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ABSTRACT: Differences in themolecular structures of β2-microglobulin between the twomorphologically different
amyloid fibrils having a needlelike [long-straight (LS)] and flexible [wormlike (WL)] character were investigated
by infrared, Raman, and vacuum-ultraviolet circular dichroism spectroscopy. It turned out that although the
β-sheet content was comparable between the two kinds of fibrils (53 ( 6% for the LS fibril and
47 ( 6% for the WL fibril), the protonation states of the carboxyl side chains were distinctly different; the
deprotonated (COO-) and protonated (COOH) forms were dominant in the LS and WL fibrils at pH 2.5,
respectively,meaning that the pKa is specifically lowered in theLS fibril. Such a differencewas not observed for the
fibrils of the core fragments. Since site-specific interactions generally cause variation in the pKa of carboxyl side
chains in proteins, these results suggest that “hook”-like interactions generated by hydrogen bonding and the
formation of a salt bridge are present in the LS fibril, providing enthalpic stabilization. Presumably, the carboxyl
groups fix the spatial arrangement of β-strands and β-sheets, bringing about the needlelike morphology. The
absence of this regulationwould result in the flexiblemorphologyof theWL fibril, providing entropic stabilization.

β2-Microglobulin (β2m)1 is a light chain of the class I major
histocompatibility complex. It consists of 99 residues and con-
tains two β-sheets bound with a disulfide bond (immunoglobulin
fold) (1). The formation of amyloid fibrils occurs in patients
undergoing dialysis, and its deposition in tissues is the cause of
several disorders (dialysis-related amyloidosis).

There are two fundamental issues to be clarified with regard to
the fibril formation of β2m. (i) Why are fibrils formed under
physiological conditions in vivo (fibril formation is known to
take place under acidic conditions or with the aid of several
compounds in vitro)? (ii) What is the thermodynamically most
stable protein structure in the fibril under the given conditions?
Such issues are general, and not specific toβ2m. The first question
is related to the idea that “the protein structure in the native state
is unique and thermodynamicallymost stable under the physiological
conditions” (Anfinsen’s dogma). Spontaneous fibril formation
implies that the fibril state is expected to be more stable than the
soluble monomer state for these very reasons.

For β2m, the effects of additional factors such as Cu2þ (2, 3),
sodium dodecyl sulfate (4), collagen (5, 6), and nonesterified fatty
acids (7) have been reported to lower the stability of the native
state at neutral pH, suggesting that these factors induce the
transformation of β2m from the native state to an intermediate
state directed toward fibrillization. It is considered that an
additional factor is indispensable under physiological pH, be-
cause this would be consistent with the dogma. Fibril formation
also proceeds through an acid-denatured state (8-10), and in this
case, protonation of the β2m molecule is crucial. The effects of
these factors on the protein secondary structure are also intri-
guing; the Cu2þ ions coordinate to the side chain of His31 and
facilitate the cis-trans isomerization of Pro32, yielding the
intermediate state (2, 3). For SDS and collagen, charged groups
are thought to play an essential role (4, 5). The fatty acids are
thought to partially unfold β2m to an aggregation-prone con-
former at neutral pH (7).

The second problem concerns the origin of the thermodynamic
stability of the molecular structure of proteins in the fibril. At
present, the determination of the atomic coordinates is still in
progress. Furthermore, the reason for the morphological resem-
blance of the amyloid fibrils generated by different proteins also
remains to be explained, since common features of both the
protein secondary structures and fibril morphology have been
commonly noted. The fibril adopts a linear morphology without
branching (∼10 nm in thickness and a fewmicrometers in length)
irrespective of the precursor protein species, and it consists of
several twisted thinner elements (called protofilaments) in most
cases; the number of the protofilaments constituting a fibril and
the period of internal twist were variable, even if the fibrils were
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formed under an identical condition (11), although the β-sheet
core structure is commonly seen in fibrils (12).

Any factor that determines this linear morphology should be a
fundamental property of amyloid proteins, because this is
commonly observed, irrespective of the precursor protein. Elu-
cidation of such a factor is one of purposes of this study, for
which it is beneficial to compare the structures of the same
protein in fibrils with different morphology.A few examples have
already been reported; the Aβ1-40 fibril displays a different
morphology with regard to the periodic twist under quiescent
and/or agitated conditions, and a structural difference was
observed in the presence or absence of the salt bridge between
Lys16 and Glu22 for these two morphologically different
fibrils (13). In terms of the fibril of the K13A mutant of the
Aβ13-21 fragment, the concentration of Zn2þ ions rapidly brings
about assembly of a helical ribbon instead of a fibril (14). Other
examples include the aggregates of R-synuclein, the morphology
of which depends on changes in the pH and salt concentra-
tion (15), and human stefin B, which is influenced by the pH
condition and the concentration of 2,2,2-trifluoroethanol (16).
Multiple morphologies appearing under different conditions of
protein concentration, pH, and salt concentration have been
reported for β2m (10). In these studies, however, the molecular
mechanism inducing the morphological difference and the rele-
vance of the structural nature of proteins and/or peptides to a
particularmorphology have not been elucidated. Several imaging
techniques, such as atomic force microscopy (AFM) (11, 17),
electron microscopy (18), and evanescent fluorescence micro-
scopy (19, 20), have been developed; a number of the morpho-
logical characteristics of the fibril have been identified, and the
effects of mutation and/or chemical conditions on fibril mor-
phology have come under investigation. In contrast, the forth-
coming structural information has not been abundant, in part
because of the difficulties in applying X-ray crystallography and
NMR (21-24).

