed for LEN;
however, destabilizing conditions will promote LEN fibril-
lation's"7.

In this manuscript, we describe a detailed comparison
of the spectroscopic properties and aggregation propensi-
ties of LEN and SMA, a closely matched pair of benign and
amyloidogenic VLs. Our goal is to understand how the
sequence differences between LEN and SMA are respon-
sible for the differences in their propensity to fibrillate.
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Materials and methods

Expression and purification of recombinant SMA and LEN

The recombinant V, domains SMA and LEN were
purified from JM83 E. coli cells transformed with the plas-
mid pkIVsma004 and pkIVIen004 respectively, generously
provided by Dr. Fred Stevens, Argonne National Lab'®. The
overexpressed proteins were purified using the published
procedure with minor modifications'®. Briefly, the proteins
were extracted from the periplasm using osmotic shock via
treatment with ice-cold TES followed by cold distilled
water. The sucrose and water fractions were pooled together
and the periplasmic extract dialyzed against 4 changes of
20 volumes of 10 mM Tris pH 8.0 for LEN or 10 mM ac-
etate buffer pH 5.6 for SMA. The SMA extract was loaded
onto a fast-flow SP Sepharose column. The column was
washed with 10 mM acetate buffer, pH 5.6 and the protein
eluted using 10 mM phosphate buffer, pH 8.0. The frac-
tions were assayed by SDS-PAGE and those containing the
recombinant protein were pooled, filtered through 0.22 p
filters, and stored in glass vials at 4°C. Typical yields were
7 to 8 mg of purified protein per liter of cells. LEN extract
was passed through High Q cartridges (BioRad) followed
by dialysis in 10 mM acetate buffer pH 4.0 and loaded onto
a Mono S column using a FPLC system (Pharmacia). The
column was washed with 10 mM acetate buffer pH 4.0. LEN
was eluted using a salt gradient (from 0 to 120 mM sodium
chloride over 20 min). The purest fractions were pooled,
dialyzed against 10 mM phosphate buffer pH 8.0, concen-
trated using Centricon (Millipore) with a 10,000 cut off YM3
membrane, and stored at ~3-4 mg/ml concentrations in glass
vials at 4°C. Protein concentrations were measured via op-
tical density at 280 nm using the extinction coefficient of
E, ., = 1.8 calculated from the sequence.
Peptides

Peptides corresponding to the following sequences from
SMA, residues 1-13 DIVMTQSPDSLAV; 43-52
PPKLLIYWAS; 59-70 PDRFSGSGSGTD; and 94-107
HPQTFGQGTKLELKG were generously provided by Santa
Cruz Biotechnology.

Intrinsic tryptophan fluorescence measurements
Fluorescence measurements were made with a
FluoroMax-2 fluorescence spectrometer (Jobin Yvon-Spex).
Emission spectra were collected between 300 and 420 nm
following excitation at 280 nm. Spectra were collected from
pH 2 to 8 using 0.5 pM protein samples in 50 mM of the
appropriate buffer with 100 mM NaCl. Spectra were col-
lected at 25 and 37°C. The stability of SMA toward urea
denaturation was monitored as a function of pH by record-
ing changes in tryptophan fluorescence intensity upon
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excitation at 280 nm and emission at 350 nm at 25°C.
Samples of SMA (1 uM monomer) were incubated in
20 mM phosphate buffer (pH 7.4), 100 mM NacCl contain-
ing varying amounts of urea (0 to 8M) for 2 h to ensure
completion of the unfolding reaction. Data were analyzed
by non-linear least-squares fitting to a two-state folding
model. The fraction unfolded, F , was calculated using the
equation F = (y.- y)/(y,- y,) where y represents the
observed fluorescence at a particular concentration of urea,
and y, and y_ represent the corresponding fluorescence of
the folded and unfolded states respectively at that urea con-
centration. For baseline fitting, a linear least square analy-
sis was performed to determine the values of y, and y, as a
function of urea concentration. The free energies of unfold-
ing were calculated as a function of urea concentration us-
ing the equation AG = -RTInK_, where K, = f/(-f). AG°
was determined by linear extrapolation to zero urea con-
centration using the expression AG® = AG + m[Urea].

ANS binding

1,8-anilinonaphthalene sulfonate was obtained from
Kodak. A stock solution in water was filtered through a 0.2
um syringe filter and the concentration was measured us-
ing an extinction coefficient of 5000 M'cm™ at 350 nm.
The fluorescence emission spectra of solutions of 10 uM
ANS and 0.5 uM protein were collected at 37°C between
420 and 600 nm upon excitation at 380 nm as a function of
pH.

