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Abstract: Pathological changes in the microtubule associated protein tau, leading to tau-containing filamen-
tous lesions, are a major hallmark common to many types of human neurodegenerative diseases, including
Alzheimer’s disease (AD). No structural data are available which could rationalize the extensive conforma-
tional changes that occur when tau protein is converted to Alzheimer’s paired helical filaments (PHF). The
C-terminal portion of tau plays a crucial role in the aggregation of tau into PHF and in the truncation
process that generates cytotoxic segments of tau. Therefore, we investigated the solution structure of the
hydrophobic C-terminal segment 423-441 of tau protein (PQLATLADEVSASLAKQGL) by 'H 2D NMR
spectroscopy. The peptide displays the typical NMR evidence consistent with a «-helix geometry with a
stabilizing C-capping motif. The reported data represent the first piece of structural information on an
important portion of the molecule and can have implications towards the understanding of its pathophysi-
ology. Copyright © 2000 European Peptide Society and John Wiley & Sons, Ltd.

Keywords: tau protein; «-helix conformation; NMR of peptides; Alzheimer’s disease; NMR structure; helix
capping; C-capping; protection from proteolysis

INTRODUCTION

Pathological changes in the microtubule-associated
protein tau, leading to tau-containing filamentous
lesions, are a major hallmark common to many
types of human neurodegenerative diseases [1-4],
including Alzheimer’s disease (AD) and familial
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frontotemporal dementias and Parkinsonism
(FTDP-17), collectively named ‘tauopathies’. In AD,
the neuropathological picture related to tau (neu-
rofibrillary tangles, dystrophic neurites, neuritic
component of senile plaque) is the main correlative
factor with cognitive decline [5,6]. Over ten muta-
tions in the tau gene have been identified in about
20 FTDP-17 families [7-9] establishing the rele-
vance of tau pathology for neurodegenerative tau-
opathies, and proving that lesions of tau can lead
directly to neurodegeneration [10,11]. Thus, muta-
tions are only the latest addition to a number of
abnormal post-translational changes that have
been demonstrated to occur in tauopathies. These
include abnormal hyperphosphorylation [12], ubiqg-
uitination [13], glycation [14], glycosylation [15] and
aberrant proteolysis [16-19].

Tau is a highly hydrophilic fibrous protein with a
very uneven distribution of hydrophobic fragments



[20] and of phosphorylation sites [2,3] along its
sequence. No structural data on tau are available so
far, except for a low resolution trimeric model ob-
tained from transmission electron microscopy and
secondary structure assessment based on CD mea-
surements and primary-sequence predictions [20].
The hydropathic index profile exhibits the highest
density of positive values, i.e. hydrophobic charac-
ter, in correspondence of the repeat regions and the
C-terminal segment [20]. The C-terminal portion of
tau plays a crucial role in the aggregation of tau into
paired helical filaments (PHFs) [21] and in the trun-
cation process that generates cytotoxic fragments
[22,23]. One of the earliest cleavage events in the
course of neuronal apoptosis may occur in corre-
spondence of the C-terminal hydrophobic region [4].
For this reason the solution structure of the hydro-
phobic C-terminal segment 423-441 of tau protein
has been investigated by 'H 2D NMR spectroscopy
at 500 MHz.

