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ABSTRACT: Alzheimer’s disease is characterized by two protein precipitates, extracellular amyloid plaques
and intracellular neurofibrillary tangles (NFTs). The primary constituent of NFTs is a hyperphosphorylated
form of the microtubule-binding protein tau. Hyperphosphorylation of tau on over 30 residues, primarily
within proline-rich sequences, is associated with conformational changes whose nature is poorly defined.
Peptides derived from the proline-rich region of tau (residues 174-242) were synthesized, and the
conformations were analyzed for the nonphosphorylated and phosphorylated peptides. CD and NMR data
indicate that phosphorylation of serine and threonine residues in proline-rich sequences induces a
conformational change to a type II polyproline helix. The largest phosphorylation-dependent conformational
changes observed by CD were for tau peptides incorporating residues 174-183 or residues 229-238.
Phosphoserine and phosphothreonine residues exhibited ordered values of3JRN (3.1-6.2 Hz; mean) 4.7
Hz) compared to nonphosphorylated serine and threonine. Phosphorylation of a tau peptide consisting of
tau residues 196-209 resulted in the disruption of a nascentR-helix. These results suggest that global
reorganization of tau may occur upon hyperphosphorylation of proline-rich sequences in tau.

Alzheimer’s disease is a neurological disorder character-
ized by protein misfolding. Two distinct protein aggregates
are observed, extracellular amyloid plaques and intracellular
neurofibrillary tangles (NFTs1). Neurofibrillary tangles con-
sist primarily of hyperphoshphorylated tau protein as well
as other microtubule-associated proteins (MAPs) (1-6).
Under normal cellular conditions, tau binds to microtubules
in neurons and stabilizes their elongated structure in the axon.
In diseased cells, tau becomes hyperphosphorylated. Hyper-
phosphorylation of tau has been proposed to induce a
conformational change in the protein that causes tau to
aggregate and precipitate as NFTs. The mechanisms as-
sociating hyperphosphorylated tau and Alzheimer’s disease
pathology are a subject of active research. A gain of function
mechanism proposes that toxicity is associated with the
hyperphosphorylated form of tau. Alternatively, in a loss of
function mechanism, precipitation of tau could cause the
unbound microtubules in the neuron to become destabilized

and to depolymerize, resulting in a loss of neuronal structural
integrity.

Tau is an intrinsically unstructured protein consisting of
441 amino acids (longest isoform) and lacking well-defined
globular domains (4). The natively disordered structure of
tau has to date prevented high-resolution structure determi-
nation (7-15). Although tau contains no globular domains,
a number of functional domains have been identified (Figure
1) (16). These domains include a proline-rich domain (PRD),
three to four repeats of tubulin-binding domains (TBDs)
separated by short linker regions, and two hydrophobic
domains (A and B) (17-20). The hydrophobic domains and
the TBDs are critical for both microtubule binding and NFT
formation. In addition, over 30 phosphorylation sites in tau
have been identified. The phosphorylation sites are concen-
trated within two regions: the proline-rich domain, which
links the hydrophobic domains and the TBDs, and the
extreme C-terminus, which is associated with caspase
cleavage (4). The observation of hyperphosphorylation in
the proline-rich domain of tau suggests that the proline-rich
domain may be important to phosphorylation-induced con-
formational change.

The type II polyproline helix (PPII) is a common second-
ary structure, which is often observed in proline-rich
sequences (21, 22). PPII is a relatively extended conformation
(φ ) -75°, ψ ) +145°) and is an important conformation
in protein-protein interfaces (23, 24). Propensity scales for
PPII formation indicate that both serine and threonine have
very low PPII propensities; interestingly, both residues are
also quite common in proline-rich regions (25-30). We
hypothesized that changes in hydrogen-bonding capabilities
and side chain-backbone (31, 32) interactions due to phos-
phorylation might increase the PPII propensities of serine
and threonine, leading to a conformational switch to PPII
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upon phosphorylation. This hypothesis is supported by the
observation that proteins containing phosphorylated serine
or phosphorylated threonine are observed to bind to proteins
as ligands in a PPII conformation (33-36). The WW domain
of Pin1, a prolyl isomerase important in Alzheimer’s disease,
binds phosphorylated tau but not nonphosphorylated tau in
a PPII conformation (33, 37-42). The binding of Pin1 and
other proteins to phosphorylated proteins in a PPII confor-
mation suggests a phosphorylatation-induced switch to PPII
as a potentially important conformational change in proteins.

Although tubulin-binding-domain (TBD) repeats are re-
quired for microtubule binding, the TBD repeats alone bind
microtubules with lower affinity without anN-terminal or
C-terminal extension. Weak microtubule binding also may
occur without TBDs as long as both theN-terminal and the
C-terminal extensions are present (17-20). Current models
of the interactions between microtubules and tau assign the
N-terminal A and B domains as hydrophobic regions that
provide additional binding energy to the tau-microtubule
complex. The proline-rich domain is thought to support
microtubule binding, in conjunction with the TBDs and a
C-terminal extension. Under a global hairpin structural model
of tau and the jaws microtubule-binding model proposed by
Mandelkow, structural changes in the proline-rich regions
could have a major effect on microtubule binding affinity
(15, 16, 18, 43). In particular, a conformational switch to
PPII has the potential to cause large-scale structural changes
within the protein because PPII is a relatively rigid and
extended structure compared to the random coil.