Circular dichroism spectra

CD spectra were collected on an AVIV Model 60 DS
spectrometer between 260 and 190 nm for the far-UV re-
gion and between 320 and 250 nm for the near-UV region,
with a step size of 0.5 nm, an averaging time of 5 s and
accumulation of 5 repeats. A 1 cm pathlength cylindrical
cell and 0.5 mg/mL protein concentration was used for the
near- UV CD measurements, and a 0.01 cm pathlength
cylindrical cell and 1.7 mg/ml protein concentration was
used for the far-UV CD measurements.

pH-dependence

pH-dependent changes in spectroscopic data were fit-
ted using a modified Henderson-Hasselbalch equation for
one (eqn. 1) or two (eqn. 2) transitions, in order to deter-
mine the midpoints of the transitions:

Yy +7, 107877

obs 1+10PH—PHmz

(D

Y,
Y. +Y lopH-pHm] + It
v - N 1. IOPH_‘DH”'Z (2)

obs 1
PH-pH
1+10 + [QPA-pi

where Y _is the observed spectroscopic property, Y is the
value of the spectroscopic property for the native state, Y
is the spectroscopic property for the native-like intermedi-
ate, and Y, is the spectroscopic property for the unfolded-
like intermediate. pH_| and pH_, are the midpoints of the
transitions from the native state to the I intermediate and
from the I to the I | intermediates, respectively'®.

Thin film ATR-FTIR

Measurements were performed using a SPECAC out-
of-compartment ATR accessory and a Nicolet 800SX FTIR
bench. A germanium crystal IRE was used for making hy-
drated thin-films of ~50 to 100 ug protein from both soluble
and insoluble protein, as previously described®??. The
sample spectra were Fourier transformed using a clean crys-
tal spectrum as background. The water vapor spectrum was
collected by reducing the air purge and subtracted from the
protein spectra until the resulting spectra were featureless
in the region between 1700 and 1800 cm'. Spectra for SMA
and LEN were collected at pH 7.5 (50 mM sodium phos-
phate, 100 mM NaCl), and at pH 2.0 (20 mM HCI, 100 mM
NaCl).

In vitro fibrillation assays

Fibril formation was monitored using a fluorescence
assay based on the enhanced fluorescence of the dye
thioflavin T (ThT) on binding to amyloid fibrils**. Amy-
loid fibrils were grown from purified protein solution (40
pM) at pH 2.0 (20 mM HCl and 100 mM NaCl)ina 1.8 ml
flat-bottomed screw-capped glass vial with and without stir-
ring using a Teflon-coated micro-stir bar. Typical fibril
growth experiments involved incubating the protein at 37°C
and removing aliquots (10 pL) over time for analysis by
ThT binding (see below). ThT fluorescence spectra were
collected using a SPEX/Jobin-Y von Fluoromax-2 spectrof-
luorometer. ThT binding assays were conducted by adding
the protein aliquots (10 nL) to 990 ml of a 20 uM pH 7.5
ThT solution (50 mM TRIS, and 100 mm NaCl) ina 1 mL
fluorescence cuvette. Fluorescence emission was monitored
at 482 nm (5 nm bandpass), with excitation at 450 nm (5
nm bandpass).

Atomic force microscopy
The samples were imaged with an Autoprobe AFM

(Park Scientific, Sunnyvale, CA). The tube scanner was a
100 um Scanmaster (Park Scientific). Non-contact
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ultralevers (Park Scientific) were used as cantilevers. The
images were taken in air, at a scan frequency of 1-2 Hz. in
non-contact AFM (NC-AFM) imaging mode. Samples were
prepared for AFM imaging by drying a 5 ml sample from
the reaction mixture on freshly cleaved mica with nitrogen
gas. The buffer was washed from the surface of the mica
with double distilled water and the mica was dried again.

Antibody binding to SMA fibrils

The 11-1F4 antibody was prepared as described?. SMA
fibrils were made by stirring a 0.5 mg/ml SMA solution at
pH 5, 37°C, for 4 days. Then 100 pL of the incubated solu-
tion was spun at 14000 rpm in a microfuge. The pellet was
washed twice with deionized water to remove the loosely
pelleted amorphous material. The resuspended fibrils were
incubated with 10 uL of 1 mg/mL solution of 11-1F4 anti-
body for 30 min after brief treatment in a water bath sonica-
tor. The preparation was centrifuged again, the supernatant
(with excess antibody) was removed and the pellet resus-
pended in 10 pL of deionized water before loading on to
freshly cleaved mica.