MATERIALS AND METHODS

The 19-residue peptide PQLATLADEVSASLAKQGL,
corresponding to the C-terminal segment 423-441
of the human microtubule-associated tau protein,
was purchased from Tecnogen (Caserta, Italy), from
which synthetic details can be obtained upon re-
quest. The peptide, henceforth referred to as tau-C
(segment 423-441 of tau protein), had been charac-
terized by mass-spectrometry (TOF-MALDI M +
H* =1914.7 a.m.u. versus theoretical molecular
weight = 1912.2 a.m.u.) and was pure to 99.0% as
assessed by reverse-phase HPLC (column: Aqua-
pore RP-18 100 x2.1 mm ID; eluents: A=H,0,
0.1% TFA, B=CH3CN, 0.1% TFA; gradient (time/
%B) = 0/5, 5/5, 30/60, 35/95, 40/95, 43/5; retention
time = 25.3 min). The compound was used without
further purification by dissolving 4.6 and 2.1 mg of
lyophilized powder, respectively, in H,O/D,O, 94/6
by volume ([tau-C]=4.8 mM) and in H,O/TFE-d,
(perdeuterated 2,2,2-trifluoroethanol), 50/50 by vol-
ume ([tau-C]=2.2 mM).The uncorrected pH-meter
reading, pH*, of the native aqueous solution was 2.9
and microliter additions of 1 M NaOH and HCI
solutions were employed to adjust its value first to
4.5, and then to 3.7. No pH adjustments were per-
formed on the TFE/water solution (apparent pH*
3.5). 'H NMR measurements were performed at 298
K (and 278 K in water) on a Bruker AM 500 spec-
trometer operating at 500 MHz. 2D spectra were
acquired typically with a sweep width of 6493.5 Hz
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in water and 5376.3 Hz in TFE/water over 2 K
points in t, and 512 points in t,;, by using the time
proportional phase incrementation method [24] to
achieve quadrature detection in the indirect dimen-
sion. Scalar connectivities were monitored by
double-quantum-filtered correlation spectroscopy
(DQF-COSY) [25] and TOCSY [26] experiments. The
latter type of experiments were typically run by an
inverse-detected-like z-filtered implementation [27]
with yB,/27 of ~11 kHz and t,, ~50 ms. Dipolar
connectivities were observed by NOESY [28] or
ROESY [29] with t,, values ranging between 120 and
250 ms. The rotating frame experiments were per-
formed with an effective yB,/27n of ~2.7 kHz ob-
tained by diluting power deposition throughout ¢,
[30]. The solvent resonance was always suppressed
by 1-1.5 s low-power irradiation. Data were pro-
cessed with Felix software (MSI), with zero filling in
both time domains (final matrix dimensions 2048 x
2048 real points), 70°/90°-shifted squared-sine-bell
apodization, right shift in ¢, dimension by one point
to remove baseline offsets (the proper delay had
been introduced prior to t,, increments [31]) and 9th
order polynomial baseline correction in t,. The spec-
tra were internally referenced on the resonance of
dioxane in water (3.750 ppm), and organic solvent
isotopic impurity in the water/TFE mixture (3.918
ppm), respectively. Restrained modelling was per-
formed by using the program DYANA [32]. Six thou-
sand torsion angle dynamics steps were performed
with a simulated annealing procedure (1200 steps
at high temperature followed by slow cooling down
throughout the remaining 4800 steps) on each of
the 1000 initially generated structures. Finally,
2000 conjugate gradient minimization steps were
calculated to release steric clashes, torsion strains,
etc. The structures were visualized by means of the
software MOLMOL [33].

RESULTS

Resonance Assignment and Conformational
Interpretation

The NMR spectra of tau-C were assigned by follow-
ing the standard sequential assignment procedure
[34]. Table 1 lists the chemical shifts values in both
solvent systems that were employed. The peptide
was first monitored in water at pH* 2.9, i.e. the
value reached on solubilization. Only the sequential
o;-NH, , , dipolar connectivities were observed under
these conditions in the ROESY spectra (dipolar

dJ. Peptide Sci. 6: 550-559 (2000)
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Table 1

'H NMR Chemical Shifts® of Tau-C (Tau-protein C-terminal Segment 423-441) at

298 K in Water/TFE, Apparent pH* 3.5 (Upper Rows, Roman), and Water, pH* 2.9 (Lower
Rows, Italic), with H* Chemical Shift Deviations (A0 H”) from Reported Limiting Values [35,36]

