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Abstract

Polyglutamine expansions, leading to aggregation, have been implicated in various neurodegenerative
disorders. The range of repeats observed in normal individuals in most of these diseases is 19–36, whereas
mutant proteins carry 40–81 repeats. In one such disorder, spinocerebellar ataxia (SCA1), it has been
reported that certain individuals with expanded polyglutamine repeats in the disease range
(Q12HQHQ12HQHQ14/15) but with histidine interruptions were found to be phenotypically normal. To
establish the role of histidine, a comparative study of conformational properties of model peptide sequences
with (Q12HQHQ12HQHQ12) and without (Q42) interruptions is presented here. Q12HQHQ12HQHQ12 dis-
plays greater solubility and lesser aggregation propensity compared to uninterrupted Q42 as well as much
shorter Q22. The solvent and temperature-driven conformational transitions (� structure ↔ random coil → �
helix) displayed by these model polyQ stretches is also discussed in the present report. The study strengthens
our earlier hypothesis of the importance of histidine interruptions in mitigating the pathogenicity of ex-
panded polyglutamine tract at the SCA1 locus. The relatively lower propensity for aggregation observed in
case of histidine interrupted stretches even in the disease range suggests that at a very low concentration,
the protein aggregation in normal cells, is possibly not initiated at all or the disease onset is significantly
delayed. Our present study also reveals that besides histidine interruption, proline interruption in polyglu-
tamine stretches can lower their aggregation propensity.
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There are at least nine neurodegenerative disorders that are
caused by expanded CAG triplet repeats coding for variable
length polyglutamine stretches (David et al. 1997; Cum-
mings and Zoghbi 2000; Nakamura et al. 2001). Polygluta-

mine tract expansion is nonpathogenic up to a threshold
length but larger expansions cause neurodegenerative dis-
eases including different types of spinocerebellar ataxia,
Huntington’s disease (HD), spinobulbar muscular atrophy
(Kennedy disease), and dentatorubralpallidoluysian atrophy
(DRPLA). In all these cases the CAG repeat is located
within the coding region and is translated into a stretch of
polyglutamine residues. The range of repeats observed in
normal individuals in most of these diseases is 19–36,
whereas mutant proteins carry 40–81 repeats (Cummings
and Zoghbi 2000). This expansion results in formation of
intracellular deposits or aggregates in the neurons. The ac-
cepted view is that these depositions are pathogenic in na-
ture and results in cell death and subsequent neurodegen-
eration (Davies et al. 1997; Martindale et al. 1998; Koo et
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al. 1999). However, as of yet, the exact molecular mecha-
nism underlying the pathogenesis of polyglutamine repeat
disorders has not been satisfactorily ascertained.

The glutamine stretch in all the diseases caused by poly-
glutamine expansions is encoded by the CAG codon (Chung
et al. 1993). In case of one of the disease loci, spinocer-
ebellar ataxia type1 (SCA1), the abnormalities is the result
of a highly polymorphic CAG repeat stretch in the SCA1
gene located on chromosome 6p23 (Orr et al. 1993). The
repeat stretch codes for a polyglutamine repeat that resides
in the amino-terminal half of the SCA1 protein. Most of the
normal proteins (93%) in SCA1 carry glutamine repeats
interrupted by 1–2 histidine residues with a configuration of
the type (Q)n-H-Q-H-(Q)n. However, mutant proteins con-
tain a pure stretch of uninterrupted CAG trinucleotide that
range from 39–82 repeats (Chung et al. 1993).

The conformation of polyglutamines has been a matter of
debate for quite some time and currently is a focus of in-
tense studies. Polyglutamines were reported to form �
sheets strongly held together by hydrogen bonds (Perutz
et al. 1994; Kelly 1998; Sharma et al. 1999). On the basis of
model peptides, random coil conformation of polygluta-
mines in soluble monomeric form was also proposed by
different groups (Altschuler et al. 1997; Chen et al. 2001).
Recently, it has been demonstrated that polyglutamine ag-
gregates have amyloid-like features exhibiting � sheet-rich
conformation (Chen et al. 2002).