Determining the specificity of antibody 11-1F4 using pep-
tides derived from SMA

Reacti-bind maleic anhydride activated polystyrene
plates (Pierce, Rockford, IL) were used to immobilize 50
pl of 1 mg/mL solution of SMA, and 50 pL of 4 peptides
derived from the SMA sequence (residues 1-13, 43-52, 59-
70, 94-107) (~1 mg/ml) and phosphate buffered saline con-
trol solution. After overnight incubation, the plate was
blocked with 3% dried milk and 0.05 % Tween 80 in phos-
phate buffered saline. Then 0.01 mg/ml of the antibody 11-
1F4 was added along with 3% dried milk, and 0.05% Tween
80 in phosphate buffered saline to each well. The plate was
incubated overnight at 4°C. A solution of 0.05% Tween 80
in phosphate buffered saline was used to wash the plate in
between incubations. A 100-fold dilution of fluorescent-
labeled goat antimouse second antibody (Santa Cruz Bio-
technology) was added to each well, again followed by
washing the plate with 0.05% Tween 80 in phosphate-buff-
ered saline. The fluorescence was then measured using a
Cytofluor (Applied Biosystems) fluorescence plate reader.

Results and discussion

Structural and stability differences between LEN and SMA

The stability of LEN and SMA as a function of pH
were determined using urea-induced denaturation (Table 1).
Trp fluorescence was used to monitor the unfolding reac-
tion. Typical data, for pH 6.0, are shown in Figure 2. The
transitions were fit to a single unfolding transition and the

apparent C_ determined: the term apparent is used since
other data indicate that the starting conformation of SMA
would not be the native conformation at acidic pH. Thus,
conversion to free energy would be misleading, if interpreted
as the change in AG from native to unfolded. The data clearly
show that LEN is significantly more stable than SMA at all
pH values (apparent AG values ~ 1.5 kcal/mol). No signifi-
cant change in Trp fluorescence was observed for SMA at
pH 2, due to the fact that it is in a partially unfolded confor-
mation in which the Trps are already solvent-exposed.
Clearly, the increased stability of LEN must be a major fac-
tor in its resistance to fibrillation, compared to SMA.

Of the sequence differences between LEN and SMA,
three residue differences (Y96Q, Q89H, and P40L) decrease
the stability of LEN when incorporated individually, and
only two, Q89H and T94H, involve ionizable side chains
(Raffen et a/ 1999). Both the pH-dependence of Trp fluo-
rescence and of ANS binding (see below, Figure 3) show
significant differences between LEN and SMA suggesting
that part of the difference in their behavior reflects differ-
ences in one or more ionizable groups between them, most
probably Q98H, although conformational changes induced
by other residue differences could indirectly affect the pKs
of other ionizable side chains.

Differences in population of partially-folded intermediates
Jor LEN and SMA

Partially-folded intermediates are frequently populated
under moderately destabilizing conditions, such as low pH
or low concentrations of denaturant®. Several spectroscopic
techniques, including intrinsic tryptophan fluorescence, 1,8-
anilinonaphthalene sulfonate (ANS) binding, near- and far-
UV circular dichroism, 1-D NMR and FTIR, were used to

Table 1. The effect of urea on the stability of LEN and SMA.
The midpoints (C_'s) (M) of the unfolding transitions were
calculated by curve fitting the change in intrinsic tryptophan
fluorescence against urea concentration. The raw data was
converted to fraction unfolded, no corrections for potentially
different starting conformations were made. Standard errors
were $0.15 M.

pH SMA LEN
2.0 ND 1.92
4.0 1.47 3.22
6.0 3.24 5.26
8.0 4.02 5.22
10.0 3.48 438

ND: the conformation of SMA at pH 2 already has the Trp
residues fully exposed and does not show significant
changes in tryptophan fluorescence intensity upon addition
of urea.
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Figure 1a

Figure 1b

FIGURE 1: Model of the crystal structure of LEN (PDB accession code 1LVE)*, highlighting the amino acid residues that
are different in SMA (left) and showing charged residues (lysines, arginines, aspartates and glutamates) (right). At low pH
the salt bridges may be disrupted, and the histidines (positions 89,94) may repel each other and Lys-24, causing the protein

to destabilize and ultimately form fibrils.

monitor tertiary and secondary structural changes as the pH
of LEN and SMA was varied over the 8-2 range, in order to
detect partially-folded intermediates. Two such intermedi-
ates were observed for SMA, a native-like one (I) popu-
lated between pH 4-5 and a relatively unfolded one (I )
populated below pH 3; these have been described in detail
previously'®. No corresponding structural transitions were
observed for LEN, as monitored by ANS binding, a com-
mon means of detecting partially-folded intermediates®™*,
in contrast to SMA, which showed two transitions in the
ANS fluorescence emission maximum (Figure 3A) and
changes in the ANS intensity'*. The intensity of ANS emis-
sion below pH 3 was significantly higher than that of the
native conformation of SMA (data not shown). The solid
line fitted through the changes in ANS __ versus pH for
SMA (Figure 3A) was obtained using equation 2 (see
Materials and methods), and yielded transition midpoints
at pH 3.7+0.3 and 5.5+0.3.

