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ABSTRACT. A series of peptides corresponding to isolated regions of Tgorétein have been synthesized

and their conformations determined By NMR spectroscopy. Immunodominant peptides corresponding

to 7(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 orderghityye 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 229231 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 Pinl. In
the current study, we find evidence for the existence of both trans and cis formseptides in solution

but no difference in the equilibrium distribution of eifrans 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)is the most common and best Although hyperphosphorylation afwas recognized early
investigated neurodegenerative disorder associated with Tatas a major feature of AD, it is still one of the most
(7) pathology. Other tauogenic neurodegenerative disorderscontroversial areas of current AD research. The weakness
include Pick’s disease (PiD), corticobasal degeneration of the PHFz hypothesis, which attributes the deficiency of
(CBD), and progressive supranuclear palsy (PSP). The majormicrotubule-binding of PHR-to hyperphosphorylation, is
histopathological abnormalities that characterize the brainsthe lack of consistent evidence at the molecular level, e.g.,
of patients with AD include excess of neurofibrillary tangles  a specific deregulated kinase or phosphatase which acts on
(NFT), composed of paired helical filaments (PHE) ). PHF<. Although hyperphosphorylation has been attributed
Both PHF in AD and Pick bodies in PiD are composed of tg aberrantly activated mitotic or apoptotic evergs9) and
hyperphosphorylated forms of the low molecular weight ajtered kinase or phosphatase activities affected by Apoli-
microtubule-associated protein, known as PHFE-(3—7). poprotein E (ApoE), Presenilin 1, phospholipase,Gand

A eptides {0—14), attempts to identify AD-specific
"D.J.C. is an Australian Research Council Senior Fellow. The p pep L ) P fy P

institute for Molecular Bioscience is a Special Research Centre of the phosphorylation sites on have nOt, yet yielded conclusive

Australian Research Council. results. The most probable candidates are Ser262 and the
* To whom correspondence should be addressed. Phone: 61-7-336%egion around Thr231 and Ser235.

4945, Fax: 61-7-3365 2487. E-mail: d.craik@mailbox.ug.edu.au. . . .
* Institute for Molecular Bioscience. Ser262, once considered as selectively phosphorylated in
§ Biologisch-Medizinisches Forschungszentrum. PHF= (15) but phosphorylation of which was later shown

"The Wistar Institute. ; ;
! Abbreviations: AD, Alzheimer's disease; PiD, Pick’s disease; CBD, to be developmentally regulatedq), is one of the likely

corticobasal degeneration: CD, circular dichroism; PHF, paired helical @bnormal phosphorylation sites. Phosphorylation of Ser262
filaments; ApoE, Apolipoprotein E; NOE, nuclear Overhauser enhance- strongly inhibits the binding of to microtubules 17). This

ment; DSS, 4,4-dimethyl-4-silapentane-1-sulfonate; TOCSY, total «; inade)
correlated spectroscopy; DQF-COSY, double quantum filtered cor- .Slte C‘.’Jm be phOSphorylate.d. by & number O.f kma :
related spectroscopy; NOESY, NOE spectroscopy; TFE, trifluoro- including GSK-3 (9). In addition to Ser262, which is located

ethanol. in the first microtubule-binding domain, phosphorylation of
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Table 1: Synthetia Peptide3

peptide 224 229 234 239
7(224-240) K K V A V V R T P P K S P S S A K
[ThrP231SeP2 1(224-240) - - - e - - - - £ - - - - -
[Tyr?] 7(224—240) - - - - Y - - - - - e -
[TyrP23] 7(224-240) - - - - Yoo oo - - - - - - -
[Tyr2Y 7(224—240) - - - - - - - Y - - - - -

[TerZBS] 7(22£F24E§ YP

aThe 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.