Our earlier studies (Sharma et al. 1999; Brahmachari et
al. 2000) based on model peptides, demonstrated the effect
of substitution of histidine residues in short polyglutamine
stretches (Q8HQHQ8, Q10HQHQ10, Q8HQ4HQ8, Q22). We
showed that polyglutamine tracts with histidine interrup-
tions as observed in the normal SCA1 sequences, have rela-
tively higher solubility and possess less aggregation propen-
sity as compared to uninterrupted continuous stretches. This
study provided evidence about how a point mutation with a
change in amino acids could modulate the conformational
properties that might be responsible for the onset of the
disease processes.

Our present study is primarily focused on two separate
reports (Quan et al. 1995; Calabresi et al. 2001) that de-
scribed individuals with 44 repeats and 45 repeats, respec-
tively, in the SCA1 protein. Although the repeat length was
well within the disease range for SCA1, the individuals
were found to be phenotypically normal. On sequencing it
was found that the glutamine repeat was interrupted twice
by an HQH motif, to yield a configuration of the type
Q12HQHQ12HQHQ14/15. Our work is mainly aimed at
studying the conformational properties of a very similar
sequence Q12HQHQ12HQHQ12 to determine how the inter-
mediate histidine substitution aids in mitigating the patho-
genicity of expanded poly Q stretch.

Our study suggests that histidine interruptions play a
dominant role in enhancing the solubility and decreasing the

aggregation propensity of long polyglutamine stretches,
which in turn might be responsible for lowered pathogenic-
ity of expanded poly Q tract at the SCA1 locus. The work
further shows that not only histidine interruptions, but even
proline incorporation in model peptides can substantially
reduce the aggregation propensities of continuous stretches.
Furthermore, the study demonstrates the solvent- and tem-
perature-dependent conformational transitions of polygluta-
mines with and without histidine interruptions.

It is relevant to mention here that most of the previous
studies related to biophysical characterization of polygluta-
mine stretches, have been carried out using peptide se-
quences flanked by other amino acids (lysine, aspartic acid)
to tackle the problem of insolubility. However, because our
present study is mainly focused on a biologically relevant
sequence observed in the actual protein, we have strictly
adhered to a similar peptide sequence without any flanking
residues. Furthermore, the problem of insolubility and aim
of studying the peptide in the monomeric state has been
satisfactorily handled by adopting the recently developed
method of disaggregation of polyglutamines (Chen and
Wetzel 2001). Thus, we have succeeded in studying the
conformation of various peptide sequences in both mono-
meric as well as aggregated forms, which could possibly
explain the contrasting set of results obtained by various
groups on the conformation of polyglutamines.

Results

Biophysical characterization of a series of peptides with
special emphasis on Q12HQHQ12HQHQ12 and the corre-
sponding uninterrupted stretch Q42 was carried out. The
results obtained from other smaller sequences (Q22,
Q8HQHQ8) have also been discussed to stress the impor-
tance of length on solubility and aggregation propensity.
The peptides obtained followed by their synthesis and sub-
sequent high performance liquid chromatography (HPLC)
purification were not in their completely disaggregated and
monomeric form as observed by scattering and HPLC stud-
ies. Thus, it was found essential to study the conformation
of model peptides both in the aggregated as well as in the
monomeric (disaggregated) states.

Conformational study of aggregated
peptides in aqueous buffer

The circular dichroism (CD) profile of histidine interrupted
Q12HQHQ12HQHQ12 (before disaggregation) at all mea-
sured concentrations in sodium chloride/sodium citrate
buffer at pH 7.2 exhibited a positive band at 196 nm and a
negative band ∼220 nm (Fig. 1A). On the other hand, Q42

(without His interruptions) displayed a positive band at 202
nm and a negative band ∼222 nm (Fig. 1B). Both the spectra
were indicative of a � secondary structure. The position of
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�–�* and n–�* transitions for Q42 at 202 and 222 nm,
respectively, indicated a tightly linked and wide intermo-
lecular �-sheet structure. The highly intermolecular nature
of the structure was further indicated by the concentration-
dependent CD profile. In contrast Q12HQHQ12HQHQ12 dis-
played a concentration-independent CD pattern indicating
intramolecular nature of the � structure (Perutz et al. 1994).
The blue shifted CD band in the region 195–196 suggested
that � structure formed, which does not involve large num-
ber of strands and stabilization of the structure is mainly
through intramolecular hydrogen bonding (Chothia 1973).
The highly aggregating nature of Q42 was evident from the
disturbed CD profile resulting from precipitation of the pep-
tide at a relatively lower concentration range as compared to
Q12HQHQ12HQHQ12.

