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ABSTRACT: A series of peptides corresponding to isolated regions of Tau (τ) protein have been synthesized
and their conformations determined by1H NMR spectroscopy. Immunodominant peptides corresponding
to τ(224-240) and a bisphosphorylated derivative in which a single Thr and a single Ser are phosphorylated
at positions 231 and 235 respectively, and which are recognized by an Alzheimer’s disease-specific
monoclonal antibody, were the main focus of the study. The nonphosphorylated peptide adopts essentially
a random coil conformation in aqueous solution, but becomes slightly more ordered intoâ-type structure
as the hydrophobicity of the solvent is increased by adding up to 50% trifluoroethanol (TFE). Similar
trends are observed for the bisphosphorylated peptide, with a somewhat stronger tendency to form an
extended structure. There is tentative NMR evidence for a small population of species containing a turn
at residues 229-231 in the phosphorylated peptide, and this is strongly supported by CD spectroscopy.
A proposal that the selection of a bioactive conformation from a disordered solution ensemble may be an
important step (in either tubulin binding or in the formation of PHF) is supported by kinetic data on Pro
isomerization. A recent study showed that Thr231 phosphorylation affected the rate of prolyl isomerization
and abolished tubulin binding. This binding was restored by the action of the prolyl isomerase Pin1. In
the current study, we find evidence for the existence of both trans and cis forms ofτ peptides in solution
but no difference in the equilibrium distribution of cis-trans isomers upon phosphorylation. Increasing
hydrophobicity decreases the prevalence of cis forms and increases the major trans conformation of each
of the prolines present in these molecules. We also synthesized mutant peptides containing Tyr substitutions
preceding the Pro residues and found that phosphorylation of Tyr appears to have an effect on the
equilibrium ratio of cis-trans isomerization and decreases the cis content.

Alzheimer’s disease (AD)1 is the most common and best
investigated neurodegenerative disorder associated with Tau
(τ) pathology. Other tauogenic neurodegenerative disorders
include Pick’s disease (PiD), corticobasal degeneration
(CBD), and progressive supranuclear palsy (PSP). The major
histopathological abnormalities that characterize the brains
of patients with AD include excess of neurofibrillary tangles
(NFT), composed of paired helical filaments (PHF) (1, 2).
Both PHF in AD and Pick bodies in PiD are composed of
hyperphosphorylated forms of the low molecular weight
microtubule-associatedτ protein, known as PHF-τ (3-7).

Although hyperphosphorylation ofτ was recognized early
as a major feature of AD, it is still one of the most
controversial areas of current AD research. The weakness
of the PHF-τ hypothesis, which attributes the deficiency of
microtubule-binding of PHF-τ to hyperphosphorylation, is
the lack of consistent evidence at the molecular level, e.g.,
a specific deregulated kinase or phosphatase which acts on
PHF-τ. Although hyperphosphorylation has been attributed
to aberrantly activated mitotic or apoptotic events (8, 9) and
altered kinase or phosphatase activities affected by Apoli-
poprotein E (ApoE), Presenilin 1, phospholipase C-γ, and
Aâ peptides (10-14), attempts to identify AD-specific
phosphorylation sites onτ have not yet yielded conclusive
results. The most probable candidates are Ser262 and the
region around Thr231 and Ser235.

Ser262, once considered as selectively phosphorylated in
PHF-τ (15) but phosphorylation of which was later shown
to be developmentally regulated (16), is one of the likely
abnormal phosphorylation sites. Phosphorylation of Ser262
strongly inhibits the binding ofτ to microtubules (17). This
site can be phosphorylated by a number of kinases (18),
including GSK-3 (19). In addition to Ser262, which is located
in the first microtubule-binding domain, phosphorylation of
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Thr231, just upstream a few residues, is also required for
maximal inhibition ofτ binding to microtubules (20). Our
group was the first to identify bisphosphorylation of adjacent
phosphorylation sites Thr231 and Ser235 as a specific feature
of PHF-τ and a valid biochemical marker for AD diagnosis
(21). Two recent studies confirm that thisτ region may be
a major functional site inτ that is regulated by kinases and
phosphatases via different pathways. First, Lee and co-
workers reported thatτ interacts in vitro and in vivo with
src-family nonreceptor tyrosine kinases (22). The SH3
binding PXXP motif inτ is located between prolines 233
and 236, close to phosphorylation sites Thr231 and Ser235.
Phosphorylation at one or both positions may regulateτ
binding to the SH3 domain. Association ofτ and fyn, a brain
specific isoform of the src-family, now directly links signal
transduction pathways in neuronal cells to the microtubule
cytoskeleton and suggests a mechanism for coupling extra-
cellular signals to the cytoskeletal system.

