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The phosphorylation state of a protein can regulate activity,
localization, and proteinprotein interactions.It also potentially
alters a protein’s interaction with metal ions, which in some cases
is beneficial. For example, egg-yolk phosvitin and milk casein bind
dietary iron and calcium, respectivelgnd dentin phosphoprotein
directs calcium biomineralizationin other cases, these interactions
may be harmful; for example, Fecauses aggregation of hyper-
phosphorylated tati,and APT and C&" bind phosphorylated
fragments of human neurofilament protéirjoth proteins are
implicated in Alzheimer’s Disease.

We are interested in understanding how protein phosphorylation
alters metal ion affinity and specificity and how these adducts
consequently alter protein conformation. In this report, we dem-
onstrate that the phosphorylation state of a peptide derived from
a-synuclein ¢-syn), a protein that forms amyloid-type fibrils in
Parkinson’s Diseasgjramatically alters metal binding. We observe
multiple metal-binding events on a short peptide, which implies
changes in both peptide conformation and charge balance, two
important factors that influence fibrillization of the full-length
protein.

Metal ions influence the aggregation pathwayesyn in vitro;
most likely by interacting with the acidic carboxyl terminus.
Residues 109140, for example, have been implicated in Ca
binding’ef It has been proposed that metal ions induce partially
folded intermediates that affect fibril formatiéad but few mo-
lecular details are known about these intermediates or how
phosphorylation influences them. We chose to study the metal-
binding properties of thex-syn fragment 119132 because its
arrangement of carboxylate groups is similar to Ca-binding loops
(Figure 1) and because it contains two identified phosphorylation
sites, Tyr125 and Ser12%igure 1 shows the full-length sequence
of a-syn together with our synthetic peptides, which include
o-syn(119-132), its phosphorylated analogugs§129andpY125,
and several truncated mutantspf125 labeledpY-a, pY-b, and
pY-c.

We monitored metal binding by using the convenient lumines-
cence properties of P that make it a useful probe of Ca-binding
proteins? To achieve TB" luminescence, the coordination environ-

MDVFMKGLSK AKEGVVAAAE KTKQGVAEAA GKTKEGVLYV
GSKTKEGVVH GVATVAEKTK EQVTNVGGAV VTGVTAVAQK
TVEGAGSIAA ATGFVKKDQL GKNEEGAPQE GILEDMFVDP
DNEAYEMPSE EGYQDYEPEA

name Sequence
Ca-loop XY *xZ*H *3 %% 7
t-syn 119-13218c-DPDN EAYEMP SEEG
pS129 FC-DPDN EAYEMPPSEEG
pY125 Rc¢-DPDNEAPYEMP S EEG
pY-a [Ac-DPDNEApPYEMeP §
pY-b c-DPANEAPYENeP S
pY-c ﬁc— NAAPYENEeP S

Figure 1. Top: amino acid sequence of humassyn; residues 119132

in red. Bottom: sequences of acetyl-capped peptides used in this study and
compared to Ca-binding loops. X, Y, and Z are Ca-binding residues (usually
E or D); # is a metal-binding backbone carbonyl, anchn be any residue.
Phosphorylated residues indicated as pS and pY. Norleucine (Nle) is a
hydrocarbon analogue of methionine.
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Figure 2. Luminescence emission plots o o-syn peptide fragments
in the presence of 40M Tbh3" in 10 mM hepes buffer, 100 mM NacCl, pH
7.0,Aex= 270 nm. Residual Th background signal was subtracted from all
spectra.
suggest that it is the phosphatep125 that provides the critical
anchor for metal binding. A direct metaphosphate interaction was
confirmed by3P NMR, which shows a single, sharp resonance at
—4.2 ppm for apgY125 that broadens and shifts t849 ppm
upon addition of TB" (Supporting Information). In contrast, no
shift is observed after addition of ¥hto pS129

To identify the other metal-binding residues, we examined several

ment must provide a sensitizing chromophore and a ligand set thatmutated versions opY125.12 Figure 3 displays results of ¥h

minimizes coordinated waters, which quench emis&dryrosing®
and phosphotyrosidkare known to sensitize Pb luminescence.