The intrinsic tryptophan fluorescence emission was
measured for LEN through the pH range 2-7.5 and com-
pared with previously published data for SMA'* by plotting
either the wavelength of maximum emission (Figure 3B) or
the emission intensity at 345 nm (Figure 3C). No signifi-
cant changes were observed in either the wavelength of

maximum emission or the emission intensity for LEN. The
changes in the tryptophan emission maximum (Figure 3B)
and intensity (Figure 3C) for SMA were fitted using equa-
tion 1 and the midpoints of the pH transition were 5.6+0.3
and 3.5+0.3 respectively. The A___for tryptophan fluores-
cence of SMA changed from 347 to 345 nm on lowering
the pH to 5, indicative of changes in either one or both of
the tryptophans to a more non-polar environment. No fur-
ther change in the emission maxima was observed below
pH 3. For SMA the intensity of tryptophan emission did not
change significantly upon lowering the pH to 4, but a sig-
nificant increase in the intensity was observed below pH 3.
No significant change in tryptophan fluorescence intensity
was observed for LEN, except for a small gradual increase
with decreasing pH. The increase in fluorescence intensity
for SMA on lowering the pH is attributed to a decrease in
quenching of Trp 35 fluorescence caused by a conforma-
tional rearrangement in which Trp 35 is no longer in the
vicinity of the disulfide bridge'>'®. Such a conformational
change was not observed for LEN. These observations con-
firmed that, in contrast to SMA, no significant tertiary struc-
ture changes occur for LEN on lowering the pH to 2.
Thus, no partially-folded intermediates equivalent to
the I nor I, intermediates of SMA were observed for LEN.
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The apparent pK for the transition from native to I inter-
mediate, with a pK of ~ 5.5 must directly or indirectly
reflect the presence of a residue in SMA that is absent in
LEN. If the former, it suggests the involvement of either
one or both of the histidine residues that are present only in
SMA. Two out of the eight residue differences between LEN
and SMA are histidines (Q89H and T94H). These are the
only residue differences that could involve an ijonizable
group in this pH range; however, the value is low for a his-
tidine, suggesting that the imidazole sidechain is in a rela-
tively non-polar environment to depress the pK.
Alternatively, the pK could correspond to a carboxylate,
whose environment is significantly difference in SMA rela-
tive to LEN. The available data do not allow an unambigu-
ous choice between these two possibilities, although a His
source is the simplest explanation. In either case, the resi-
due changes in SMA result in a changes distinguishing the
pH-dependence of SMA and LEN. Thus it is likely that the
histidines may be important in the low pH conformational
changes that are responsible for amyloid fibril formation
selectively in SMA.

The transition from [ to I, in SMA, with a pK around
3.5, presumably involves one or more of the 4 aspartate or
2 glutamate residues (that do not change between LEN and
SMA) whose environment changes significantly in SMA
relative to LEN, to account for the observed titration. His-
tidines (Q89H and T94H) and glutamine (Y96Q) residue
differences in SMA are also implicated in pH-dependent
granular aggregate formation, which is not observed for
LEN?,

Fraction Unfolded

FIGURE 2: Urea-induced unfolding of SMA and LEN at pH
6.0, 37°C. The unfolding reaction was monitored by intrinsic
Trp fluorescence and converted to fraction unfolded. The
solid circles are for SMA, the open circles represent LEN.
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FIGURE 3: SMA, but not LEN, shows a build-up of partially
folded intermediates on lowering the pH. Panel A: ANS
binding in the pH range 2 to 7.5 for LEN (open symbols) and
SMA (closed symbols), monitored by change in ANS
fluorescence intensity. Panel B: The A__ for tryptophan
emission for SMA (closed symbols) and LEN (open symbols)
over the pH range 2 to 7.5. Panel C: The tryptophan
fluorescence intensity for SMA (closed symbols) and LEN
(open symbols) over the pH range 2 to 7.5. The solid lines
through SMA data are fitted to equation 1 and 2 as described
in the materials and methods. No significant changes were
observed for LEN upon lowering the pH whereas two
transitions were apparent for SMA, leading to the formation
of partially-folded intermediates |, and |, respectively.