Second, Lu and co-workers showed that Pin1, a prolyl
isomerase that specifically binds to phosphorylated Ser/Thr-
Pro motifs, alters the Pro imide bond configuration and
regulates the function of mitotic phosphoproteins (23). They
showed that Pin1 binds to the phosphorylated Thr231 region
and restores the ability of PHF-τ to bind microtubules and
promote microtubule assembly in vitro. The authors con-
cluded that in AD hyperphosphorylation of proline-directed
sites inτ creates more binding sites for Pin1, which in turn
reduces the Pin1 action on Thr231. The hyperphosphorylated
τ cannot bind microtubules, and subsequently forms PHF,
affecting neuronal function.

Despite the importance of hyperphosphorylatedτ, there
is a lack of experimental information on the conformation
of the key binding region. In the current study, we have used
NMR spectroscopy to determine the solution structure ofτ-
(224-240) and various phosphorylated derivatives (Table
1). The combination of sequence substitutions (Tyr for Ser/
Thr), phosphorylation, and variations in solution conditions
allowed the role of both intrinsic and extrinsic effects on
conformations to be examined.

EXPERIMENTAL PROCEDURES

Peptide Synthesis. Peptides were synthesized on a 433A
(PE Biosystems, Weiterstadt, Germany) or a Milligen 9050
(Millipore, Framingham) peptide synthesizer using standard
Fmoc/tBu chemistry andO-benzotriazol-N,N,N′,N′-tetram-
ethyluronium hexafluorophosphate/1-hydroxybenzotriazol (HB-
TU/HOBt) (24). Phosphoserine and phosphothreonine were
incorporated as Fmoc-Ser(PO3HBzl)-OH and Fmoc-Thr(PO3-
HBzl)-OH (25). Both tyrosine-containing peptide analogues
were synthesized with side-chain unprotected tyrosine (Fmoc-

Tyr-OH). An aliquot was phosphorylated globally after
completion of the synthesis using dibenzyl-N,N-diisopropy-
lphosphoramidite (Calbiochem-Novabiochem GmbH, Bad
Soden, Germany) (26). After TFA-cleavage, peptides were
purified by reversed-phase (RP) HPLC and characterized by
matrix-assisted laser desorption/ionization (MALDI) mass
spectrometry.

NMR Spectroscopy. Samples for1H NMR measurements
contained∼1 mM peptide in either 90% H2O/10%2H2O (v/
v) or various concentrations of aqueous trifluoroethanol
(TFE) up to 50% TFE/40% H2O/10% 2H2O (v/v). Spectra
were recorded at 290 K on a Bruker ARX-500 or AVANCE
750 MHz spectrometer equipped with a shielded gradient
unit. Low-temperature studies employed a temperature-
controlled stream of cooled air using a Bruker BCU
refrigeration unit and a B-VT 2000 control unit. 2D NMR
spectra were recorded in phase-sensitive mode using time-
proportional phase incrementation for quadrature detection
in theF1 dimension (27). The 2D experiments included DQF-
COSY (28), TOCSY (29) using a MLEV-17 spin lock
sequence (30) with a mixing time of 80 ms, and NOESY
(31) with mixing times of 300 and 400 ms. For DQF-COSY
experiments, solvent suppression was achieved using selec-
tive low-power irradiation of the water resonance during a
relaxation delay of 1.8 s. Solvent suppression for NOESY
and TOCSY experiments was achieved using a modified
WATERGATE sequence (32). Spectra were routinely ac-
quired with 4096 complex data points inF2 and 512
increments in theF1 dimension, with 32 scans/increment (64
for NOESY).