The mechanisms by which tau hyperphosphorylation may
cause microtubule dissociation and aggregation are still
poorly understood. To understand phosphorylation-induced
conformational changes in tau, peptides derived from the
proline-rich region were examined in their phosphorylated
and nonphosphorylated states using circular dichroism (CD)
and NMR spectroscopy (37, 43-48).

EXPERIMENTAL SECTION

Peptide Synthesis and Characterization. Peptides were
synthesized via standard Fmoc solid-phase peptide synthesis
using Rink amide resin (0.1 or 0.25 mmol) on a Rainin PS3
peptide synthesizer. The resin was swelled in DMF for 5
min prior to the start of the synthesis. Amino acid couplings
were performed using Fmoc amino acids (4 equiv) and
HBTU (4 equiv). The following steps were used for peptide
synthesis per cycle: (1) removal of the Fmoc group with
20% piperidine in DMF, 3× 5 min; (2) resin wash (DMF,
5 × 1 min); (3) amide coupling (amino acid, HBTU, and
0.05 M DIPEA in DMF; 20 min for the first eight amino
acids and 50 min for the remaining amino acids); and (4)
rinse (DMF, 3× 1 min). Trityl-protected serine and threonine
were incorporated at phosphorylation sites to allow for
selective phosphorylation. After the addition of the final
residue, the peptide was deprotected (20% piperidine in

DMF, 3 × 5 min) and the amino terminus acetylated (10%
acetic anhydride in pyridine, 5 min). The resin was washed
with DMF (6×) and CH2Cl2 (3×).

Nonphosphorylated peptides were cleaved and deprotected
in a trifluoroacetic acid (TFA)/thioanisole/ethanedithiol/
phenol/water (84:4:4:4:4) cocktail for 2-4 h. The peptides
were concentrated under nitrogen and precipitated with ether.
The precipitate was dissolved in water, and the resulting
solution was filtered and purified by reverse phase HPLC
(Vydac semipreparative C18, 10× 250 mm, 5µm particle
size, 300 Å pore). The peptides were purified using gradients
of buffer B (80% MeCN, 20% H2O, and 0.05% TFA) in
buffer A (98% H2O, 2% MeCN, and 0.06% TFA) as
indicated below. The peptides were purified to homogeneity,
as indicated by the presence of a single peak upon reinjection
on analytical HPLC (Microsorb MV C18, 4.6× 250 mm,
100 Å pore). Phosphorylated peptides were synthesized by
chemical phosphorylation on resin by the following proce-
dure: (1) The trityl group was deprotected with 2% TFA,
5% triethylsilane (TES), and 93% CH2Cl2 (3 × 1 min, or
until the flow-through solution was colorless). (2) Phosphi-
tylation was performed under nitrogen by the addition of
tetrazole (1.35 mmol; 3 mL of 3% tetrazole solution in
MeCN (Transgenomics)) andO,O-dibenzyl-N,N-diisopro-
pylphosphoramidite (500µL, 1.52 mmol, Fluka) and allowed
to react for 5-6 h with mixing. The solution was removed
and the resin washed with DMF (3×) and CH2Cl2 (3×). This
step was repeated for peptides with greater than 5 phospho-
rylation sites; (3) oxidation was performed withtert-butyl
hydroperoxide (4 mL of a 3 M solution in CH2Cl2) and
allowed to react with mixing for 1 h. The solution was
removed and the resin washed with DMF (3×), MeOH (3×),
and CH2Cl2 (3×). The phosphorylated peptides were purified
and characterized as described previously for nonphospho-
rylated peptides.

Phosphorylated tau174-183 was purified using a linear
gradient of 0-15% buffer B (20% water, 80% acetonitrile,
and 0.05% TFA) in buffer A (98% water, 2% acetonitrile,
and 0.06% TFA) over 60 min. The peptides tau174-183,
phosphorylated tau196-212, and phosphorylated tau229-238 were
purified using a linear gradient of 0-20% buffer B in buffer
A over 60 min. The peptides tau196-209, tau229-238, tau229-242,
and phosphorylated tau196-209 were purified using a linear
gradient of 0-25% buffer B in buffer A over 60 min. The
peptides tau211-219and phosphorylated tau229-242were purified
using a linear gradient of 0-30% buffer B in buffer A over
60 min. The peptide tau196-212 was purified using a linear
gradient of 0-40% buffer B in buffer A over 60 min.
Phosphorylated tau211-219 and tau174-183Tle2 were purified
using a linear gradient of 10-40% buffer B in buffer A over
60 min.

