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Introduction

Coordination properties of Cu(i) ions towards a
phosphorylated fragment from the R1 domain of
the tau protein and the effect of Ser
phosphorylation on Cu(i) binding affinity+

b

Dimitra Kyriakou,? Eleni Bletsa,” Vassilios Moussis,© Yiannis Deligiannakis and

Gerasimos Malandrinos (2 *@

Tau hyperphosphorylation plays a key role in Alzheimer's disease, mediating tau protein aggregation and
deposition as neurofibrillary tangles in the intracellular space of neurons. The potential implications of
Cu(n) ions on the disease have been studied intensively, focusing both on Cu(i)—amyloid and on Cu(i)—-tau
fragment interactions. Nevertheless, there is still a lack of information concerning the metal binding pro-
perties and the affinity of phosphorylated fragments of tau. In this work, the coordination properties of
Cu(n) ions toward the peptides Ac-GSTENLKH-NH, (R1) and Ac-GS(P)TENLKH-NH, (R1P) (Ser phosphory-
lated analogue) were studied using potentiometric and spectroscopic (vis-EPR) methods. The above
sequence belongs to the 261-268 segment of the R1 pseudorepeat of the microtubule-binding domain
of the longest tau isoform. It includes both the required metal anchor site (His268) and the residue
Ser262, a well-known tau phosphorylation site. There was no surprise in the coordination process of both
peptides, which form 1:1 metal: ligand complexes and follow the already well-known binding trend (i.e.,
His imidazole as an anchor site followed by the deprotonation and subsequent coordination of 1-3 amide
donors). The additional participation of the Glu-y-COOH in the equatorial plane was evident for the
species detected in acidic solutions, while in the pH range of 7-10, the same group occupies an axial
position. The comparison of the Cul(i) binding affinities, revealed that the phosphorylated peptide (R1P) is
a more effective ligand than R1 in acidic media. Above pH ~ 7.9, the order is reversed, highlighting the
role of the phosphate inter- or intra-molecular interactions in Cu(i) binding.

gated amyloid beta (AB) peptides and intracellular neurofibril-
lary tangles (NFTs) composed of hyperphosphorylated tau

Alzheimer’s disease (AD), a chronic neurodegenerative dis-
order of the brain, is the most common form of dementia,
affecting about 10% of the population over age 65 and about
40% over 85 years, respectively.'™ The disease is clinically
characterized by the non-reversible and progressive loss of
memory and other cognitive domains including the patient’s
behaviour, thinking and personality."** In a brain suffering
from Alzheimer’s disease, two main pathological hallmarks
are evident: extracellular senile plaques composed of aggre-
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protein. Both plaques and tangles are responsible for neuronal
dysfunction, degeneration and eventually the death of brain
neuron cells.®”

Tau is a microtubule-associated protein linked to the micro-
tubules, which in turn are formed by the polymerization of a
group of proteins called tubulins, primarily located in the
axons. Microtubules are one of the most important parts of
the cytoskeleton of neurons and are involved in maintaining
the structure of the cells, intracellular transport, movement of
secretory vesicles and organelles, etc. Strong tau protein-micro-
tubule association is vital to the stabilization of dendritic
microtubule structures. The binding of tau protein to the
microtubules is controlled by the coordinated action of
kinases and phosphatases.>'® Phosphorylation is the most
common post-translational modification of the tau protein
and it plays a key role in regulating its normal function,
including binding to the microtubules and thus stabilizing
and assembling the latter.’

This journal is © The Royal Society of Chemistry 2023
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Nevertheless, abnormal phosphorylation (hyperphosphory-
lation) is expected to alter tau’s normal structure and function
and trigger the formation of paired helical filaments (PHFs),
which may further aggregate to NFTs, eventually causing
neurodegeneration.®® Among the 85 possible phosphorylation
sites of tau protein, only 55 have been so far delineated under
pathological conditions. Most of these are located in the
microtubule-binding domain (MBD) that consists of three or
four pseudorepeats (R1-R4) and in the proline-rich region
(PRR) and the C-terminal of the protein."*™"* From a structural
point of view, phosphorylated tau is more unfolded compared
to tau and R1-R4 repeats mainly adopt a random coil confor-
mation.'* Very recently, a progressive model for the disease
was suggested, in which a sequence of events take place at
different stages of the disease, (initial phosphorylation,
C-terminal cleavage, increased phosphorylation in the PRR
domain and acetylation-ubiquitination in the MBD), even-
tually leading to tau fibril formation.">"

The bioinorganic chemistry of AD has been recently high-
lighted after the observation that biologically essential metal
ions (i.e., Zn(u), Fe(m), and Cu(u)) were enriched both in the
neuritic plaques of AD brains and in biological fluids."® The
potential implication of Cu(u) ions on the disease has been
investigated more extensively, because of its biological impor-
tance as a cofactor for various enzymes and proteins, its strong
interaction with proteins and in particular with histidine resi-
dues etc. Most of the research groups working in this area have
studied the Cu(u)-Ap peptide coordination chemistry, Cu(u)
mediated reactive oxygen species (ROS) production, and/or
AB-amyloid aggregation'”'® 1t should be mentioned that
oxidative stress is another pathological hallmark of the
disease.'®*°

Cu(n)-tau interaction was also probed using various spec-
troscopic-physicochemical techniques. Full-length tau and
short peptide fragments located mainly at the MBD (repeats
R1-R4) and the N-terminal regions were used to determine the
Cu(u) binding modes and affinity differentiation, the effect of
the metal ion on tau aggregation, and ROS production
mediated by Cu(u)-tau binding.* ™"

The main outcomes of all these studies are that (a) the his-
tidyl imidazole (as an anchor site) and deprotonated amide
nitrogen donor atoms govern the coordination process. The
dominant species are the mononuclear (b) Cys residues in the
R2 and R3 repeats that are unlikely to become involved in
Cu(u) binding.”® (c) The N-terminal tau peptide models (tau(9-16)
and tau(26-33))*” and the R3 domain model (tau(326-333))*°
present different Cu(u) binding affinities at physiological pH
(His32 site present in the fragment 26-33 predominates over
the others).*® (d) ROS formation and aggregation were detected
as a consequence of Cu(u) binding to the full-length micro-
tubule-binding repeats R1-R4.>¢

While the literature concerning the coordination chemistry
of Cu(u)-tau and the implication of metal in ROS formation
and aggregation are still increasing, there is still a lack of infor-
mation about the metal binding properties and affinity of
phosphorylated fragments of the tau protein. An investigation
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in this field might be of interest to reveal the probable effect of
Cu(u) interaction in the phosphorylation-dephosphorylation
process, governing the binding of tau protein to the micro-
tubules. The catalytic effect of Cu(u)-phosphorylated fragments
on ROS production and aggregation could be checked as well.

