<]
TUDelft

Delft University of Technology

The rates of Cu(ii)-ATCUN complex formation. Why so slow?

Kotuniak, Radostaw; Szczerba, Paulina; Sudzik, Dobromita; Strampraad, Marc J.F.; Hagedoorn, Peter
Leon; Bal, Wojciech

DOI
10.1039/d2dt02856e

Publication date
2022

Document Version
Final published version

Published in
Dalton Transactions

Citation (APA)

Kotuniak, R., Szczerba, P., Sudzik, D., Strampraad, M. J. F., Hagedoorn, P. L., & Bal, W. (2022). The rates
of Cu(ii)-ATCUN complex formation. Why so slow? Dalton Transactions, 51(46), 17553-17557.
https://doi.org/10.1039/d2dt02856e

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1039/d2dt02856e
https://doi.org/10.1039/d2dt02856e

Green Open Access added to TU Delft Institutional Repository

'You share, we take care!’ - Taverne project

https://www.openaccess.nl/en/you-share-we-take-care

Otherwise as indicated in the copyright section: the publisher
is the copyright holder of this work and the author uses the
Dutch legislation to make this work public.



Published on 15 November 2022. Downloaded by Technische Universiteit Delft on 12/8/2022 7:37:32 AM.

Dalton
Transactions

COMMUNICATION

{ M) Check for updates ‘

Why so slow?+

Cite this: Dalton Trans., 2022, 51,
17553

Received 31st August 2022,
Accepted 14th November 2022

DOI: 10.1039/d2dt02856e

Peter-Leon Hagedoorn

rsc.li/dalton

We used a series of modified/substituted GGH analogues to inves-
tigate the kinetics of Cu(n) binding to ACTUN peptides. Rules for
rate modulation by 1% and 2" sphere interactions were estab-
lished, providing crucial insight into elucidation of the reaction
mechanism and its contribution to biological copper transport.

Cu(u)-peptide interactions are crucially important for the
understanding of copper speciation and transfer in body
fluids and copper acquisition by cells. These issues have
gained importance in the light of recent reports on copper
imbalance in many diseases of civilization. A knowledge of
reaction rates can help clarify such issues in copper physi-
ology, as its cellular uptake or contribution to Alzheimer’s
disease pathology." In biological processes the Cu(u) ions
ought to be exchanged between different protein partners
within strict timeframes. For instance, the hCTR1 cellular
transporter apparently requires just 100 ms to deliver a copper
ion to a cell,> while Cu(u) release and reuptake in the synaptic
cleft occur within a few milliseconds.® Studies on the kinetics
of Cu(u)-peptide complex formation have rarely been under-
taken over the past two decades, even though technical possi-
bilities to perform such experiments are available, and valu-
able results have been obtained occasionally.” Rapid mixing
techniques can strongly complement the classical steady-state
approach in an effort to elucidate studied processes.

The proteins and peptides possessing the ATCUN (amino-
terminal copper and nickel) motif are considered to be physio-
logical Cu(u) carriers.”® The ATCUN sequence consists of the
His3 residue preceded by any two amino acid residues, except
Pro2, and possesses a free amine group at the N-terminus. In
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the physiological pH range its Cu(u) complex is square planar,
with a four-nitrogen (4N) coordination mode (Fig. 1). ATCUN
complexes found in human proteins, e.g. albumin (N-terminal
sequence DAH),” copper importer hCtr-1 (MDH)® or AB,_, pep-
tides (FRH),” exhibit pico- to femtomolar Cu®" affinities at
pH 7.4."° However, despite the vast knowledge about Cu(u)
complexes with these and other ATCUN sequences, obtained
from potentiometric, spectroscopic (UV-Vis, CD), structural
(X-ray, NMR, EXAFS) or electrochemical studies, little is known
about the mechanisms and rates of their formation.
Previously, we studied the formation of the GGH-Cu(u)
complex, the simplest ATCUN representative using stopped-
flow with diode-array detection, microsecond freeze hyper-
quenching (MHQ) and electrochemistry.'® Overall, the binding
reaction took almost one second, according to the following
scheme. First, within about 100 ps after mixing Cu** and GGH
solutions, an “early complex” (EC) was formed with Cu®*
bound to the peptide via a single nitrogen atom (1N coordi-
nation). The attachment of the second nitrogen atom (2N)
was completed within 2 ms after mixing. This “intermediate
complex” (IC) exhibits a UV-Vis band with A,.x ~# 700 nm and
includes the Cu(u) bound at the imidazole and N-terminal
amine nitrogen atoms (NH, + Ny,). Finally, IC converts (¢, ~
100 ms) into the stable 4N (Anax = 525 nm). However, the
resolution of the available spectroscopic techniques was not
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Fig. 1 The structure of the GGH-Cu complex at neutral pH (4N).
Modified atoms are numbered for clarification.

