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Coordination Stoichiometry Effects on the Binding
Hierarchy of Histamine and Imidazole-M2* Complexes

Jake Song,* Eesha Khare, Li Rao, Markus | Buehler, and Niels Holten-Andersen*

1. Introduction

Histidine—-M?* coordination bonds are a recognized bond motif in biogenic

materials with high hardness and extensibility, which has led to growing
interest in their use in soft materials for mechanical function. However, the
effect of different metal ions on the stability of the coordination complex
remains poorly understood, complicating their implementation in
metal-coordinated polymer materials. Herein, rheology experiments and
density functional theory calculations are used to characterize the stability of
coordination complexes and establish the binding hierarchy of histamine and
imidazole with Ni?*, Cu?*, and Zn?*. It is found that the binding hierarchy is
driven by the specific affinity of the metal ions to different coordination states,
which can be macroscopically tuned by changing the metal-to-ligand
stoichiometry of the metal-coordinated network. These findings facilitate the
rational selection of metal ions for optimizing the mechanical properties of

metal-coordinated materials.
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Coordination interactions between transi-
tion metals ions and biomolecules have
long been appreciated to be an essential
component of biological function within liv-
ing organisms, such as in the self-assembly
of biological proteins!'~*! and transport and
sequestration of ions and molecules.!*¢!
More recently, there has been a growing
appreciation of how these coordination in-
teractions might facilitate load-bearing abil-
ity in biogenic materials.l”] For instance,
marine mussels are known to incorporate
metal ions into cuticles to produce high
hardness and extensibility,®! properties that
are often diametric in synthetic materi-
als. Marine worms also incorporate metal-
coordination crosslinks in their hard, con-
densed mandibular structure.[*-11]

One example of biological metal coordination is the co-
ordination interaction between histidine and common tran-
sition metals such as nickel (Ni**), zinc (Zn**), and copper
(Cu?*), which has been implicated to facilitate diverse mechan-
ical behavior ranging from hardness in the jaws of the Glyc-
era and Nereis to energy dissipation in the byssal threads of the
Mytilus (Figure 1A).%1012-16] Accordingly, there has been grow-
ing interest!'’] in utilizing the interactions between common bio-
genic transition metals and histidine (or imidazole, the func-
tional group in histidine) as crosslinkers in synthetic materi-
als, such as in polymer materials!'®2* and histidine-rich protein-
based materials.[22¢]

Despite this growing application of histidine-metal-ion (M**)
interactions in synthetic soft materials, there is an unresolved un-
derstanding of the molecular origins of the different dissociation
rates exhibited by histidine motifs crosslinked with Ni**, Zn?*,
and Cu?* ions in these materials. A complicating factor in un-
derstanding the “hierarchy” of binding between histidine (and
related ligands such as histamine and imidazole) and these tran-
sition metals is that the hierarchy appears to be strongly system
or configuration dependent. For instance, the relaxation times
of polymer networks crosslinked by coordination between his-
tamine and Ni**, Zn?*, and Cu?* ions follows a hierarchy of Ni?*
> Cu*t > Zn** 8191 and the same order is observed in polymer
melts crosslinked by acetate ligands and the same metals.!?”] This
behavior is contrasted by the mechanical reinforcement of syn-
thetic hydrogels with imidazole-rich protein residues; the mod-
ulus of these imidazole-rich protein networks crosslinked with
transition metal ions show Zn?* > Ni?* for polymer networks
with imidazole-rich coiled-coil crosslinking motifs,#%] and also
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Figure 1. Diverse binding hierarchy between histidine and Ni%*, Cu?*, and Zn?*. A) Structure of histidine and its related functional groups histamine
and imidazole. These histidine groups form complexes of various coordination numbers with first-row transition metals such as Ni?*, Cu?*, and Zn?*.
B) Reported binding hierarchy of Ni?*, Cu?*, and Zn?* with histidine-containing materials and related systems. C) Results from this study for the binding
hierarchy of histamine and imidazole with Ni?*, Cu?*, and Zn?* at different coordination states.

for acrylamide copolymer networks with imidazole functional
groups.!?®! A similar trend of Zn?* > Ni** > Cu?* is also observed
in the case of hydrogels made with imidazole-rich Nvjp-1 protein
found in the jaws of the marine sandworm Nereis.[?%]