Thr231, just upstream a few residues, is also required for Tyr-OH). An aliquot was phosphorylated globally after
maximal inhibition ofz binding to microtubules20). Our completion of the synthesis using dibeny/N-diisopropy-
group was the first to identify bisphosphorylation of adjacent Iphosphoramidite (Calbiochem-Novabiochem GmbH, Bad
phosphorylation sites Thr231 and Ser235 as a specific featureSoden, Germany)26). After TFA-cleavage, peptides were
of PHF< and a valid biochemical marker for AD diagnosis purified by reversed-phase (RP) HPLC and characterized by
(21). Two recent studies confirm that thisregion may be matrix-assisted laser desorption/ionization (MALDI) mass
a major functional site in that is regulated by kinases and spectrometry.
phosphatases via different pathways. First, Lee and co- NMR Spectroscopysamples fotH NMR measurements
workers reported that interacts in vitro and in vivo with contained~1 mM peptide in either 90% ¥D/10%2H,0 (v/
src-family nonreceptor tyrosine kinase2(. The SH3 V) or various concentrations of aqueous trifluoroethanol
binding PXXP motif int is located between prolines 233 (TFE) up to 50% TFE/40% pD/10%?H,0 (v/v). Spectra
and 236, close to phosphorylation sites Thr231 and Ser235.were recorded at 290 K on a Bruker ARX-500 or AVANCE
Phosphorylation at one or both positions may regutate 750 MHz spectrometer equipped with a shielded gradient
binding to the SH3 domain. Associationoénd fyn, a brain unit. Low-temperature studies employed a temperature-
specific isoform of the src-family, now directly links signal controlled stream of cooled air using a Bruker BCU
transduction pathways in neuronal cells to the microtubule refrigeration unit and a B-VT 2000 control unit. 2D NMR
cytoskeleton and suggests a mechanism for coupling extra-spectra were recorded in phase-sensitive mode using time-
cellular signals to the cytoskeletal system. proportional phase incrementation for quadrature detection
Second, Lu and co-workers showed that Pin1, a prolyl intheFidimension27). The 2D experiments included DQF-
isomerase that specifically binds to phosphorylated Ser/Thr-COSY @8), TOCSY @9) using a MLEV-17 spin lock
Pro motifs, alters the Pro imide bond configuration and sequence30) with a mixing time of 80 ms, and NOESY
regulates the function of mitotic phosphoprotei8)( They (31) with mixing times of 300 and 400 ms. For DQF-COSY
showed that Pin1 binds to the phosphorylated Thr231 region €xperiments, solvent suppression was achieved using selec-
and restores the ability of PHFto bind microtubules and  tive low-power irradiation of the water resonance during a
promote microtubule assembly in vitro. The authors con- relaxation delay of 1.8 s. Solvent suppression for NOESY
cluded that in AD hyperphosphorylation of proline-directed and TOCSY experiments was achieved using a modified
sites int creates more binding sites for Pin1, which in turn WATERGATE sequence3@). Spectra were routinely ac-
reduces the Pin1 action on Thr231. The hyperphosphorylatedquired with 4096 complex data points iR, and 512
7 cannot bind microtubules, and subsequently forms PHF, increments in thé; dimension, with 32 scans/increment (64
affecting neuronal function. for NOESY). N . .
Despite the importance of hyperphosphorylatedhere Spect(a were processed on a Silicon Graphics Indigo
is a lack of experimental information on the conformation Workstation using XWINNMR (Bruker) software. THe,
of the key binding region. In the current study, we have used dimension was zero-filled to 2048 real data points, antl 90
NMR spectroscopy to determine the solution structure-of ~ Phase-shifted sine bell window functions were applied prior
(224-240) and various phosphorylated derivatives (Table to Fourier transformation. Chemical shifts were referenced

1). The combination of sequence substitutions (Tyr for Ser/ ©© DSS at 0.00 ppm.
Thr), phosphorylation, and variations in solution conditions =~ CD SpectroscopyCD spectra were taken on a Jasco J720

allowed the role of both intrinsic and extrinsic effects on INStrument at room temperature in a 0.2 mm path-length cell.

conformations to be examined. Doubly distilled water and spectroscopy-grade trifluoroet-
hanol were used as solvents. The peptide concentrations were
EXPERIMENTAL PROCEDURES 0.4 mg/mL (approximately 0.2 mM), determined by quan-