Residue HN H* H? H” H° Others ASH*
Pro423 4.43 2.50 2.06 3.42 0.01
4.40 2.46 2.04 3.42 —0.02
GIn424 8.71 4.49 2.07, 2.21 2.43 7.40, 6.70 0.13
8.78 4.39 2.01/2.08 2.38 7.57, 6.88 0.05
Leu425 8.25 4.28 1.66 1.66 0.90/0.97 —0.07
8.47 4.35 1.62 1.63 0.88/0.93 0.01
Ala426 8.03 4.25 1.46 —0.09
843 4.38 1.41 0.06
Thr427 7.57 4.24 4.38 1.30 —0.11
8.00 4.31 4.23 1.21 —0.04
Leu428 7.87 4.20 1.66, 1.80 1.66 0.90/0.94 —-0.15
818 4.33 1.63 1.63 0.88/0.93 —0.01
Ala429 8.18 4.03 1.46 —0.31
824 4.25 1.39 —0.07
Asp430 8.10 4.46 3.19, 2.93 —-0.17
824 4.66 2.92 0.02
Glu431 8.08 4.15 2.35, 2.21 2.63, 2.48 —-0.14
815 4.38 2.05/2.15 2.49 0.03
Val432 8.77 3.66 2.14 0.95, 1.06 —-0.47
811 4.09 2.12 0.96 —0.03
Ser433 8.26 4.13 4.00/4.08 —0.36
8.31 4.40 3.87/3.92 —0.07
Ala434 8.09 4.20 1.54 —0.14
836 4.32 1.44 0.00
Ser435 8.00 4.25 3.99/4.17 —0.24
8.17 4.40 3.89 —0.07
Leu436 8.26 4.16 1.49, 1.92 1.88 0.84/0.87 —0.19
8.06 4.40 1.66 1.66 0.88/0.93 0.06
Ala437 8.04 4.22 1.54 —0.12
8.09 4.27 1.40 —0.05
Lys438 7.90 4.18 2.01 1.58/1.66 1.75 3.02, 7.59 —-0.14
812 4.28 1.80/1.89 1.47 1.70 3.01, 7.53 —0.04
GIn439 7.70 4.38 2.13, 2.34 2.51, 2.44 7.21, 6.50 0.02
826 4.34 2.03/2.16 2.40 7.49, 6.85 0.00
Gly440 7.98 3.87, 4.12 0.11
836 3.96 0.00
Leu441 7.76 4.51 1.65 1.65 0.89/0.92 0.16
8.06 4.32 1.64 1.64 0.86/0.94 —0.02

2In ppm with +0.01 ppm uncertainty. The chemical shifts of magnetically inequivalent diastereotopic
pairs are reported with a separation slash only when their stereospecific assignment could not be
obtained. The stereospecifically assigned resonances are ordered according to their identifier index, i.e.
p2 p3, y2, 3, etc., for methylene hydrogens, y1, y2, J1, 62, etc., for methyl groups. The additional
chemical shifts (column ‘Others’) refer to H*2!, H*?? (GIn424 and GIn439), and H**/** and H¢ (Lys438). For
Gly440, the H*? and H*® assignments are tentative (see text) and the ASH* value is given only for the first
resonance, i.e. the proRC*H occurring in L-amino acids.

Copyright © 2000 European Peptide Society and John Wiley & Sons, Ltd.
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connectivities were stronger in the rotating frame
than in the laboratory frame). Similar results were
also obtained when the temperature was lowered to
278 K. These findings, coupled to the absence of
significant deviations of the CH chemical shifts from
the limiting values observed for unstructured
oligopeptides in water [35] (Table 1), feature the
typical pattern of statistically random conforma-
tions. This inference was also confirmed after vary-
ing the pH*. Actually, as soon as pH* was raised to
around 4, extensive precipitation occurred and the
NMR spectra obtained under these conditions
showed only the chemical shift changes determined
by the titration of Asp430 and Glu431 side chains
along with a sharp decrease in the signal-to-noise
ratio due to poor solubility of tau-C at pH* > 4. It is
concluded that the isolated tau-C segment does not
adopt any preferential secondary structure in water.