For our purposes, the β2m fibril was targeted because the
multiple morphologies and their formation conditions have been
established (10) and the morphological differences of the β2m
fibril are clearest among those studied so far. Accordingly, the
long-straight (LS) and wormlike (WL) fibrils of β2mwere treated
in this study. The structural analysis of the fibril of the core
fragment of β2m has been reported (24). However, structural
analysis of the fibril of large proteins by high-resolution techniques
is still limited to date. We employed infrared absorption (IR),
Raman scattering, and vacuum-ultraviolet circular dichroism
(VUVCD) spectroscopy. IR and Raman spectroscopy have been
widely applied to the structural analysis of biomolecules (25-31).
The similarity and difference of the structural character of each
fibril will be elucidated by direct comparison of IR spectra.
Application of IR spectroscopy to the fibril structure is particu-
larly advantageous because of the utilization of the 13C isotope
labeling technique (32-34) and linear dichroism measure-
ment (35). CD spectroscopy is known as a powerful technique
for secondary structure analysis (36), and its measurements, at
shorter wavelengths in particular, are expected to increase the
precision of the secondary structure determination. In this study,
the measurement is extended to 172 nm with synchrotron
radiation.

Structures of several states of β2m fibrils have been investi-
gated by using IR spectroscopy. Jahn et al. (37) demonstrated the
structural identity between the LS fibrils prepared in vitro and
in vivo and indicated the spectral difference of the LS fibril from

the WL fibril and an amorphous aggregate. Fabian et al. (38)
investigated the conformational changes associated with the
assembly of β2m under acidic conditions and pointed out
structural differences between several states. They revealed that
the heat-triggered conversion accompanied the morphological as
well as the structural changes. Apart from their investigation, our
study aims at a quantitative analysis of the secondary structure
content and the protonation state of COOH groups.

EXPERIMENTAL PROCEDURES

Sample Preparation. Recombinant β2m from yeast (Pichia
pastoris) was used in this study; four additional residues (Glu-4-
Ala-3-Tyr-2-Val-1) were attached to the N-terminus (8). The
sequence is shown in Scheme 1.

The needlelike fibril which appears long and straight was
prepared by following the reported procedure (8). Briefly, β2m
was dissolved in buffer containing 50 mM citrate (pH 2.5) and
100 mM NaCl, and the protein concentration was adjusted to
84 μM (1.0 mg/mL). The preformed LS fibril was added as a seed
(final concentration of 5 μg/mL), and then it was incubated at
37 �C for 10 h. Note that fibril formation occurs in two steps
(nucleation and elongation), and the addition of the preformed
fibril allows the former step (the seed effect) to be skipped.
According to Gosal’s diagram, the long-straight (LS) fibril is
spontaneously formed under this condition without the seed (10),
but slowly. The flexible fibril, which appears wormlike, was
prepared according to the previous report (9, 39). Briefly, β2m
was dissolved in buffer containing 50 mM citrate (pH 2.5) and
200 mM NaCl, and the protein concentration was adjusted to
42 μM (0.5 mg/mL) and then the mixture incubated at 37 �C for
1 week. According to Gosal’s diagram, the wormlike (WL) fibril
is expected to appear under this condition (10).

The structures of β2m in the native and denatured states in
solution were also examined and compared with those of the two
fibrils. For IR and Raman spectroscopy, the native state of β2m
was prepared in buffer containing 50 mM phosphate (pH 7.5)
and 100 mM NaCl, and the denatured state was prepared in
buffer containing 50mMcitrate (pH 2.5) and 100mMNaCl. The
concentration of β2m was adjusted to ca. 170 μM (2 mg/mL) in
both cases. To avoid the interference from Cl-, the salt concen-
tration was changed only for the VUVCD measurements of the
native and denatured states (see below).

Two peptide fragments having a partial sequence of β2m were
also treated in this study.Peptide fragmentβ2m20-41 (denoted asK3)
having a partial sequence of β2m [20SNFLNCYVSGFHPSDIE-
VDLLK41 (see Scheme 1)] (40) was synthesized at the National
Institute for Basic Biology, Japan, Center for Analytical Instru-
ments (Okazaki, Japan), purified byHPLC (Develosil ODS-HG-
5 column, Nomura chemical), and stored as a DMSO solution
(25 mg/mL) at -80 �C. The other peptide fragment, K3-K7 [cf.
K7 = β2m76-91 (

76DEYACRVNHVTLSQPK91) bound to K3
with a disulfide bridge between Cys25 and Cys80 (see Scheme 1)],

Scheme 1
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was prepared by application of a lysyl endopeptidase (WakoPure
Chemical) to β2m (40). It was purified byHPLC (Develosil ODS-
HG-5 column, Nomura chemical) and stored as a DMSO
solution (25 mg/mL) at -80 �C. These peptides were dissolved
in the buffer (pH 2.5) containing 50 mM citrate and various
concentrations of NaCl (see below) and were adjusted to a
concentration of 100 μM. The solution was incubated at 37 �C for
10 h, and the fibril was obtained by spontaneous fibril formation.
Measurements. (i) IR Spectroscopy. IR spectra were

recorded with an FT-IR microscope spectrometer (Avatar360
and Continuμm, Thermo Nicolet) with a transmission setup.
Each spectrum presented was an average of 1024 spectra. The
spectral resolution was 4 cm-1. In the linear dichroism measure-
ment, inaccuracy in the polarization of the probe light due to the
solid angle of the focal objective Cassegrainmirrors (NA 0.65) of
the IRmicroscopewas compensated by taking the hole size of the
iris into account (41).

The good correlation between the secondary structure of the
peptide main chain and the peak position of the amide I band is
well-known (25); the amide I bands of non-R-non-β (β-turn, loop,
β-bulge, etc.), R-helix and random coil, and the β-sheet struct-
ures are expected to appear at >1660, 1660-1640, and 1640-
1620 cm-1, respectively. Also, the number of residues contained
in each secondary structure is estimated from the ratio of the
integrated band intensities, because it is nearly proportional to
the number of peptide groups present. Thus, the secondary
structure content was estimated for the fibrils on the basis of
this principle.

Data sampling and handling were performed as reported
previously (42). The structural analysis described here is based
on the assumptions that (i) there is no exception in the empirical
relationship between the amide I frequencies and the secondary
structure and (ii) themolar extinction coefficient depends little on
the secondary structures. These assumptions are acceptable
because the secondary structure contents of several proteins
tested agree well with those from X-ray crystallography, the
deviation being 4% (25) or <5% (26).