A hypothesis to explain the apparent discrepancy in the metal
ion hierarchy between histamine-containing synthetic materials
and imidazole-rich protein residues is that both nitrogen atoms
in the histamine ligand are available for coordination interactions
with M2* in synthetic materials, whereas only one nitrogen atom
in the imidazole ligand is available coordination interactions in
protein systems where the carboxyl and amine groups form the
backbone of the protein. However, the cumulative binding sta-
bility constants of imidazole and histamine with M** follows a
hierarchy of Cu?* > Ni** > Zn?*,[%! as does DFT calculation re-
sults of the interaction between a single imidazole ligand and
M?2*.B3% The Cu** > Ni?* > Zn?* hierarchy is also predicted by
the Irving-Williams series, which ranks the stability of octahedral
complexes of amines and thiols with first-row transition metal
ions.B! This relative ordering is in contrast with the hierarchy
presented above for histamine-rich networks and imidazole-rich
proteins. In addition, in vitro binding affinities of these transi-
tion metals with imidazole-rich Hpn proteins and in vivo selec-
tivity of Helicobacter pylori which use Hpn proteins to sequester
transition metal ions show different hierarchies of Cu** > Ni**
> Zn** and Ni?* > Cu?* > Zn?*, respectively.l®! The exchange
time of H,O with these three transition metals, which is yet an-
other measure of the dissociation rates of bound species to the
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metal ions, follow an order of Ni** > Zn** > Cu®*. Thus, the
reported binding hierarchies of imidazole-M?* interactions are
prevalently system-specific (Figure 1B). It is worth noting that
each of these results measure different aspects of binding be-
tween the transition metals and the ligands: the stability constant,
binding affinity, and elastic modulus measurements are a mea-
sure of the overall thermodynamic stability of the coordination
complex, while the viscoelasticity and ligand exchange studies are
a measure of the overall kinetic stability of the coordination com-
plex. Furthermore, the mechanical measurements (elasticity and
viscoelasticity) only provide information on the binding affinity
of higher coordination states, as monocoordinated species do not
provide mechanical reinforcements in these systems. However,
it is apparent that system-specific metal hierarchies are observed
even with these metrics in mind, posing the question as to the
origins of these literature observations.

We suggest that developing an understanding of the binding
hierarchy of imidazole with M?* ions must begin with an as-
sessment of the affinity of the imidazole-M?* interaction in an
ideal environment in which the coordination interactions are not
affected by other features of the system. An example of a non-
ideal environment might be the conformational restrictions on
the imidazole-M?* interactions in biological systems due to the
structural self-assembly of the protein strands. Thus, here we aim
to study the binding hierarchy of histidine and imidazole with
M?** ions by utilizing a flexible telechelic polymer hydrogel as the
model system. In this configuration, the telechelic end groups
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Figure 2. Coordination-number-dependent viscoelasticity of a histamine-functionalized polymer network. A) Speciation analysis of histamine with Ni%*.
Controlling the stoichiometric ratio of metal ions to ligands changes the population of ML;-, ML,-, and ML;-coordinated species in the system. B)
Structure of 4-PEG-histamine which is mixed with M2* ions under stoichiometrically controlled conditions to design viscoelastic fluids, which are then
measured on a rheometer. C—E) Small-amplitude oscillatory shear analysis (T =5 °C) of 4-PEG-histamine with Cu?*, Ni?*, and Zn?* at ML, and ML,
coordination numbers, and F) its representation in terms of a complex shear viscosity. Data below the inertial limit of the rheometer is colored in gray. G)
Schematic illustration of the Maxwell model of linear viscoelasticity, represented by a spring (with a spring constant G,) and a dashpot (with a viscosity
#g) in series. H) Schematic illustration of the reaction coordinate underlying a spontaneous metal-coordination event.

of the polymers can be functionalized with either histamine or
imidazole to induce transient crosslinking with Ni**, Zn?*, and
Cu?* ions. The binding affinity between the ligands and the M?**
can thus be studied by monitoring the viscoelasticity of the hy-
drogel network, as the dissociation kinetics of such structures
govern the relaxation of the hydrogel network.*?l Furthermore,
this configuration allows control of the stoichiometric ratio of
histidine and M?*, which provides an easy handle for control-
ling the metal-ligand coordination number (ML,, ML,, ML,, and
ML4).[20’33]