Peptide identity was characterized by ESI-MS (positive
ion mode, unless stated otherwise) on an LCQ Advantage
(Finnigan) mass spectrometer. Analytical data for the pep-
tides: tau174-183 (tR ) 49.2 min, mass expected (exp.) 1073.6,
mass observed (obs.) 1096.9 (M+ Na)+); tau196-209 (tR 41.1
min, exp. 1346.6, obs. 1346.9); tau196-212 (tR 30.2 min, exp.
1690.8, obs. 1691.8 (M+ H)+); tau211-219 (tR 56.4 min, exp.
1168.6, obs. 1169.8 (M+ H)+); tau229-238 (tR 40.0 min, exp.
1258.7, obs. 1259.7 (M+ H)+); tau229-242 (tR 41.7 min, exp.
1700.9, obs. 851.8 (M+ H)2+); phosphorylated tau174-183

(tR 39.7 min, exp. 1232.6, obs. 1256.5 (M+ Na)+);

FIGURE 1: Schematic representation of the largest isoform of tau
(441 residues). A and B (red) indicate hydrophobic regions of tau
that contribute to microtubule binding. PRD (green) indicates the
proline-rich domain of tau. TBD indicates the tubulin-binding
domains.
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phosphorylated tau196-209 (tR 22.2 min, exp. 1746.7, obs.
872.5 (M - 2H)2- (negative ion mode)); phosphorylated
tau196-212 (tR 22.5 min, exp. 2250.6, obs. 1124.6 (M- 2H)2-

(negative ion mode)); phosphorylated tau211-219 (tR 27.8 min,
exp. 1408.6, obs 705.6 (M+ 2H)2+); phosphorylated
tau229-238 (tR 39.9 min, exp. 1498.7, obs. 750.0 (M+ 2H)2+);
phosphorylated tau229-242 (tR 37.3 min, exp. 2020.9, obs.
1011.8 (M+ 2H)2+); tau174-183Tle2 (tR 39.5 min, exp. 1097.9,
obs 1098.7 (M+H)+).

Circular Dichroism. Circular dichroism (CD) spectra were
collected at 25°C on a Jasco J-810 spectropolarimeter in a
1 mm cell. Standard CD solutions were made with 5 mM
phosphate buffer (pH 8.0), 25 mM KF, and 150µM peptide.
The peptide concentration was determined by UV-vis based
on tyrosine absorbance (ε ) 1280 M-1 cm-1 at 280 nm in
water) on a Perkin-Elmer Lambda 25 spectrometer for all
peptides except tau174-183. Initial concentrations of tau174-183

and phosphorylated tau174-183 were determined by peptide
absorbance using the equation: (µg/mL) ) (A215 - A225) ×
144 (49, 50). Final concentrations of tau174-183 and phos-
phorylated tau174-183 were determined, after the completion
of the CD experiments, by the addition of 150µM benzal-
dehyde to the solutions used for the CD experiments and
integration by NMR. The spectra represent the average of
at least three independent trials taken with scans made at 1
nm intervals with 4 s signal integration time and 1 nm
bandwidth. Data were background-corrected but were not
smoothed. Local maxima reported in Table 1 were calculated

from smoothed data. Error bars indicate standard error.

NMR Spectroscopy. Peptides were dissolved in buffer
containing 5 mM potassium phosphate (pH 6.5), 25 mM
NaCl, 90% H2O/10% D2O, and 100µM TSP. Peptide
concentrations were 200µM-1 mM. NMR spectra were
recorded at 296 K on a Bru¨ker AVC 600 MHz NMR
spectrometer with a triple-resonance cryoprobe. 1-D NMR
spectra were recorded using a gradient watergate pulse
sequence and a 2-3 s relaxation delay. Watergate TOCSY
spectra were recorded for all peptides for resonance assign-
ment. 3JRN was determined directly from the 1-D spectra.
Errors in3JRN are estimated to bee0.2 Hz. The value ofφ
was calculated on the basis of the parametrized Karplus
equation,3JRN ) 6.51 cos2(φ - 60) - 1.76 cos(φ - 60) +
1.6 (51).

1H-13C HSQC spectra were recorded for both the non-
phosphorylated and the phosphorylated variants of the
peptides tau174-183 and tau229-238. The peptides were dissolved
in buffer containing 5 mM potassium phosphate (pH 8.0),
25 mM NaCl, 100% D2O, and 100µM TSP. Peptide
concentrations were 500µM-2 mM. NMR spectra were
recorded at 296 K. Watergate TOCSY spectra were recorded
to confirm resonance assignments. Spectra were recorded
with and without13C-decoupling using spectral widths of 9
and 130 ppm.1JHRCR coupling constants were measured
directly from the HSQC spectra recorded without decoupling
and were confirmed by comparison with the differences in
chemical shift for the resonance recorded with decoupling.
Errors in1JHRCR are estimated to be(0.5 Hz. The value of
ψ was calculated on basis of the measured1JHRCR, with the
values ofφ determined directly from3JRN and the param-
etrized Karplus equation,1JHRCR ) 140.3+ 1.4 sin(ψ+138)
- 4.1 cos(2(ψ + 138))+ 2.0 cos(2(φ + 30)) (52). Notably,
this Karplus equation exhibits a local maximum atψ )
+132°, a value that is nearly ideal for a canonical polyproline
helix; therefore, if1JHRCR is near this local maximum, then
two reasonable solutions toψ are expected.