In the band fitting analysis, the fitting parameters were chosen
so that both the observed IR spectrum and its second-derivative
spectrum could be reproduced simultaneously. As a result, the
error was reduced to nearly 1% of the determined parameters in
every case, and it was sufficiently smaller than the error of systematic
uncertainty.

(ii) VUVCD Spectroscopy. Circular dichroism (CD) mea-
surement has been extensively employed in the analysis of the
secondary structure content of proteins (36), and the accuracy is
improved when the spectrum is recorded at shorter wavelengths.
One reason for this is that CD spectroscopy with vacuum-
ultraviolet light (VUVCD) was employed.

The native state of β2m was prepared in a buffer containing
50 mM phosphate (pH 7.5), while the acid-denatured state was
prepared in a buffer containing 5mMcitrate (pH 2.5); the sample
concentration was increased to 2.5 mg/mL (210 μM), while NaCl
was not added to the VUVCD samples. The LS and WL fibril
states were prepared as described for IR Spectroscopy.

The VUVCD spectra of β2m in the native and acid-denatured
states were measured from 172 to 260 nm under high vacuum
(10-4 Pa) using the VUVCD spectrophotometer constructed at
the Hiroshima Synchrotron Radiation Center (43) and an
assembled-type optical cell (44). The VUVCD spectra of β2m
in the LS andWL fibrils were measured from 187 to 260 nm due
to the disturbance by the absorption of Cl- ions in the short

wavelength region. The path length of the cell was adjusted with a
Teflon spacer to 50 or 25 μm. All of the VUVCD spectra were re-
corded with a slit width of 0.25 mm, an instrument time constant
of 16 s, a scan speed of 4 nm/min, and four to nine accumulations
of spectra.

The secondary structure contents of β2m in each state were
analyzed using SELCON3 (36) and the VUVCD spectra of 12
reference proteins that are known to be rich in β-strand [the
Protein Data Bank (PDB) entries are given in parentheses] (45, 46):
β-lactoglobulin (1B8E), pepsin (4PEP), trypsinogen (1TGN), R-
chymotrypsinogen (2CGA), soybean trypsin inhibitor (1AVU),
concanavalin A (2CTV), carbonic anhydrase (1G6V), elastase
(3EST), avidin (1AVE), xylanase (1ENX), azurin (1E5Z), and
β2m (3HLA). To determine the secondary structures of these
proteins in a crystal, the DSSP program (47) was employed.

The VUVCD data allow the determination of the contents of
“regular R-helix” (RR), “distorted R-helix” (RD), “regular β-sheet”
(βR), “distorted β-sheet” (βD), “turn”, and “unordered” structures.
Four residues of the R-helix and two residues of the β-strand at
their termini (the “distorted R-helix/β-strand”) were postulated
to appear with a pattern different from that of the remaining
parts (the “regular R-helix/β-strand”) in the CD spectrum (48),
and accordingly, they are distinguishable. The secondary struc-
ture contents of the R-helix, β-sheet, and others were calculated
from RR þ RD, βR þ βD, and the fraction of turn and unordered
structures, respectively. Besides the secondary structure contents,
the number of segments is another parameter used to characterize
the R-helix and β-sheet structures in proteins. For example,
myoglobin consists of eight segments of the R-helix, and β2-
microglobulin consists of seven segments of the β-strand. The
number of R-helix segments (NR) was determined using the
equationNR= (RDNres)/4, and the number of β-strand segments
(Nβ) was determined using the equation Nβ = (βDNres)/2, where
RD and βD are the fraction of distorted R-helix and distorted
β-strand, respectively, andNres is the number of residues in β2m.

With regard to the systematic errors, the estimated discrepancy
between VUVCD spectroscopy and X-ray crystallography is
6.6% for the R-helix, 9.8% for the β-sheet, and 8.1% for the
others. The root-mean-square deviation (δ) and the correlation
coefficient (r) of the number of the segments were 2.4 and 0.75 for
the R-helix and 2.9 and 0.88 for the β-strand, respectively (46). It
is worth noting that r for the β-strand is larger than that for the
R-helix in our analysis because an appropriate reference protein
set was chosen. The uncertainty of the fitting parameters, which
was nearly 1% of the determined values, was smaller than the
systematic error.

(iii) Raman Spectroscopy. Raman spectra were excited at
488 nm with an Arþ ion laser (NEC) and recorded as described
previously (33). The reproducibility of the peak positions was
within 1 cm-1.

(iv) Electron Microscopy. The prepared fibrils dispersed in
the solution were diluted 20-fold with pure water. An aliquot
(5μL) of the diluted solutionwas placed on a copper grid (400mesh)
covered by a carbon-coated collodion film for 60 s. Excess sample
solution was removed by blotting with a filter paper. The sample
was negatively stained with a 2% (w/v) uranyl acetate solution
for a further 60 s. The liquid on the grid was blotted again with a
filter paper and air-dried. For the LS fibril, images were recorded
using an H-7000 electron microscope (Hitachi) with an accelera-
tion voltage of 75 kV at the Research Center for Ultrahigh
Voltage Electron Microscopy at Osaka University. The magni-
fication was 30000�.
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Images of the other samples were taken using a JEM1200EX
(JEOL) transmission microscope with an acceleration voltage of
80 kV. The magnification was 30000�.

(v) Atomic Force Microscopy. An aliquot (15 μL) of the
prepared fibrils dispersed in the solution (those of LS and WL
fibrils were diluted 20- and 10-fold with pure water, respectively)
was put on a mica plate, and an excess amount of the buffer was
removed after a few minutes. The fibril was rinsed with pure
water (20 μL) and dried. On this sample, AFM images were
acquired using a Digital Instruments Nanoscope IIIa scanning
microscope at 25 �C (Veeco, Tokyo, Japan). Measurements were
performed using an air tapping mode.