An electrochemical study of the Cu(u)-immobilized tau
interaction revealed that tau phosphorylation affected Cu(u)
binding.>* In another experiment by the same group, it was
shown that Cu(u) could be displaced only by Zn(u) in phos-
phorylated tau films. This might be a sign that phosphoryl-
ation results in Cu(u) weaker binding. Finally, in a recent
ESI-MS study by S. Ahmadi et al, the observed difference
in Cu(u) binding affinity was attributed to protein
phosphorylation.?®

In this paper, we present a complete potentiometric-
spectroscopic study of the interaction of Cu(u) with the peptide
Ac-GSTENLKH-NH, and its Ser-O-phosphorylated analogue
Ac-GS(P)TENLKH-NH,. The studied sequence belongs to the
261-268 segment of the R1 pseudorepeat of the MBD of the
longest tau isoform. It includes both the required metal
anchor site (His268) and the residue Ser262, a well-known tau
phosphorylation site."*™** To the best of our knowledge, this is
the first thermodynamic-spectroscopic study of a phosphory-
lated tau segment and might be a small step towards the eluci-
dation of the Cu(u) ion role in tau hyperphosphorylation.

Experimental

Materials

Trifluoroacetic acid (TFA), D,O, Cu(NOj3),-6H,O (atomic
absorption standard solution), piperidine, 99% diethyl ether,
and dichloromethane (analytical grade) were purchased from
Sigma-Aldrich Chemical Co. HNOj;, acetic anhydride, and
acetonitrile (HPLC grade) were obtained from Honeywell
Riedel-de Haen. KNO; and KOH were obtained from E. Merck
(Darmstadt, Germany). n-Hexane and dimethylformamide
(DMF) were purchased from Carlo Erba Reagents. The resin
Rink Amide AM, 1-hydroxybenzotriazole (1-HOBt), O-(benzo-
triazol-1-yl)-N,N,N',N'-tetramethyluronium tetrafluoroborate
(TBTU), and the Fmoc-protected amino acids were purchased
from GL Biochem, Shanghai, China and CBL Chemicals Ltd
(Patras, Greece). N,N'-Diisopropylcarbodiimide (DIC), triiso-
propylsilane (TIS) and N,N-diisopropylethylamine (DIPEA) 98%
were obtained from Fluka, Switzerland. Glycerol was pur-
chased from Ferak. The reagents required for the phosphate
detection assay were purchased from Sigma-Aldrich.

Peptide synthesis

The synthesis of the N- and C-terminal protected peptides Ac-
Gly-Ser-Thr-Glu-Asn-Leu-Lys-His-NH, and Ac-Gly-Ser(P)-
Thr-Glu-Asn-Leu-Lys-His-NH, (Ser-O phosphorylated ana-
logue) was carried out manually, in the solid-phase, on a
Rink Amide AM resin, using the Fmoc/tBu strategy
(Fmoc: 9-fluorenylmethyloxy-carbonyl).**> 1-hydroxybenzotria-
zole (1-HOBt) and O-(benzotriazol-1-yl)-N,N,N’,N'-tetramethyl-
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uronium tetrafluoroborate (TBTU) were used as coupling
reagents. Fmoc protecting groups were removed before each
coupling step using 20% (v/v) piperidine in DMF. The coupling
reactions were performed using an amino acid/TBTU/HOBt/
DIEA solution (molar ratio of 3:3:3:6) in DMF. The
N-terminal acetylation was accomplished by treatment of the
resin with a solution of acetic anhydride and DIPEA in DMF. A
solution of TFA/TIS/H,O (95 :2.5: 2.5, v/v/v) was used to cleave
the peptides from the resin and remove the protecting groups.
The crude peptides were purified by semipreparative or pre-
parative reverse-phase HPLC (RP-HPLC) on a C18 column. The
purity of the peptides was checked employing 1- and 2D
"H-NMR techniques (500 MHz) and the correct molecular
masses were confirmed by ESI-MS.

Potentiometric measurements

The potentiometric titrations were carried out at 25 °C using a
total volume of 2.0 mL. The titrations were performed in the
presence of 0.1 M KNO; over the pH range of 2.5-12 in a
MOLSPIN pH-meter system (Molspin automatic titrator,
Molspin Ltd, Newcastle-upon-Tyne, UK), using a 0.500 mL
micrometre syringe and a combined glass-silver chloride elec-
trode calibrated to hydrogen concentration using HNO;.>* A
carbonate-free 0.1 M potassium hydroxide solution was used
as the titrant. During the titration, argon was bubbled through
the samples to ensure the absence of oxygen and carbon
dioxide and to stir the solutions. The concentration of the pep-
tides was between 2-3 mM at a metal : peptide molar ratio of
1:1.2. The overall stability constants (log f; for M;L;H,) and
the protonation constants were calculated utilizing the
HYPERQUAD computer program.** Standard deviations com-
puted by HYPERQUAD refer to random errors.