Conformational study of disaggregated
peptides in aqueous buffer

The solubilization and disaggregation protocol reported us-
ing 1:1 trifluoroacetic acid (TFA) and hexafluoroisopropa-
nol (HFIP) solvent mixture (Chen and Wetzel 2001) was
adopted to disaggregate the peptides to make them readily
soluble in aqueous buffers. It is relevant to mention here that
larger polyglutamine stretches without histidine interrup-
tions, especially Q42, required longer time and greater num-
ber of treatments with TFA/HFIP to acquire them in com-
pletely disaggregated forms. Figure 2 displays the matrix
assisted laser desorption ionization-time of flight (MALDI-
ToF) profile of Q42 after disaggregation. The disaggregated
peptides were further subjected to CD and Rayleigh scat-
tering studies (to study propensity for aggregation). Figure

3 displays the CD profile of Q12HQHQ12HQHQ12 and Q42

in disaggregated (monomeric) states. The CD profiles of all
the disaggregated peptides (with or without histidine inter-
ruptions) at neutral pH displayed an unordered structure
characterized by a minimum at 197 nm (Greenfield and
Fasman 1969). Both spectra displayed an insignificant ef-
fect on the molar ellipticity with increasing the temperature,
justifying the suggested unordered structure (data not
shown).

Solubility of proline substituted polyglutamines

Our earlier work (Sharma et al. 1999; Brahmachari et al.
2000) on short histidine interrupted polyglutamine se-

Figure 2. MALDI-ToF analysis in linear positive mode displays M++1
peak at 5400.2 for Q42 after disaggregation with TFA/HFIP.

Figure 1. CD spectra of HPLC-purified Q12HQHQ12HQHQ12 and Q42 in sodium chloride/sodium citrate buffer at various concentrations. (A)
Q12HQHQ12HQHQ12 exhibits a concentration-independent CD pattern indicating intramolecular nature of the � structure. (B) Q42 shows a concentration-
dependent CD pattern, indicating stabilization of the � structure through intermolecular hydrogen bonding.

Conformation of histidine interrupted polyglutamines
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quences (Q8HQHQ8, Q10HQHQ10) showed that they have
lower aggregation propensity as compared to Q22 (without
interruption). To ascertain whether other amino acids of
comparable structure could possibly exert a similar effect
on the peptide solubility, histidine was replaced by pro-
line in these sequences. The proline-incorporated peptides
Q8PQPQ8 and Q8HQPQ8 were synthesized and subjected to
complete disaggregation experiments as discussed above.
The Rayleigh scattering experiments displayed even higher
solubility and lower aggregation propensity of proline-
substituted model peptides as compared to Q8HQHQ8 (data
not shown) and their solubility pattern followed this trend
Q8PQPQ8 > Q8HQPQ8 > Q8HQHQ8 > Q22. The CD study
of the disaggregated proline-incorporated peptides dis-
played an unordered structure with a minimum at 197 nm
[data shown along with trifluoroethanol (TFE) dependence
study of Q8PQPQ8; Fig. 6B]. Our work, based on model
peptides, suggests that not only histidine interruptions, even
proline interruptions, aid in slowing down the process of
aggregation. The role of proline in enhancing the solubility
of peptides was also reported in case of fragments of Alz-
heimer’s peptide � /A4 (Wood et al. 1995).

Time-dependent conformational transitions

The peptides in their disaggregated states displayed widely
different tendencies of aggregation with time. Figure 4 shows
the time-dependent aggregation pattern (Rayleigh scatter-
ing) of Q42 and Q12HQHQ12HQHQ12. We monitored the
aggregation reactions following Rayleigh scattering (Chen
et al. 2001) increases over time. In the same concentration
range, Q42 displayed higher propensity for aggregation and

followed the trend of Q42 > Q22 > Q12HQHQ12HQHQ12.
The aggregation kinetics has been elaborately discussed in a
recent article (Chen et al. 2001); we focused mainly on
comparing the aggregation propensity of interrupted and
continuous stretch polyglutamines.