RESULTS

A series of tau-derived peptides was synthesized to
determine the conformational effects of the hyperphospho-
rylation of tau. Peptide sequences were chosen to include
sequences in tau that were both proline-rich and contained
multiple phosphorylation sites (Figure 2). The phosphory-
lation sites in the peptides were chosen on the basis of those
residues identified as phosphorylated in the diseased state
(4). All phosphorylated peptides were synthesized by chemi-
cal phosphorylation and purified to homogeneity by HPLC,

Table 1: Summary of CD Data for Tau Peptidesa

peptide

Θ228

(deg cm2

dmol-1)

λ at local
Θmax

(nm)

local Θmax

(deg cm2

dmol-1)

λ at
Θmin

(nm)

Θmin

(deg cm2

dmol-1)

tau174-183 -510 n.a.b n.a. 202 -8660
phosphorylated
tau174-183

270 226 280 202 -13300

tau174-183Tle2 -1620 n.a. n.a. 203 -11300

tau196-209 -2450 213 -4620 195 -10200
phosphorylated
tau196-209

-2360 n.a. n.a. 198 -14000

tau196-212 -1910 215 -3190 196 -9540
phosphorylated
tau196-212

-1310 n.a. n.a. 197 -14200

tau211-219 -740 231 -590 201 -17000
phosphorylated
tau211-219

250 229 320 201 -18000

tau229-238 -1170 n.a. n.a. 201 -21400
phosphorylated
tau229-238

780 228 780 200 -28000

tau229-238, pH 7.2 -800 n.a. n.a. 201 -20400
phosphorylated
tau229-238, pH 7.2

530 228 530 200 28300

tau229-238, pH 6.5 -1060 n.a. n.a. 201 -21300
phosphorylated
tau229-238, pH 6.5

-460 229 -340 200 -30100

tau229-238, D2O -800 n.a. n.a. 200 -21100
phosphorylated
tau229-238, D2O

1060 228 1060 199 -28200

tau229-242 -1540 n.a. n.a. 201 -22100
phosphorylated
tau229-242

-470 230 -460 199 -23200

a CD data were collected with 150µM peptide in 5 mM potassium
phosphate (pH 8.0) and 25 mM KF.b No local maxima were observed.

FIGURE 2: Sequences of peptides examined in this study. The
residue numbers indicated are from the largest tau isoform. The
residues in green indicate sites of phosphorylation. All peptides
were acetylated on theN-terminus and containedC-terminal amides.
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ensuring that each experiment was conducted with the
peptide fully phosphorylated site-specifically at the residues
indicated.

In peptides lacking a naturally occurring tyrosine residue,
a tyrosine residue was incorporated at theN-terminus or
C-terminus for concentration determination. The site of
tyrosine incorporation was chosen to avoid cis-trans isomer-
ization induced by Tyr-Pro or Pro-Tyr sequences (53).
Tau174-183 did not include a tyrosine because it was observed
that either anN-terminal orC-terminal tyrosine induced local
structural changes in the peptide (results not shown).

Tau174-183. Phosphorylated and nonphosphorylated tau174-183

were examined using circular dichroism (CD) spectroscopy
to determine the conformational effects of phosphorylation.
A comparison of the CD spectra of the nonphosphorylated
and phosphorylated peptides revealed a significant confor-
mational difference between the two peptides (Figure 3 and
Table 1). The phosphorylation of tau174-183 induced a
conformational change favoring type II polyproline helix
(PPII). PPII has a characteristic CD spectrum with a
maximum at 228 nm. Phosphorylation favored the PPII
conformation, as seen by the increase in mean residue
ellipticity at 228 nm (Θ228) for the phosphorylated versus
the nonphosphorylated peptide. As a negative control, the
peptide tau174-183Tle2 was synthesized, which contains the
sterically congestedtert-leucine residue in place of both Thr
residues. Sterically congestedâ-branched amino acids strongly
disfavor PPII (25, 26, 28-30). Tau174-183Tle2 exhibited a
significantly reducedΘ228, indicating a loss of PPII compared
to either nonphosphorylated tau174-183 or phosphorylated
tau174-183.

NMR spectroscopy revealed that phosphorylated tau174-183

adopted a polyproline helix conformation. Characteristicφ

and ψ dihedral angles for PPII are-75° and +145°,
respectively. Near-ideal values ofφ and ψ were observed
in phosphorylated tau174-183. (Table 2) (54). In addition,
phosphorylated tau174-183 exhibited a significant increase in
amide chemical shift dispersion (from 0.30 (nonphoshory-
lated) to 0.79 ppm (phosphorylated) (data not shown);
phosphothreonineδ ) 9.09 and 8.96 ppm compared to
threonineδ ) 8.29 and 8.22 ppm). The most dramatic change
in the NMR data was a significant reduction in the Thr3JRN

coupling constants (3.3 and 4.4 Hz in phosphorylated
tau174-183 versus 7.3 and 7.3 Hz in nonphosphorylated
tau174-183; the tert-leucine3JRN coupling constants were 8.1
and 8.4 Hz in the disrupted PPII control peptide tau174-183Tle2)
(55-57). These results indicate that phosphorylation induces
significant ordering of the peptide, particularly at the
phosphothreonine residues.

Tau196-209 and Tau196-212. Comparison of the CD spectra
of phosphorylated and nonphosphorylated tau196-209 indicates
a large phosphorylation-induced change (Figure 4a and Table
1). The CD spectrum of nonphosphorylated tau196-209 showed

FIGURE 3: CD spectra of nonphosphorylated tau174-183 (red circles),
phosphorylated tau174-183 (blue squares), and the negative control
tau174-183Tle2 (green triangles). Phosphorylation induced a change
favoring PPII structure as indicated by the induction of a positive
band at 228 nm in phosphorylated tau174-183, characteristic of PPII.