Spectroscopic measurements

NMR experiments were performed using a Bruker Avance
spectrometer operating at 500.13 MHz. Both one and two
dimensional experiments ('H, '*C, 'H-'H-TOCSY, 'H-'H
COSY, 'H-'H NOESY,'H-"*C-HMBC, and 'H-"*C-HSQC) were
acquired in 9:1, v/v H,O:D,0 solutions at a peptide concen-
tration of 5 mM (pH = 2.5 at 25 °C). The interaction of Cu(u)
with the phosphorylated peptide (2 mM) was studied at pH =
6,1in 9:1, v/v H,0: D,0 solutions. 1D (*H) and 2D NMR experi-
ments were performed in both the free peptide and in the
presence of 0.05 eq. of Cu(u) at the same pH value.

UV-visible and EPR spectroscopy were performed with
samples having the same concentration as used for pH poten-
tiometry. The pH was altered, from 5 to 12, by adding small
portions of 0.01-0.1 M aqueous KOH to the solutions.
Changes in the pH were monitored by a combined glass-silver
chloride electrode. The absorption spectra of the complexes
were recorded using a Shimadzu UVPC-2401 spectrophoto-
meter in the spectral range of 400-850 nm using 1 cm cuv-
ettes. The used Cu(u): peptides ratio was 1:1.2. The X-band
EPR spectra were recorded at 77 K using a Bruker ER200D
spectrometer equipped with an Agilent 5310A frequency
counter. The samples consisted of 5 mM of peptides with a
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Cu(u) : peptide molar ratio 1:1.2. A glycerol aqueous solution
(10% v/v) was used as a solvent to ensure the homogeneity of
the frozen samples. The CD spectra (250-800 nm) were
recorded using a Jasco J-815 CD spectrometer under the same
conditions as used for the absorption spectra.

Phosphate detection assay

The phosphomolybdenum blue assay was used to check the
presence of phosphate anions in a mixture containing Cu(u)-
phosphorylated peptide in a molar ratio of 1:1.2 (C = 2 mM,
pH = 12). The sample was incubated for 2 h at 298 K, acidified
and mixed with the reaction reagent prepared as described in
the literature.*®

Results and discussion

Characterization and protonation constants of the free
peptides

The terminally blocked peptides Ac-GS(P)TENLKH-NH, (R1P)
and Ac-GSTENLKH-NH, (R1) (Scheme 1) were characterized by
'H-NMR spectroscopy. The 'H chemical shifts (5, ppm) are
cited in Tables 1 and 2 in the ESIf while the corresponding 1
and 2D spectra, used for the assignment, are presented in
Fig. S1-S11 (ESIY).

The peptide Ac-GS(P)TENLKH-NH, may be considered as
an H,L type ligand due to the presence of four ionizable
groups in the measurable pH range (2-12) (i.e., Glu y-COOH,
Ser-OP(=O0)(-O)(OH) phosphate group, His imidazole and the
Lys e-NH;"). The analogue Ac-GSTENLKH-NH, lacks the phos-
phate group (H;L). The overall protonation constants of the
free peptides were calculated by utilizing the potentiometric
titrations and are collected in Table 1. The pK, value of 5.64
could be assigned to the ionization of the Ser-O-phosphate
group according to the literature data,**">® while the rest are in

R1: Ac-GSTENLKH-NH;

R1P: Ac-GS(P)TENLKH-NH;

o HO, 0
HO_j.o
o é
Y 0 0 0 o
H
N )J\ N i i
H N N N
I H H H u
H o
HO
H,
NI

Scheme 1 Structural formulas of the studied peptides.

This journal is © The Royal Society of Chemistry 2023
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Table 1 Protonation constants and pK, values of Ac-GS(P)
TENLKH-NH; (R1P) and Ac-GSTENLKH-NH, (R1) at 298 Kand / = 0.1 M
(KNO3)

HL H,L H,L H,L
Protonation constants (log §)”
R1P 10.25(1) 16.99(1) 22.63(1) 26.39(2)
R1 10.23(1) 16.69(2) 20.74(3) —

pKLys pK]—lis pKSer-(I—[P\’)J’) pKGlu
PK, values
R1P 10.25 6.74 5.64 3.76
R1 10.23 6.46 — 4.05

“f = [HL)/(HY[L]), standard deviations of the last digit are given in
parenthesis.

good agreement with the reported ones for the peptides con-
taining Glu, Lys, and His residues in their sequence.?**°* 1t
is worth mentioning that Ser phosphorylation has a small
impact (ca. 0.3 log units) on the pK, values of both Glu-
y-COOH and His-imidazole (Table 1).

Cu(u)-R1P peptide interaction

The interaction of the peptide Ac-GS(P)TENLKH-NH, (R1P)
with Cu(u) ions was investigated in aqueous solutions with a
Cu(u): peptide 1:1.2 molar ratio. The best fit of the potentio-
metric data was achieved assuming the existence of seven
Cu(u) species of 1:1 Cu:peptide stoichiometry, namely
[CuLH,]", [CuLH], [CuL]™, [CuLH_,]*~, [CuLH_,]*", [CuLH_;]*"
and [CuLH_,]>". The species stoichiometry, selected thermo-
dynamic data (logp, pK,, logK*) and the distribution curves
are shown in Table 2 and Fig. 1, respectively. For the assign-
ment of the detected complexes, visible (Vis), EPR and CD
spectra were recorded over the pH range 5-12 (Fig. 2, 3 and
S12%). The relative Vis and EPR spectroscopic data are col-
lected in Table 3.

Cu(u) coordination with the R1P peptide starts at pH 3.0
with the formation of [CuLH,]" species whose concentration
reaches a maximum at pH ~ 5. The log K* value calculated for
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Fig. 1 Species distribution diagram of the system Cu(i)—Ac-GS(P)
TENLKH-NH, at a molar ratio of 1:1.2 (C = 2 mM).

Absorbance

T T
400 600 800

wavelength (nm)

Fig. 2 Visible absorption spectra of the solutions of Cu(i) and R1P
(Cu):R1IP =1:1.2, T =298 K, I = 0.1 (KNO3)), recorded at the indicated
pH values.