By contrast, in the TFE/water mixture, the dipolar
connectivity network was much denser than that
observed in pure water. The sequential-correlation
linking relied essentially on NH;-NH,, , and f,-NH,_
contacts. The upfield deviation of the CH chemical
shifts with respect to the limiting random-coil val-
ues [35,36] was continuous along the segment
Leu425-Lys438 ((Ad)=~ —0.20+0.11 ppm, Table
1). This finding, along with the observation, along
the same segment, of a virtually uniform series of
J2 . <6 Hz, of the mentioned sequential NOEs
and of the (z;-f;+ 3 correlations (Figure 1), leads us
to conclude that in TFE/water tau-C folds into a
regular «-helix geometry extending from Ala426 up
to GIn439. The additional medium-range class of
contacts expected for an o-helix, i.e. the o;-NH;, 5
connectivity, could be reliably measured only in two

430 440
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Figure 2 Section of the aromatic region of the ROESY
spectrum of tau-C in TFE/water (t = 120 ms). The contour
plot is drawn without distinction between positive and
negative levels.

positions between the residue pairs 426-429 and
429-432 of the peptide) (Figure 1) because a un-
equivocal assessment was hampered by resonance
overlap. On the other hand, the other «-helix-diag-
nostic contact, i.e. the «;-NH; , , connectivity, origi-
nates from the interaction between two hydrogens
with canonical separation of 0.44 nm [34] which is
close to the detectability threshold of dipolar inter-
actions. In small molecules insufficiently slow
tumbling rates and/or limited local fluctuations may
adversely affect its observation. Interestingly, the
only «,-NH,,, connectivity was detected between
Ala437 and Leu44l. In addition, Leu441 HN

50 b)

Y ™ IS
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Number of constraints
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Sequence
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426 438

(a) Histogram of secondary-structure-diagnostic NOEs of tau-C in TFE/water. Bar heights are proportional to the

experimental intensities of the corresponding connectivities. (b) Distribution of the observed NOE restraints along the
sequence of tau C. Empty bars: intraresidue; pale-grey bars: sequential; dark-grey bars: medium range (1 < |i—j| <4).
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exhibited a weak NOE also with Lys438 N¢ hydro-
gens (Figure 2). The presence of these contacts,
together with the magnetic inequivalence of the
Gly440 C* hydrogens, suggests a rigid geometry for
Gly440 and Leu441, blocked onto the preceding
helical region. In other words, the typical fraying
pattern, commonly encountered at helix termini, is
observed only at the three N-terminal residues of
tau-C and not at the C-terminal amino acids. This
result may indicate that the «-helix folding of tau-C
is stabilized by a C-capping motif. The high occur-
rence frequency of Gly residues at helix C-termini is
strongly correlated with their involvement in such
motifs [37-39]. To assess whether this is the case
also with tau-C, quantitative consistency must be
found between the available set of conformational
restraints and the molecular model.

Conformational Restraint Collection and Molecular
Modelling

Dipolar connectivities were quantitated only in
ROESY and NOESY spectra obtained in TFE/water.
Following cross-peak sampling and integration, the
obtained volumes were calibrated on the Asp430
H#2-H/3 geminal cross-peak, with an imposed sepa-
ration value of 0.17 nm. The internuclear distances
were calculated from single ROESY (t,,= 120 ms)
and NOESY (t,,= 150 + 10 ms) spectra with upper
and lower extrema of 0.50 and 0.17 nm, respec-
tively. The calculated values were released by 10%
and 20% to define lower and upper distance
bounds, respectively, for isolated and nearly iso-
lated cross peaks (overlap <10%). A larger al-
lowance (20 and 40% for lower and upper bounds,
respectively) was imposed for moderately overlap-
ping connectivities (overlap < 50%). Beyond 50%
overlap, the connectivities were not taken into ac-
count for distance evaluation. Pseudoatom correc-
tions [40] were applied for groups of equivalent
nuclei and unidentified diastereotopic atoms or
groups, a procedure that often leads to retain only a
single distance bound because the other is mean-
inglessly short or long. Overall, 261 meaningful re-
straints could be collected, 135 upper limits and
126 lower limits (Figure 1), which were comple-
mented with 34 torsion-angle range restraints. The
latter were mostly ¢ and y angles, with uncertainty
of +40° around the right-handed helix values, ob-
tained by assessment of local secondary structure
from the set of J?,,, coupling constants and dipolar
connectivities. Only five y! and one y? dihedral
angles, i.e. those of residues 424, 427, 430, 436,

Copyright © 2000 European Peptide Society and John Wiley & Sons, Ltd.