RIGHTS



Amyloid Downloaded from informahealthcare.com by CDL-UC Santa Cruz on 01/30/15
For personal use only

Amyloid: J. Protein Folding Disord. 10, 97-109 (2003)

Secondary structure differences between LEN and SMA
at low pH

We measured attenuated total reflectance FTIR spec-
tra of SMA and LEN at both physiologic and acidic pH in
order to compare their secondary structures. The amide I
region (between 1600 and 1700 cm™) of the infrared spec-
trum is mainly contributed by the C=0 bond stretching
vibrations, and yields different peak positions for different
types of secondary structure. Native LEN, native SMA and
LEN at pH 2 all showed a major peak around 1638 cm™ in
the second derivative spectra of the amide I region, indicat-
ing predominantly B-structure (Figure 4). The similarity in
the spectra of LEN at low pH to that of native LEN and
native SMA indicates that the conformation of LEN has a
very similar secondary structure at low pH as at neutral pH.
In contrast, the conformation of SMA at pH below 3 was
shown to have substantially altered secondary structure (Fig-
ure 4). A detailed comparison of curve-fitted spectra of
native, [ and [, intermediates of SMA were described pre-
viously'®. The data shown in Figure 4 confirmed LEN did
not undergo significant structural reorganization at low pH,
and that the conformation of LEN at pH 2 is native-like.

Circular dichroism spectra in both the far- and near-
UV regions were recorded for SMA and LEN, to compare
the low and high pH conformations. The low pH conforma-
tion of LEN closely resembled the neutral pH conforma-
tion of SMA (Figure 5). The far-UV CD spectra of LEN
showed minor changes in the 216 nm peak upon lowering

2nd Derivative

1 | 1 1 1 i
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Wavenumbers (cm™)

FIGURE 4: Differences in secondary structure between LEN
and SMA monitored by FTIR. Second derivative ATR-FTIR
spectra of the amide | region of SMA at pH 8 (——), LEN at
pH8 (——),and SMA atpH 2 (—--—) and LEN at pH 2
(—-—). The second derivative spectrum of SMA at pH 2 is
different from the others, indicating a significant
conformational change in the transition to the | ; intermediate
conformation of SMA, whereas lowering the pH for LEN does
not significantly alter its secondary structure
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FIGURE 5: The low-pH conformation of LEN is similar to
that of native SMA. Panel A: Far-UV CD, and Panel B: Near-
UV CD spectra at pH 7.5 (circles) and pH 2.0 (triangles) for
LEN (open symbols) and SMA (closed symboils). Both the
far- and near-UV spectra of LEN at pH 2 are similar to those
of native SMA. The |, conformation (SMA at pH 2, the closed
triangies) has significantly different spectra in both the far-
and near-UV regions.

the pH from 8 to 2 (Figure SA). Aromatic clusters are known
to reduce the intensity of the ellipticity in the far-UV CD
region, and sometimes to give rise to positive ellipticities at
wavelengths as low as 216 nm?. In fact, the changes
observed in the 216 nm peak in the spectrum of LEN on
lowering the pH to 2 (Figure SA) are probably due to changes
in the aromatic clusters. This was confirmed by the lack of
changes observed by infrared spectroscopy on lowering the
pH (Figure 4). Notably, the far-UV CD spectrum of SMA
at physiological pH was comparable to that of LEN at pH 2.

Significant changes in the near-UV spectrum of LEN
on lowering the pH to 2 were observed, indicative of some
changes in the aromatic clustering (Figure 5B). The near-
UV CD spectrum of native SMA was comparable to that of
LEN at pH 2 (Figure 5B). The CD data suggests that there
may be some differences in the conformation of the aro-
matic clusters in native LEN compared to native SMA.
However, the only aromatic residue change between LEN
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and SMA (Y96Q) is not involved in either of the aromatic
clusters. Lowering the pH of a LEN solution would neutral-
ize the carboxylates, which could disrupt salt-bridges, caus-
ing changes in the orientation of the aromatic residues in
LEN. Since both far- and near-UV CD spectra of LEN at
low pH were similar to the native SMA spectrum, we sug-
gest that the orientation of the aromatic clusters in the low
pH conformation of LEN resembles. that of native SMA.
However, it should be noted that the changes in the near-
and far-UV CD spectra of LEN at low pH do not seem to
correlate with the behavior of the tryptophan, as seen in
the data of Figure 3. Thus, the effects of decreased pH on
the Trp environment do not parallel the changes in the aro-
matic clusters of LEN, in contrast to SMA.

It has been shown that proteins can be classified based
on their conformation at low pH*®. Based on this classifica-
tion, LEN is identified as a type II protein, since it lost sig-
nificant tertiary structure but maintained secondary upon
lowering the pH. SMA on the other hand, underwent sig-
nificant secondary and tertiary structure changes upon low-
ering the pH to 2.0 in the absence of salt, and is significantly
unfolded. The addition of salt had no effect on the low pH
conformation of SMA, and hence SMA is classified as a
type I protein®. These differences are attributed to the lower
stability of SMA.