Dalton Trans., 2022, 51,17553-17557 | 17553


http://rsc.li/dalton
http://orcid.org/0000-0001-6342-2022
http://orcid.org/0000-0003-3780-083X
https://doi.org/10.1039/d2dt02856e
https://doi.org/10.1039/d2dt02856e
https://doi.org/10.1039/d2dt02856e
http://crossmark.crossref.org/dialog/?doi=10.1039/d2dt02856e&domain=pdf&date_stamp=2022-11-23
https://doi.org/10.1039/d2dt02856e
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT051046

Published on 15 November 2022. Downloaded by Technische Universiteit Delft on 12/8/2022 7:37:32 AM.

Communication

sufficient to elucidate the exact coordination geometries of the
EC and IC complexes. For the latter we proposed a cis-trans
isomerisation as a source of its long lifetime (see Fig. S17 for
the reaction mechanism proposed in ref. 10), but other possi-
bilities should also be considered, such as the contribution of
the C-terminal carboxylate. GGH does not have side chains,
but all biological ATCUN peptides do. Their influence on the
reaction rate remains unknown, and needs to be investigated.

To approach the first of these issues we synthesized five
GGH analogues, each having one nitrogen atom blocked from
Cu(u) coordination (see Fig. 1 and Fig. S2t). The N-terminal
amine nitrogen was blocked by acetylation (Ac), while other
positions were blocked by methylation (Me). The modifications
of amide nitrogens, marked as 2 and 3 in Fig. 1, yielded G(N-
Me)GH and GG(N-Me)H, respectively. Substitutions of the
imidazole ring nitrogens, numbered 4 and 5 in Fig. 1, yielded
GG(Nt-Me)H and GG(Nn-Me)H. The sixth derivative was
C-terminally amidated, to mimic longer peptides (GGH-am).
The Cu®" binding to each peptide was examined by the
stopped-flow diode-array system. Respective 4 mM solutions of
these peptides in 400 mM MES buffer, pH 6, were reacted with
mildly acidic (pH 4) aqueous solutions of CuCl,. The reactions
were followed by recording full UV-Vis spectra every 9.9 or
0.66 ms using a diode array detector. These experimental con-
ditions were chosen to avoid interference from the buffer and
to avoid Cu(OH), precipitation.'® Additionally, pH-metric titra-
tions with UV-Vis and CD detection were performed for each
studied system.

The C-terminal amidation of GGH did not alter the final 4N
complex structure (structure 6 in Fig. S2t) as confirmed by
UV-Vis and CD pH-metric titration results (Fig. S3 and S8AfY),
compared to GGH,'" but its formation took almost four times
longer (Fig. 2)."° A species with an initial band at around
715 nm was not visible in the steady-state data, but based on
the GGH study it can be assigned to the IC/2N complex.'
These differences indicate the paradoxical involvement of the
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Fig. 2 Kinetic curve for the reaction of 2 MM GGH-am with 1.6 mM Cu
(1) at pH = 6.0 in 200 mM MES generated for the maximum reaction
product absorption. The inset shows whole spectra for the same experi-
ment, recorded every 9.9 ms with a diode-array stopped-flow system.
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COO™ group, enhancing the formation of the 4N complex.
Recent DFT calculations indicate a possible axial binding of
the carboxyl oxygen in a 2N type species.'? This may affect the
cis/trans equilibrium enhancing the relative abundance of the
effective cis—exo isomer, which precedes the 4N complex in the
mechanism proposed previously (Fig. S11).'® Targeted theore-
tical calculations are needed to clarify this issue.