Table 2: NMR-Derived Data for Nonphosphorylated and
Phosphorylated Tau174-183

a

nonphosphorylated phosphorylated

residue 3JRN φ 3JRN φ 1JHRCR ψb

Lys 7.0 -82 7.0 -82 n.d. n.d.
Lys 7.0 -82 7.0 -82 141.8 115, 152
Ala 5.5 -71 5.5 -71 143.3 128, 136
Thr 7.3 -84 3.3 -54 143.4 111, 153
Thr 7.3 -84 4.4 -63 142.6 112, 155
Proc n.a. -60 ( 25 n.a. -60 ( 25 147.8 d

Proc n.a. -60 ( 25 n.a. -60 ( 25 148.5 d

a The residues were not assigned site-specifically because of sequence
redundancy. Coupling constants are measured in Hz; n.a. indicates not
applicable and n.d. indicates not determined because of spectral overlap.
b Values ofψ shown represent the two solutions near the local maximum
atψ ) +132° in the Karplus equation (52). c Only 2 proline resonances
were well-resolved in the1H-13C HSQC experiment.d A parametrized
Karplus equation relatingψ and1JHRCR for Pro residues has not been
reported.

FIGURE 4: (a) CD spectra of nonphosphorylated tau196-209 (red
circles) and phosphorylated tau196-209 (blue squares). (b) CD spectra
of nonphosphorylated tau196-212 (red circles) and phosphorylated
tau196-212 (blue squares).
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a well-defined local minimum at 216 nm and a local
maximum at 213 nm, reminiscent of denaturedR-helical
structure. Phosphorylated tau196-209 lacked the local minima
and maxima observed in the nonphosphorylated peptide,
indicating that phosphorylation disrupted the nascentR-helix
(58, 59). In addition, phosphorylated tau196-209 exhibited an
increase in the magnitude of the mean residue ellipticity at
the minimum at 197 nm.

An extension of tau196-209, tau196-212, included three
additional residues and two additional phosphorylation sites.
As expected, the conformational changes observed between
the nonphosphorylated and phosphorylated versions of
tau196-212 were similar to conformational changes observed
in tau196-209 (Figure 4b and Table 1). The nonphosphorylated
peptide had a local minimum at 220 nm and a local
maximum at 215 nm. Phosphorylation eliminated these local
minima and maxima and resulted in an increase inΘ at 228
nm and a decrease at 197 nm.

Tau211-219. A comparison of the CD spectra of nonphos-
phorylated and phosphorylated tau211-219 revealed a signifi-
cant conformational change (Figure 5 and Table 1). Non-
phosphorylated tau211-219 showed weak residual PPII character.
Phosphorylation induced a conformational change that further
favored the PPII secondary structure, with an increase in the
Θ228 from -730 deg cm2 dmol-1 in the nonphosphorylated
peptide to 290 deg cm2 dmol-1 upon phosphorylation. As
was observed in tau174-183, phosphorylation induced signifi-
cant ordering in the threonine residues (phosphothreonine
3JRN ) 3.1 and 5.5 Hz for phosphorylated tau211-219 compared
to threonine3JRN ) 6.2 and 7.0 Hz for nonphosphorylated
tau211-219).

Tau229-238 and Tau229-242. CD spectra of nonphosphory-
lated and phosphorylated tau229-238 showed a considerable
phosphorylation-induced conformational change favoring
PPII (Figure 6 and Table 1). TheΘ228 value increased from
-1150 deg cm2 dmol-1 in nonphosphorylated tau229-238 to
900 deg cm2 dmol-1 in the phosphorylated peptide. These
experiments were conducted at pH 8.0, ensuring the dianionic
form of the phosphate group. CD experiments on tau229-238

were also performed at pH 6.5 and pH 7.2 to identify whether
a conformational change was induced simply by the presence
of a phosphate group, or if the conformational change was
dependent on the charge state. As expected, nonphosphory-
lated tau229-238 had identical CD spectra at pH 6.5, pH 7.2,

and pH 8.0 (results not shown). All experimental conditions
indicated a phosphorylation-induced conformational change
favoring PPII. Phosphorylated tau229-238 showed a much
larger conformational change at pH 8.0 and pH 7.2, where
the phosphate is predominantly in the dianionic form, than
at pH 6.5, where the phosphate is predominantly in the
monoanionic form (Figure 7 and Table 1). These results
indicate an electronic component to the phosphorylation-
induced conformational change, as has been observed
previously for phosphorylated peptides. CD experiments were
also performed in D2O at pH 8.0. These experiments were
used to address possible D2O-induced increases in PPII, as
a control for HSQC experiments (see below) (60). In D2O,
only very minor increases inΘ228 were observed in both
the phosphorylated and nonphosphorylated tau229-238 peptides
compared to the results in H2O (Table 1).

NMR indicated that phosphorylated tau229-238 adopted a
polyproline helix conformation, with coupling constant data
indicating near-ideal values ofφ andψ (Table 3). Phosho-
rylation also significantly increased the amide chemical shift
dispersion (data not shown; 0.95 ppm dispersion for phos-
phorylated tau229-238 versus 0.40 ppm for nonphosphorylated
tau229-238; phosphoserine (8.74 and 9.96 ppm) and phospho-
threonine (8.80 ppm) residues were also significantly down-

FIGURE 5: CD spectra of nonphosphorylated tau211-219 (red circles)
vs phosphorylated tau211-219 (blue squares). Phosphorylation induced
a conformational change favoring PPII structure as indicated by
the increase inΘ228 of phosphorylated tau211-219.