Thus, here we characterize the viscoelasticity of transient net-
works formed with histamine or imidazole and Ni**, Zn?*, and
Cu?* ions under different stoichiometric conditions and comple-
ment this effort with a density functional theory (DFT) investiga-
tion of the overall affinity of complexes at different coordination
numbers. Our characterization shows that the hierarchy of Ni?*,
Zn?*, and Cu?* binding stability is dramatically affected by the
coordination number of the metal-ligand interaction (Figure 1C)
and provides a structural explanation of the binding hierarchy.

2. Results

The speciation of metal-ligand complexes is driven by the sto-
chiometric quantities of the metal ions and ligands in the reaction
media. This is illustrated by a speciation analysis of Ni?* and his-
tamine (see SI Methods), which has also been demonstrated in
recent work!?’] (Figure 2A). This example analysis shows that the
dominant coordination number of the metal-ligand complexes
in the reaction media is strongly stoichiometry-dependent, such
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that the metal-ligand ratio can be adjusted to preferentially form
mono, bis, or tris coordination complexes. The manipulation of
the coordination number via the reaction media stoichiometry
will in turn significantly affect the structure and stability of the
complexes, which we aim to characterize in this work.

To do so, we begin with a rheological characterization of the
dynamics of reversible polymer networks with histamine-M?*
complexes of different coordination numbers. We adopt a vari-
ation of the approach of Grindy et al., in which histamine-
functionalized 4-arm poly(ethylene glycol) (4-PEG-histamine)
with Ni?* was used to study the viscoelasticity of polymer net-
works under different histamine-Ni?* stoichiometries.?”! In our
study, we investigate the metal-ligand stoichiometry-dependent
rheological properties of 4-PEG-histamine and M?** networks
buffered with MOPS, which is a Good’s buffer at physiologi-
cal pH that shows minimal interaction with transition metals
such as Cu?*, Ni**, and Zn?" and is thus used as standard
buffers in binding assays.***"1 This is in contrast to the previ-
ous study!?” in which the gels buffered by phosphate-buffered
saline (PBS), where PO,~ groups in PBS can interact signifi-
cantly with the M?*. The use of PBS can therefore pose com-
plications in studying the stability of the resulting coordination
complexes, especially since interaction between M2* and anionic
species can cause a change in the coordination number of the
metal centers.[?¢]

The storage modulus G'(w) and loss modulus G’ (w) of 4-
PEG-histamine-M?* networks using different stoichiometries
are shown in Figure 2C-E (T = 5 ©C). The networks exhibit
Maxwell-like viscoelastic behavior, as expected based on prior
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results!’1] and as expected of transient networks.[*1#?] In the

ML,;-coordinated networks with Ni**, Cu®*, and Zn?*, we observe
an ordering of the dissociation times of the 4-PEG network, in-
dicated by the crossover time 7, = 1/w,, to be Ni** > Cu’* >
Zn”* in agreement with refs. [*® 1. However, this trend is com-
pletely different in a network formed with an ML, metal-ligand
coordination. We find that the Ni?* network completely loses its
ability to form a viscoelastic network as indicated by the purely
viscous response of the network. The Cu?* network becomes
slightly weaker, indicated by the slight lowering of the viscoelas-
tic moduli of the network. The Zn?* network becomes slightly
more viscous, as indicated by an increase in G’'(w). Comparing
just the complex shear viscosity 7*(w) = G* (»)/w of these net-
works (which is a measure of the zero-shear viscosity (r,) of the
network via the Cox—Merz rule), we find that for ML, stoichio-
metric conditions, the ordering of dissociation times is Cu?* >
Zn** > Ni** (Figure 2F).