RESULTS

Native,Acid-Denatured,andFibrilStatesofβ2m. (i)Native
andAcid-DenaturedSolutionStates ofβ2m.The IR spectrum of
β2m in the native state at pH 7.5 is shown by the thick solid line in

Figure 1a, in which the amide I and II bands are observed at
ca. 1630 and ca. 1550 cm-1, respectively. The fitted spectrum and
the decomposed bands are also depicted in Figure 1a by the dotted
and thin solid lines, respectively. The percentages of secondary
structure content equal to the proportion of the number of
residues in each of the secondary structures of the 103 residues
(see Scheme 1) deduced from the intensities of the corresponding
bands are listed in Table 1, where the R-helix and random coil
structures are not discernible, because both give the amide I band
at nearly the same frequency (1640-1660 cm-1). Therefore, the
contents of the R-helix and random coil structures were not
determined separately. The content of all but the β-sheet struc-
ture in the native state is placed in the column of “nonregular”
structures inTable 1 for the sake of simplicity, although theR-helix
in fact is a regular structure.

The VUVCD spectrum of the native state, which is shown by a
thick solid line in Figure 2, exhibited an undulation curve in the
200-260 nm region and a large negative peak at 175 nm, with a
shoulder around 185 nm. This is a typical pattern for proteins
having a β-barrel structure such as avidin (46) and Bence-Jones
protein (49). The secondary structure content as well as the
numbers of segments of the R-helix and β-strand was deduced
from these spectra, as shown in Table 1.

The Raman spectrum of the native state of β2m is shown in
Figure 3a. As for the IR spectra, the empirical relations between
the amide I frequencies and the secondary structures of proteins
are well-established in Raman spectra (28). The R-helix, β-sheet,
and random coil structures yield bands at ∼1655, ∼1670, and
∼1660 cm-1, respectively. It is noted that the Raman frequencies

Table 1: Secondary Structure Content of β2-Microglobulin

secondary structure content (%)

state pH method R-helix β-sheet nonregular

native 7.5 IR ; 55 45d

7.5 VUVCDa -0.9 (0.2) [RR -1.5, RD 0.6] 50.4 (6.3) [βR 38.1, βD 12.3] 51.7 [turn 23.8, unordered 27.9]

7.75 CDb 0 59 41

5.7 X-rayc 0.0 49.5 50.5

denatured 2.5 IR ; 32 69d

2.5 VUVCDa 13.5 (2.6) [RR 3.3, RD 10.2] 34.4 (7.1) [βR 20.6, βD 13.8] 55.4 [turn 22.1, unordered 33.3]

LS fibril 2.5 IR ; 51 49d

2.5 VUVCDa 1.4 (0.2) [RR 0.7, RD 0.7] 54.2 (7.6) [βR 39.4, βD 14.8] 46.6 [turn 23.6, unordered 23.0]

WL fibril 2.5 IR ; 53 47d

2.5 VUVCDa 20.5 (2.8) 41.9 (6.1) 40.3

[RR 9.7, RD 10.8] [βR 30.1, βD 11.8] [turn 20.1, unordered 20.2]

aValues in parentheses denote the number of segments having the secondary structure. See the text. bFrom ref 26. cFrom ref 1. dR-Helix is included (see the
text).

FIGURE 1: IR spectra of the β2m monomer in solution at pH 7.5 (a)
and 2.5 (b) and of the LS fibril at pH 2.5 (c) and the WL fibril at pH
2.5 (d).Observed spectra (solid lines), fitted results (dashed lines), and
decomposed bands (thin solid lines) are depicted for panels a-d. The
traces are normalized by taking into account the area in the
1470-1800 cm-1 region.

FIGURE 2: VUVCD spectra of β2m in solution at pH 7.5 (thick solid
line) and 2.5 (thin solid line) and of the LS fibril at pH 2.5 (dashed
line) and the WL fibril at pH 2.5 (dotted line).
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of each secondary structure are different from those in the IR
spectrum because of differences in the selection rule. The Raman
amide I band of β2m in the native state appeared strongly at
1670 cm-1, indicating the dominance of the β-sheet structure.

Taking into account the average of the results of IR and
VUVCD spectroscopy [55 ( 5 and 50.4 ( 9.8%, respectively
(see Table 1)], we determined the β-sheet content of β2m in the
native state to be 53 ( 6%. This is in good agreement with the
β-sheet content deduced from X-ray crystallography (49.5%) (1)
and ordinary CD spectroscopy (59%) (50) within the margin of
error. The absence of an R-helix and the deduced number of
β-strand segments (6.3( 2.9) are in agreement with the literature
values (1). Thus, the β-sheet content of β2m in the native solution
state was established.

Next, the acid-denatured state of β2m was examined. The
observed IR spectrum (Figure 1b), the VUVCD spectrum (thin
solid line in Figure 2), and the Raman spectrum (Figure 3b) were
analyzed, and the secondary structure content and the number of
the segments deduced are summarized in Table 1; the estimated
β-sheet content was 32 ( 5% by IR and 34.4 ( 9.8% by
VUVCD. The lowering of the β-sheet content in the denatured
state (33 ( 6% on average) is consistent with a reported
transformation from the β-sheet to randomness in a partially
denatured state at pH 3.6 (51). An increase in the number of β-
strand segments (from 6.3 to 7.1) is accompanied by a decrease in
β-sheet content.

The R-helix structure was present in the acid-denatured state,
as shown by the fact that both the content of the R-helix structure
(13.5 ( 6.6%) and the number of R-helix segments (2.6 ( 2.4)
were beyond the margin of error. This conclusion is in agreement
with the result from NMR spectroscopy that demonstrated a
decrease in β-sheet content and an increase in R-helix content in
the acid-denatured state at pH 2.5 (52). TheNMRstudy assigned
11 residues fromLys58 toThr68 (10%of 99 residues) to theR-helix,
in agreement with the result presented here.