Spectra were processed on a Silicon Graphics Indigo
workstation using XWINNMR (Bruker) software. TheF1

dimension was zero-filled to 2048 real data points, and 90°
phase-shifted sine bell window functions were applied prior
to Fourier transformation. Chemical shifts were referenced
to DSS at 0.00 ppm.

CD Spectroscopy.CD spectra were taken on a Jasco J720
instrument at room temperature in a 0.2 mm path-length cell.
Doubly distilled water and spectroscopy-grade trifluoroet-
hanol were used as solvents. The peptide concentrations were
0.4 mg/mL (approximately 0.2 mM), determined by quan-
titative RP-HPLC (33). The accuracy of this concentration-
determination for peptides is usually over 95%. Curves were
smoothed by the algorithm provided by Jasco. Mean residue
ellipticity ([Q]MR) is expressed in degrees squared centimeters
per decimole (°C cm2/dmol) by using a mean residue mass
of 106.

RESULTS

A series ofτ peptides, corresponding toτ(224-240), its
bisphosphorylated derivative, [ThrP231,SerP235] τ(224-240),

Table 1: Syntheticτ Peptidesa

peptide 224 229 234 239

τ(224-240) K K V A V V R T P P K S P S S A K
[ThrP231,SerP235] τ(224-240) - - - - - - - TP - - - SP - - - - -
[Tyr231] τ(224-240) - - - - - - - Y - - - - - - - - -
[TyrP231] τ(224-240) - - - - - - - YP - - - - - - - - -
[Tyr235] τ(224-240) - - - - - - - - - - - Y - - - - -
[TyrP235]τ(224-240) - - - - - - - - - - - YP - - - - -

a The native sequence is shown at the top of the table. In the subsequent peptides the dashes represent the residue in the native peptide and the
changes are marked. The superscripted P stands for phosphorylation.
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and four peptides in which either Thr231 or Ser235 is
replaced with Tyr or TyrP, [Tyr231] τ(224-240), [TyrP231]
τ(224-240), [Tyr235] τ(224-240), or [TyrP235] τ(224-240)
were synthesized using solid-phase methods (Table 1). The
1H NMR spectra ofτ(224-240) and [ThrP231,SerP235] τ(224-
240) were examined in both aqueous solution and in various
concentrations of aqueous TFE. A range of different solution
conditions was examined because preliminary spectra in
aqueous solution suggested a degree of conformational
heterogeneity, and it was of interest to determine the role of
solution environment on the stabilization of individual
conformers. The spectra of both peptides in 50% aqueous
TFE had a significantly greater dispersion of amide signals
(∼0.9 ppm) than those in aqueous solution (∼0.5 ppm) and
were used in the first instance to make the resonance
assignments. Spin systems were readily identified from
TOCSY spectra and were sequentially assigned using
NOESY spectra. For example, the sequential assignment for
the bisphosphorylated peptide, [ThrP231,SerP235] τ(224-240),
in 50% aqueous TFE is summarized in Figure 1. Chemical
shift assignments were also determined in water for this
peptide and for the nonphosphorylated peptide,τ(224-240),
in both water and TFE, and are supplied as Supporting
Information.

The NMR spectra in water suggested the presence, in
addition to the major conformer, of one or more minor
conformations for bothτ(224-240) and [ThrP231,SerP235] τ-
(224-240), evidenced by the appearance of additional
resonances of lower intensity than those in the major
conformer. On the basis of the TOCSY patterns of these
additional peaks, it appears that there are three extra sets of
Ser resonances, as illustrated for the amide region of the
spectrum ofτ(224-240) in Figure 2. In the aliphatic region
of the spectrum, there is also evidence for additional Thr
resonances of lower intensity than the major conformer.
Similar results were observed for [ThrP231,SerP235] τ(224-
240). The NMR data thus suggest that the three Ser and the
single Thr residue in the peptides each have an alternative
conformation. The most likely cause of this second confor-
mation is isomerization around one or more of the peptide
bonds preceding the three Pro residues. Figure 3 summarizes
the residues which are “doubled” and highlights the positions
of the Pro residues with respect to the doubled resonances.
Given that the single Thr precedes Pro232 and all three Ser
residues appear to have an alternative conformation it is likely
that both Pro232 and Pro236 are involved in cis-trans
isomerization, although the possibility that Pro233 is also
involved cannot be excluded.