439 and 431, respectively, were restrained, with an
allowance of +50° around the limiting staggered
values obtained through consideration of the local
NOE pattern and the intervening coupling con-
stants (J%,,,, J2,.,,). Torsion-angle restraints were
not imposed when the overall evidence was not
complete in every feature. In a few instances, how-
ever, this incomplete evidence was qualitatively suf-
ficient for stereospecific assignments. To some
extent, this was also the case with Gly440. The H*?
and H*® intraresidue NOEs to H" did not match the
qualitative estimate of the JZ,, values, whereas
the sequential connectivities of the same pair to
Leu441 HN (essential for diastereotopic identifica-
tion) gave conflicting results in ROESY and NOESY
spectra. These incongruities are to be ascribed to
the occurrence of the upfield Gly440 H” resonance
close to the TFE signal, leading to different extents
of baseline deviations along either frequency axes in
both spectra. Based on the more reliable evidence
coming from the estimate of the J2,,, values, two
conformational arrangements could be inferred for
Gly440, i.e. o -helix like or ai-helix like, depending
on the stereospecific labelling given to the H* reso-
nances [41]. The modelling calculation results
showed that the stereospecific assignment consis-
tent with an o -helix-like geometry of Gly440 (see
Tables 1 and 2) quantitatively fits better with the
whole set of experimental restraints. Restrained
modelling was performed by running molecular dy-
namics simulations based on the torsion angle dy-
namics (TAD) approach as implemented in the
DYANA package [32]. Out of 1000 tau-C random
conformers undergone to TAD, the 20 best fitting
structures, i.e. those with the lowest global devia-
tion from the input restraints (summarized by the
target function parameter) were sorted out and sub-
mitted to statistical analysis. The low values of the
average target function (0.14+4.9x 103 and
other average parameters, such as number of viola-
tions (0.0+0.0), maximum violations (0.11 +
0.01 x 10! nm), sum of violations (1.2 + 0.09 x
10! nm), are the quantitative expression of the
limited conformational spread within the selected
structure family. The quality of the structural defi-
nition can be visually appreciated in Figure 3,
showing the backbone best-fit superposition of the
twenty conformers. As readily seen in Figure 3, the
restrained molecular dynamics results confirm that
the C-terminal end of tau-C is well defined, at vari-
ance with the geometry of the N-terminal end that
exhibits a typical fraying pattern. Overall, the sec-
ondary structure of tau-C in TFE/water is an oy

dJ. Peptide Sci. 6: 550-559 (2000)
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Table 2 Structure Quality Parameters and Average Backbone Torsion Angles of
Tau-C (Tau-protein C-terminal Segment 423-441) from DYANA Restrained Mod-

elling Calculations

Structure statistics

Parameter Value
Number of structures 20
Average pairwise RMSD (segment 426-441)
Backbone (/10~! nm) 0.33+0.15 (0.62-0.03)
Heavy atoms (/10~! nm) 0.84 +0.29 (1.38-0.22)
Average RMSD from mean structure (segment 426-441)
Backbone (/10! nm) 0.23 +0.09 (0.45-0.16)
Heavy atoms (/10~! nm) 0.60 4+ 0.20 (1.03-0.45)
Backbone torsion angles and dispersion parameters
Residue @ &2 v g2
Pro423 — — 60 0.45
GIn424 —88 1.00 69 1.00
Leu425 —117 1.00 163 0.50
Ala426 —52 1.00 —47 0.99
Thr427 -39 1.00 —61 0.99
Leu428 —43 0.98 —-57 1.00
Ala429 —54 1.00 —47 0.99
Asp430 —-57 0.99 —56 1.00
Glu431 —55 1.00 —36 1.00
Val432 —-75 1.00 -39 1.00
Ser433 —51 1.00 -30 1.00
Ala434 —77 1.00 —55 1.00
Ser435 —41 1.00 —59 1.00
Leu436 —52 1.00 -37 1.00
Ala438 -70 1.00 —48 1.00
Lys439 —67 1.00 -10 1.00
Gly440 115 1.00 59 1.00
Leud41 -4 0.41 —12 0.71

2For any torsion angle of an ith residue, the dispersion parameter, ¢; is defined as:

. (cosO;y (sinb,y
ST 5 =

cos ! sina? ’
with
cos 0,
a! = arctan g
(sin 6,

and n =number of structures.

helix spanning the segment 426-439, with confor-
mational requirements for canonical H-bonds (NH;-
CO,_, with i ranging from 430 to 438 except for
i=435, and NH;-CO,_5; between GIn439 and
Leu436) that are fulfilled in all or most of the 20
final structures. Further stabilization arises from
the helix C-capping motif involving Gly440 and

Copyright © 2000 European Peptide Society and John Wiley & Sons, Ltd.