Table 2 Stability constants of Cu(i) complexes with the Ac-GS(P)TENLKH-NH, (R1P) and Ac-GSTENLKH-NH; (R1) at 298 K and / = 0.1 M (KNO3)

CuLH, CuLH Cul CuLH_, CuLH_, CuLH_; CuLH_,

Stability constants (log §)*
R1P 20.52(2) 15.29(1) 8.45(1) 2.01(1) —6.67(2) —17.00(2) —28.31(4)
R1 — 14.57(3) 7.99(2) 1.99(3) —6.54(5) —-16.92(7) —28.01(7)
pK.?
R1P — 5.23 6.84 6.44 8.68 10.33 11.31
R1 — — 6.58 6.00 8.53 10.38 11.09

IN{Nyp} IN{Nim} 2N{Nypm, N7} 3N{Nym, 2N} 4N{Nyp, 3N}
log K*¢
R1P —2.12 -1.70¢ -8.54 —-14.98 —23.66
R1 —2.12 -8.70 —-14.70 -23.23

“f = [MH,L)/(IM][H}[L]), standard deviations of the last digit are given in parenthesis. ” pK, = log f(MLH;) — log S(MLH,_,). “log K* = log /(MLH,)
— log f(H,L) k = 2, 3 (protonation corrected stability constants). ¢ Value for 1N, coordination with a deprotonated phosphate group.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 EPR spectra of the Cu(i)—R1P system in a molar ratio of 1:1.2 at
various pH values.

Table 3 Vis-EPR spectroscopic parameters of the Cu(i)—R1P system
(1:1.2)

UV/Vis EPR
Species Jmax (nm), e M~ em™) 2 A (G)
cu** 732, (30) (a) 2.41 122
[CuLH,] (b) 2.37 134
[CuLH] (c) 2.32 162
[CuLH] 728, (41) 2.32 158
[CuLH_,]*~ 602, (97) 2.22 170
[CuLH_,*~ 558, (109) 2.20 188
[CuLH_;]*~ — 2.19 194
[CuLH_4*~ 520, (149) 2.19 196

the [CuLH,]" complex (-2.12) is close to those reported for
peptides with monodentically bound imidazole nitrogen
(Nim), as in the cases of the peptides H2Bjz, s, (—2.66),
H2Bgz03 (—1.58), H2Boy 155 (—1.94), -LAHYNK- (—2.73),
-ELAKHA- (-2.13),* -EVMEDHAG- (-1.72), -QGGYTMHQ-
(—2.24),>” -IKQHT- (-2.55),** and ~-KTNFKHVAG- (—2.54).*®

His-H(e1)

NH His| ‘

-
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Moreover, the value A,,.x = 732 nm, obtained from the
absorption spectrum, confirms the specific binding mode. The
blue shift of this value compared to that predicted by the
equation of Prenesti*® (Amay = 760 nm), assuming {Nyy,, 3 H,0}
coordination, is an indication of equatorial Glu y-COOH
binding. The theoretically expected A,ax value in the case of a
{Nim, COO™, 2H,0} donor set is 729 nm.

Increasing the pH of the solution results in the formation
of the [CuLH] complex in the pH range of 4-8. The pK, value
(5.23) of the reaction [CuLH,]" < [CuLH] + H" (Table 2) cannot
be assigned to the ionization and coordination of the first
amide donor as in terminally protected peptides containing
His residues this value is higher than 6.0.>****”>' Moreover,
the recorded (at pH 6.0, where [CuLH] predominates) Apax
value (728 nm) does not support amide binding and is almost
the same as the one (732 nm) previously assigned to [CuLH,]"
{Npm, COO~, 2H,0}. On the other hand, the EPR parameters
(A4) = 158 G, g = 2.32) match perfectly with the ones assigned
to the [CuL] species of the system Cu(u)-EVMEDHAG- (4 =
160 G, g = 2.315).”” In the latter case, the involvement of both
the imidazole nitrogen atom and Glu carboxylate was
suggested.

A plausible explanation is that [CuLH] adopts the same
coordination mode as [CuLH,]" {Ny,, COO~, 2H,0}. In that
case, the pK, value of 5.23 should correspond to the ionization
of the phosphate group in the complexed peptide (pK, = 5.6 in
the free one). The extra thermodynamic stability gained due to
the deprotonation of this group in the complexed ligand is
reflected in both the thermodynamic data for [CuLH] and the
distribution diagram. [CuLH] at pH ~ 6 is responsible for
binding 65% of the total Cu(u) concentration (Fig. 1), while the
calculated logK value of 5.03 (logk = logg([CuLH]) -
log #(HL)) is higher (0.5-1 logarithmic units) than the values
(4-4.5) reported for complexes presenting the same coordi-
nation type {Ny,,, COO~, 2H,0}.*"**°? In addition, the log K*
value of —1.70 (Table 2) shows the same trend, being higher
than the corresponding value of [CuLH,]" (-2.12), in the same
system, similar to the values calculated for the 30 peptides
H2Bg; 03 (—1.58), H2Boy 155 (—1.94)** and almost identical for-
EVMEDHAG- (-1.72).>’

The "H-NMR spectra of the peptide recorded at pH = 6 in
the absence and in the presence of 0.05 eq. of Cu(u) (Fig. 4

His-H(62)

l

T T T T T T T T T T T
2.0 85 8.0

[ppm]

Fig. 4 Superposition of the 'H-NMR spectra (aromatic region) of the peptide R1P in the presence (red trace) and absence (black trace) of 0.05 eq.
of Cu(i) (Cpeptide = 2 MM, H,O: D0 9:1, v/v, pH = 6). The most affected resonances have been indicated by arrows.
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2 1 tppm]

Fig. 5 Superposition of the *H-NMR spectra (aliphatic region) of the peptide R1P in the presence (red trace) and absence (black trace) of 0.05 eq. of
Cu() (Cpeptide = 2 MM, H,O : D0 9:1, v/v, pH = 6). The most affected resonances have been indicated by arrows.

and 5) provide additional evidence for the [CuLH] binding
proposal. Paramagnetic Cu(u) ions broaden the 'H-NMR
signals assigned to protons which are located close to the
coordination sites.>>>* Inspection of both the aromatic and
aliphatic regions of the NMR spectra revealed (a) a general
line broadening and signal reduction (b) that the most
affected resonances (almost washed out) belong to His(NH),
His (H,, + Hs) and Glu (f- and y-CH,). The results of NMR
spectroscopy are in line with the thermodynamic and spectro-
scopic data (Vis and EPR) indicating the presence of the
donor set {Ny,, COO~, 2H,O} in the equatorial plane of
Cu(u). The equatorial binding of the phosphate group should
be then ruled out.