FIGURE 6: CD spectra of nonphosphorylated tau229-238 (red circles)
and phosphorylated tau229-238 (blue squares). Phosphorylation
induced a conformational change favoring PPII, indicated by the
increase inΘ228 of phosphorylated tau229-238.

FIGURE 7: CD spectra of phosphorylated tau229-238 at pH 6.5 (green
triangles), phosphorylated tau229-238 at pH 7.2 (purple reverse
triangles), phosphorylated tau229-238 at pH 8.0 (blue squares), and
nonphosphorylated tau229-238 (red circles). The CD spectra of
nonphosphorylated tau229-238 at pH 6.5 and pH 8.0 are identical
(Table 1).
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field-shifted compared to the nonphosphorylated variants
(8.23-8.40 ppm)). As was observed with tau174-183 and
tau211-219, phosphoserine and phosphothreonine exhibited
restricted values of3JRN (phosphothreonine 4.8 Hz; phos-
phoserine 5.5 and 6.2 Hz).

Tau229-242, a four residueC-terminal extension of tau229-238,
included one additional phosphorylation site. The confor-
mational change between the phosphorylated and nonphos-
phorylated tau229-242 was similar to the change in the
tau229-238 peptides, although the magnitude of the change in
mean residue ellipticity was smaller in tau229-242 owing to
the larger number of residues (Figure 8). Reduced PPII
character in both the phosphorylated and nonphosphorylated
peptides, compared to that of the tau229-238 peptides, indicates
that the additional fourC-terminal residues do not strongly
support PPII.

DISCUSSION

Tau174-183. Phosphorylation of tau174-183 induced a con-
formational change favoring PPII conformation. The con-
formational change was similar to that expected if the
threonine residues, which have a low PPII propensity, were
replaced with Glu residues, which have a high PPII propen-
sity. The NMR data, in particular, indicated conformational

restriction at the phosphothreonine residue compared to the
usually larger observed coupling constants for Thr residues.
The magnitude of the conformational change, as observed
both by NMR and by CD, was particularly noteworthy,
considering that tau174-183 only contained two phosphoryla-
tion sites. A common feature observed in tau174-183 and other
tau peptides that demonstrated a strong induction of PPII
upon phosphorylation was the presence of a positively
charged amino acid prior to the phosphorylated residue. In
tau174-183, each threonine was preceded by a lysine residue
and followed by two prolines. This context may be an
indicator for significant phosphorylation-induced conforma-
tional changes favoring PPII.

Tau196-209 and Tau196-212. Although the phosphorylation-
induced conformational changes in tau196-209 and tau196-212

could not be definitively characterized, phosphorylation
caused a distinct disruption of local structure. The local
minima and maxima in these peptides, which are suggestive
of a denaturedR-helix, were significantly reduced in
tau196-209 and eliminated in tau196-212 upon phosphorylation.
Phosphorylation has been observed to reduceR-helix stability
in the absence of specific stabilizing interactions such as
favorable helix-dipole interactions (55, 56, 58, 59, 61-66).
Unlike the other tau peptides studied herein, phosphorylation
of tau196-209 and tau196-212 did not induce a well-defined PPII
conformation. It is expected that phosphorylation will induce
a polyproline helix only in sequences with a high propensity
for PPII. The lack of an observed increase in PPII in tau196-209

and tau196-212 is likely due to the large number of glycine
residues, which are conformationaly flexible and are gener-
ally unfavorable for PPII. Tau196-212, a three-residueC-
terminal extension of tau196-209, incorporated two additional
phosphorylation sites. As expected, tau196-212 showed a
greater conformational change and disruption of local
structure than tau196-209 because of these additional phos-
phorylation sites.

Tau211-219. Nonphosphorylated tau211-219 showed weak
residual PPII character. This residual PPII conformation was
not surprising, considering that this short 10-residue peptide
contained four prolines. The PPII character in the peptide
significantly increased upon phosphorylation. As in tau174-183,
one of the threonines was preceded by a positively charged
amino acid (arginine). Again, the presence of a preceding
basic residue may be an indicator for significant phospho-
rylation-induced conformational changes favoring PPII.

Tau229-238 and Tau229-242. Phosphorylation of tau229-238

induced a large conformational change favoring a PPII
conformation, as indicated by CD and NMR. This region
corresponds to a known recognition sequence of the WW
domain of Pin1, which binds proteins in a PPII conformation.
Pin1, a prolyl cis-trans isomerase, binds its targets only upon
phosphorylation with a greater than 3.0 kcal mol-1 preference
for the phosphorylated over nonphosphorylated ligands (33).
Pin1 is a critical protein important in Alzheimer’s disease,
with loss of Pin1 activity associated with increased neuronal
cell death. Retention of Pin1 activity in neuronal cells
decreases neurofibrillary tangle formation and restores the
function of tau via the interaction of Pin1 with tau (38, 41,
42). Our results indicate that the phosphorylation of the Pin1
recognition site induces a conformational change favoring
PPII, preorganizing the phosphorylated peptide for recogni-
tion by the Pin1 WW domain.