For a system following the Maxwell model of viscoelasticity
(Figure 2G), the zero-shear viscosity #, of a material is a func-
tion of the network elasticity G, and the characteristic crossover
time 7., such that n, = G,7.. Here, we can recognize that G, de-
pends on the density of crosslinks in the network (p)[**] and that
7. depends both on the dissociation rate (k;) of the crosslinks as
well as p.[*1%2] Thus, we can surmise that 5, in our network is
dependent on both p and k; of the crosslinking interactions. p is
a quantity related to the static equilibrium concentration of the
crosslinks, and thus related to the stability constant K, which is
a measure of the thermodynamic free energy change AG° of the
forward binding process between the metals and the histamine
ligands. In contrast, k, is a measure of the kinetic activation en-
ergy of the reverse binding process, E, (Figure 2H).

We cannot decouple the contributions of G, and z_ on the 7,
of the material, since the crosslinker dynamics for the polymer
networks (except the Ni**His, networks) are too fast for , to be
measurable on the rheometer even at T = 5 ©C. Thus, we are
not able to decouple the hierarchies of thermodynamic affinity
and kinetic stability of the different histamine-M?* complexes
which give rise to the different dissociation times. Nevertheless,
we hypothesize that the observed 7, is dominated by the ther-
modynamic affinity of the histamine-M?* complexes (i.e., AG®
in Figure 2H). This is because the binding of histamine with
these transition metals is spontaneous!*!l and occurs within sec-
onds, evidenced by the rapid gelation of the system. Since the
forward reaction is rapid, the forward activation energy E; should
be small, and thus we expect AG® to be similar to the reverse ac-
tivation energy E, (or at the very least, scale in a similar manner).

Thus, the experimental data indicates that there is a coordi-
nation number-dependent hierarchy of thermodynamic affinity
between histamine and Ni?*, Cu?*, and Zn**, where the order-
ing follows Ni?* > Cu?* > Zn?* in an ML, configuration but the
ordering changes to Cu** > Zn?* > Ni** in an ML, configura-
tion. While these results provide some clarity on the different
contexts in which Ni?* and Cu?* provide the strongest binding
to histamine, we recognize that these results cannot be easily
compared to results from biological systems. This is because the
amine group of the histamine amino acid is incorporated into
the backbone of proteins and peptides, and thus it is rarely in-
volved in metal-coordination interactions in metalloproteins,*’!
except in a few some cases with Cu?* or Cd?*.1**/] When the
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amine group cannot participate in the metal coordination, the
binding of histamine groups with M** species are likely to be
dominated by the interaction with coordinating nitrogen atoms
on imidazole.**] Thus, a more suitable comparison to binding
hierarchy exhibited in biological systems may come from study-
ing the hierarchy of imidazole-M?* binding affinity. We thus
perform a repeat of our experimental characterization of the
complex shear viscosity #* with 4-PEG-imidazole-M?* networks
(Figure 3). We study the dynamics of polymer networks formed
under ML, and ML, imidazole-M?* coordination stoichiometry,
as metalloproteins rarely have more than four coordinated histi-
dine amino acids unless there are two metals in the metal bind-
ing site.*? For ML, coordination, a Ni** > Cu?** > Zn?* hierar-
chy of binding affinity is observed, while for ML, coordination, a
Cu?* > Ni?* > Zn?* hierarchy is observed (Figure 3B-D). A sum-
mary of the experimentally observed binding hierarchies of his-
tamine and imidazole with Ni’*, Cu?*, and Zn?* are illustrated
in Figure 3EF.

To validate these experimental results, we perform DFT cal-
culations to determine AG° of ligand-M?** coordination interac-
tion in stepwise manner beginning with an ML, binding state
(ST Methods). Each metal ion starts with binding six explicit wa-
ter molecules in an octahedral arrangement as M(H,O),. His-
tamine or imidazole ligands are sequentially added while dis-
placing two or one water molecules respectively. The energy for
each ML, ML,, ML;, and ML, complex is computed as a sum
of the ligand addition steps to reach the required binding coor-
dination number. The results of the calculations for histamine
(Figure 4B) and imidazole (Figure 4C) for the different M** were
in good agreement with the hierarchy obtained via viscosity mea-
surements (Figure 3E,F). For histamine, experiments and com-
putation show that ML, complexes follow a Ni** > Cu?* > Zn**
hierarchy, and ML, complexes follow a Cu?* > Zn?** > Ni?* hi-
erarchy. For imidazole, experiments and computation show that
ML, complexes follow a Ni** > Cu®* > Zn** hierarchy, and ML,
complexes follow a Cu?* > Ni?* > Zn?* hierarchy.