The band broadening to the low-frequency side of the amide I
band at 1667 cm-1 in the Raman spectrum (Figure 3b) suggested
an increase in the content of R-helix (1655 cm-1) and/or random
(1660 cm-1) structures. This agreed with the result of VUVCD
spectroscopy. Besides the amide I band, other bands observed in
the IR and Raman spectra can be used for the analysis of the side
chain structures.We analyzed the structure of the carboxyl group

from the intensity of the CdO stretching band of COOH groups
at 1715-1740 cm-1 on the IR spectrum (30, 53), and the COO-

antisymmetric stretching band of COO- groups around 1415 cm-1

on the Raman spectrum (54).
At pH 7.5, the CdO stretching band of COOH is not present

around 1715-1740 cm-1 on the IR spectrum (Figure 1a), and the
COO- stretching band is observed at 1406 cm-1 on the Raman
spectrum (Figure 3a). This means that the carboxyl side chains of
β2m in the native statemainly exist in the COO- form. This result
is reasonable because the carboxyl groups are located on the
surface of the protein (1), and the pKa of the side chains of Asp
andGlu is approximately 3-5 (55). In the acid-denatured state at
pH 2.5, on the other hand, most of the carboxyl groups of β2m
are protonated, because a large band of COOH was observed at
1717 cm-1 on the IR spectrum (Figure 1b) and the Raman band
of the COO- group at 1409 cm-1 became weaker (Figure 3b).
Since these bands must be due to the side chains of Asp and Glu,
these groups are presumably exposed to the solvent under this
condition.

The intensity ratio of the Raman bands of Trp at 1340 and
1360 cm-1 (Trp doublet) serves as an indicator of the hydro-
phobicity of the environment around the Trp side chain (56); the
ratio (I1360/I1340) becomes larger for more hydrophobic environ-
ments, and this relationship holds when the Raman spectrum is
measured in the nonresonant condition. β2m has two Trp
residues (Trp60 and Trp95). Trp60 is exposed to the solvent,
but Trp95 is buried in the native state (1). It is likely that the ratio
of the doublet bands at 1340 and 1360 cm-1 in Figure 3a (ratio
of 0.6) corresponds to the relatively exposed state. Under the
acidic condition (pH 3.6), the conformation of the C-terminal
region of the partially denatured β2m, including Trp95, turned
into a random coil (51), and this transformation exposed the
Trp95 side chain to the solvent. The increase in the intensity ratio
of the doublet bands (ratio of 0.9) is reasonably explained by
taking this structural change into account.

The intensity ratio of the Raman bands of Tyr at 850 and
830 cm-1 (Tyr doublet) is known to be an indicator of the
hydrogen bonding of the Tyr side chain (57). The hydrogen
bonds of eachTyr residue, however, cannot be identified from the
ratio, because seven Tyr residues are present in this protein
(see Scheme 1). In this way, the conclusions obtained with these
methods about the structure of the native and acid-denatured
states of β2m in solution are in good agreement with those
previously obtained with other techniques.

(ii) LS andWL Fibril States of β2m. Structural analyses of
β2m in the LS and WL fibril states are described next. Atomic
forcemicroscope and transmission electronmicroscope images of
the LS fibril are shown in the left and right panels of Figure 4a,
respectively, and those of the WL fibril are shown in the left and
right panels of Figure 4b, respectively. The scale bars are 0.5 μm.
These images show that the prepared fibrils reveal the typical

FIGURE 3: Raman spectra of β2m in the native (a), denatured (b), LS
fibril (c), and WL fibril (d) states. Spectra were recorded with
excitation at 488 nm and were normalized by the band intensity of
phenylalanine at 1005 cm-1.

FIGURE 4: AFM (left) and TEM (right) images of amyloid fibrils:
(a) β2m LS fibril, (b) β2m WL fibril, (c) K3 fibril, and (d) K3-K7
fibril. The scale bar in each image is 0.5 μm.
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features of the long-straight and wormlike fibrils, which are
consistent with those in the previous reports (8-10, 39). The IR,
VUVCD, andRaman spectra of the LS fibril state are depicted in
Figure 1c, the dashed line in Figure 2, and Figure 3c, respectively.
The spectra of theWL fibril state are also shown inFigure 1d, the
dotted line in Figure 2, and Figure 3d, respectively.We attempted
to record the VUVCD spectra of the fibrils in the shorter
wavelength region by removing the salt after the formation of
fibrils. However, the desalting caused degradation of the LS
fibrils, and the measurement was not successful. The average
values of the estimated β-sheet content (Table 1) were 53( 6% in
the LS fibrils and 47( 6% in the WL fibrils. Because the β-sheet
content was comparable between the fibril and native states,
the secondary structure preference was considered to be simi-
lar between them. In other words, the secondary structure in
the fibril was not exceptional among the amyloid proteins in
solution.

The VUVCD spectrum indicated that the R-helix structure
present in the denatured state disappeared upon formation of the
LS fibril. On the other hand,R-helix structurewas found in theWL
fibril (20.5 ( 6.6%); there was no information about which
sequence formed the R-helix. The R-helix content in theWL fibril
might be <20.5%, because the intensity of the Raman band of
the R-helix at 1655 cm-1 (Figure 3d) was weaker than expected.
The presence of the R-helix in amyloid fibrils might be excep-
tional, but it is reported to be present [e.g., CAD domain of
caspase-activated deoxyribonuclease (58)].

Most of the carboxyl groups of β2m in the LS fibril exist in the
deprotonated (COO-) form, because an IR absorption band of
COOH at 1715-1740 cm-1 was absent (Figure 1c) and a Raman
band of COO-was observed at 1418 cm-1, although it was weak
(Figure 3c). This result suggests that the carboxyl side chainswere
hidden from the solvent and their pKa values were lower than the
ordinary values for some reason. For the WL fibril, on the other
hand, as the CdO band appeared at 1720 cm-1 with a strong
intensity in the IR spectrum (Figure 1d) and the COO- antisym-
metric stretching band was very weak at ∼1415 cm-1 in the
Raman spectrum (Figure 3d), the carboxyl groups would be
exposed to the solvent, as was the case in the denatured state.