titative RP-HPLC 83). The accuracy of this concentration-

Peptide Synthesi$eptides were synthesized on a 433A determination for peptides is usually over 95%. Curves were
(PE Biosystems, Weiterstadt, Germany) or a Milligen 9050 smoothed by the algorithm provided by Jasco. Mean residue
(Millipore, Framingham) peptide synthesizer using standard ellipticity ([Q]ug) iS expressed in degrees squared centimeters
Fmoc/Bu chemistry andO-benzotriazolN,N,N',N'-tetram- per decimole {C cn/dmol) by using a mean residue mass
ethyluronium hexafluorophosphate/1-hydroxybenzotriazol (HB- of 106.
TU/HOBY) (24). Phosphoserine and phosphothreonine were
incorporated as Fmoc-Ser(gdBzl)-OH and Fmoc-Thr(P© RESULTS
HBzl)-OH (25). Both tyrosine-containing peptide analogues A series oft peptides, corresponding 1§224—240), its
were synthesized with side-chain unprotected tyrosine (Fmoc-bisphosphorylated derivative, [THELSef?3 1(224—240),
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Ficure 3: The residues which appear to be most perturbed in the
minor conformation(s) of(224—240) and [ThP231Sef23] 7(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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FiIGURe 1: 'H NMR spectra of [Th231SeP?3y 1(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 theH—NH region of the NOESY The NMR tra i t ted th .
spectrum recorded with a mixing time of 400 ms. The resonance e Spectra In water suggested the presence, In

assignments are labeled and the sequential connectivities aredddition to the major conformer, of one or more minor
indicated. conformations for both(224—240) and [Th?f?1Sef?%] -

(224—240), evidenced by the appearance of additional
and four peptides in which either Thr231 or Ser235 is resonances of lower intensity than those in the major
replaced with Tyr or Tyt [Tyr?3] t(224—240), [Tyr?3] conformer. On the basis of the TOCSY patterns of these
7(224—240), [Tyr39 7(224—240), or [TyF?%j 7(224—240) additional peaks, it appears that there are three extra sets of
were synthesized using solid-phase methods (Table 1). TheSer resonances, as illustrated for the amide region of the
IH NMR spectra of;(224—240) and [Tht231Sef23] 7(224— spectrum ofr(224—240) in Figure 2. In the aliphatic region
240) were examined in both aqueous solution and in variousof the spectrum, there is also evidence for additional Thr
concentrations of aqueous TFE. A range of different solution resonances of lower intensity than the major conformer.
conditions was examined because preliminary spectra inSimilar results were observed for [TR#Sef?%y 7(224—
aqueous solution suggested a degree of conformational240). The NMR data thus suggest that the three Ser and the
heterogeneity, and it was of interest to determine the role of single Thr residue in the peptides each have an alternative
solution environment on the stabilization of individual conformation. The most likely cause of this second confor-
conformers. The spectra of both peptides in 50% aqueousmation is isomerization around one or more of the peptide
TFE had a significantly greater dispersion of amide signals bonds preceding the three Pro residues. Figure 3 summarizes
(~0.9 ppm) than those in aqueous solutier(5 ppm) and the residues which are “doubled” and highlights the positions
were used in the first instance to make the resonanceof the Pro residues with respect to the doubled resonances.
assignments. Spin systems were readily identified from Given that the single Thr precedes Pro232 and all three Ser
TOCSY spectra and were sequentially assigned usingresidues appear to have an alternative conformation it is likely
NOESY spectra. For example, the sequential assignment forthat both Pro232 and Pro236 are involved in—di@ns
the bisphosphorylated peptide, [TF Sef?3] 7(224—-240), isomerization, although the possibility that Pro233 is also
in 50% aqueous TFE is summarized in Figure 1. Chemical involved cannot be excluded.
shift assignments were also determined in water for this In the major solution conformer, all three Pro residues are
peptide and for the nonphosphorylated pepti224—240), in the trans conformation, as judged by the observation of
in both water and TFE, and are supplied as Supporting aH;—JdH;;1NOEs between each of the Pro residues and the
Information. sequentially preceding residue. Although many additional
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0.3 1 Lys224 and Ser235 are most likely due to charge effects
£ 02 from the N-terminus and phosphate groups, respectively. In
& 01 the lower panel, of Figure 4 the secondary shiftg(@24—
£ 50 240) and [Th??3LSef?3] 7(224—240) in 50% aqueous TFE
> 04 are presented. The secondary shifts are larger than those
3 02 ] T T observed in agueous solution and generally positive in sign
g for residues 225236, suggesting that TFE stabilizégype
o 031 231 §235 structure in this region. The enhancemengdfpe structure

0.4~ l l appears to be more pronounced for [RtSef23y 7(224—
031 240) compared to(224—240). The C-terminal region (237
g 0.2 240) is unaffected by the change in solution environment,
= 0.1 showing that the secondary shift changes reflect a specific
S 00+ conformational effect rather than a nonspecific dielectric or
E 0.1 4 other effect of TFE.