The kinetic traces for Cu** binding to GG(Nt-Me)H and GG
(Nn-Me)H are presented in Fig. 3, in comparison to GGH. Full
kinetic spectra are presented in Fig. S8C and D, while
Fig. S4A and Bt provide the corresponding steady-state spec-
troscopic titrations. Unlike GGH, the mixing of GG(Nrn-Me)H
with Cu®" ions produced a relatively slow, homogeneous
increase of a band at 625 nm. Blocking Nx disabled the for-
mation of the 5,5,6-chelate of the 4N ATCUN complex (Fig. 1).
The alternative 5,5,7-system via Nt is entropically disfavoured.
Instead, as confirmed by pH-metric titrations, a different
complex, formed with pK = 5.44, provided the reaction end-
point at pH 6 (see Fig. S4At). Its absorption maximum at
625 nm and the positive CD band at around 615 nm indicate
the formation of a 3N form with {NH, + N~ + Ny} coordi-
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Fig. 3 Diode-array stopped-flow experiment for 1.6 mM Cu(i) reacted
with 2 mM GG(r-Me)H or GG(t-Me)H in comparison to the reaction with
GGH from ref. 10. Plot (A) shows the kinetic spectra at the beginning
and the end of each reaction. Plot (B) shows the kinetic curves at the
maximum absorbance of the final complex.
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nation (structure 4 in Fig. S27). This involves the glycyl peptide
nitrogen being stabilized by the 5-membered ring with the
N-terminal amine and Nr, as there would be no CD signal if
Cu(u) were coordinated to Gly donors only. The formation of
the single 5-membered chelate ring in GG(Nn-Me)H is unex-
pectedly much slower (¢;, = 1.29 s) than in GGH (¢, = 0.096
5)."% At a higher pH this species (with an isosbestic point at
610 nm in UV-Vis spectra) is directly replaced by a complex
with a d-d maximum at 545 nm, and a stronger negative N -
Cu(u) CD band at around 300 nm (pK = 8.64, Hill coefficient
n = 1.28). Judging from a red-shift of this band relative to the
one in ATCUN and the absence of a split CD d-d pattern, we
assign this species as an {NH, + N~ + N~} chelate complemen-
ted with an OH™ derived from a water molecule.

The reaction of GG(Nt-Me)H was qualitatively very similar
to that of GGH, yielding the 4N complex (structure 5 in
Fig. S2t) as the end product (Fig. 3A and S4C, D¥}) with ¢, =
67 ms, slightly faster than that for GGH, ¢/, = 96 ms (Fig. 3B).
The spectra recorded at the beginning of reactions (Fig. 3A) for
these three peptides are barely distinguishable. This means
that the IC, and presumably the EC, in GGH can involve either
Nt or Nz. The faster 4N formation for GG(Nt-Me)H is due to
the elimination of the reaction pathway via Nt, which is unpro-
ductive in terms of the 4N complex formation (Fig. S1t).
Assuming that the 4N complex formation rate in GGH vs. GG
(Nt-Me)H would be proportional to the relative Cu(u) occu-
pancy of Nz (productive) vs. Nt (unproductive) in the GGH IC,
and considering the default Nt occupancy in GG(Nt-Me)H,
one obtains the Nz occupancy in the GGH IC as 67/96 = 0.7.
This value is in perfect agreement with the tautomeric imid-
azole protonation pattern in N-Ac-His-methylamide, that is
0.71.7

The amine nitrogen acetylation shifted the formation of Cu
(u) chelate rings to an alkaline pH (Fig. S5 and S6%). Judging
from the d-d band position at around 750 nm, the imidazole-
bound EC (structure 1 in Fig. S17) is thermodynamically stable
at pH 6. As expected, it was formed within the stopped-flow
dead time and remained unchanged during the measurement
(Fig. S5 and S8BT).