In the major solution conformer, all three Pro residues are
in the trans conformation, as judged by the observation of
RHi-δHi+1NOEs between each of the Pro residues and the
sequentially preceding residue. Although many additional

FIGURE 1: 1H NMR spectra of [ThrP231,SerP235] τ(224-240)
recorded on a Bruker 750 MHz spectrometer at 290 K. The peptide
was dissolved in 50% TFE (v/v) in aqueous solution. The top panel
is the fingerprint region of the TOCSY spectrum with the resonance
assignments labeled and the spin systems highlighted with vertical
lines. The lower panel is theRΗ-NH region of the NOESY
spectrum recorded with a mixing time of 400 ms. The resonance
assignments are labeled and the sequential connectivities are
indicated.

FIGURE 2: TheRΗ-NH region of the TOCSY spectrum ofτ(224-
240) recorded on a Bruker 750 MHz spectrometer at 290 K in 90%
H2O/10%2H2O. The resonance assignments of the major conforma-
tion are labeled and the boxed peaks represent the additional serine
resonances of the minor conformation.

FIGURE 3: The residues which appear to be most perturbed in the
minor conformation(s) ofτ(224-240) and [ThrP231,SerP235] τ(224-
240) are highlighted. All doubled residues (circled) are in close
proximity to one of the Pro residues (232, 233, or 236). All residues
which are not doubled (enclosed in dotted arrow) are distant from
Pro residues. The phosphorylation sites are arrowed (231 and 235).
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peaks were observed in the spectra corresponding to minor
forms, it was not possible to unambiguously assign them
all, particularly those near Pro residues. Therefore, it could
not unequivocally be established that the minor isomer(s)
were due to cis-Pro bonds although this seems highly likely.
The proportion of these additional resonances appears to be
modulated by the solution conditions and in particular by
the relative concentration of added TFE. In water, the
proportion of the additional peaks ranges from 3 to 9% of
the major conformation forτ(224-240) and [ThrP231,SerP235]
τ(224-240). However, at increasing concentrations of TFE
the intensity of these peaks decreases and they are not
observed in 50% TFE. It thus appears that the major (trans)
conformation is stabilized by a more hydrophobic environ-
ment, to the extent that the minor form is not detectable
in 50% TFE/50% H2O. Stabilization of the major form is
also reflected by the increased amide chemical shift disper-
sion seen as TFE is titrated into aqueous solutions of the
peptides.

We return later to a discussion of the implications of cis-
trans Pro isomerization inτ peptides but turn now to a
determination of the solution conformation of the major
(trans) isomer. In particular, it was of interest to determine
the conformation of the nonphosphorylated peptide,τ(224-
240), and to see how phosphorylation and/or solution
conditions changed this.RH chemical shifts provide a rapid
and reliable indicator of secondary structure elements and
in particular the difference betweenRH shifts and random
coil values, referred to as secondary shifts, are diagnostic of
local elements of secondary structure. A comparison of the
secondary shifts ofτ(224-240) and [ThrP231,SerP235] τ(224-
240) in aqueous solution is given in the top panel of Figure
4. The secondary shifts for the two peptides are very similar,
with the major differences, not surprisingly, being at the
residues which are phosphorylated. In general the secondary
shifts are<0.1 ppm for all residues excluding Lys224 and
Ser235, indicating a random coil conformation for both
peptides. The slightly larger secondary shifts observed for

Lys224 and Ser235 are most likely due to charge effects
from the N-terminus and phosphate groups, respectively. In
the lower panel, of Figure 4 the secondary shifts ofτ(224-
240) and [ThrP231,SerP235] τ(224-240) in 50% aqueous TFE
are presented. The secondary shifts are larger than those
observed in aqueous solution and generally positive in sign
for residues 225-236, suggesting that TFE stabilizesâ-type
structure in this region. The enhancement ofâ-type structure
appears to be more pronounced for [ThrP231,SerP235] τ(224-
240) compared toτ(224-240). The C-terminal region (237-
240) is unaffected by the change in solution environment,
showing that the secondary shift changes reflect a specific
conformational effect rather than a nonspecific dielectric or
other effect of TFE.