Comparison of the kinetics of in vitro fibril formation of
SMA and LEN

We chose to study fibril formation for LEN and SMA
at pH 2, as these were the conditions that resulted in both
most rapid kinetics and highest yield of fibrils. In the
absence of agitation, only SMA formed fibrils at low pH
(Figure 6A). LEN at low pH was monitored for 20 days at
37°C and no increase in thioflavin T was observed (data
not shown). Figure 7 shows that changes in the Trp fluores-
cence of SMA, and ANS binding, correlated with the rate
of fibrillation under conditions of no agitation, whereas no
spectral changes were observed with LEN. The SMA spec-
tral data also show an initial rapid change, attributed to for-
mation of ..

With agitation, both proteins formed fibrils at low pH
within a few hours. At low pH LEN began to form fibrils
after 10 h (compared to 2 h for SMA) as shown by the
increase in thioflavin T fluorescence (open symbols in Fig-
ure 6B). LEN also forms fibrils readily at 65°C, where the
protein is partially denatured (data not shown), and in the
presence of urea'”.

The 11-1F4 monoclonal antibody disassembles SMA fibrils
and binds to one end of the protofilaments

We have previously shown, using atomic force micros-
copy (AFM), that the fibrillation of SMA involves a hierar-
chical assembly process®' in which protofilaments (2.5 nm
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FIGURE 6: Comparison of the kinetics of fibril formation by
SMA and LEN. Fibril formation was monitored by thioflavin
T binding at pH 2, 37°C. Panel A: In the absence of agitation,
LEN (open circies) and SMA (closed circles). No fibrii
formation was observed for LEN, whereas SMA formed fibrils
readily. Panel B: In the presence of agitation (stirring at 600
rpm) both SMA and LEN formed fibrils, although the kinetics
were faster for SMA. Protein concentration was 0.5 mg/ml.

diameter) are initially formed by elongation of fibril nuclei.
Two of these protofilaments intertwine to form protofibrils
(4.8 nm), and two protofibrils intertwine to form fibrils (8
nm). The 11-1F4 antibody was incubated with pre-formed
SMA fibrils of 8 nm average diameter and fibril clusters
formed at pH 5, where amorphous aggregates were also
observed. The fibrils were separated from amorphous
aggregates by spinning and separating the pellet fraction
that populated amyloid fibrils, After 30 min incubation with
the antibody only protofilaments of 2.5 nm diameter were
observed by atomic force microscopy (white arrows in Fig-
ure 8). This observation means that the presence of the anti-
body led to rapid disassembly of fibrils into protofilaments.

This result strongly supports the hierarchical assembly
model of fibril assembly. Further, the antibody-induced dis-
sociation of the fibrils into protofilaments indicates that the
antibody must interfere with the interaction of protofilaments
to form protofibrils and fibrils. Interestingly, the 11-1F4
antibody was observed bound to only one end of the fila-
ments, as shown by the light grey arrows in Figure 8. This
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observation indicates that the monoclonal antibody specifi-
cally recognized one end of the filament and that the other
end of the filament was thus structurally different; imply-
ing that the filament-forming subunit is asymmetric, and is
joined end-to-end to form the filaments.

Amyloid fibrils formed at pH 2 for both LEN and SMA
were also incubated with the 11-1F4 monoclonal antibody,
and lead to dissolution of the fibrils, as no fibrils were
observed by AFM after incubation with the antibody, indi-
cating that the specific interaction of antibody to amyloid
fibrils lead to their breakdown. In contrast, no binding of
the kappa-specific monoclonal antibody 11-1F4 was
observed on incubation with fibrils of insulin or alpha-
synuclein, nor were these fibrils disrupted.
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FIGURE 7: Spectral changes for LEN and SMA at pH 2.0,
37°C, no agitation. Open circles represent SMA, squares
are for LEN. Top panel are changes in ANS fluorescence
intensity, bottom panel is change in Trp fluorescence i ..
The initial jump in the SMA data reflects formation of the |,
intermediate. Under these experimental conditions SMA
formed fibrils with a similar rate to the slower observed
spectral changes (see Figure 8A).