The two remaining peptides in this series had individually
methylated peptide bond nitrogens. The pH titration of the Cu
(1)GG(N-Me)H complex presented in Fig. S7t revealed a 3N
complex as the final species at pH 6 and above (pK = 5.16; n =
1.7). Accordingly, the kinetic experiment traced its formation
from IC (Fig. S5 and S8ET) along the spectral shift from
695 nm to 625 nm. The product was very similar to Gly-Gly-
(Nn-Me)His (structure 3 in Fig. S21), but the reaction was
faster (¢1/, of 478 ms vs. 1294 ms). The ratio of respective rates
apparently reflects the higher thermodynamic stability of
CuGG(N-Me)H (viz. pK 5.16 vs. 5.44), mediated by a more
favourable conformation of the peptide having the Nz available
for Cu(u) binding.

The Cu(u) complex with G(N-Me)GH can assume the 3N
coordination only through the formation of a six-membered
ring with the His peptide nitrogen. This is a less stable
arrangement; hence it is formed above pH 6. At pH 6 the spec-

This journal is © The Royal Society of Chemistry 2022
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troscopic titrations indicated an IC type complex (structure 2
in Fig. S27). This is fully confirmed by the stopped-flow study,
where the IC formed within the reaction dead time remained
unchanged throughout the observation time (Fig. S5 and
S8F1).

With the obvious exception of Ac-GGH, the IC complex with
the {NH, + Ny} coordination mode was the earliest species
uniformly seen in stopped-flow experiments for GGH ana-
logues (Fig. S5Ct). The stopped-flow studies did not exhibit
initial bands that could be ascribed to alternative {Ny,, + N}
or {NH, + N} species. This could be explained by the slowness
of formation of the single Cu(un)-N~ bond, demonstrated in the
3N species formation for GG(Nn-Me)H and GG(N-Me)H. It is
intriguing that two adjacent Cu(u)-N" bonds in GGH, GGH-am
and GG(Nt-Me)H were formed so much faster in otherwise
very similar peptides. Furthermore, despite the nonequiva-
lence of Gly and His amide nitrogens in terms of Cu(u)
binding demonstrated above, we never observed 3N intermedi-
ates on the path to 4N species. These features, perhaps dic-
tated by peptide chain conformations, warrant further experi-
mental and computational studies.

For the second issue, we studied how specific side chains
in regular ATCUN oligopeptides affected the rate of IC to 4N
conversion. This is important, as natural ATCUN peptides and
proteins usually possess non-glycine amino acids.'* For this
purpose we synthesized a set of model peptides (listed in
Table 1) and determined their Cu** binding reaction rates. For
all studied peptides the reaction proceeded as for GGH in
terms of spectral parameters of the first detected (IC) and the
final (4N) products. The Ap.. values differed by less than
10 nm, except the IC for EGHG-am, which shifted by 20 nm
from the average value (Fig. S91). The direct IC to 4N conver-
sion was evident from isosbestic points at 615 nm (Fig. S10
and S11t). Two peptides (GGHG-am and GGHGGG-am) were
used to investigate the role of peptide chain elongation. As pre-
sented in Table 1, it had no effect on the rate, compared to
GGH-am. This allowed us to use GGHG-am as a template for
single substitutions of Gly residues. We chose three substi-
tutions: hydrophobic Leu, negatively charged Glu and posi-

Table 1 Reaction half times (t;,;) for Cu(i) binding with modified pep-
tides. Acceleration factors (AFs) were calculated with respect to the
reaction Cu(i) + GGH-am.