The conclusion to emerge from the chemical shift analysis
is that both peptides are predominantly unstructured in
aqueous solution but that addition of TFE promotes the
formation of â-type structure, particularly in the bisphos-
phorylated peptide.

Figure 5 shows a summary of short- and medium-range
NOE data for both peptides in water and in TFE. The pattern
of strongRH-NHi+1 and weak NH-NHi+1 NOEs, together
with a relative lack of medium- and long-range NOEs
confirms, that both peptides exist predominantly in random
coil forms in both solvents. The only significant difference
between the two peptides is a singleRN(i,i+2) NOE detected
between residues Val229 and Thr231 in [ThrP231,SerP235] τ-
(224-240). This provides tentative evidence for a small
population of peptide containing a turn at this point. The
existence of a similar turn inτ(224-240) cannot be excluded
because of overlap in this region of the spectrum of the
nonphosphorylated peptide. Overall, the NOE data are
consistent with the chemical shift analysis although the latter
is more sensitive in identifying a slight increase inâ-structure
in the τ peptides in hydrophobic solution and the former in
identifying a small population containing a turn between
Val229 and Thr231.

CD spectroscopy verified the turn structure of the bispho-
sphorylated peptide. CD spectra of the two peptides were
taken in water and 50% TFE. In water, the nonphosphory-
lated version exhibited a strong negative band at 195 nm
and a small positive band around 218 nm (Figure 6),
characteristic for peptides without conformational preferences
(34). Addition of TFE reduced the intensity of the unordered
band, indicating the presence of some ordered conformers,
but no additional spectral changes were observed. In contrast,
the bisphosphorylated peptide exhibited a transitional spec-
trum between types U and C in water, reflecting an
equilibrium between random structures and type I (III)â-turn
(35). This spectrum featured a small, but obvious red-shift
of the negative band and the disappearance of the positive
band. The presence ofâ-turns became beyond doubt in 50%
TFE, when the peptide exhibited a classical type C spectrum.
In this spectrum, the negative band was red-shifted to 200
nm and its intensity was decreased, accompanied by the
appearance of a weak negative band at 222 nm. Peptides
with type C CD spectra assume clean type I (III)â-turns or
mixtures of type I and type II turns (36).

Returning to the question of cis-trans isomerization in
theτ peptides, the 2D TOCSY spectra recorded in aqueous
solution were volume integrated to determine the relative
amounts of the two configurational isomers and the results

FIGURE 4: SecondaryRH shifts [i.e., differences betweenRH
shifts in τ peptides and random coil shifts (49)] for each residue
in τ(224-240) (white) and [ThrP231,SerP235] τ(224-240) (black).
The upper panel (a) compares the chemical shifts in H2O and the
lower panel (b) in 50% TFE. The phosphorylated residues are
arrowed.
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are shown in Table 2. The cis-trans ratio for both peptides
in aqueous solution is approximately 9% at the Pro236 site
and 4-5% at Pro232/233 in both phosphorylated and
nonphosphorylated peptides. Thus, there is a small, but
significant difference in the equilibrium ratios for the two
sites; however, phosphorylation does not affect the ratio at
a given site.