In another set of experiments all these peptides (5 × 10−4

M, immediately after disaggregation) were monitored for
their time-dependent conformational transitions on standing
by circular dichroism. An aliquot of disaggregated peptides
was left at room temperature and the CD profile was moni-
tored over a period of 60 days and CD data were acquired
after an interval of 10 days. The Table 1 displays the
propensity for � structure adoption with time. Thus,
Q8HQHQ8, Q8PQPQ8, and Q12HQHQ12HQHQ12 retained
the native unordered structure for a much longer period as
compared to Q22 and Q42. In fact, Q42 started showing vi-
sual signs of aggregation within 10–12 h of disaggregation.
Correlation of these two data clearly suggest the greater
propensity of continuous poly Q stretch to aggregate faster
and acquire a � structure more promptly as compared to
histidine interrupted analogs.

The fact that aggregated �-sheet structure adopted by
polyglutamines with and without interruptions have similar
conformational features have been recently reported (Cala-
bresi et al. 2001) based on similar antibody-binding poten-
tial of both polyglutamine stretches. However, our findings
based on CD and aggregation studies indicate that in spite of
having similar structure they display widely different de-
grees of aggregation potential.

Solvent-dependent conformational transitions

We investigated the influence of various solvents like TFE,
HFIP, and acetonitrile (CH3CN) on the peptides under con-

Figure 3. CD study of monomeric (disaggregated by TFA/HFIP)
Q12HQHQ12HQHQ12 and Q42. CD data indicate unordered conformation
for Q12HQHQ12HQHQ12 (solid line) and Q42 (dotted line) with minimum
at 197 nm indicative of an unordered structure.

Figure 4. Time-dependent Rayleigh scattering study of disaggregated
Q12HQHQ12HQHQ12 (solid line) and Q42 (dotted line). Q42 displays much
higher degree of scattering as compared to Q12HQHQ12HQHQ12, suggest-
ing higher aggregation potential of Q42.
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sideration. The peptides studied here showed wide differ-
ences in their TFE dependence. Histidine interrupted poly-
glutamines (in � state, i.e., before disaggregation) of shorter
length, e.g., Q8HQHQ8, displayed significant TFE depen-
dence at lower concentration range (Brahmachari et al.
2000). However, poly Q peptides without histidine inter-
ruptions of similar (Q22) or longer length (Q42) displayed
marginal or no effect with TFE. Q12HQHQ12HQHQ12 ex-
hibited strengthening of the positive band with increase in
TFE percentage (Fig. 5), although the effect was more sig-
nificant in case of Q8HQHQ8. Even for proline-incorporated
peptides (Q8HQPQ8 or Q8PQPQ8) both bands at 196 nm
and 220 nm showed higher intensity on enhancing the TFE
concentration. Q42 left in TFE for a longer period also did
not exhibit any noticeable change in molar ellipticity, how-
ever, it is worth mentioning that shorter histidine-inter-
rupted peptides when left in TFE for days, displayed further
increases in molar ellipticity.

The effect of TFE on the disaggregated, unordered pep-
tides was more profound, as demonstrated in Figure 6A, for
Q12HQHQ12HQHQ12. When incremental portions of TFE
was added to peptide solution in buffer, a progressive shift
from unordered to �-helical structure was observed, as dis-
played by peaks at 208 and 222 nm. Q12HQHQ12HQHQ12

seemed to adopt a substantial �-helical conformation at
50% TFE concentration. In contrast, Q42 attained the same
conformation at a much higher (65%) TFE percentage (data
not shown). An isodichroic point at 202 nm, which indi-
cated an equilibrium between two types of structures,
namely random coil and �-helix (Woody 1995) was shown
by all the peptides. This could be attributed to the weak
proton-donating nature of TFE that facilitates intramolecu-
lar hydrogen bonding than intermolecular hydrogen bond-
ing (Barrow et al. 1992; Sonnichsen et al. 1992; El-Agnaf et
al. 1998). Thus, under conditions where � helix is in equi-
librium with random structure, the former is stabilized in
TFE. Proline-incorporated peptide Q8PQPQ8 also adopted
�-helical conformation on adding TFE (Fig. 6B) with a
significantly sharp minimum at 208 nm and an isodichroic
point at 202 nm. The study in the presence of another helix-
enhancing solvent HFIP also displayed similar results.

