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Abstract

Metallic homonuclear dimers exist in diverse forms, including as parts of biomacromolecular structures. The aim of this study
was to identify all metallic elements forming such dimers in the Protein Data Bank (PDB), to rationalise dimer structure and
bonding using various structural descriptors and statistical methods, and to support new findings with two additional studies on
silver and potassium clusters. In total, 31 metals were identified as forming 565 dimers in crystal structures of biomacromole-
cules: s-block metals (Li, Na, Mg, K, Ca, Rb. Sr, Cs and Ba), transition metals (V, Mn, Fe, Co, Ni, Cu, Zn, Mo, Ru, Rh, Pd, Ag, Cd,
Au and Hg), p-block metals (Ga, Tl and Pb), and lanthanides (La, Eu, Dy and Ho). These findings strongly suggest that any metal
can form dimers within biomacromolecules. The identified dimers exhibit metavalent, or borderline metavalent/covalent, or
metavalent/metallic bonding. In the PDB and other structural databases and literature sources, 761 silver clusters of all sizes
were identified and analysed in terms of bonds per atom — bond length deviation relationship. Metavalent bonds or borderline
metavalent/covalent or metavalent/metallic bonds exist in silver dimers and smaller clusters, whereas metallic bonding is pre-
dominant in larger clusters. Such or similar behaviour is expected for other metals. Partial atomic charge — radius relationship
for 515 potassium clusters, from the PDB and other databases and sources, indicates that potassium dimers in biomacromol-
ecules exhibit metavalent bonds or at least borderline metavalent/covalent or metavalent/metallic bonds, as demonstrated by
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the transferred electrons — shared electrons scatterplot. This behaviour is highly probable in other metals as well.

Homonuclear metal dimers, biomacromolecular structures, metavalent bonding, statistical analysis, bonds per atom — bond
length deviation relationship, atomic charge — radius relationship, transferred electrons — shared electrons relationship

1 Introduction

The simplest metallic homonuclear clusters are dimers
which exist in diverse forms: for instance, the Hg,** cat-
ion in the condensed state,’ the Au,** cation in crystal-
line AuSO,,? the Na, molecule in the gas phase,?® the Rh,**
unit of catalyst molecule Rh,(O,CR,) (R = 2,4,6-triisopro-
pyl benzoate) in the condensed state,* the K,*~ anion in
crystalline potassium cryptate potasside K*(C222)K~,* the
Zn,** cofactor unit at the active site of Escherichia coli peri-
plasmic 5’-nucleotidase,® and the Fe,*" unit of the Fe,S,
cofactor in [FeFe]-hydrogenases,” among others. Metals are
indeed an important subject in bioinorganic chemistry, yet
special attention is not regularly given to metallic dimers
or larger metallic clusters, their structure, bonding, and
formation in biomacromolecules.®? These aspects are not
only theoretical considerations but are also critical to prac-
tical knowledge about metallic clusters in various applica-
tions, such as catalysis,'*'? biocatalysis,"* sensors'* and bi-
osensors,'> and biological processes,' among many others.

In 2018, a new type of chemical bond, the metavalent
bond, appeared in chemical literature,’”'® describing
many cases of multicentric electron-deficient (featuring
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Men put an end to darkness, and search out to the farthest
bound the ore in gloom and deep darkness. (Job 28:3)

less than two shared electrons), soft and longer bonds,
distinct from single covalent, ionic, and metallics bonds:
the metavalent bond. This new bond type is a good candi-
date to be considered for small metallic clusters in various
environments, including homonuclear metallic dimers in
peptides, proteins, and nucleic acid. With respect to met-
al-biomacromolecule bonding, the best description that
can be given is the charge-shift bond," a chemical bond
resulting from the resonance of several ionic structures of
species in question. Charge-shift bonding comprises a few
non-typical covalent bonds, namely dative, coordinative,
and hypervalent bonds."