Because we observed cis-trans Pro isomerization in
aqueous solution but not under more hydrophobic conditions
and because of the putative importance of cis-trans isomer-
ization inτ peptides (23), it was of interest to further explore
the factors determining this equilibrium. Additional NMR
data were thus recorded on the four peptides, [Tyr231] τ(224-

240), [TyrP231] τ(224-240), [Tyr235] τ(224-240), and [TyrP235]
τ(224-240), in which a tyrosine residue is substituted for
Ser or Thr preceding individual Pro sites. The 2D spectra in
50% TFE/50% H2O (data not shown) for three of these
peptides clearly indicate the presence of additional Tyr
resonances, the likely explanation again being cis-trans
isomerization of Pro residues adjacent to the Tyr. The cis
content was estimated by volume integration of the peaks
and is given in Table 2. The cis content for the nonphos-
phorylated peptides, [Tyr231] τ(224-240) and [Tyr235] τ-
(224-240), is significantly higher than that observed for the
respective phosphorylated derivatives and then that observed
for τ(224-240) and [ThrP231,SerP235] τ(224-240). For the
latter two peptides in 50% TFE/50% H2O, no cis conformers
were detected. Replacement of Ser/Thr by Tyr clearly
enhances the population of cis forms, supporting the idea of
strong sequence dependency of the Pro cis-trans isomer-
ization, but indicating that this feature is not particularly
dominant in AD PHF. Aromatic residues have previously
been shown to have a marked propensity to precede a cis-
Pro because of favorable interactions between the aromatic
ring and the Pro residue (37). Overall, the data show that
both intrinsic (sequence) and extrinsic (solution environment)
effects are able to modulate cis-trans ratios.

DISCUSSION

τ stabilizes the internal microtubular structure of neurons.
In AD, τ is hyperphosphorylated and in this state is not able

FIGURE 5: Summary of the sequential and medium-range NOE connectivities observed forτ(224-240) and [ThrP231,SerP235] τ(224-240).
The connectivities ofτ(224-240) in (a) aqueous solution, and in (b) 50% aqueous TFE are indicated as are the connectivities of [ThrP231,-
SerP235] τ(224-240) in (c) aqueous solution and in (d) 50% aqueous TFE. Filled bars indicate sequential connectivities observed in 400 ms
NOESY spectra. Shaded bars correspond to sequentialRHi-Hδi+1 and NHi-Hδi+1 connectivities for Pro residues. The height of the bar
indicates the strength of the NOE. Overlapping NOEs are indicated by an asterisk (*).

FIGURE 6: CD spectra ofτ(224-240) and [ThrP231,SerP235] τ(224-
240). Spectra were recorded on a Jasco J720 spectrometer at room
temperature, a peptide concentration of 0.4 mg/mL and in aqueous
solution or 50% aqueous TFE. Theτ(224-240) spectrum recorded
in aqueous solution is shown as a solid line and as a dotted line for
50% aqueous TFE. The [ThrP231,SerP235] τ(224-240) spectrum
recorded in aqueous solution is shown as a dashed line and as a
dashed and dotted line for 50% aqueous TFE.

Table 2: Percentage of cis Isomers inτ Peptidesa

Pro232/3 Pro236

H2O TFE H2O TFE

τ(224-240) 4% 0%b 9% 0%
[ThrP231,SerP235] τ(224-240) 3% 0% 9% 0%
[Tyr231] τ(224-240) nd 20%
[TyrP231] τ(224-240) nd 10%
[Tyr235] τ(224-240) nd 25%
[TyrP235] τ(224-240) nd 10%

a nd, not determined.b No cis peptide was observed at an estimated
detection threshold of 0.5%.
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to bind to microtubules (38-42). It was therefore of interest
to determine whether a conformational change in the AD-
specific midsequenceτ domain is associated with phospho-
rylation ofτ and if so whether this might indicate an allosteric
mechanism by which binding to microtubules is inhibited.
Binding of the proline isomerase Pin1 restores the ability of
phosphorylatedτ to bind to microtubules in vitro (23). This
enzyme alters the rate of isomerization of the peptide bond
between phosphorylated Ser or Thr and an adjacent Pro
(pSer/Thr-Pro bonds) inτ (43). It was therefore of further
interest to determine the cis-trans states of Ser/Thr-Pro
bonds inτ to see how they are influenced by phosphorylation
and by the solution environment.