Since the intensity ratio of the Trp doublet in the LS fibril
(ratio of 0.9) was comparable to that in the acid-denatured state
(ratio of 0.9), the environment of Trp residues in the LS fibril
(Figure 3c) and that in the acid-denatured state (Figure 3b) are
thought to be similar. Therefore, it is deduced that both the Trp60
and Trp95 side chains are exposed to the solvent. In consonance
with this result, rapid H-D exchange was observed in the main
chain of these residues in the LS fibril (59). The intensity ratio of
the Trp doublet of the WL fibril [ratio of 0.6 (Figure 3d)] was
close to that of the native state [ratio of 0.6 (Figure 3a)].
Accordingly, one of the two Trp residues would probably be
placed in the hydrophobic environment in the WL fibril,
although no information is available on which one it is.

We alsomeasured IR linear dichroismof an oriented sample of
the LS fibril, and the results are shown in Figure 5. In this
experiment, the IR spectra were recorded by using two polarized
IR beams with polarization at right angles with each other. The
directionof polarization alongwhich the amide I band at 1625 cm-1

yielded the largest intensity was defined as being in a “parallel”
direction with regard to the fibril long axis, since the carbonyl
groups in the β-sheet structure in the fibril were considered to be
directed along the long axis of the fibril. The other polarization
was regarded as being in the “perpendicular” direction. In

Figure 5a, the observed spectrum and the results of the fitting
analysis are depicted with the solid and dotted lines, respectively.
The decomposed components of the amide I band are also
shown. The bands colored green were assigned to the β-sheet
structure, and those colored blue were assigned to the other
secondary structures. The difference spectrum (parallel -
perpendicular) of the IR linear dichroism measurement is illu-
strated in Figure 5b; the observed spectrum, the results of fitting
analysis, and the decomposed components of the amide I band
are depicted in the same manner as in Figure 5a. A positive peak
appears in the amide I region, suggesting that the transition

FIGURE 5: IR absorption (a) and linear dichroism (parallel -
perpendicular) (b) spectra of the LS β2m fibril. The results from
band decomposition treatment are also depicted therein by using a
fitted curve (dotted lines) and decomposed bands (colored). The
bands colored green are assigned to the β-sheet, and those colored
blue are assigned to the others. Trace c illustrates the experimental
result in panel b with 10-fold magnification.

Table 2: Structural Parameters of LS Fibrils Deduced from IR Linear

Dichroism Spectraa

position (cm-1) assignment

content

(%)

dichroic ratio

R R (deg)

1717 COOH (CdO stretch) ; 1.01 54

1692 Asn and Gln

(CdO stretch)

; 0.96 60

1673 non-R-non-β 17 1.04 50

1654 random 24 1.16 37

1643 random 8 1.23 30

1630 β-sheet 9 1.39 0

1625 β-sheet 42 1.39 0

1402 CR-H bend, CH3

symmetrical bend,

NH in-plane bend,

CR-C stretch

; 0.76 90

aValues of observed dichroic ratioR (=A )/A^) are related to the angle R
between the orientation axis and the direction of the transition dipole
moment of the vibrational mode and also to the order parameter f (fraction
of the completely aligned sample) by the following equation (41):

RðR, f Þ ¼ ½f cos2 aþ 1 =3 ð1-f Þ�=½1=2 f sin2 Rþ 1=3 ð1-f Þ�
For the band that appeared with the largest dichroism (1625 cm-1), the
direction of the transition dipole moment was thought to be parallel to the
fibril long axis (i.e., R was regarded to be 0�), and the parameter f was
deduced from the observed value ofR (=1.39) to be 0.11. Then the R angles
of the other bands were calculated with the f value and observed R values.
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dipole moment of the amide I band is parallel to the fibril long
axis. The negative peak appears in the amide II region (∼1550 cm-1)
in Figure 5b, suggesting that the transition dipole moment of
this mode is perpendicular to the long axis. Figure 5c shows the
10-fold magnified trace of the observed spectrum in Figure 5b
(the middle of the trace was eliminated for the sake of simplicity).

The information about the angle (termed R) between the
orientation axis of the LS fibril (the long axis of the fibril in this
case) and the transition dipole moments of the mode was
estimated from this experiment (see the footnote of Table 2 for
calculations) (35). Note that the bands at 1640-1660 cm-1 were
tentatively assigned to the random coil structure in Table 2,
because the R-helix content was zero as determined by VUVCD
spectroscopy (see Table 1).

Among the component bands of amide I, the band at 1625 cm-1

exhibited the largest dichroic ratio (R = 1.39). Since the largest
dichroism should arise from the smallest R angle, the R value of
this band was tentatively set to zero. The order parameter f
regarding the fibril orientation was determined with this band,
and the equation is presented in the footnote of Table 2.
Although the f value (=0.11) of the sample presented here thus
determined is not sufficiently high, the dichroism difference
spectrum reflects only the aligned portion, because the spectra
of the nonalignedportions are canceled in thedifference calculations.
Therefore, the discussion of the aligned moiety is qualitatively
justified despite the small f value. The values of R were deter-
mined for the remaining bands as shown in Table 2. Accordingly,
the R value of the LS fibril was 0�, indicating that the peptide
CdO groups in the β-sheet core of the LS fibril were parallel with
the fibril long axis. The deviation of R toward random structures
(=54.7�) probably reflects the extent of flexibility.

We attempted to obtain some information about the orienta-
tion of the carboxyl groups from Figure 5c. The bands at 1692
and 1717 cm-1 were assigned to the CdO stretching of the Asn
and Gln side chains and the COOH groups of Asp and Glu and
the C-terminus, respectively (53). The R angles of these bands
were determined from the dichroic ratio to be 54� and 60�, res-
pectively, which are very close to the value of 54.7� expected for a
random orientation. A weak band was observed at 1402 cm-1 in
Figure 5a, for which two assignments were possible: the COO-

antisymmetric stretching band of the carboxyl groups in the
deprotonated form (30) and a mixed mode of the peptide main
chain in the β-strand, CR-H bend, CH3 symmetrical bend, NH
in-plane bend, and CR-C stretch (60). The transition dipole
moment of the latter is known to be perpendicular to the peptide
CdO groups in the β-strand. The negative peak in the difference
spectrum (Figure 5c) indicates that the transition dipole moment
of thismode is perpendicular to the fibril long axis, and therefore,
the latter assignment is reasonable.