Elucidating the recognition site of 11-1F4

The solvent exposed P-strands of SMA, based on
homology with the LEN crystal structure, were tested for
recognition by the 11-1F4 antibody, using a fluorescence-
conjugated secondary goat anti-mouse antibody and a plate
assay. Of the four peptides tested, only the N-terminal pep-
tide, DIVMTQSPDSLAYV, was recognized by the 11-1F4
antibody (Figure 9). This result indicates that the 11-1F4
antibody specifically recognizes the N-terminal 13 residues
of SMA. Thus, one end of the protofilament must have the
N-terminal region of SMA exposed to solvent, so that it can
be recognized by the monoclonal antibody.

Model for SMA fibrillation

The major differences in fibrillation properties between
LEN and SMA must ultimately reflect their sequence dif-
ferences. We would like to be able not only to propose a
model for the mechanism of aggregation of SMA, but also
to be able to account for its much greater propensity to fib-
rillate compared to LEN. One significant difference between
LEN and SMA is that in the latter, long-lived partially-folded
intermediates are present, which are absent in LEN. Since
we believe that such partially-folded intermediates are criti-
cal precursors for aggregation, the larger their population
the greater the propensity to fibrillate. In the case of LEN,
our data indicate that if there are corresponding partially-
folded intermediates to those of SMA, they are populated
to much lower levels or are much more short-lived. The
lack of such stabilized intermediate conformations for LEN
is the most likely reason for its greatly decreased propen-
sity to fibrillate, in comparison with SMA. This then leads
to the question of why SMA forms such intermediates and
LEN does not. We have previously reported that the rela-
tively native-like partially folded intermediate of SMA (1)
is responsible for amorphous aggregates, and the more un-
folded partially-folded intermediate (I )) is critical for fibril
formation'®. Since only fibrils are formed by LEN on agita-
tion at low pH'® it is likely that under these conditions LEN
forms transient intermediates with similar properties to [, .
Apparently the significantly greater stability of LEN, due
to the Y96Q, Q89H, and P40L substitutions, decreases the
population of the LEN partially-folded intermediate(s) to
the point where low pH alone is insufficiently destabilizing
to populate the intermediate to a high enough concentration
to form the critical nucleus leading to fibrillation. It is only
with the additional destabilizing influence of the air-water
interface (on agitation) or the presence of denaturants such
as urea'” that sufficient partially-folded intermediate(s) of
LEN build-up to allow fibrillation to occur.

The kinetics of SMA fibrillation are consistent with a
scheme involving nucleated polymerization, which is char-
acterized by a lag followed by exponential growth of fibrils.
Given the critical requirement for the I intermediate for
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fibrillation, the minimum kinetic scheme for SMA fibrilla-
tion is shown in scheme 1,

M < [, < Nucleus - Fibrils

Scheme 1

where M = native monomer and [, = relatively unfolded

intermediate. In the case of LEN we assume a similar scheme
exists, except that the partially-folded intermediates are only
transiently populated, and only under conditions of signifi-
cant destabilization, e.g. low pH and agitation. However,
the presence of amorphous aggregates with SMA", and off-
pathway oligomers with LEN'¢ indicates that the actual over-
all aggregation pathways are considerably more complex,
minimally as shown in scheme 2,

M & (I) <> Nucleus — Fibrils

v

(), —» Amorphous aggregates
Scheme 2

where (I) represents one or more partially folded interme-
diate and (I)_represents oligomeric intermediate(s).

The AFM results, demonstrating that an antibody that
recognizes the N-terminal residues of SMA can disassemble
SMA fibrils into protofilaments, and that the antibody pref-
erentially binds to one end of the protofilaments, are infor-
mative. The latter observation indicates that the
protofilaments have directionality (see Figure 8), and that
the N-terminal strand is only accessible to the antibody
at one end of the protofilament. Since the protofilaments
are 2.5 nm high, they may either represent a single mol-
ecule of SMA in cross-section, i. e. the B-strands with their
attendant turns and loops run orthogonal to the axis of the
filament and the mica substrate, or they may represent two
SMA molecules in cross-section, one (3-sheet stacked on
top of another. Based on the far-UV circular dichroism and
FTIR spectra of the [ | intermediate it is possible this inter-
mediate still retains a significant native-like topology for
its B-strands. The AFM data are consistent with a model in
which the N-terminal strand of one I, molecule can interact
with the C-terminal strand of another, leading to indefinite
elongation (Figure 10). Interestingly, the injection of light
chain antibodies into mouse amyloidomas has been reported
to result in antibody-induced regression®’. That the pres-
ence of the antibody binding to one end of the protofilaments
is sufficient to rapidly dissociate fibrils and protofibrils into
their constituent protofilaments suggests that the forces in-
volved in the interaction between the protofilaments are
relatively weak. The simplest explanation would involve
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binding of the antibody at one end of the protofilament act-
ing as a wedge to physically separate the protofilament com-
ponents of the fibrils and protofibrils.