It was clear from an analysis of NMR secondary shifts
that the peptide corresponding to the region 224-240 of τ,
which incorporates residues known to be phosphorylated and
associated with both microtubule and Pin1 binding, adopted
an essentially random coil conformation in water and that
no structure is induced by phosphorylation. This suggests
the possibility that binding ofτ to microtubules may involve
a process in which a preferred binding conformation is
selected from an ensemble of disordered conformers in
solution. If this is the case then the phosphate groups appear
not to shift the solution equilibrium away from a preferred
conformation but either must alter the kinetics associated
with production of a preferred bound conformation or interact
unfavorably with the tubulin binding site in that bound
conformation. It should be cautioned that this interpretation
assumes that the isolatedτ(224-240) peptide provides a
good model for the corresponding region of the intact protein.
The possibility that this region adopts some more ordered
structure in the presence of tertiary interactions from the
remainder of the protein cannot be excluded at this stage.

The data recorded in the more hydrophobic environment
provided by 50% TFE showed that part of theτ sequence
undergoes structural ordering in response to solution condi-
tions. Although small, the effect is specific to residues
incorporating Ser/Thr-Pro phosphorylation sites. Residues
C-terminal to this region were unchanged relative to those
in water, providing an internal control which confirms the
specificity of the conformational change. The increased
secondary shifts are associated with a more extended (â-
type) secondary structure, and the ordering effect induced
by the hydrophobic solvent is slightly greater in the phos-
phorylated peptide. The shift from random coil to extended
structure shows thatτ is amenable to conformational changes
in response to the solution environment, supporting the
suggestion that it may undergo a conformational change on
binding to tubulin. While there are insufficient data at this
stage to identify the bound conformation, it appears more
likely to be in an extended (â-type) rather than helical
conformation. Alternatively to a structural change upon
tubulin binding, in a hydrophobic environment phosphory-
latedτ may undergo a self-association process, viaâ-pleated
sheet formation. It has been a puzzle for some time as to
how τ, an elastic protein (44), becomes aggregated to
â-sheets when assembled to PHF (45), but the data reported
here on a susceptibility to conformational changes with
hydrophobicity provide some clues. In a cellular environ-
ment, increased hydrophobicity may result from a number
of factors, including increased concentration of proteins, for
example apolipoproteins.

The NMR and CD data from the current study also
identified aâ-turn-forming ability of the bisphosphorylated
τ(224-240) peptide around phosphorylated Thr231 when
such turns were absent from the spectra of the nonphospho-
rylated variant. The turn-forming potential was especially
visible in TFE, and this finding corroborates earlier im-
munological observations. The 224-240 region ofτ is an
immunodominant domain and carries the recognition site of
two of the three currently known AD PHF-specific mono-
clonal antibodies, PHF-27 and TG-3. TG-3 recognizes this
peptide fragment phosphorylated on Thr231 (46), and PHF-
27 also recognizes the Thr231-monophosphorylated peptide
to some degree (21). The antigen recognition of both
monoclonal antibodies is markedly increased when the
Thr231-monophosphorylated peptide is plated down to the
ELISA assay from TFE (21, 46), indicating that these PHF-
specific antibodies not only recognize phosphorylated Thr231,
but also the conformation around this amino acid residue.
This is especially interesting because some additional im-
munological evidence suggests that the conformationally
sensitive antibodies ALZ-50 and MC-1 recognize an in-
tramolecular association between the extreme N-terminus and
the third microtubule-binding repeat domain ofτ (47), and
the bend ofτ was suggested to occur in the vicinity of
phosphorylated Thr231 (46).

The NMR data recorded in aqueous solution clearly show
the presence of extra conformations inτ associated with cis-
trans isomerization about at least two of the three Pro
residues. The Ser235-Pro236 bond is present mainly in the
trans configuration, but is cis in approximately 9% of the
solution conformers. Similarly, the Thr231-Pro232 (or
Pro232-Pro233) bond has a majority trans configuration but
is cis for approximately 5% of conformers. The current data
suggest that the recently reported selectivity of Pin1 for the
pThr-Pro232 motif compared to pSer-Pro236 (23) does not
appear to be related to the intrinsic equilibrium position of
cis-trans isomers for the two sites. While the probability of
a cis peptide bond at the latter site is about twice that of the
former, the binding selectivity for the pThr-Pro site is 10-
fold that of any other site in the molecule. The cis-trans
ratios are clearly affected by the solution environment, with
decreasing stability of the cis forms being associated with
increasing hydrophobicity of the solution.