Table 3: NMR-Derived Data for Phosphorylated Tau229-238
a

residue 3JRN φ 1JHRCR ψb

Val229 8.8 -98 142.0 132
Arg230 6.6 -79 141.7 111, 153
pThr231 4.8 -65 141.7 101, 162
Proc n.a. -60 ( 25 149.3 d

Proc n.a. -60 ( 25 148.4 d

Lys234 6.6 -79 142.5 124, 140
pSerc 5.5 -71 n.d. n.d.
Proc n.a. -60 ( 25 148.1 d

pSerc 6.2 -76 142.5 117, 147
Ser238 5.9 -74 141.8 108, 156
a Resonances in the nonphosphorylated peptide showed very poor

chemical shift dispersion precluding analysis. Coupling constants are
measured in Hz; n.a. indicates not applicable and n.d. indicates not
determined because of spectral overlap.b Values ofψ shown represent
the two solutions near the local maximum atψ ) +132° in the Karplus
equation (52). c Phosphoserine and proline residues were not assigned
site-specifically.d A parametrized Karplus equation relatingψ and
1JHRCR for Pro residues has not been reported.

FIGURE 8: CD spectra of nonphosphorylated tau229-242 (red circles)
and phosphorylated tau229-242 (blue squares). Phosphorylation
induced a conformational change favoring PPII, indicated by an
increase inΘ228 of phosphorylated tau229-242.
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Tau229-242 showed similar phophorylation-induced con-
formational changes as that in tau229-238 but in a larger
peptide context. The four-residueC-terminal extension was
found to decrease average PPII content in both the phos-
phorylated and the nonphosphorylated peptides. These results
are not surprising because the extension only contains one
phosphorylation site and does not contain any proline
residues.

Conformational Effects of Protein Phosphorylation. Phos-
phorylation induced a conformational change in each of the
tau peptides examined. A common feature of the conforma-
tional change induced by phosphorylation was an induction
of PPII structure. Not surprisingly, the magnitude of the
change in conformation favoring PPII varied among the
peptides depending on the sequence. Specifically, induction
of PPII depended significantly on the identity of the adjacent
amino acids that could directly interact with the phosphate
group. A common motif found in peptides that strongly
favored PPII upon phosphorylation was a positively charged
amino acid preceding the phosphorylation site. Notably, all
peptides showing significant induction of PPII upon phos-
phorylation contained other strongly PPII-favoring residues
(Pro, Lys, Ala, and Arg) in the sequences. Further experi-
ments are necessary to determine the specific interactions
of the phosphate group with neighboring amino acids and
the conditions that cause phosphorylation to induce a
conformational change to PPII. However, the data herein
indicate that phosphorylation in proline-rich regions may be
a general mechanism to induce a conformational switch to
a more ordered PPII structure.

Notably, all phosphothreonine residues exhibited small
3JRN coupling constants (3.1-5.5 Hz; mean) 4.2 Hz)
indicative of conformationally restrictedφ. In addition, the
phosphorylated residues exhibited significantly downfield-
shifted amide chemical shifts. The observation of phospho-
serine conformational restriction has been previously ob-
served in model peptides, where it was ascribed to hydrogen
bond formation between the phosphate and the backbone
amide protons of the phosphoserine and/or the two preceding
residues (55-57, 63, 67). Downfield-shifted phosphoserine
and/or phosphothreonine amide chemical shifts have also
been ascribed to phosphate-backbone amide hydrogen bonds
(48). Current data are insufficient to assign the observed
changes to specific hydrogen bonding interactions; additional
experiments to understand the specific forces stabilizing PPII
for phosphorylated peptides are necessary.

Previous analyses of phosphorylation-dependent structure
in nonglobular regions of proteins have revealed evidence
for significant conformational changes dependent on phos-
phorylation (43, 47, 48, 55-59, 61-63, 65-80). These
conformational changes have been frequently characterized
as an order-to-disorder transition, with the unfolding of
R-helices being a commonly observed effect of protein
phosphorylation (79, 81). Stabilization ofR-helices upon
phosphorylation has also been observed in numerous cases,
indicating a context dependence for the conformational
effects of phosphorylation (59, 61, 62, 64-66). Within
proline-rich sequences, phosphorylyation has been observed
to induce conformational changes consistent with adopting
PPII, although these changes have not in general been
interpreted as such (43, 69, 72). The small magnitude of the
positive band associated with PPII, as well as the similarities

of the CD spectra of PPII and random coil, makes the
assignment of PPII particularly challenging in larger peptides
and proteins (82).

Interestingly, the conformational change to PPII induced
by phosphorylation was, in certain cases, as large as the
change to PPII caused by replacing serine or threonine, which
are unfavorable residues for PPII, with glutamic acid, which
is a favorable residue for PPII. Glu is commonly used as a
mimic of phosphoserine or phosphothreonine because of
similar steric and electrostatic properties (44, 45, 83-87).
The data herein suggest that mimicry of phosphoserine or
phosphothreonine with Glu may also approximate the con-
formational effects of phosphorylation.

