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Cis phosphorylated tau as the earliest detectable pathogenic
conformation in Alzheimer disease, offering novel diagnostic
and therapeutic strategies
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A'fter protein phosphorylation on

ertain serine or threonine residues
preceding a proline (pSer/Thr-Pro),
the function of certain phosphorylated
protein is further regulated by cis-trans
conformational change. Due to the lack
of any tool to detect such two confor-
mations in cells, however, it is not even
known whether any cis or trans confor-
mation exists in vivo, not to mention
their conformation-specific functions or
regulation. We developed a novel peptide
chemistry technology to generate the first
pair of antibodies that can distinguish cis
from trans pThr231-Pro tau. Cis, but not
trans, pI'hr231-tau appears early in mild
cognitive impairment (MCI) neurons and
further accumulates in only degenerating
neurons as Alzheimer disease (AD) pro-
gresses, localizing to dystrophic neurites,
which are known to correlate well with
memory loss. Unlike trans p-tau, the cis
cannot promote microtubule assembly,
and is more resistant to dephosphoryla-
tion and degradation and more prone to
aggregation. Pinl accelerates cis to trans
isomerization to prevent tau pathology in
AD. Thus, during MCI and AD develop-
ment, cis pI'hr231-Pro tau is the earliest
detectable pathogenic tau conformation
and antibodies and vaccines against the
pathogenic cis p-tau may be used for the
early diagnosis and treatment of AD.
These findings offer in vivo approach to
study conformational regulation of Pro-
directed phosphorylation signaling.

The reversible protein phosphorylation
on certain serine or threonine residues
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preceding a proline (pSer/Thr-Pro) is a
crucial signaling mechanism in various
cellular processes in physiological and
pathological conditions.! Certain proline
residues in proteins can exist in completely
distinct cis and trans peptide bond confor-
mations and provide an intrinsic backbone
switch.? Conversion between cis and trans
is markedly slowed down upon phosphor-
ylation, but specifically accelerated by the
unique prolyl isomerase Pinl, which has a
profound impact on a spectrum of activi-
ties in many signaling molecules.*?

Specific functions of proline-directed
cis and trans conformers have been pro-
posed by various indirect approaches. The
first strategy to dissect distinct functions
of the proline isomers is molecular simula-
tion, that is, determination of structures
that enable specific functions such as
distances between two critical amino
acids.*¢® The second approach is to syn-
thesize mutant proteins by replacing some
amino acids with different amino acids
that mimic cis or trans conformation.”
The third procedure to determine isomer-
specific functions is to substitute proline
with non-natural proline analogs that
have different tendency of cis and trans
conformations.®

However, the functions of endogenous
cis and trans conformations in native
proteins in vivo remain to be determined
because there is not any structure avail-
able that we are aware of showing both the
cis and trans conformations at one pSer/
Thr-Pro motif in an intact protein, which
is likely due to the difficulty in obtaining
a sufficient amount of stoichiometrically
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Figure 1. Generation of conformation-specific antibodies identifies the cis pT231-tau as the earliest detectable pathogenic conformation leading to
tau pathology and memory loss in MCl and AD, and suggests cis-specific biomarker and immunotherapy for early diagnosis and treatment.

phosphorylated proteins for structural
analyses of such two flexible conforma-
tions. To detect endogenous cis and trans
forms in proteins in vivo, we reasoned that
antibodies would only recognize either cis
or trans, but not both of a pSer/Thr-Pro
motif in a native protein.