In light of these outcomes, a question arose: Could the
reason for this extra stabilization be a direct Cu(u)-phosphate
interaction? As we will additionally see, in the next section, in
which we will discuss the experimental data for the non-phos-
phorylated analogue, the same binding mode is suggested,
although the calculated log K and log K* values are smaller.
Taking into account the observations up to this point, it is
reasonable to assume that the phosphate group does not inter-
act with Cu(u) directly and the small extra stabilization
observed for the phosphorylated peptide in the presence of
copper is possibly ascribed to the participation of the anionic
phosphate group in non-covalent interactions or hydrogen
bonding.>®

At slightly higher pH values, the deprotonation and sub-
sequent coordination of the first amide nitrogen donor atom
(pKa = 6.84) occur, resulting in the formation of [CuL] .
Although the cooperative deprotonation and binding of two
amide donors were expected, [CuL]™ inclusion in the model
improves the fitting of the titration curves. The low concen-
tration of the complex and overlap with [CuLH] and
[CuLH_,]*~ prevent its spectroscopic study. This species can
be characterized by stoichiometry and the stability constant.
The value logk* = —8.54 is typical of 2N {Nyn, N umidet

This journal is © The Royal Society of Chemistry 2023

binding, leading to the formation of a five-membered chelate
ring.56’57

The next ionization process that takes place (pK, = 6.44)
results in the formation of the [CuLH_,]*" species. This is the
major complex formed at physiological pH values, being
responsible for the binding of 85% of the total copper concen-
tration, while its existence covers the pH-metric range
5.5-10.5. The value log K* = —14.98 is comparable to those of
the Cu(u)-peptide complexes, where the metal ion binds with
both the imidazole nitrogen (N3) of His and two amide nitro-
gen atoms of the peptide backbone,”?%**%36:38 gyugoesting
the same coordination type. The spectroscopic data corrobo-
rate the above proposition. More specifically, in the Vis spec-
trum, the An.x value recorded equals 602 nm. This is within
the reported range (Aax = 560-610 nm) for chromophores that
include three nitrogen atoms of the {Np,, 2N amide}
type.””***>*” Additional confirmation is obtained from the
EPR spectrum recorded at pH 7.5. The value of the g factor in
the parallel region (gj = 2.22) and the hyperfine coupling con-
stant (A = 170 G) is typical of divalent copper complexes with
three nitrogen and one oxygen donor atoms.>”***>3° Apical
interactions of either the y-COO of the Glu residue or the phos-
phate group (SerOP) cannot be ruled out since the experi-
mental ., value (602 nm) is red-shifted by about 20 nm com-
pared to that theoretically predicted for the donor set {Ny,
2N amides H20} (584 nm).***® The presence of axial donors
may also be inferred from the examination of the perpendicu-
lar region of the EPR spectrum registered at pH 7.5 (Fig. S127).
More than the seven expected (for 3N binding) lines are
present, implying isotropy disturbance at the x, y region
caused by the distortion of the tetragonal geometry.>” This
effect may also explain the relatively low value of Aj (170
G).®“%? [CuLH_,]*~ species is also CD active (Fig. 6).

The CT bands due to Nj,, — Cu(u) and N gpnige — Cu(n)
(334 and 284 nm, respectively) indicate that a 3N donor set
{Nimy 2N " amides H2O} occupies the equatorial plane.**%
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Fig. 6 Circular dichroism spectra of the solutions of Cu(i) and R1P
(Cu(n) : R1P = 1:1.2), recorded at the indicated pH values.

Above pH 7, the formation of the [CuLH_,]*~ complex (pH
range of existence 7-12) is evident (pK, = 8.68). The value of
log K* = —23.66 calculated for this species is close to the values
of Cu(u) complexes with peptides in which 4N {Npy,, 3N amide}
coordination is proposed (~—21 to —23).>73%34456738 The
presence of an extra amide nitrogen donor atom is also sup-
ported by both the Vis and EPR data. The Ay.x of 558 nm, the
values g = 2.20 and A = 188 G and the nine lines present
(An = 15 G) in the perpendicular region of the EPR spectrum
(Fig. S127) as expected for four equivalent nitrogen donors in
the Cu(u) coordination plane, indicate the equatorial binding
of one Ny, and three amide nitrogen atoms {Nyy,
3N amidep-1**%*"%” However, it should be noted that the theor-
etically predicted A,.x for the above coordination type is
523 nm,"® featuring a 35 nm red shift compared to the experi-
mental value. This observation and the broadening of both the
absorption band and the EPR resonance lines at pH ~ 9.4
(Fig. 2 and 3) possibly indicate the presence of coordination
isomers, which share the same donor set in the equatorial
plane, while differing in the apical substituent (i.e., H,O vs.
Glu-carboxylate).