The peptides in helical state left in 50% TFE during a
longer period of time displayed interesting results and the
effect was prominent in case of continuous stretch. Q42

displayed lowering of the �-helical content (flattening
of the valley at 208 nm) of the peptide indicated by de-
creased intensity of the 208-nm band, where intensity was
found to be almost same as the 222-nm band. However,
Q12HQHQ12HQHQ12, along with Q8HQHQ8 and corre-
sponding proline derivatives, did not display such transi-
tions in the same time period (data not shown). Thus, Q42,
even in presence of TFE (50%), displayed greater tendency
to aggregate into a � structure from �-helical conformation
as compared to interrupted peptides. These data suggest
that, although all these peptides have a tendency to adopt a
helical structure from an unordered conformation in the
presence of TFE, histidine-interrupted peptides adopt a he-
lical conformation at lower TFE concentration and have the

Table 1. Time-dependent conformational transition monitored by CD studies of Q8HQHQ8, Q12HQHQ12HQHQ12, Q22, Q42,
and Q8PQPQ8

Peptides

Number of days

10 20 30 40 50 60

Q8HQHQ8 U.O U.O U.O U.O U.O �

Q12HQHQ12HQHQ12 U.O U.O U.O � � �

Q22 U.O � � � � �

Q42 � � � � � �

Q8PQPQ8 U.O U.O U.O U.O U.O U.O

U.O � unordered; � � � structure.
The experimental observations indicate that in the same concentration range Q42 and Q22 undergo a transition from unordered to � conformation in a
relatively much shorter period of time as compared to Q12HQHQ12HQHQ12.

Figure 5. Effect of TFE on � structure of Q12HQHQ12HQHQ12 shown at
20% (solid line) and 50% (dotted line) TFE. The increase in molar ellip-
ticity with increase in TFE concentration indicates intramolecular nature of
the � structure.

Conformation of histidine interrupted polyglutamines
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potential to retain the helical character for a longer period of
time.

Acetonitrile, which has a �-stabilizing effect, also exerted
some effect on the unordered peptide obtained after disag-
gregation (Barrow et al. 1992; Sonnichsen et al. 1992; Fa-
bian et al. 1993; Otvos et al. 1993; El-Agnaf et al. 1998). All
these peptides exhibited transition from random to � struc-
ture with an increase in acetonitrile concentration.
Our findings suggest a higher tendency of polyglutamines
without histidine interruptions to adopt a � structure. Q42

adopted � structure at the 35–45% range, whereas
Q12HQHQ12HQHQ12 adopted � conformation at a 60%
acetonitrile concentration (data not shown). Figure 7 dis-
plays different conformations adopted by monomeric
Q12HQHQ12HQHQ12 under different solution conditions.
These solvent systems were selected for this study consid-
ering their membrane mimicking nature in an aqueous en-
vironment. There is a possibility of such transitions even in
the biological systems and their solubility or precipitation
seemed to be governed to a very large extent by the pre-
vailing solution conditions.

Structural transitions with temperature

The peptides under consideration in the � conformation
(before TFA/HFIP disaggregation) when subjected to tem-
perature-dependent study exhibited interesting results. Fig-
ure 8 demonstrates the thermal melting profile of
Q12HQHQ12HQHQ12 (Fig. 8A) and Q42 (Fig. 8B) in so-
dium chloride/sodium citrate buffer. The former displayed a
decrease in intensity of both �–�* positive and n–�* nega-
tive bonds at 196 nm and 220 nm, respectively. The de-
crease in ellipticity was found to be more abrupt in the range

of 45° to 65°C. The positive band seemed to shift progres-
sively toward a lower wavelength, finally adopting a ran-
dom structure with a negative band at 197 nm between 85°
and 95°C indicating a complete collapse of the � structure.
In comparison, Q42, when subjected to similar conditions
did not display transition from � structure to random and
retained its � structure even at a temperature as high as
95°C, although there was a considerable loss of �-sheet
content, as shown in Figure 8B. The positive band showed
a dip but negative band at 222 nm displayed a marginal
change on increasing the temperature. The temperature

Figure 7. Solvent-dependent conformational transitions of Q12HQHQ12HQHQ12

(disaggregated). In aqueous buffer the peptide displays an unordered struc-
ture (dotted line), presence of TFE results in an � helical (solid line),
whereas acetonitrile provides a � conformation (dot, dash line).