§ 021 The conclusion to emerge from the chemical shift analysis
& -03 is that both peptides are predominantly unstructured in
0.4 4 aqueous solution but that addition of TFE promotes the
K KVAVVRTPPKSPS SAK formation of 5-type structure, particularly in the bisphos-
FiGURE 4: SecondaryaH shifts [i.e., differences betweeaH phorylated peptide.
shifts in 7 peptides and random coil shiftd9)] for each residue Fi 5 sh f short- and dium-
in 7(224-240) (white) and [TH23LSeP23 7(224-240) (black). Igure > Shows a summary of short- and medium-range

The upper pane| (a) compares the chemical ShlﬂSg@ Hnd the NOE data f0r bOth peptideS in water and in TFE. The pattern
lower panel (b) in 50% TFE. The phosphorylated residues are of strongaH—NH,+; and weak NH-NH;-; NOES, together
arrowed. with a relative lack of medium- and long-range NOEs
) ) _confirms, that both peptides exist predominantly in random

peaks were observed in the spectra corresponding to minoreoil forms in both solvents. The only significant difference
forms, it was not possible to unambiguously assign them petween the two peptides is a singiBl ;-2 NOE detected
all, particularly those near Pro residues. Therefore, it could petween residues Val229 and Thr231 in [8tSeP?] -
not unequivocally be established that the minor isomer(s) (224-240). This provides tentative evidence for a small
were due to cisPro bonds although this seems highly likely. population of peptide containing a turn at this point. The
The proportion of these additional resonances appears to bexistence of a similar turn in(224—240) cannot be excluded
modulated by the solution conditions and in particular by pecause of overlap in this region of the spectrum of the
the relative concentration of added TFE. In water, the nonphosphorylated peptide. Overall, the NOE data are
proportion of the additional peaks ranges from 3 to 9% of consistent with the chemical shift analysis although the latter
the major conformation for(224-240) and [Thi*;Sef?*] is more sensitive in identifying a slight increasggistructure
7(224-240). However, at increasing concentrations of TFE jn the 7 peptides in hydrophobic solution and the former in
the intensity of these peaks decreases and they are nojgentifying a small population containing a turn between
observed in 50% TFE. It thus appears that the major (trans)\/a1229 and Thr231.
conformation is stabilized by a more hydrophobic environ-  cp spectroscopy verified the turn structure of the bispho-
ment, to the extent that the minor form is not detectable sphorylated peptide. CD spectra of the two peptides were
in 50% TFE/50% HO. Stabilization of the major form is taken in water and 50% TFE. In water, the nonphosphory-
sion_seen as TFE is titrated into aqueous solutions of thegng a small positive band around 218 nm (Figure 6),
peptides. characteristic for peptides without conformational preferences

We return later to a discussion of the implications ofcis  (34). Addition of TFE reduced the intensity of the unordered
trans Pro isomerization i peptides but turn now to a band, indicating the presence of some ordered conformers,
determination of the solution conformation of the major but no additional spectral changes were observed. In contrast,
(trans) isomer. In particular, it was of interest to determine the bisphosphorylated peptide exhibited a transitional spec-
the conformation of the nonphosphorylated peptid224— trum between types U and C in water, reflecting an
240), and to see how phosphorylation and/or solution equilibrium between random structures and type | (iurn
conditions changed thistH chemical shifts provide a rapid  (35). This spectrum featured a small, but obvious red-shift
and reliable indicator of secondary structure elements andof the negative band and the disappearance of the positive
in particular the difference betweerH shifts and random  band. The presence gfturns became beyond doubt in 50%
coil values, referred to as secondary shifts, are diagnostic of TFE, when the peptide exhibited a classical type C spectrum.
local elements of secondary structure. A comparison of the In this spectrum, the negative band was red-shifted to 200
secondary shifts of(224—240) and [Thf?3}Sef?3§ (224~ nm and its intensity was decreased, accompanied by the
240) in aqueous solution is given in the top panel of Figure appearance of a weak negative band at 222 nm. Peptides
4. The secondary shifts for the two peptides are very similar, with type C CD spectra assume clean type | (Burns or
with the major differences, not surprisingly, being at the mixtures of type I and type Il turns36).
residues which are phosphorylated. In general the secondary Returning to the question of cidrans isomerization in
shifts are<0.1 ppm for all residues excluding Lys224 and thert peptides, the 2D TOCSY spectra recorded in agueous
Ser235, indicating a random coil conformation for both solution were volume integrated to determine the relative
peptides. The slightly larger secondary shifts observed for amounts of the two configurational isomers and the results
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Ficure 5: Summary of the sequential and medium-range NOE connectivities observg@2dr240) and [ThP231Sef23] 7(224—240).