Position Sequence tiy2 (s) AF
GGH 0.0969 £ 0.0002 3.61
C-terminus GGH-am 0.3499 £ 0.0016 1.00
GGHG-am 0.3447 £+ 0.0015 1.02
GGHGGG-am 0.3563 £ 0.0017 0.98
First LGHG-am 0.2871 £ 0.0012 1.22
KGHG-am 0.2103 = 0.0007 1.66
EGHG-am 1.6915 + 0.0088 0.21
Second GLHG-am 1.9262 £ 0.0026 0.18
GKHG-am 0.8738 £ 0.0019 0.40
GEHG-am 0.7406 = 0.0026 0.47
Fourth GGHL-am 0.2497 £+ 0.0009 1.40
GGHK-am 0.2487 £ 0.0010 1.41
GGHE-am 0.1666 + 0.0007 2.10
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tively charged Lys. We considered these substitutions to have
little effect on the first coordination sphere of the 4N complex,
hence allowing us to focus on the properties of the IC and the
reaction pathway. All amino acid residues are larger than
glycine, which causes additional steric hindrance. To keep this
effect consistent, we selected residues with side-chain volumes
possibly similar to each other (Leu 178.7 A%, Glu 140.2 A%, Lys
170.3 A® versus Gly 71.7 A*)."® The kinetic traces from stopped-
flow diode-array experiments are shown in Fig. 4, while Table 1
presents the reaction half-times. The acceleration factor (AF)
was calculated relative to the Cu®* reaction with GGH-am.

The obtained results show intriguing correlations between
the position of the substituted amino acid and the reaction
rate. The presence of a non-glycine residue in the 4™ position
surprisingly accelerated the 4N complex formation. This effect
was observed even though the previously mentioned peptide
chain elongation with glycines did not affect the binding rate.
In contrast, Gly substitution in the 2™® position inhibited the
reaction in all studied cases. The situation in the 1% position
appears to be more complicated, with Lys and Leu accelerating
the reaction and Glu inhibiting it. One should, however, con-
sider that the spectrum of the EGHG-am IC was blue-shifted
from all others and had a clearly higher intensity (Fig. S97).
These features show that Glul carboxylate binds the Cu(u) ion
in IC, enhancing its stability and thus diminishing its reactiv-
ity. With this exception, one can clearly notice that the side-
chain volume rather than the charge controls the reaction rate.
Our data show that the IC to 4N reaction is enhanced by the
bulkiness near the Cu(u) binding nitrogens and slowed down
by steric hindrance in the middle, near the peptide nitrogens.
This finding is consistent with our previous proposal that the
IC to 4N transition rate in GGH, and presumably other ATCUN
peptides, is controlled by conformational equilibria in
the 1C.5*°
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Fig. 4 Kinetic curves for the reaction of Cu(i) with (A) longer peptides,
and with GGHG-am derivatives substituted at the first (B) second (C) or
third (D) positions. Reference data for GGH and GGH-am were rescaled
for the sake of comparison.
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To conclude, in this study we systematically analysed the
effect of the 1°* and 2" sphere on the rate of formation of
cupric 4N ATCUN complexes, first reported for the GGH tripep-
tide.'® Data for GGH analogues with respective nitrogen atoms
excluded from Cu(u) binding revealed that despite the absence
of a chelate effect, the formation of a metastable IC complex
with {NH, + Np,} coordination is more than a hundred-fold
faster than the {NH, + N7} or {N~ + Ny} alternatives. The
series of Gly-substituted GGHG-am analogues revealed the
relevance of steric hindrance in reaction rate modulation. This
supports the original concept of reaction rate control by cis-
trans coordination equilibria and peptide main-chain confor-
mation (Fig. S11). However, the reaction acceleration by His
carboxylate in GGH and inhibition by the Glul carboxylate in
EGHG-am, indicates that additional Cu(u) binding phenomena
in the EC or the IC may exert crucial reaction control in
specific cases. Main-chain elongation beyond the fourth
residue did not affect the rate of 4N complex formation, but
the individual non-Gly substitutions may. These systematic
findings provide the basis for experimental studies on actual
biological peptides and for molecular dynamics studies of the
reaction mechanism.
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