The DFT simulations also reveal the geometry of the metal-
coordination complexes, which can provide insight into the struc-
tural origins of the binding hierarchy exhibited by the metals
(Figure 4A). The identified coordination geometries of the com-
plexes are generally in agreement with coordination geometries
found in other work. For histamine complexes, Cu** and Zn**
have been reported to undergo ML, coordination through square-
pyramidal®! and tetrahedral***! structures, respectively, while
Ni%* is reported to undergo ML, and ML, coordination with his-
tamine through an octahedral structure.>'=3] For imidazole com-
plexes, Cu?* has been reported undergo ML, or ML, coordina-
tion in square planar or octahedral geometries,**>¢ and Ni?*
and Zn?* have been reported to undergo ML, coordination in a
tetrahedral structure,’”! though the coordination number can be
lower in biological protein systems due to metal ion interactions
with other coordinating amino acids or water.[*548:8]

The lowest energy structures from DFT (Figure 4a) can lend
some insight into how the coordination geometries may influ-
ence binding hierarchies of the different transition metals. Ni**
is found to preferentially bind in an octahedral geometry, whereas
Cu?* and Zn?* are shown to preferentially bind in square planar
or tetrahedral geometries.[>>®"] These preferential bindings may
explain the higher stability of histamine with Ni** compared to

© 2023 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 3. Coordination-number-dependent viscosity of an imidazole-functionalized polymer network. A) Structure of 4-PEG-imidazole. B-D) Complex
shear viscosity 7* measured via small-amplitude oscillatory shear experiments (T =5 °C) on polymer networks mixed with Cu?*, Ni>*, and Zn?* under
stoichiometrically controlled conditions. Data below the inertial limit of the rheometer is colored in grey. E,F) Complex shear viscosity #* of histamine-
and imidazole-functionalized polymer networks with different coordination numbers.

the Cu?* and Zn?* in the ML; complex, and the higher stability
of histamine with Cu®" and Zn?* compared to Ni** in the ML,
complex. This explanation does not explain the high ML, stabil-
ity of imidazole with Ni?* compared to Cu** and Zn?*, and high
ML, stability of imidazole with Ni** compared to Zn?. In our cal-
culations, we find that octahedral coordination is not preferred by
imidazole ML, complexes due to the steric crowding of imidazole

Macromol. Rapid Commun. 2023, 44,2300077 2300077 (5 of 8)

in octahedral geometries in the presence of water, and find that
imidazole with Ni** shows a higher stability than Cu?* and Zn**
in the ML, complex, even though imidazole ML, is in a tetra-
hedral geometry. This might reflect the limitations of a purely
structural perspective on the binding hierarchies, and the ener-
getics of binding may also play a role in the binding hierarchy of
the metal ions. For instance, the strong preference of imidazole

© 2023 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 4. Density functional theory (DFT) calculations of the binding hierarchy of histamine and imidazole with Ni?*, Cu?*, and Zn?* under different
coordination states. A) Equilibrated structures of the histamine and imidazole with Ni?* (green), Cu** (orange), and Zn?* (purple) as computed by
DFT. Structures are identified by visual observation. B,C) Binding energy calculations for histamine and imidazole with different coordination numbers.
The results are summarized in Figure 1C, D). Normalized viscosity ngﬂr (viscosity values in Figure 3E,F, normalized by 5, of the 4-PEG-histamine and
4-PEG-imidazole polymer solutions without ions) versus the binding energies obtained from DFT calculations for histamine in ML; and ML, complexes,
and imidazole in ML, and ML, complexes for Ni?*, Cu?*, and Zn?*. The lines (solid for histamine, dashed for imidazole) serve as a guide to the eye.

to Ni** could be explained using crystal field theory, which eval-
uates the net stabilization of electrons in the d orbitals of metal
ions depending on specific ligand field geometry. From Ni?* (d?)
to Cu?* (d°) and Zn?* (d1°), the incremental electrons would oc-
cupy the T2g orbitals with higher energy, thus destabilizing the
coordination compound.®%]