The succeeding complexes [CuLH_;]*~ and [CuLH_,]°~ are
formed in a highly alkaline solution. Their spectroscopic para-
meters are similar, suggesting the same coordination mode.
The experimental data cited in Table 3 are compatible with
{Nim, 3N amiaef binding, already proposed for the previously
discussed [CuLH_,]>~ species. On the other hand, the small
decrease in both the Anyay value (520 nm) and g (2.19) and the
higher value of the hyperfine coupling constant (4 = 194-196
G) compared to the same spectroscopic parameters for
[CULH_,]’~ may imply the lack of axial interactions in both
[CuLH_;]*~ and [CuLH_,]°". The CD spectra of the last three
species do not differ significantly (Fig. 6) and share the follow-
ing common features that are observable in Cu(u)-N-protected
one His containing peptides adopting the {Nyn, 3N amidef
coordination mode:**>****% (a) charge transfer bands
assigned to Nj,, — Cu(n) (347-350 nm) and N niqe — Cu(u)
(314-318 nm)*** and (b) negative and positive Cotton effects
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around 460 and 570 nm, respectively. The slight shift in the
position of CT bands and the intensity increment of the nega-
tive d-d band passing from the [CuLH_,]>” to [CuLH_3]*"
reveals that the deprotonation process yielding the latter
affects the 4N donor set strength. The pK, values obtained for
the deprotonation and the subsequent formation of the above-
mentioned species are 10.33 and 11.31, respectively. The first
is similar to the one calculated for the ionization of the Lys-e-
NH;' in the free peptide (10.25) and it is therefore assigned to
the deprotonation of the same group in the complexed
peptide. Concerning the last base consuming process (pK, =
11.31), there are four candidates (a) an extra amide donor
(requires the detachment of the imidazole nitrogen atom from
the equatorial plane), (b) an apically coordinated water mole-
cule (complex hydrolysis), (¢) R1P hydrolysis, and (d) the
pyrrole N(1) atom of the imidazole ring. In the first case, the
EPR g value and the intensity of the negatively signed d-d
band in the CD spectrum are expected to decrease signifi-
cantly,”® while in the second, an axial donor would entail a
small red shift in the UV-vis spectra and a decrease in the 4
value (EPR).®*”' Based on the available spectroscopic data
(unchanged vis-EPR-CD parameters for [CuLH_,]*~ and
[CuLH_;]*"), the amide hypothesis and complex hydrolysis
should be ruled out. To check the possibility of Cu(u)-mediated
R1P hydrolysis, a sample consisting of Cu(u)-R1P at a molar
ratio of 1:1.2 (C = 2 mM, pH = 12) was incubated at 298 K for
2 h and then tested for the presence of o-phosphate anions
using the phosphomolybdenum blue method. The test was
negative. Concluding, the only reasonable explanation remain-
ing is the ionization and no coordination of the pyrrole N(1)
atom of the imidazole ring.*””>7°

Cu(u)-R1 peptide interaction

The potentiometric study of the system Cu(u):Ac-
GSTENLKH-NH, (R1) was performed in a 1:1.2 molar ratio at
the pH range of 3-11. The species distribution diagram is pro-
vided in Fig. 7, while the calculated stability data are presented

[CuLH,]

% Cu

Fig. 7 Species distribution diagram of the system Cu(i)-Ac-
GSTENLKH-NH, (R1) in a molar ratio of 1: 1.2 (C = 2 mM).

This journal is © The Royal Society of Chemistry 2023
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in Table 2. The Vis, EPR, and CD spectra and the spectroscopic
parameters at the pH range 5-12 are presented in Fig. 8, 9
(and S13) and S14,} and Table 4 respectively.

Six copper complexes were detected in the pH range 4-12,
namely [CuLHJ]*", [CuL]", [CuLH_,], [CuLH_,]~, [CuLH_;]*,
and [CuLH_4]>". As can be seen from the distribution diagram
(Fig. 7), the Cu(u)-R1 interaction starts at pH 3.5, yielding the
[CULH]** complex, the concentration of which is maximized at
pH = 5.7. The value log K* = —2.12 is close to those reported in
the literature for His containing peptides monodentically
bound to Cu(u) through the N3 atom of the
imidaZOle,27’43745’56’67 :

implying a similar coordination mode.

0.15 <

0.10 <

Absorbance

0.05 <

T T
600 700

wavelength (nm)

Fig. 8 Visible absorption spectra of the solutions of Cu(i) and R1 (Cu
(:R1=1:12, T =298 K, I = 0.1 (KNO3)), recorded at the indicated pH
values.

— pH=5.1
—— pH=6.0

T T T
3000 3200 3400

Magnetic Field (G)

T T
2600 2800

Fig. 9 EPR spectra of the Cu(i)—R1 system in a molar ratio of 1:1.2 at
various pH values.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

Table 4 Vis-EPR spectroscopic parameters of the Cu(i)—R1 system
(1:1.2)

UV/Vis EPR
Species Amax (nm), e M~ em™) 2l A (G)
cu* — (a) 2.41 120
[CuLH]*" 705, (33) (b) 2.33 152
[CuLH_,4] 599, (99) 2.22 168
[CULH_,| (a) 527, (122) 2.20 188
(b) 560 (sh)
[CuLH_,;]*~ — 2.19 196
[CuLH_,]*~ 520, (140) 2.18 200

Furthermore, a comparison of the log K value of 4.34 calcu-
lated for the reaction Cu(n) + LH <« [CuLH]** {logKk =
log A[CULH]*") — log f(LH)} with the literature data for the
same type of reactions in similar systems®”*"**** demon-
strates, possibly, the additional interaction of Glu y-COOH in
the equatorial plane.