1 1
+m; {cosB;y==3 cosb; (sinb,y==3 sinb; 0,=¢,y, 1", etc.
ny ny

Leu441. The capping is made possible by the rela-
tive torsional freedom of the Gly residue that can
adopt an ¢, -like arrangement which allows extend-
ing the intramolecular H-bond network up to
Leu441 HN. The conformation of the last two
residues of tau-C closely resembles the pattern re-
ported for the Gly-based helix-C-capping motif

dJ. Peptide Sci. 6: 550-559 (2000)
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Figure 3 Backbone best-fit superposition for the lowest-
target-function subset of 20 tau-C conformers resulting
from NMR-restrained molecular dynamics calculations
with DYANA [32].

known as Schellman motif [38,39]. Differently from
the latter, however, the geometric conditions re-
quired for a bifurcated H-bond joining the amide
hydrogens of residues 440 and 441 to the carbonyl
of Ala437 occur consistently in all 20 structures
(Figure 4). A canonical Schellman motif would have
entailed the HN.--CO H-bonds 440-437 and 441-
436 and hydrophobic interactions between side
chains of Leu441 and Leu436. The lack of evidence
in favour of the latter interactions (from our data,
Leu441 side chain appears rather flexible) suggests
that their absence is probably responsible for the
deviation from the canonical pattern. Finally, addi-
tional H-bond-favourable geometry is also observed
in all structures for Leu425 HN and Pro423 CO
(y-turn-like [42] arrangement).

Figure 4 Helix C-capping motif of tau-C as obtained from
NMR-restrained DYANA calculations. The motif, depicted
for a single structure for sake of clarity, is consistently
conserved within the final subset of 20 conformers. Side-
chain heavy atoms are shown only for Leu436, Ala437 and
Leu441.

Copyright © 2000 European Peptide Society and John Wiley & Sons, Ltd.

DISCUSSION

In AD brains aberrant proteolysis of tau occurs
[16-18] and truncated forms of tau, lacking their
C-terminal portion, colocalize with DNA fragmenta-
tion, a marker for cell death [19]. In vitro, fragments
of tau lacking the C-terminal portion induce cell
death by apoptosis [22]. Conversely, in a culture
model of neuronal apoptosis the production of tau
fragments was found to be an early reversible event,
with caspase-3 and calpain identified as proteases
contributing to tau cleavage [23]. Interestingly, a
caspase-3 cleavage site is located in the C-terminal
end of tau (residue 421).

On the other hand, the accumulation of tau-
containing aggregates accompanies diverse neuro-
degenerative diseases, collectively named tau-
opathies [43] and the C-terminal portion of tau has
been shown to play a crucial role for the aggregation
into PHFs [21,44-48].

Although the relation between tau aggregation
and its apoptotic properties is currently unclear,
these observations highlight the importance of the
C-terminal portion of the molecule in determining
its pathological properties. This led us to investigate
the solution structure of the hydrophobic C-termi-
nal segment 423-441 of tau protein, tau-C, by 'H
2D NMR spectroscopy. Tau-C is sparingly soluble in
water at pH* >4. At lower pH* tau-C does not
adopt any preferential secondary structure in water
because of the overwhelming free energy contribu-
tion from solvent interactions with isolated
oligopeptides. Resorting to aqueous-organic solvent
mixtures, such as TFE/water, to overcome this free
energy barrier is a common practice in structural
studies of peptides, in order to highlight the struc-
tural propensities encoded by their primary se-
quence [49]. By following this approach, the
previously predicted «-helix tendency of tau-C [20]
is indeed observed. In addition, a further and unex-
pected helix stabilization element is observed,
namely a C-capping motif due to the torsional free-
dom of Gly440 that can adopt an «;-like arrange-
ment which allows extending the intramolecular
H-bond network up to Leu441 HN. It might be ar-
gued that the occurrence of the latter structural
element could be artifactual, i.e. due to the pres-
ence of the organic solvent. Capping motifs of iso-
lated helices in TFE/water, however, appear to fit
the same patterns obtained from statistical analy-
ses of protein structures, again the solvent condi-
tions eliciting those intramolecular contacts which
are encoded by the primary sequence [50,51].