Another kind of oriented fibril samples was examined to
confirm this assignment, that is, β2m21-29, a nine-residue peptide
having a partial sequence of β2m (Asn21-Gly29) and the fibril
formation propensity. The propensity remained even when the
electric charges on both termini were blocked. The polarized IR
spectrum and the polarization difference spectrumof the LS fibril
of β2m21-29 are depicted in panels a and b of Figure 6,
respectively. As no carboxyl group is contained therein, these
spectra helped us to assign the band at 1402 cm-1. An absorption
band is present at 1396 cm-1 in the IR spectrum (Figure 6a), and
the negative peak appears at the same position in the polarization
difference spectrum (Figure 6b). This demonstrates that the IR
band of the LS fibril at 1402 cm-1 should be assigned to the

peptide main chain rather than to the COO- groups. Thus, the
information about the orientation of the COO- groups could not
be obtained from this band.

Preparation of oriented samples of the WL fibril was not
successful because of the flexible morphology. Although very
small particles having partial orientation might have formed,
they were not detected with our IR microscope (its spatial
resolution is worse than 10 μm), and therefore, we failed to
measure the linear dichroism.
Fibrils of Short Peptide Fragments. Lowering the pKa

value of COOH groups was observed upon the formation of
fibrils of the β2m intact protein. The question of whether this
phenomenon was also seen in fibrils with shorter peptide frag-
ments arose. Figure 7 illustrates the salt concentration depen-
dence of the IR spectra of K3 (A) and K3-K7 (B) fibrils, partial
sequences of β2m [K3 = β2m20-41 and K7 = β2m76-91 (see
Scheme 1); Cys25 and Cys80 are bridged in the K3-K7
fragment]. These peptide fibrils provide the LS morphology at
pH2.5 as demonstrated inFigure 4c,d,where the scale bars is 0.5μm.
This observation is consistent with the previous report (40). The
carboxyl groups ofAsp34,Glu36, andAsp38 are contained inK3
and those of Asp76 and Glu77 in K7. With regard to the salt
concentration dependence (0-500 mM) of the K3 (A) and
K3-K7 (B) fragments, no special features were observed in the
IR spectra at pH 2.5 (Figure 7), in contrast to the β2m fibrils,
indicating that the secondary structure content as well as the pKa

of the carboxyl groups was independent of the salt concentration
in the cases of the short peptides.

FIGURE 6: IR absorption (a) and linear dichroism (parallel -
perpendicular) (b) spectra of the fibril of the β2m21-29 fragment,
the N- and C-termini of which are blocked with the acetyl and amide
groups, respectively.

FIGURE 7: Salt concentration dependence of the IR spectra of the
amyloid fibril of the (A) K3 and (B) K3-K7 fragments prepared at
pH 2.5. The concentration of NaCl is set to (a) 0, (b) 20, (c) 100, (d)
200, or (e) 500 mM.
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DISCUSSION

The structures of β2m in the two amyloid fibrils having distinct
morphological appearances were investigated by means of IR,
Raman, and VUVCD spectroscopy. The most remarkable
difference was found in the protonation state of the carboxyl
groups; at pH 2.5, most of the carboxyl groups were deproto-
nated in the LS fibril, while theywere protonated in theWL fibril.
In other words, the effective pKa of the carboxyl side chains was
much lower in the LS fibril than in theWLfibril. Such lowering of
the pKa of carboxyl groups occurs in a protein as a result of a
change in the electrostatic potential, intramolecular hydrogen
bonds, burial in a specific cavity (and consequent interactionwith
polar groups), etc. (55). Therefore, the structure and environment
of the carboxyl groups in the LS fibril are considered to be very
different from those in theWL fibril, the latter of which would be
exposed to the solvent.

A plausible explanation is that the deprotonated carboxyl
groups are surrounded by polar groups and stabilized by
attractive interactions such as hydrogen bonding and salt bridges
with them in the LS fibril. The lowering of the pKa occurs in such
cases; for example, the pKa of Asp93 in barnase is less than 2.0
due to a semiburied salt bridge between Asp93 and Arg69 (61),
and the pKa of a deeply buried acidic residue in ribonuclease
HI, Asp148, is less than 2.0 because of an ionic interaction
network with Arg46 and Asp102 (62). The high susceptibility of
the fibril morphology to the salt concentration (10) suggests the
importance of the electrostatic interaction. This attractive inter-
action could be regarded as a “hook” between two residues,
because it is powerful but rarely formed unless the partner residue
comes into acceptable proximity. In contrast, hydrophobic
interactions work nonspecifically between any hydrophobic
residues. Thus, the importance of the hook-type interaction in
the LS fibril is understood in terms of enthalpic stabilization, but
the WL fibril stays in a stable state in the entropic sense, as
pointed out previously (10). The two fibrils would be convertible
when ΔH becomes comparable to TΔS because of the structural
change in the protein. Actually, however, the conversion is not so
free at room temperature (10, 39, 63), because the contribution
from ΔH is large, and therefore, the formation of the hook
considerably stabilizes the structure of the LS fibril in this
explanation.