In protein-protein complexes, phosphoserine- and phos-
phothreonine-containing ligands are commonly observed
bound in a polyproline helix conformation. Crystal structures
of the ligands of the Pin1 WW domain, the BRCT domain
of BRCA, the FHA domain of Rad53, and the Polo box
domain of Polo-like kinase, all indicate that the phospho-
rylated ligand is bound in a PPII conformation (Table 4)
(33-36). The structure of the ligand of the FHA domain of
Rad53 is particularly intriguing because PPII is observed over
a sequence of 6 nonproline residues. In combination with
the crystallographic data, the data herein suggest that PPII
may be a preferred conformation for binding phosphoserine-
or phosphothreonine-containing ligands because of the dif-
ferent conformational preferences of the phosphorylated
versus the nonphosphorylated serine or threonine residues.
Binding nonphosphorylated serine- or threonine-containing
ligands in a PPII conformation is energetically unfavorable
because of a required conformational change. In contrast,
PPII may be a preferred conformation of phosphoserine and
phosphothreonine. Therefore, binding phosphorylated pro-
teins in a PPII conformation results in increased specificity
for the phosphorylated over the nonphosphorylated ligands.

Induction of PPII structure in the proline-rich region may
have broader structural and functional implications for tau.
PPII is an ordered and relatively extended conformation with
a 3.1 Å rise per residue, as compared to 1.5 Å rise per residue
in an R-helix. Tau is natively disordered and has a flexible
structure. Thus, the induction of an extended and ordered
structure to a previously flexible region within the protein
may induce long-range structural changes in the protein
(Figure 9; see refs16, 18, and43 for other models that are
also consistent with the data herein). The proline-rich region
is an important linker region in microtubule binding: Man-
delkow has proposed a jaws binding model for microtubule
binding in which the proline-rich region is a linker between
the tubulin-binding domains and the hydrophobic A and B
domains. The hydrophobic domains act synergistically with
the tubulin-binding domains to bind tightly to microtubules

Table 4: Crystallographic Data on Phosphoserine/
Phosphothreonine-Containing Ligands in Protein-Protein
Complexes

binding
domain protein pdb code

phosphorylated
residue in ligand φ ψ ref

Polo-box
domain

Polo-like
kinase

1UMW phosphoThr -63 +126 35

BRCT domain BRCA 1T29 phosphoSer -65 +126 36
WW domain Pin1 1F8A phosphoSer -62 +148 33
FHA domain Rad53 1G6G phosphoThr -68 +145 34
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(16, 18, 20, 88). Moreover, nonphosphorylated tau adopts a
global hairpin structure in which theN-terminus,C-terminus,
and tubulin-binding domains are close in space (15). A
change in structure of the proline-rich domain to a more
ordered and extended conformation has the potential to
change the relative distances and orientations of these
hydrophobic domains, possibly disrupting the hairpin fold
and reducing microtubule binding affinity, thereby exposing
the hydrophobic residues of tau.

Cis-trans isomerization in hyperphosphorylated tau is
critical to its formation of paired helical fragments, neu-
rofibrillary tangles, and pathogenesis. The loss of activity
of Pin1, a prolyl cis-trans isomerase, results in increased
neurofibrillary tangle formation and neuronal cell death,
whereas the retention of Pin1 activity prevents the aggrega-
tion of hyperphosphorylated tau and restores microtubule-
binding activity (38, 41, 42). Previous studies with peptides
have shown that phosphorylation does not inherently change
the cis-trans isomerization equilibrium. Similar (and very
low) populations of the cis isomer were observed in the
nonphosphorylated and phosphorylated states of the peptides,
including tau-derived peptides, as was also observed here
(33, 43, 70, 89-91). Therefore, phosphorylation-induced
changes in the cis-trans isomerization state, as observed in
hyperphosphorylated tau, are not primarily due to local
sequence effects. Instead, the observed changes in cis-trans
isomerization depend primarily on long-range interactions
induced by phosphorylation. We propose phosphorylation-
induced conformational changes to a polyproline helix in
the proline-rich domains as one possible trigger to generate
the long-range interactions that are necessary to induce cis-
trans isomerization.

Aberrant misfolding and aggregation of tau is a central
element of a number of neurodegenerative disorders col-
lectively termed tauopathies (92-94). These tauopathies are
also often characterized by phosphorylation-dependent changes
in tau. More generally, numerous microtubule-associated
proteins exhibit activities that are controlled by phosphory-
lation within proline-rich sequences (95-97). The data herein
suggest a general role of phosphorylation-dependent con-
formational changes in tauopathies and in the structures and
functions of microtubule-associated proteins.

The results herein have broad implications for the con-
formational effects of protein phosphorylation. Phosphory-
lation by kinases represents the most common posttransla-

tional modification (98). Moreover, proline-rich domains are
among the most common domains in eukaryotes (99). The
phosphorylation of serine and threonine residues within
proline-rich sequences may provide a general mechanism for
kinase-controlled conformational changes to a polyproline
helix conformation in proteins.

CONCLUSIONS

We have examined the local conformational effects of the
hyperphosphorylation of peptides derived from the proline-
rich domain of tau via NMR and circular dichroism. The
data indicate that phosphorylation of proline-rich regions of
tau induces conformational changes to polyproline helix.
Significant conformational changes were localized to the
phosphorylated residues. These data suggest that phospho-
rylation-mediated conformational changes to polyproline
helix may be involved in the global structural and functional
transformation of tau from its less-phosphorylated microtu-
bule-bound form to the hyperphosphorylated, aggregated
form. More generally, the data herein suggest that phospho-
rylation may be a general mechanism to induce conforma-
tional changes in the proline-rich regions of proteins to the
polyproline helix conformation.
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