A more quantitative comparison of the experimental and com-
putational results is shown in Figure 4D, where ngﬂr (which is
the measured viscosity values normalized by #, of the 4-PEG-
histamine and 4-PEG-imidazole polymer solutions without ions)
is compared with the binding energy calculations. As expected,
a positive correlation between binding energy (AG°) and ngﬂ ex-
ists, though the correlation appears to be system-specific. For
example, we see that the viscosities of the ML,-coordinated 4-
PEG-imidazole networks are only marginally higher compared to
the ML,-coordinated 4-PEG-imidazole networks, despite the sub-
stantial difference in the binding energies of the two coordination
states. A possible hypothesis for this might be that the weak and
dynamic coordination between imidazole and M?* species may
not fully prevent the precipitation of M(OH), species, resulting
in an overall lower population of M?* species especially in the
ML, state. We also cannot neglect the fact that the simulations
do not consider any of the counter-ions present in the experimen-
tal system such as the MOPS buffer, and that some quantitative
differences may arise as a result.

3. Discussion

We summarize our results in Figure 1C. Altogether, these re-
sults reveal a strong metal-ligand coordination number depen-

Macromol. Rapid Commun. 2023, 44, 2300077 2300077 (6 of 8)

dence on the thermodynamic binding affinity of imidazole and
histamine-M?* complexes, in which the hierarchy of binding
affinities are dictated by the coordination number of the com-
plexes formed under different stoichiometric conditions. This hi-
erarchy is particularly driven by the tendency of Ni** to form
ML, or ML, complexes with histamine and imidazole, respec-
tively, suggesting that Ni** binding dictates in systems where the
formation of complexes with larger coordination numbers is al-
lowed, whereas Cu?* binding dictates in systems where primar-
ily bis complexes are formed. This might provide insight into the
preferred binding state of histidine-M?* complexes in biologi-
cal systems; for instance, the in vivo binding of M?* in H. py-
lori in which Ni?* dominates the metal-binding hierarchy may
be a result of the stoichiometric binding of the transition metals
with histamine or imidazole in a ratio greater than 2 (i.e., ML,
or higher), whereas the in vitro binding may be dominated by
ML, complexes in which Cu?* exhibits the greatest affinity to his-
tamine or imidazole.

Our results are relevant in conditions in which histamine
or imidazole ligands freely and exclusively bind to the M**
at a neutral pH; deviations from these predictions can oc-
cur in the presence of competing species in non-buffered
conditions that may compete with the M** binding, such as
counterions!?l and hydroxides,®?! or in systems that exhibit
higher-order self-assembly (for instance clustering of the metal—
ligand complex).[?#?] For instance, this higher-order clustering
of the coordination complexes is reported to occur in imidazole-
containing polymer systems reinforced by Zn?**, which can
give rise to multivalent crosslinking and thus a slower mode
of viscoelastic relaxation in these systems.[”’] This may ex-
plain the substantially higher reinforcement of viscoelasticity in

© 2023 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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imidazole-containing polymers by Zn?* than other M?* ions. The
aggregate formation by Zn?* is a noteworthy behavior—perhaps
attributable to the formation of well-controlled tetrahedral coor-
dination structures—which warrants future studies.

4, Conclusion

In conclusion, we have presented a combined experimental and
computational study of the kinetic stability of histamine-M?* and
imidazole-M?* complexes in their energetically preferred coor-
dination structures. We first presented rheological characteriza-
tions of the dynamics of histamine- and imidazole-functionalized
polymer networks which are transiently crosslinked by first row
M?*, and found a hierarchy of kinetic stability in different met-
als which are governed by the metal-ligand coordination state.
We then verified these findings through DFT characterizations of
the binding energy of histamine-M?* and imidazole-M?* com-
plexes, finding that the kinetic stability of histamine-M?* and
imidazole-M?* complexes are driven by the energetic stability of
the complexes at different coordination numbers. We believe that
these results provide a starting point for understanding the ori-
gins of the different binding hierarchy in histidine-rich systems
reported in literature, and also for designing mechanically robust
bio-mimetic soft materials using histidine complexes. Extending
the study to account for metal-ligand coordination in more com-
plex scenarios, such as in the presence of competitive species,
would be an important extension of the study.
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