The EPR spectrum recorded at pH = 5.4 shows the presence
of two species (a and b in Table 4) in accordance with the spe-
ciation diagram (Fig. 7). The former (a) is allocated to free
copper ions, while the other one (b) belongs to [CuLH]*". The
EPR parameters (4, = 152 G, gj = 2.33) are typical of 1N {Niy}
binding,””?*°%*" while the absorption maximum centered at
705 nm is indicative of the {Ny,, COO~, 2H,0} coordination
mode.*”*°

The next species, [CuL]’, can only be characterized by the
thermodynamic data due to its low concentration and heavy
overlapping with other species. The pK, = 6.58 calculated for
the deprotonation reaction [CuLH]** < [CuL]" + H" character-
izes the ionization and subsequent coordination of the first
backbone amide nitrogen atom in peptides containing a histi-
dine residue at the C-terminus or intermediate
positions.>>**>*77>! On the other hand, the value log K* = —8.70
is similar to the values found in the literature for the 2N
{Nimm, Namide} sSpecies of analogous copper-peptide
complexes.**%?7

The next deprotonation process (pK, = 6.0) leads to the for-
mation of [CuLH_;]. The latter prevails at physiological pH
value and binds about 90% of total Cu(u). The protonation cor-
rected stability constant value log K* = —14.70 is close to the
reported values for a 3N {Ny,, 2N .miaef binding type (ie.,
—14.2 to —14.8)*739137453638 and almost the same as the value
calculated (—14.35) for the recently studied Cu(u)-Ac-
VKSKIGSTENLKHQPGGG-am system®® in which a longer R1
peptide segment containing our sequence was used. The latter
log K* comparison also implies that the stability of the 3N
Cu(u) complexes (octadecapeptide vs. octapeptide) does not
differ significantly, despite the presence of secondary effects in
the longer peptide, which may contribute to its stability.

The spectroscopic data (Table 4) confirm the proposed
binding mode. The value Ay, = 599 nm in the visible spec-
trum is comparable to the theoretically predicted value*® (Amax
= 583 nm), assuming the presence of a {Nyy,, 2N amide, H2O}
donor set. It is also within the range of the A.x values
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(560-610 nm) that characterize the {Nyn, 2N amige; type
chromophores.>”***” The small redshift (16 nm) could be
attributed to a weak apical interaction of the Glu y-COO™
group.® Finally, the values of the parameters g and 4 (2.22,
168 G), extracted from the EPR spectrum at pH 7.5, are charac-
teristic of the presence of three nitrogen and one oxygen
donor atoms in the equatorial plane.?”***>°° The relatively
small value of the hyperfine coupling constant 4| = 168 G and
the x, y region anisotropy indicated by the presence of more
than the expected 7 lines in the perpendicular region of the
spectrum (Fig. S131) provides further evidence for the tetra-
gonal distortion caused by the Glu vy-COO™
interaction.’”"*!

Over pH 9, the [CuLH_,]” species predominate (Fig. 4). The
value pK, = 8.53 should correspond to the deprotonation and
binding of the last amide nitrogen atom. The value log K* =
—23.23 is comparable to the values obtained for Cu(u)-peptide
complexes with a 4N {Ny,, 3N ymige} coordination mode (i.e.,
—21 to —23).27293943:4456°38 Thig ig further sustained by the
Vis and EPR spectroscopy. The value A.,x = 527 nm of the
visible spectrum recorded at pH 9.5 matches perfectly the
theoretically predicted value*® (1. = 522 nm) for the pro-
posed binding type. The presence of an additional “shoulder”
(Fig. 8) in the spectrum (Amax = 560 nm) could indicate the
presence of coordination isomers, adopting the same coordi-
nation mode in the equatorial plane, while in one of them, the
apical binding of the Glu y-COO™ group is taking place. On the
other hand, in the EPR spectrum, the observed decrease in the
g factor value (2.20) and the increase in A (188 G) compared
to the same values for [CuLH_,] and the presence of a 4N con-
firmatory superhyperfine pattern consisting of 9 lines (Ax =
15.5 G) (Fig. S141), demonstrate the presence of species in
which Cu(i) coordination involves the His imidazole and three
backbone amide nitrogen donors: (g = 2.19-2.20, A = 195-205
G).>%300%%¢ The relatively smaller value of A (188 G) manifests
a slightly distorted coordination environment due to the
already mentioned Glu-carboxylate apical interaction.

Two more base-consuming processes are observed in the
pH range 10-12, yielding the last two complexes, [CuLH_;]*~
and [CuLH_,]*”, respectively. The spectroscopic parameters
(Table 4) for these are almost identical to those of [CuLH_,],
implying the same coordination mode. Moreover, in the CD
spectra (Fig. S141) of the last three species, the position
of both the CT and d-d bands implying 4N
{Nimy 3N " amige)>>*#%*%° binding does not change. On the other
hand, the slight decrease in g (2.18-2.19) and the increase in
A (196-200) indicate a less distorted coordination environ-
ment in which no apical interaction should occur. The pK,
value for the ionization reaction that yields [CuLH_;]*~ is
10.38, close to the calculated one for the Lys e-NH;" in the free
peptide (10.23) and is therefore assigned to this group. For the
last dissociable proton ([CuLH_,]*”), the pK, value of 11.09
was calculated. Based on the above observations, the relative
data for the R1P analogue and literature findings,”>”° we
propose as the source of this extra proton the pyrrole N(1)
atom of the imidazole ring. A schematic representation of the

axial
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Cu(u) coordination environment in [CuLH_,] and [CuLH_,]”
for both the peptides is provided in Scheme 2.

The copper binding affinity of the peptides

We have so far discussed the coordination behaviour of a
small segment of the R1 repeat of tau (261-268) and its Ser-
phosphorylated analogue towards Cu(u) ions. Both peptides,
R1P and R1, interact efficiently with Cu(u), forming thermo-
dynamically stable 1:1 Cu: peptide species. The next step was
to check if there is a difference in the Cu(u) binding affinity in
the presence of the phosphate at Ser262, a well-known phos-
phorylated residue of tau. In this context, we will recall the
log K* values cited in Table 2 for both peptides. In addition, as
shown in Fig. 10, Cu(u) distribution in a hypothetical system
containing Cu(u), R1 and R1P at equimolar concentrations is
presented.