dJ. Peptide Sci. 6: 550-559 (2000)



Actually, helical peptides exhibit most often typical
fraying patterns at their ends also in TFE/water
[52,53]. Hence, the secondary structure elements
shown by tau-C in TFE/water can be considered as
genuine conformational trends.

The stability of the C-terminal helix, enhanced by
the C-capping motif, may play a role for the selec-
tion of the early truncation site of tau [22,23]. Prote-
olysis commonly occurs at exposed flexible residues
fulfilling the specificity requirements of the protease
[54]. Thus, an exposed frayed helix-C-end would
hardly escape the processing by cellular car-
boxypeptidases, leading to progressive unwinding of
the helix by upstream shift of the frayed terminus.
By contrast, under the same exposure conditions, a
blocked helix terminus should exhibit a similar re-
sistance to proteolysis as a stable helix. Helix cap-
ping motifs have been extensively addressed by
many investigators (reviewed in Reference [39]). Be-
sides the structural aspects, all of the studies stress
the thermodynamic stabilization that these motifs
impart to the helix or their plausible role as struc-
ture nucleating elements in early folding events. To
the best of our knowledge, the possible role of helix
capping motifs in protection from proteolysis has
not been previously suggested, although evidence in
favour of this role are already present in the litera-
ture [55]. Hen egg white lysozyme has been reported
to be cleaved between residues 97 and 98 by limited
thermolysin proteolysis (6 h incubation at 313 K) in
TFE/water mixtures, and between residues 24-25
and 37-38 on extending the incubation time (24 h)
[55]. In water, under the same conditions, the
protein was not cleaved due to its well-packed and
rigid structure. The outcome of the TFE/water ex-
periment was ascribed to the perturbation of the
tertiary structure undergone by the molecule in the
aqueous-organic solvent mixture. As confirmed
also by NMR investigation [56], TFE/water mixtures
inhibit long-range hydrophobic interactions which
drive tertiary folding, while favouring short-range
interactions that are responsible for local secondary
geometry. Limited proteolysis should affect only ex-
posed flexible residues, whereas stable secondary
structure elements, such as rigid helices, should be
preserved even in TFE/water, in spite of the sub-
stantial loss of tertiary packing. In the lysozyme
molecule there are other locations that meet the
(quite broad) specificity requirements of thermolysin
and should become as accessible in TFE/water as
the sites undergoing cleavage. For instance, one
such location should be adjacent to the C-terminus
of helix A, i.e. G16-LI7 (similar to the native confor-

Copyright © 2000 European Peptide Society and John Wiley & Sons, Ltd.

TAU PROTEIN SEGMENT 557

mation in water, helix A extends up to H15 also in
TFE /water [56]). By looking at the H-bond pattern of
the lysozyme crystal structure [57] it can be imme-
diately seen that G16 and L17 form a classical
C-capping motif (Schellman type) that appears con-
served in TFE/water [56]. Therefore, it can be con-
cluded that lysozyme is not cleaved at the exposed
C-terminus of helix A because of the presence of a
stable C-capping motif which prevents flexibility.

The data here described represent the first piece
of structural information on an important portion of
tau molecule and can have implications towards the
understanding of its pathophysiology. The stability
within the cellular environment of a C-capped helix
geometry at the C-terminal segment of tau may
influence the selection of the site of an initial prote-
olytic attack. In particular, the cleavage of tau at
residue 421 by the apoptotic protease caspase-3
could make the protein more prone to further prote-
olysis, generating apoptotic fragments [22].
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