The possible implications of the cis-trans conformational
interchange onτ binding interactions are summarized in
Figure 7. The upper left of the figure represents an ensemble
of random coil conformers, most of which are trans but with
a minority of cis forms. If the tubulin binding form is selected
from the cis subpopulation, then any decrease in the rate of
cis-trans equilibration, as is the case for the phosphorylated
derivatives, could decrease the availability of bound forms.
Studies of model peptides have clearly established a de-
creased rate of cis-trans interconversion on phosphorylation
and decreased tubulin binding on phosphorylation. Addition
of Pin1 enhances the rate of cis-trans isomerization and
restores tubulin binding (bottom right of figure). This model
also explains increased PHF formation on phosphorylation.
With a decreased rate of tubulin binding, the free phospho-
rylated peptide becomes more available for PHF formation,
as indicated at the lower left of the figure. In AD, hyper-
phosphorylation leads to increased PHF, increased sequester-
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ing of free Pin1, and hence reduced soluble Pin1 for
facilitating prolyl isomerization, also resulting in reduced
tubulin binding byτ.

We also examined a number of mutant peptides in which
a tyrosine precedes the isomerizing proline residues and
found that there is a larger cis content relative to the wild
type (Ser/Thr mutants). These mutant peptides were exam-
ined in 50% aqueous TFE and were still found to contain at
least one minor conformation, most likely from cis-trans
isomerization. These results are consistent with a previous
study by Schutkowski et al. (48) which examined a series
of peptides that contained phosphorylated or nonphospho-
rylated Ser/Thr/Tyr-Pro bonds and showed∼30% cis content
for Tyr-Pro containing peptides and generally much lower

values for Ser/Thr-Pro containing peptides. However, in the
present study, phosphorylation appears to have an effect on
the equilibrium ratio of cis-trans isomerization in these Tyr
derivatives and decreases the cis content. This is in contrast
to the previous study which found that phosphorylated Tyr
did not affect prolyl isomerization (48). Apparently this
process is highly sequence dependent. In this respect, the
extent, as well as the kinetics of cis-trans Pro isomerization,
may play a role in the development of AD, although further
work is necessary to define it.
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FIGURE 7: Schematic representation of possible conformational and binding interactions ofτ. The τ protein is drawn with the residues
224-240 highlighted and the tubulin binding domain as a boxed region. In solutionτ(224-240) exists as a random coil ensemble, some
conformers of which contain trans Pro [(a) represented as an extended conformation,>90%] and others cis Pro [(b) represented as a folded
conformation,<10%]. A very small fraction of conformers, perhaps accessible via cis Pro intermediates, adopts a conformation suitable for
binding to tubulin (c). On phosphorylation (d), the cis-trans equilibrium is slowed in rate (but not extent) leading to a reduced rate of
supply of scheme e. The conformational rearrangements necessary for selection of a binding conformer are thus slowed sufficiently that
binding to tubulin is reduced. The free phosphorylated peptide (d) thus becomes more available for PHF formation (f). Free Pin1 (g) is able
to bind either to phosphorylated PHF (f) or phosphorylated solubleτ (h). In the latter case, it speeds up prolyl isomerization to the cis form
(i), thereby leading to enhanced selection of binding conformations (j), explaining how Pin1 can reverse the lack of binding seen for
phosphorylatedτ. In AD hyperphosphorylation leads to increased PHF (f), increased sequestering of free Pin1 and hence reduced soluble
Pin1 for facilitating prolyl isomerization (h to i), also resulting in reduced tubulin binding byτ (j). For clarity, the figure does not show
some of the other factors influencing this complex interplay of conformations and binding interactions. For example, the cis-trans ratios
of τ(224-240) are affected by the degree of hydrophobicity and under hydrophobic conditions phosphorylation produces some ordering of
the conformational ensemble and induces turn formation.
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SUPPORTING INFORMATION AVAILABLE

Chemical shifts for nonphosphorylated and phosphorylated
peptides in water and TFE. This material is available free
of charge via the Internet at http://pubs.acs.org.
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