Figure 6. Effect of TFE on disaggregated (unordered) Q12HQHQ12HQHQ12 and Q8PQPQ8. (A) Data indicate that Q12HQHQ12HQHQ12 adopts sufficient
helical character at 50% TFE (dot, dash line). (B) Q8PQPQ8 adopts sufficient helical conformation at 40% TFE concentration (dash, dash line) with a sharp
minimum at 208 nm.
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range 85°–95°C displayed an abrupt decrease in ellip-
ticity, indicating a major decrease in �-sheet content.
Q12HQHQ12HQHQ12 displayed a sharp isodichromic point
at 210 nm (Fig. 8A; Cantor and Schimmel 1980); Q42, on
the other hand, did not display an isodichromic point (Fig.
8B) and retained its � conformation throughout. Even pep-
tides with proline substitution underwent a similar transition
from � to unordered conformation, displaying an isodichro-
mic point at 210 nm.

The random peptide obtained after thermal denaturation
(Fig. 8A), from all the histidine and proline interrupted pep-
tides, when subjected to TFE titration indicated a transition
from random to � helix, thus again displaying its �-helical
propensity as observed in case of disaggregated (mono-
meric) peptides (Fig. 6). Denatured Q12HQHQ12HQHQ12

left at room temperature for days displayed a slow transition
to a � structure. The temperature and solvent-driven tran-
sitions observed in interrupted polyglutamines is illustrated
schematically in Figure 9.

Solid phase FT-IR

The conformational analysis of all the peptides in solid
phase was carried out by recording the second derivative
FT-IR spectra in KBr. Figure 10 shows the FT-IR spectra of
Q12HQHQ12HQHQ12 obtained after lyophilization of the
HPLC-purified peptide. The spectra displayed major amideI
peaks at 1608, 1636, 1662, 1683, 1696 cm−1, indicative of
a � conformation (Byler and Susi 1986; Surewicz et al.
1990; Sharma et al. 1999). The bands at 1645 and 1652

cm−1 are mainly due to components of unordered and �-he-
lical conformations.

Discussion

Studies using synthetic peptides as tools to identify struc-
tural changes in the local secondary structure of proteins
upon sequence mutations and post-translational modifica-
tions have been reported by various groups of investigators.
The conformation of polyglutamines, based on model pep-
tides, has been discussed by different groups (Perutz et al.
1994; Altschuler et al. 1997; Kelly 1998; Sharma et al.
1999; Chen et al. 2001) and at present it is still an unre-
solved issue. Our present work on polyglutamines with and
without interruptions suggests that polyglutamines are ca-
pable of exhibiting different conformations (Figs.1,3) and
propensity for aggregation (Fig. 4) is governed not only by
their repeat length but also is very much dependent on the
nature of the sequence (interruptions). Our work also sug-

Figure 9. Various solvent and temperature driven conformational transi-
tions observed in case of Q12HQHQ12HQHQ12 indicating the conforma-
tional flexibility of the structure.

Figure 8. Temperature-dependent study of aggregated (�) Q12HQHQ12HQHQ12 and Q42. (A) Q12HQHQ12HQHQ12 displays transition from � to an unordered
conformation at 95°C (dot, dash line) and retains it over a longer period of time. (B) Q42 on the other hand retains its � structure even at 95°C (dot, dash
line), although it displays a considerable loss of �-sheet content. The results suggest greater rigidity of � structure of Q42.

Conformation of histidine interrupted polyglutamines
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gests that adoption of � structure does not invariably lead to
insolubility or immediate precipitation; peptides with histi-
dine interruptions are capable of remaining in soluble ag-
gregate form up to a higher concentration range and over a
longer period of time. In addition, the present work reveals
even greater solubility and lower propensity of � structure
adoption (Table 1) of proline-containing model peptides as
compared to histidine-interrupted ones.

The intramolecular nature of Q12HQHQ12HQHQ12 in the
� state is demonstrated by the concentration independent
CD pattern as shown in Figure 1A. In contrast, the concen-
tration-dependent CD profile (Fig.1B) of Q42 suggests a
wide intermolecularly hydrogen bonded �-sheet structure.
The intramolecular nature of Q12HQHQ12HQHQ12 is fur-
ther displayed by stabilization of the � structure in presence
of TFE (Fig. 5). The stabilization of � conformation of
interrupted peptides in presence of TFE (Blanco et al. 1994;
Luo and Baldwin 1997) could possibly be justified by as-
suming a � hairpin-like structure as shown in Figure 11, as
intramolecular hydrogen bonding also has a significant role
in stabilizing such conformations. In comparison, Q42 has
been found to be unaffected by TFE in the � state in the
present study. This could possibly be attributed to the in-
herent property of TFE to reduce hydrophobic as well as
neighborhood interactions between separate strands, which
are considered to be immensely important for the stabiliza-
tion of wide intermolecularly hydrogen-bonded �-sheet-rich
structure (as suggested to be present in Q22 or Q42).