The connectivities 0t(224—-240) in (a) aqueous solution, and in (b) 50% aqueous TFE are indicated as are the connectiviti€¥8f[Thr
SeF23] 7(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 sequedtiatHd;+; and NH—Hdi;; connectivities for Pro residues. The height of the bar
indicates the strength of the NOE. Overlapping NOEs are indicated by an asterisk (*).

6000 T T Table 2: Percentage of cis IsomersrifPeptided
L 4 Pro232/3 Pro236
f’\ - H.O TFE HO TFE
,-V~ 1 7(224-240) 4% 0% 9% 0%
i ] [Thr"231Sef23] 7(224-240) 3% 0% 9% 0%
,’/‘ ] [Tyr?31 7(224-240) nd  20%
1 [TyrP23] 7(224—240) nd 10%
) [Tyr29 7(224-240) nd 25%
i~ [TyrP23 7(224—-240) nd 10%
- and, not determined No cis peptide was observed at an estimated
A detection threshold of 0.5%.
240), [TyF?3] 7(224—-240), [TyrP39 1(224—240), and [Tyr?3
7(224—240), in which a tyrosine residue is substituted for
] Ser or Thr preceding individual Pro sites. The 2D spectra in
" 7 50% TFE/50% HO (data not shown) for three of these
s 1 peptides clearly indicate the presence of additional Tyr
T EEWES TN WY ST AW o WA W . . . . .
-23000180 20 20 " resonances, the likely explanation again being-tians
260 isomerization of Pro residues adjacent to the Tyr. The cis
Wavelength (nm) content was estimated by volume integration of the peaks
FIGURE 6: CD spectra of(224—240) and [Th?23LSeP23y 7(224— and is given in Table 2. The cis content for the nonphos-

240). Spectra were recorded on a Jasco J720 spectrometer at roorphorylated peptides, [T$#] 7(224-240) and [Ty -
temperature, a peptide concentration of 0.4 mg/mL and in aqueous(224—240), is significantly higher than that observed for the

solution or 50% aqueous TFE. Thg224—240) spectrum recorded  ragnective phosphorylated derivatives and then that observed
in aqueous solution is shown as a solid line and as a dotted line for

— 231 23 -

50% aqueous TFE. The [TH#LSef?3 7(224—240) spectrum for 7(224 240_) a”F‘ [Thf Sef 1 (224 2_40)' For the
recorded in aqueous solution is shown as a dashed line and as datter two peptides in 50% TFE/50%@, no cis conformers
dashed and dotted line for 50% aqueous TFE. were detected. Replacement of Ser/Thr by Tyr clearly
are shown in Table 2. The eidrans ratio for both peptides enhances the population of cis forms, suppqrting_ the idea of
in aqueous solution is approximately 9% at the Pro236 site Srong sequence dependency of the Pre-gisns isomer-
and 4-5% at Pro232/233 in both phosphorylated and ization, but indicating that this feature is not particularly
nonphosphorylated peptides. Thus, there is a small, pytdominant in AD PHF. Aromatic re5|due_35 have prewousl_y
significant difference in the equilibrium ratios for the two P&en shown to have a marked propensity to precede-a cis
sites: however, phosphorylation does not affect the ratio at Pro because of favorable interactions between the aromatic
a given site. ring and the Pro residued?). Overall, the data show that