The first conclusion drawn by the comparison of the log K*
values cited in Table 2 is that small differences exist (0.2-0.5
log units). At the same time, Fig. 10 reveals the Cu(u) binding
affinity trend which is pH-dependent. The phosphorylated
peptide (R1P) is a more effective ligand than R1 in acidic
media, reaching its maximum Cu(u) binding affinity at pH ~
6.3, while after the intersection point (pH ~ 7.9) the metal ion
preference is reversed (R1). The presence of an extra negative
charge (phosphate group) in R1P cannot solely explain the
observed differences and especially the affinity order reversal.
It is noteworthy that the pH value at which the maximum
affinity differentiation is observed is the one at which the
maximum concentration of the [CuLH] species (R1P) is
observed (Fig. 1). Based on our data, we have already suggested
that the phosphate group should not interact directly with the

E264

s

*HaN 4
3 o OO (C-term)
K267 ‘\J_L
| N’ 4, Haes
(N-term)

A
1‘\’TI/N-‘I‘CU%)r e
N
o H0

*H3N

(N-term)
(N-term)
CuLH,,

Scheme 2 The proposed Cu(i) coordination environment in CuLH_;
and CulLH_; (L = R1, R1P).
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Fig. 10 Cu(n) ion distribution diagram in a model system of R1, R1P and
Cu(n) inal:1:1molar ratio (C =1 mM).

metal center whose coordination sphere involves the N3 imid-
azole nitrogen, the Glu y-COOH, and water molecules. Taking
into account these findings and the coordination proposal
for both systems, we can tentatively ascribe the observed
affinity differentiation to the participation of the anionic
phosphate group in intramolecular and/or intermolecular
interactions of the electrostatic nature or hydrogen bonding.>
The strength of these could be pH-dependent. This should
account for the Cu(u) binding affinity order reverse in alkaline
media.

As we have already mentioned in the Introduction, the
binding of the tau protein to microtubules is regulated by the
coordinated action of kinases and phosphatases.®* ' In the
case of phosphatases,®*®* direct interaction of the substrate
(phosphate) with the enzyme metal centers was proposed.
Cu(u)-phosphate binding, or another kind of indirect phosphate
interaction induced by Cu(u) coordination near the tau phos-
phorylation sites, might have a negative effect on the enzyme
activity. Tau hyperphosphorylation due to decreased phospha-
tase activity could in turn induce tau detachment from the
microtubules and finally aggregation and deposition as PHFs
and NFTs.®° It is also interesting to note that the chemistry we
presented (especially at pH values less than the physiological
one) could be of relevance to tau pathology. In cases of
Alzheimer’s disease, neuronal acidosis is common,®® which
affects tau phosphorylation,®*** while glutathione (which can
reduce the Cu(u) toxic species) depletion in the brain is a
common finding in neurodegenerative diseases.®>

Conclusions

In the present work, the first thermodynamic-spectroscopic
study of the interaction of Cu(u) ion with a phosphorylated tau
segment, namely Ac-GS(P)TENLKH-NH, (R1P = L) was pre-

This journal is © The Royal Society of Chemistry 2023
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sented. The non-phosphorylated analogue Ac-GSTENLKH-NH,
(R1 = L') was also synthesized and its Cu(u) complexing behav-
iour was checked as well to reveal the phosphorylation impact
on metal ion binding affinity. The synthesized sequence
belongs to the 261-268 segment of the R1 pseudorepeat of the
MBD of the longest tau isoform. It includes both the required
metal anchor site (His268) and the residue Ser262, a well-
known tau phosphorylation site."*™® It was found that both
the peptides are effective ligands for copper binding, following
the typical coordination trend for peptides containing a histi-
dine residue at the C-terminus.®’® As expected, the metal
anchor site is the histidine imidazole N(3) atom with the
additional involvement of the y-carboxylate of Glu in the equa-
torial plane forming a macrochelate ring (species [CuLH,]"
and [CuL’H]*"). The first deprotonation process for Cu(u)-R1P
leads to the formation of species [CuLH] which adopts the
same coordination mode {Ny,, COO~, 2H,0} as the former
one and differs only in the protonation state of the Ser-phos-
phate group. The above process affects the thermodynamic
stability of [CuLH] vs. [CuL'H]**. Although both species share
the same donor atoms in the equatorial plane, the stability of
the former is higher (Alogk* ~ 0.5). This relatively small
differentiation was tentatively attributed to the participation of
the phosphate group in non-covalent interactions or hydrogen
bonding.>® In the next low concentration 2N species ([CuL],
[CuL), the first amide nitrogen atom is involved, while for
the complexes present at physiological pH, a 3N {Npy,
2N amide; H,O} coordination type was evident. A weak apical
interaction of the Glu-carboxylate was also proposed. Either
[CuLH_,*~ or [CuL’'H_,] binds 85-90% of the total Cu(n) con-
centration, reflecting their great thermodynamic stability. In
more basic solutions, a third proton is titrated (pK,’s = 8.68
(L), 8.53 (L") and species with stoichiometry [CuLH_,]*~ or
[CuL'H_,]” are detected. For these, the thermodynamic-spec-
troscopic data are compatible with 4N {Ny,;,, 3N",miqe} binding,
and the existence of coordination isomers differentiated by the
presence in one of them, of an axially coordinated Glu
y-carboxylate. For the last two complexes, namely
[CuLH_3]* or [CuL’'H_;]*~ and [CuLH_,]>~ or [CuL’'H_,]’>~ pre-
dominating above pH ~ 10, the same donor set {Npy,
3N amide; Occupies the equatorial plane. The two deprotona-
tion processes leading to their formation were assigned to the
ionization and no coordination of the Lys-e-NH;" and the
pyrrole N(1) of the imidazole ring, respectively. The experi-
mental data (EPR) also indicated a less distorted coordination
environment in which no apical interactions should occur.
The comparison of the Cu(u) binding affinity of the two pep-
tides (Fig. 10) revealed that the phosphorylated peptide (R1P)
is a more effective ligand than R1 in acidic media. This order
is reversed above pH ~ 7.9, highlighting the role of the phos-
phate inter- and/or intra-molecular interactions in the binding
efficiency. These effects might have a negative impact on phos-
phatase activity, thus increasing the hyperphosphorylated tau
levels. More research is needed to clarify the potential impli-
cation of Cu(u) in tau phosphorylation-dephosphorylation
fine-tuning, thus affecting the hyperphosphorylated tau levels.
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In

this context, we will continue our investigation, involving

more peptide fragments located at the MBD.
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