The finding that TFE has a profound effect on all the
disaggregated peptides (Fig. 6) adds support to our assump-
tion that the disaggregated peptides are in a monomeric
state. Futhermore, the fact that histidine and proline inter-

rupted peptides adopt �-helical conformation with greater
ease indicates their greater propensity for a helical structure
as compared to continuous stretches. Also, the observation
that uninterrupted peptides (in � helical state) left in TFE
has a tendency for slow transition toward a � structure
might suggest that helical conformation, in case of continu-
ous stretch polyglutamines, is a temporary (unstable) state.
Furthermore, our observation that continuous stretch pep-

Figure 10. Second derivative FT-IR spectra of Q12HQHQ12HQHQ12 in
the solid state, peaks at 1608, 1636, 1662, 1683, 1696 cm−1 indicate a �

conformation, whereas the bands at 1645 and 1652 cm−1are possibly due to
components of unordered and �-helical conformations.

Figure 11. Proposed � structure of Q12HQHQ12HQHQ12, which shows an
intramolecularly hydrogen bonded � hairpin structure. The histidine inter-
ruption possibly brings about a fold in the structure, which restricts propa-
gation of wide intermolecularly hydrogen-bonded � sheet, thus lowering
the aggregation propensity.
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tides adopt � structure with greater ease in presence of
(�-stabilizing) acetonitrile adds support to our finding
(Table 1) that they have a greater inherent tendency to adopt
an extended � structure from an unordered conformation.

The temperature-dependent CD study also reveals the
greater flexibility of the � structure of Q12HQHQ12HQHQ12,
which displays a clear transition from � to unordered con-
formation (Fig. 8A), whereas Q42 retains the stable � state
even at 95°C (Fig. 8B). These structural characteristics
could possibly be explained considering a � hairpin-type
folded structure (Sharma et al. 1999) as shown in Figure 11.
This type of structure encourages to bring together the hy-
drogen bonding entities of the same molecule to closer
proximity, thus facilitating intramolecular hydrogen bond-
ing to a greater extent as compared to interactions between
neighboring entities (wide intermolecular hydrogen bond-
ing). In the case of continuous stretch, because of high
�-sheet forming propensity of glutamine (�-sheet forming
potential trend Gln > His > Pro; Zhu and Braun 1999), the
chain can progress without a fold in the structure. Thus, it
can facilitate wide intermolecular hydrogen bonding, result-
ing in greater rigidity as displayed by the suggested struc-
ture of Q22 in our earlier work (Sharma et al. 1999). Hence,
the biophysical characterization of the SCA1 peptides in the
present work, lends support to the prediction that glutamine
acts as a �-sheet promoter and histidine, a sheet breaker.

Our speculation of a turn at the HQH motif is further
strengthened by a very similar behavior of proline-inter-
rupted peptides, which is reported to have a significantly
higher propensity for producing a turn in the structure (�
turn potential trend is QPQP > QHQP > QHQH > QQQQ;
Hutchinson and Thornton 1994; Guruprasad and Rajkumar
2000). The �-sheet inhibiting effect of proline incorporated
sequences have been mainly attributed to the inefficiency of
the proline ring to participate in the �-sheet H-bonding net-
work (Wood et al. 1995). Although it is not justified to
assign the exactly similar reasons to the greater solubility of
histidine-incorporated poly Q sequences, it is likely that the
ring structure of histidine has a role to play in destabilizing
the intermolecularly hydrogen bonded wide �-sheet struc-
ture.

A comparison of the conformational properties of Q42

with Q12HQHQ12HQHQ12 indicates that the former has
greater potential to form a large intermolecular �-sheet
structure through extended hydrogen bonding and thus
greater aggregation potential. Histidine interruptions, on the
other hand, in Q12HQHQ12HQHQ12 restrict wide and rigid
�-sheet formation and demonstrate a greater propensity for
intramolecular hydrogen bonding. The greater solubility, rela-
tively slow aggregation propensity of Q12HQHQ12HQHQ12

compared not only to Q42 but even Q22 (which is of
much shorter length and falls in the nonpathogenic
range) could possibly explain why individuals (Quan et al.
1995; Calabresi et al. 2001) with such a long expansion

(Q12HQHQ12HQHQ14/15) were found to be phenotypically
normal.