Because we observed eigans Pro isomerization in  Poth intrinsic (sequence) and extrinsic (solution environment)
aqueous solution but not under more hydrophobic conditions &ffécts are able to modulate eigans ratios.
fand. bepause of the putative importance of-tians isomer- DISCUSSION
ization int peptides 23), it was of interest to further explore
the factors determining this equilibrium. Additional NMR 7 stabilizes the internal microtubular structure of neurons.
data were thus recorded on the four peptides,Phyr(224— In AD, 7 is hyperphosphorylated and in this state is not able
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to bind to microtubules38—42). It was therefore of interest The NMR and CD data from the current study also
to determine whether a conformational change in the AD- identified aS-turn-forming ability of the bisphosphorylated
specific midsequencedomain is associated with phospho- 7(224—240) peptide around phosphorylated Thr231 when
rylation of r and if so whether this might indicate an allosteric such turns were absent from the spectra of the nonphospho-
mechanism by which binding to microtubules is inhibited. rylated variant. The turn-forming potential was especially
Binding of the proline isomerase Pinl restores the ability of visible in TFE, and this finding corroborates earlier im-
phosphorylated to bind to microtubules in vitroQ3). This munological observations. The 22240 region ofz is an
enzyme alters the rate of isomerization of the peptide bond immunodominant domain and carries the recognition site of
between phosphorylated Ser or Thr and an adjacent Protwo of the three currently known AD PHF-specific mono-
(pSer/Thr-Pro bonds) im (43). It was therefore of further  clonal antibodies, PHF-27 and TG-3. TG-3 recognizes this
interest to determine the ci¢rans states of Ser/Thr-Pro peptide fragment phosphorylated on Thr23&)( and PHF-
bonds int to see how they are influenced by phosphorylation 27 also recognizes the Thr231-monophosphorylated peptide
and by the solution environment. to some degree2(). The antigen recognition of both

It was clear from an analysis of NMR secondary shifts monoclonal antibodies is markedly increased when the
that the peptide corresponding to the region-2240 of z, Thr231-monophosphorylated peptide is plated down to the
which incorporates residues known to be phosphorylated andeLISA assay from TFEZ1, 46), indicating that these PHF-
associated with both microtubule and Pin1 binding, adopted specific antibodies not only recognize phosphorylated Thr231,
an essentially random coil conformation in water and that put also the conformation around this amino acid residue.
no structure is induced by phosphorylation. This suggests This is especially interesting because some additional im-
the possibility that binding of to microtubules may involve  munological evidence suggests that the conformationally
a process in which a preferred binding conformation is sensitive antibodies ALZ-50 and MC-1 recognize an in-
selected from an ensemble of disordered conformers intramolecular association between the extreme N-terminus and
solution. If this is the case then the phosphate groups appeathe third microtubule-binding repeat domainmf47), and

not to shift the solution equi”brium away from a preferred the bend oftr was suggested to occur in the V|C|n|ty of
conformation but either must alter the kinetics associated phosphorylated Thr23146).

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 isolatad224—240) peptide provides a
good model for the corresponding region of the intact protein.

The possibility that this region adopts some more ordered solution conformers. Similarly, the Thr23Pro232 (or

structure in the presence of tertiary interactions from the L ) .
remainder of the protein cannot be excluded at this stage.Pr0232_Pr0233) bond has a majority trans configuration but

: . , is cis for approximately 5% of conformers. The current data
The data recorded in the more hydrophobic environment o .