Although there have been few detailed structural char-
acterizations of partially-folded intermediates, the data that
are available suggest that they consist of a core of native-
like structure with the remainder of the polypeptide chain
in a highly dynamic state, but favoring native-like confor-
mations**-*¢, Thus for molecules such as the light chain vari-
able domains, the partially-folded intermediates are likely
to consist of a core of B-strands with the N- and C-terminal

FIGURE 8: Atomic force microscopy images of SMA fibrils
interacting with a kIV-specific monoclonal antibody, 11-1F4.
This antibody, which recognizes the N-terminal residues of
SMA, binds only to one end of SMA protofilaments, and
causes “unwinding” of SMA fibrils to their constituent
protofilaments. Panel A: antibody molecules (light grey
arrows) bound to the ends of SMA protofilaments (white
arrows; 2.5 nm in diameter; the starting fibrils were 8 nm
high). Panel B: one 11-1F4 molecule binding to two filaments
(arrow), indicating that both the antigen binding sites of the
monoclonal antibody bound one end of two different
filaments.
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Negative control SMA 1-13 43-52 59-70 94-107

FIGURE 9: Elucidation of the 11-1F4 monoclonal antibody
recognition site on the «lV variable domain sequence. The
binding of the following potential antigens; buffer (negative
control), purified SMA, four peptides derived from the SMA
sequence, residues 1-13, 43-52, 59-70 and 94-107, was
done as described in the experimental procedures. The
fluorescence values from binding of a fluorescence-labeled
secondary antibody are shown as the ordinate.

O= Oe e[ ]—

M In Iy Nucleus

2 <L LKL

Protofilament

FIGURE 10: Minimal kinetic scheme for the fibrillation
pathway for SMA. The model shows the conformational
change between native monomer (M) to two partially-folded
intermediates (I, which leads predominantly to amorphous
aggregates, and |, which leads to fibrils) of which I, is
asymmetric and assembles in the nucleus and fibrils with
distinct N- and C-terminal polarity, as shown by the letter N.
Protofilaments, which are shown, interact to form protofibrils
and fibrils.

regions relatively unfolded. In addition, the core structure
of SMA and LEN will be maintained by the single disulfide
bridge formed between Cys23 and Cys88.

Thus, it is possible that the intermolecular interactions
between individual molecules of SMA in the formation of
protofilaments involve an interaction that may be likened
to a domain swap between the N-terminal strand of one
molecule with the C-terminal strand of another. This is analo-
gous to the models proposed for the dimerization of RNase
A. For RNase A, major*” and minor dimers*® are formed by

domain swapping of either the C- or the N-terminal parts,
respectively. Further interactions between the N-terminal
of one molecule and the C-terminal of another molecule
can result in the infinite formation of long fibril-like struc-
tures. The monoclonal antibody binding to one end of SMA
protofilaments directly implicates the involvement of the
N-terminal end of the molecule. Since the N- and C-termi-
nal regions directly interact in the native conformation, we
propose that the C-terminal end is the other most likely
region that could be involved in asymmetric domain swap-
ping resulting in long amyloid fibrils. ,

Davis er al’*° suggest that peptides FTLTISS (71-77)
and YQQKPGQ (36-42) function as inhibitors of fibril for-
mation and granular aggregate formation in SMA respec-
tively. It is possible that that these residues are directly
involved in intermolecular interactions and hence block the
regions of the protein that are involved in elongation of
amyloid fibrils or granular aggregate formation, as the case
may be.

Two of the amino acid differences between LEN and
SMA, Q89H and T94H, lead to differences in charge at low
pH between the two proteins. The two histidines, present
only in SMA will be positively charged at low pH (below
5), and could lead to additional charge-charge repulsion,
both with each other and also with Lys24, the only other
positively charged residue in their vicinity. This repulsion
could cause the loop prior to the C-terminal B-strand to pull
away from the core structure. Lowering the pH could also
disrupt the salt-bridges between Asp9-Lys103 (connecting
the N- and C-terminal strands) and Lys107-Glul7 in both
LEN and SMA (Figure 1). LEN, on the other hand, does
not undergo conformational changes upon lowering the pH,
possibly due to the absence of the two histidine residues at
positions 89 and 94. This could indicate that it is the easier
swapping of the C-terminal strand of SMA, due to weaker
interactions with the core of the molecule, which facilitates
fibrillation.

The data allow us to correlate the differences in pri-
mary structure of a benign and an amyloidogenic light chain
directly to their fibril-forming propensities. These observa-
tions broaden the hypothesis that the primary structure en-
codes the information for the native conformation. We
propose that the primary structure may also determine con-
formational changes leading to aggregation.
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