We generated antibodies that specifi-
cally recognize either cis or trans confor-
mation in tau protein,’ a substrate of Pinl.
Pinl acts on the pT'hr231-Pro motif in
tau'® (1) to restore the ability of p-tau to
promote microtubule assembly,"® (2) to
facilitate p-tau dephosphorylation because
PP2A is trans-specific''? and (3) to pro-
mote p-tau degradation.” Notably, T231
phosphorylation in tau is reported to be
very early, if not the earliest of sequential
tau phosphoepitopes appearing during
early stages of AD pretangle formation.#¢
A key step to develop such conformation-
and phospho-specific antibodies is to
increase the cis content of pSer/Thr-Pro
motifs in the antigen with the smallest
change possible because ~90% of pSer/
Thr-Pro motifs in a synthetic peptide
are in trans.”” Indeed, NMR analysis
showed that the pThr231-Pro motif in a
synthetic tau peptide contained only 9%
in the cis conformation” Our strategy
is to immunize rabbits with a modified
pThr231-Pro tau peptide that contains a
minimal structural change, but has both
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cis and trans contents high enough to pro-
duce cis- and trans-specific antibodies,
followed by separating them using affinity
purification and counter-purification pro-
cedures with cis and trans locked peptides,
respectively. We have discovered that
replacing the five-membered carbonyl ring
of Pro with a sixmembered ring having
one additional methylene group, as seen
in homoproline (Pip), increases the cis
content and also produce antibodies that
recognize endogenous tau proteins. Thus,
we used the pThr231-Pip tau peptide that
has minimal structural change as the anti-
gen. The reason why we did not use a cis
locked pThr231-Dmp (5,5-dimethylpro-
line) and a pure trans pThr231-Ala tau
peptides as antigens is that it remains to
be determined whether the resulting anti-
bodies could recognize endogenous tau
because these peptides have much bigger
structural changes than the pThr231-Pip
peptide. Instead, we used the cis locked
and pure trans peptides for subsequent
separation of cis- and trans-specific anti-
bodies that have already produced.

Using these antibodies, we have pro-
vided multiple lines of evidence showing
distinct localizations and functions of the
cis and trans conformations during the
development of AD (Fig. 1).° The cis, but
not trans, pl'hr231-tau appears very early
in MCI neurons and further accumulates
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in degenerated neurons as AD progresses,
and the cis, but not trans, localizes to the
dystrophic neurites, an early hallmark
that is highly correlated with cognitive
loss in AD patients.?*** Functionally,
trans, but not cis, pT'hr231-tau promotes
microtubule assembly. Biochemically, cis
p-tau is more resistant to protein dephos-
phorylation and degradation, and also
more prone to protein aggregation than
the trans, which might explain why the
cis is much more abundant in MCI and
AD brains. These results are also consis-
tent with the previous findings that the
major tau phosphatase PP2A does not
dephosphorylate pThr231-tau peptides
where trans conformer is chemically
deleted,'? and that F-box proteins, which
target phosphoproteins to proteasomes,
bind to certain pSer/Thr-Pro motifs only
in trans.?® These results indicate that cis,
but not trans, p-tau displays both toxic
gains-of-function and losses of normal
tau function, two major properties that
are known to contribute to tau pathology
in AD.

The conformation-specific antibodies
also enabled to show that Pinl regulates
conversion from the cis to trans in vivo.’ In
the AD hippocampus, the cis is inversely
correlated with Pinl levels and completely
overlapped with neurofibrillary neurode-
generation, whereas the trans is positively
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correlated with Pinl levels and is rarely
associated with neurofibrillary neurode-
generation. Moreover, Pinl overexpres-
sion in AD mouse models decreases the
cis pT'hr231-tau, whereas Pinl knockout
increases the cis. These results are highly
relevant to human AD because Pinl is
inhibited in MCI and AD neurons by

multiple mechanisms?**

and preventing
Pinl inhibition is associated with delayed
onset of AD.? Given that pI'231-tau in
brain tissues is the earliest detectable event
in the sequential appearance of tau phos-
1416 these
results indicate that during the develop-
ment of MCI and AD, cis, rather than
trans, pI'hr231-tau is the earliest detect-
able pathogenic conformation leading to

phoepitopes in pretangle neurons,

tau pathology and memory loss, but is
accumulated due to lack of sufficient Pinl
to convert it to the non-toxic trans.
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