If a-syn(119-132)were to bind TB" in a manner analogous to
Ca-binding loops, its tyrosine would coordinate the metal via its
backbone carbonyl. If sog-syn(119-132) and pY125 would
respond similarly to TH". As shown in Figure 2, however, only
pY125 displays strong Th-sensitized luminescence. The absent to
weak signals observed for the unphosphorylated peptidpaha9
indicate little affinity of these peptides for ¥h Phosphotyrosine
(pTyr) alone provides a weak signal under these conditions,
verifying thatpY 125 contains a pTyr well positioned among other
metal-binding residues. This configuration represents a novel metal-
binding site created upon specific phosphorylation, and the results
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titrations of all peptides and pTyr amino acid. Ro¥125, pY-a,
and pY-b, the data reveal three distinct transitions of varying
intensity, two that increase and a third that decreases luminescence.
Some precipitation was observed above ABbadded TB", most
likely from an insoluble Th-hydroxide species; therefore, these
data were excluded from fitting analysis. FoY125, pY-a, and
pY-b, the best fits were provided by a model containing [1:2], 1:1,
2:1, and 3:1 Th:peptide complexes; a 1:1 model was useoMar
and pTyr. The tight 300 nM dissociation constakp) for 1:1
binding by pY125 is impressive compared with that of other
peptides of this siz&

Comparison of th&p values tabulated in Figure 3 reveals that
removing residues corresponding to E130 and E1fY-d)

10.1021/ja043247v CCC: $30.25 © 2005 American Chemical Society
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Figure 3. Titration data of TB" added to 1M peptide in 10 mM hepes

buffer, 100 mM NaCl, pH 7.0}ex = 266 nm. Solid line represents the best

fit of the data; inset shows the expansion of the pY125 data taNO
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do not reliably represent solution-phase behavior; therefore, only
a lower limit Kp can be estimated fax-syn(119-132). Notably,
this range is consistent with values for typical Ca-binding loops.

Metal ion selectivity ofpY125 was assessed by measuring the
change in TB" luminescence upon addition of a second metal ion,
as shown in Figure 4. Displacement of*Tlzauses a loss in signal,
as observed at elevated concentrations éf @ad Mg*. A change
of signal could also result from heterometallic species formed with
paramagnetic ions such as®Fer Cl?" capable of luminescence
guenching, or a diamagnetic ion like 3l capable of inducing a
change in coordination around Jbthat improves luminescence.
The behavior of F& is especially interesting because it has been
detected in Lewy Bodie¥ Other Th-binding peptides do not show
Fett-dependent quenching under similar conditidfisuggesting
that our result arises from a specific interaction betwp&i25
and Fét.

In conclusion, these studies highlight that a single and specific
phosphorylation site appropriately surrounded by other metal-
binding residues has a dramatic influence on the metal-binding
properties of a peptide. Importantly, the affinity for metal is
regulated by phosphorylation, which raises intriguing questions
about the potential role of these interactions in biology.
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Figure 4. Tb luminescence response upon addition of various concentra-
tions of competing metal ions toAM pY125 peptide in the presence of 8
uM Tbh3*,

compromises the 1:1 binding affinity by less than a factor of 2,
whereas replacing D121 with nonligating alanip’{b) reduces
the affinity 6-fold compared t@pY125. Furthermore, the second
binding site ofpY-b is 12-fold weaker tharpY125. The pY-c
mutant has lost its ability to stabilize 2:1 or 3:1 species, but its
increased affinity over pTyr establishes that glutamate E126 helps
to stabilize a 1:1 Th:peptide complex. Taken together, these data
indicate that D121 and E126 combine with pY125 to adopt a
phosphotyrosine-dependent 1:1 metal-binding site. In addition, E130
and E131 are important for binding additional®Thons.

The loss in emission at high [Tb] is not due to phosphate
hydrolysis, as evidenced by HPLC and mass spectral analysis of
pY125 following incubation with 500uM Tb3*, revealing only
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