. suggest that the recently reported selectivity of Pinl for the
provided by 50% TFE showed that part of theequence Thr—Pro232 motif compared to pSePro236 23) does not
undergoes structural ordering in response to solution condi-P pared 1o p= S i
tions. Although small, the effect is specific to residues appear to_be related to the Intrinsic eq_umbrlum position of
incorporating Ser/Thr-Pro phosphorylation sites. Residuesms_—transt_ljorgersdfo: ,:Ee ItV\;f[) S't‘?ts-_Whge t??wprobtﬁbglt); (t)r:
C-terminal to this region were unchanged relative to those %frlr?epretphle T)in(é?n aseleectiil/ iterleret’\hltsa aTzl:Dro Is?tee isal(())- €
in water, providing an internal control which confirms the fold thé\t of an otgher site inythe molgcule The cigans
specificity of the conformational change. The increased | >|/ ffected by th Ui o t with
secondary shifts are associated with a more extenf@ed ( (rjatlos are clearly afiected by the solution environment, wit
type) secondary structure, and the ordering effect induced. ecreasing stability Of t.he cis forms pemg associated with
by the hydrophobic solvent is slightly greater in the phos- increasing hydrophobicity of the solution.
phorylated peptide. The shift from random coil to extended  The possible implications of the eigrans conformational
structure shows thatis amenable to conformational changes interchange orr binding interactions are summarized in
in response to the solution environment, supporting the Figure 7. The upper left of the figure represents an ensemble
suggestion that it may undergo a conformational change onof random coil conformers, most of which are trans but with
binding to tubulin. While there are insufficient data at this a minority of cis forms. If the tubulin binding form is selected
stage to identify the bound conformation, it appears more from the cis subpopulation, then any decrease in the rate of
likely to be in an extendedfftype) rather than helical  cis—trans equilibration, as is the case for the phosphorylated
conformation. Alternatively to a structural change upon derivatives, could decrease the availability of bound forms.
tubulin binding, in a hydrophobic environment phosphory- Studies of model peptides have clearly established a de-
latedr may undergo a self-association process fvjdeated creased rate of cistrans interconversion on phosphorylation
sheet formation. It has been a puzzle for some time as toand decreased tubulin binding on phosphorylation. Addition
how 7, an elastic protein 44), becomes aggregated to of Pinl enhances the rate of €igans isomerization and
B-sheets when assembled to PHB)( but the data reported  restores tubulin binding (bottom right of figure). This model
here on a susceptibility to conformational changes with also explains increased PHF formation on phosphorylation.
hydrophobicity provide some clues. In a cellular environ- With a decreased rate of tubulin binding, the free phospho-
ment, increased hydrophobicity may result from a number rylated peptide becomes more available for PHF formation,
of factors, including increased concentration of proteins, for as indicated at the lower left of the figure. In AD, hyper-
example apolipoproteins. phosphorylation leads to increased PHF, increased sequester-

The NMR data recorded in aqueous solution clearly show
the presence of extra conformationgiassociated with cis
trans isomerization about at least two of the three Pro
residues. The Ser233°r0236 bond is present mainly in the
trans configuration, but is cis in approximately 9% of the
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Ficure 7: Schematic representation of possible conformational and binding interactiang'bé t protein is drawn with the residues
224240 highlighted and the tubulin binding domain as a boxed region. In soluff#—240) exists as a random coil ensemble, some
conformers of which contain trans Pro [(a) represented as an extended conform&8a] 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 €isans 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 Pinl (g) is able
to bind either to phosphorylated PHF (f) or phosphorylated solulifg. 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 Pinl can reverse the lack of binding seen for
phosphorylated. In AD hyperphosphorylation leads to increased PHF (f), increased sequestering of free Pinl1 and hence reduced soluble
Pin1 for facilitating prolyl isomerization (h to i), also resulting in reduced tubulin binding Y. For clarity, the figure does not show

some of the other factors influencing this complex interplay of conformations and binding interactions. For example;tthascisitios

of 7(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.

ing of free Pinl, and hence reduced soluble Pinl for values for Ser/Thr-Pro containing peptides. However, in the
facilitating prolyl isomerization, also resulting in reduced present study, phosphorylation appears to have an effect on
tubulin binding byz. the equilibrium ratio of cis-trans isomerization in these Tyr
We also examined a number of mutant peptides in which derivatives and decreases the cis content. This is in contrast
a tyrosine precedes the isomerizing proline residues andto the previous study which found that phosphorylated Tyr
found that there is a larger cis content relative to the wild did not affect prolyl isomerization4@). Apparently this
type (Ser/Thr mutants). These mutant peptides were exam-process is highly sequence dependent. In this respect, the
ined in 50% aqueous TFE and were still found to contain at extent, as well as the kinetics of eigans Pro isomerization,
least one minor conformation, most likely from €isans may play a role in the development of AD, although further
isomerization. These results are consistent with a previouswork is necessary to define it.
study by Schutkowski et al48) which examined a series
of peptides that contained phosphorylated or nonphospho-ACK'\K)WLEDGME'\IT
rylated Ser/Thr/Tyr-Pro bonds and showe80% cis content We thank Carsten Boenke (BMFZ) for synthesis of the
for Tyr-Pro containing peptides and generally much lower tyrosine-containing peptides.
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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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