The conversion from the WL to LS fibrils does not occur until
the side chains of the proteins form hooks in an appropriate way.
This is generally difficult and hence only rarely occurs, probably
because of the longer distances between the partner residues in
the irregular structure. The conversion from theLS toWL fibril is
also difficult, because hooks are not easily cleaved once formed.
The disulfide bridge between Cys25 and Cys80 should play a
critical role in the formation of this hook by allowing the partner
residues in the different β-strands to come into the proximity of
one another. Therefore, when the disulfide bridge is reduced, the
fibril formation property disappears (8). The importance of the
attractive interaction by the deprotonated carboxyl side chains is
also reportedly seen in the case of the amyloid β (1-40) peptide
(Aβ1-40); the salt bridge between Asp23 and Lys28 stabilized the
stack ofβ-sheets in the fibril structure ofAβ1-40 (21), and also the
covalent linking of these two residues accelerated the fibril
formation 1000-fold (64). The Aβ1-40 fibrils formed under
quiescent and agitated conditions exhibited a morphological
difference, and a structural difference was observed in the
formation of the salt bridge between Lys16 and Glu22 (13).

On the other hand, the salt concentration did not affect the IR
spectral feature, i.e., the structures of the K3 and K3-K7 fibrils.
The modulation of the pKa of COOH groups was absent, while
the LSmorphology was observed (Figure 4c,d). The electrostatic
interaction seems to be scarcely important in these cases. These
results could be explained in terms of a uniform intermolecular
interaction between the peptides, as the number of sites relevant
to the intermolecular interaction and the fraction of unordered
structures susceptible to the salt are expected to be small in these
peptides. These results suggest the robustness of the β-sheet core
structure of the β2m fibrils, because the K3 and K3-K7
fragments are incorporated into the β-sheet core in both the LS
and WL fibrils (59, 65).

Then the observed susceptibility of the β2m fibrils to the salt
concentration should be attributed to the β-sheet format-
ion property of other regions besides the β-sheet core; those
sequences that appear to have a low propensity for the β-sheet
structure could be responsible. This idea agrees with the work of
Yamaguchi et al., who suggested that the formation of the β-sheet
network, including the loop regions in the native state, is a
possible origin of the morphological difference between the LS
and WL β2m fibrils (65). In consonance with these results, the
minor role of the salt bridges in the stabilization of the protein
structure has been revealed; the salt bridge between the Glu-Lys
pair is less efficient than the side chain interaction between the
Phe-Phe pair in the stabilization of the β-hairpin structure (66).
Aromatic interaction seems to be crucial instead, as a dipeptide,
Phe-Phe, forms a fibrilous construct (67). The salt bridge is
required to suppress the movement of the unfixed parts, but not
to create the strong framework of the β-sheet core (66).

Sodium dodecyl sulfate (SDS) yielded the β2m fibril at neutral
pH, but cationic, amphipathic, and nonionic detergents did not
exhibit a potency as strong as that of SDS (4). This result
suggested the importance of the electrostatic interactions between
the positively charged residues of β2m and the negative charges of
the sulfonic groups. In relation to this, different potencies of
certain anionic species (namely, SO4

2-, ClO4
-, I-, and Cl-) in

relation to the fibril formation of β2m have been reported, in
which the importance of the preferential anion binding to the
protein was noted (68). The role of salts and charged side chains
in fibril formation is a subject for future investigation.

With regard to the main chain structure, the β-sheet content
was determined to be 53( 6% in the LS fibril and 47( 6% in the
WL fibril. These values do not closely agree with the reported
results from the H-D exchange experiment (65), in which the
amount of β-sheet in the LS and WL fibrils was estimated to be
∼80 and ∼30% of the whole sequence, respectively. These
reported findings suggested that the morphology of the fibril
having a higher β-sheet content was more directionally oriented,
and that the β-sheet content was higher in the LS fibril than in the
WL fibril. These results qualitatively agree with this idea;
however, the difference was not as large as reported, and further
study will be necessary.

Potential sources of error in this analysis include uncertainties
in the analytic procedure itself and the uniqueness of the band
fittings. The former involves the uncertainty of the empirical
knowledge about the peak positions of the amide I band, and the
variations of the molar extinction coefficient among secondary
structures (69). As an example of the worst case, the extinction
coefficient of poly(Lys) increases up to 1.3 times upon the
transformation from random to β-sheet structure (70), and in
such a case, the estimation of the number of residues contains the
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corresponding errors. Unfortunately, there is no appropriate
method for compensation for this at present.

Finally, there is the issue of the β-helix as the core structure
of the fibril. One of the possible conformations of the peptide
main chain in amyloid fibrils is a helical conformation called
the β-helix (71), in which dihedral anglesψ and φ are classified as
the β-strand structure. Indeed, the β-helix has been proposed as
the core structure of certain protein fibrils (71-73). However, the
peak frequencies of the amide I bands observed in these Raman
spectra (1671 cm-1 in theLS fibril and 1670 cm-1 in theWLfibril)
do not agree with those of the P22 tailspike protein (1667 cm-1),
which does contain the β-helix structure (74). Since the Raman
band is sharp and intense, its error is much smaller than the
difference insofar as the frequency calibration is performed
carefully. Therefore, the disagreement does not necessarily sup-
port the β-helix structure as a universal frame in the case of the
β2m fibrils. It is noted that the IR spectrum of the β-helix
structure does not provide a diagnostic band (75).

CONCLUSION

The molecular structure of β2-microglobulin (β2m) in solution
and the fibrils was analyzed by means of IR, Raman, and
VUVCD spectroscopy. Distinct differences between the LS and
WL fibrils that yield needlelike and flexible morphologies,
respectively, were found in the protonated state of the carboxyl
side chains; they were predominantly deprotonated even at pH
2.5 in the LS fibril but were protonated in the WL fibril. The
lowering of the pKa of the carboxyl groups suggested the presence
of hooklike interactions, such as hydrogen bonding and salt
bridge formation, between the COO- groups and some of the
residues in the LS fibril. This could be the origin of the linear
morphology of the LS fibril. The β-sheet contents in the LS and
WL fibrils were similar (53 ( 6 and 47 ( 6%, respectively) and
were comparable with that in the native state (53 ( 6%).
Therefore, the secondary structure preference in the fibrils is
considered to be similar with each other. A Raman band
characteristic of the β-helix was not observed.
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