The peptide models developed in this study provide an
insight into the understanding of the process of aggregation
and conformational behavior of protein with long tracks of
glutamine residues with and without interruptions. The con-
formation-dependent slow aggregation property observed in
case of interrupted stretches, even in the disease range,
might possibly suggest that at a very low concentration the
protein aggregation in normal cells is either not initiated at
all or the disease onset is significantly delayed.

Materials and methods

Peptide design and synthesis

Polyglutamine peptides with and without interruptions of varied
length were designed and synthesized with the aim of studying
their conformational properties. Q12HQHQ12HQHQ12 was synthe-
sized keeping in mind its biological relevance as discussed earlier
and it was compared with uninterrupted Q42 of similar length at
every stage. To examine the effect of length on conformational
properties, Q22 and Q8HQHQ8 were studied at each stage. To
ascertain whether any other amino acid of comparable structure,
other than histidine, has a similar effect on solubility, proline was
substituted to obtain Q8HQPQ8 and Q8PQPQ8.

The peptides Q12HQHQ12HQHQ12, Q42, Q22, Q8HQHQ8,
Q8HQPQ8, and Q8PQPQ8 were synthesized in-house using Wang-
resin (batch method) on an advanced Chemtech Act 90 peptide
synthesizer using standard protocols of F-moc chemistry. All the
peptides were cleaved from resin using a mixture of TFA, phenol,
and ethanedithiol and final purification was done on reverse phase
using 70:30:water:acetonitrile and 0.05% TFA. The integrity of the
peptide sequence was established by automated peptide sequenc-
ing (Procise 491, Applied Biosystems) and MALDI-ToF analysis
(Kratos analytical).

Disaggregation of peptides using TFA/HFIP

HPLC-purified peptides were disaggregated following a recently
reported method of disaggregation of polyglutamines (Chen et al.
2001). The peptides were suspended in a mixture of TFA and HFIP
(1:1) and left at room temperature until it dissolved completely.
The solvent mixture was removed under a stream of argon. The
residue was dissolved in water adjusted at pH 3 with TFA. This
was followed by ultracentrifugation to get rid of aggregates fur-
ther. The peptides were stored at −70°C.

MALDI-ToF

All the peptides under study were subjected to MALDI-ToF analy-
sis before and after the disaggregation step. Mass spectra were
obtained on a KRATOS KOMPACT MALDI 4 Linear / Reflectron
time of flight mass spectrometer, equipped with a pulsed nitrogen
laser (337 nm). The instrument was operated in the linear, positive
ion, high voltage (20 kv) mode. Spectra were acquired and pro-
cessed using software provided by the manufacturer.

HPLC

The HPLC profile of all the peptides were studied before and after
the disaggregation experiments on Waters 996 with photodiode
array detector on reverse phase using mixtures of 70:30:water:ace-
tonitrile and 0.05% TFA.

Conformation of histidine interrupted polyglutamines
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Rayleigh scattering

The peptides were subjected to Rayleigh scattering using JOBIN
Yvon Horiba Fluorimax-3 fluorimeter. The emission and excita-
tion wavelengths were both set at 450 nm and with the emission
and excitation and slit widths both set at 2 nm.

CD

CD measurements were made on a Jasco J-715 spectropolarimeter
with Peltier Thermo Controller (PTC). Spectra were recorded at a
scan speed of 50 nm/min over the range of 190–260 nm in rect-
angular quartz cells of 0.1-, 0.5-, and 1-cm path length. All spectra
were corrected by subtracting the baseline of the appropriate sol-
vent and results are expressed as molar ellipticity [�] in deg cm2

dmole−1. The spectra reported are an average of 8–12 scans. The
peptide samples were previously dissolved in water and aliquots of
the required amount were added to make samples of various con-
centrations of peptides in 3.3 mM sodium chloride/sodium citrate
buffer at pH 7.2. Concentration of the peptide was determined by
optical density measurement (OD) taken at 220 nm where the
extinction coefficient is 624 m−1 cm−1.

Solid-state FT-IR

FT-IR spectra were recorded on a Perkin Elmer spectrum 1000
FT-IR spectrometer at room temperature using KBr as medium.
Deconvolution and second derivative analysis of the spectra were
carried out using the software supplied by the manufacturer.
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