This study investigates homonuclear metal dimers within
biomacromolecules, exploring their presence throughout
the periodic table through structural database formation,
and rationalising dimer bonds in comparison with the re-
spective metallic bonds. The basic hypothesis is that the
dimer bonds do not conform to any classical bond type but
are instead metavalent, borderline cases between metav-
alent/covalent, or metavalent/metallic bonds. To further
develop this hypothesis, the study additionally focused on
two metals. Firstly, a structural database for all silver clus-
ters was created, and the data were analysed to show that
the metallic character of cluster bonds appears in larger
clusters. Secondly, a structural database for potassium clus-
ters was generated, and the data were analysed to show
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that electron donation by donor ligands causes changes in
partial atomic charges and atomic radii of potassium at-
oms. These phenomena, observed for selected potassium
dimers, do not agree well with classical bond types, but
point to the metavalent bond or its borderline cases. Sev-
eral structural parameters were defined, calculated, and
analysed using statistical methods.

2 Methods

2.1 All metal dimers in biomacromolecules:
Initial database creation

A database of homonuclear metal (M) dimers in biomac-
romolecules was constructed by searching for well-defined

Table 1
crystals, and the corresponding absolute frequencies
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M-M dimers in crystal structures resolved by diffraction
methods (X-ray, neutron, and synchrotron diffraction), and
with known space groups in the Protein Data Bank (PDB).?°

The following criteria were applied to select each dimer: 1)
Dimer atoms were not part of a larger cluster of the same
element through normal or weak bonds; 2) The sum of the
occupancies of dimer atoms was greater than 1.00; 3) Di-
mers with weak metal-metal bonds (so-called metallophilic
interactions) were included only if the interatomic distance
fell within a specific range determined for each element
(dax range for element with atomic number Z, Table 1);
4) Dimers with too short, i.e., multiple M—M bonds, were
not included.

Biomacromolecular crystal structures from the PDB da-
tabase were analysed using molecular graphics software

— Selection criteria for M—=M bonds (normal and weak) in metallic dimers identified within biomacromolecular structures in

Tablica 1 — Kriteriji za probir veza M—M (normalnih i slabih) u metalnim dimerima koji su pronadeni u biomakromolekulskim struktu-

rama u kristalima i pripadne apsolutne frekvencije

M Z d.../A 2raw/ A dy/A 2ron/A 2/ A 2/ A Ao v F
Li 3 3.0-3.2 4.24 3.039 2.66 2.48 - 0.250 2 1
Na 11 3.7-4.2 5.00 3.716 3.20 3.10 - 0.250 2 19
Mg 12 3.2-3.4 5.02 3.197 2.78 2.64 2.54 0.500 3 47
K 19 4.2-4.8 5.46 4.544 3.92 3.86 - 0.250 2 17
Ca 20 3.86-4.3 5.24 3.947 3.42 2.94 2.66 0.333 3 9
\% 23 2.9-3.1 4.84 2.622 2.68 2.24 2.12 1.250 3 3
Mn 25 2.9-3.1 4.90 2.731 2.38 2.10 2.06 0.500 2 20
Fe 26 2.9-3.1 4.88 2.482 2.32 2.18 2.04 0.750 30211
Co 27 2.9-3.1 4.80 2.506 2.22 2.06 1.92 0.500 2 2
Ni 28 3.2-3.4 4.80 2.492 2.20 2.02 2.02 0.333 3 1
Cu 29 3.1-3.3 4.76 2.556 2.40 2.30 2.24 0.333 2 56
Zn 30 3.1-3.3 4.78 2.665 2.40 2.36 - 0.500 2 34
Ga 31 3.0-3.2 4.64 2.442 2.48 2.42 2.34 0.800 2 1
Rb 37 4.5-5.3 6.42 4.950 4.20 4.04 - 0.250 2 4
Sr 38 3.9-4.7 5.68 4.303 3.70 3.14 2.78 0.333 3 18
Mo 42 3.1-3.5 4.90 2.725 2.76 2.42 2.26 0.750 3 2
Ru 44 2.9-3.1 4.92 2.650 2.50 2.28 2.06 0.750 2 1
Rh 45 2.9-3.1 4.88 2.690 2.50 2.20 2.12 0.500 2 14
Pd 46 3.2-3.5 4.30 2.751 2.40 2.34 2.24 0.333 2 2
Ag 47 3.4-3.7 5.06 2.889 2.78 2.74 2.56 0.167 2 31
cd 48 3.6-3.9 4.58 2.979 2.88 2.72 - 0.500 2 8
Cs 55 5.3-6.1 6.96 5.309 4.64 4.18 - 0.250 2 24
Ba 56 4.5-5.4 6.06 4.377 3.92 3.22 2.98 0.500 3 23
La 57 3.9-4.3 4.96 3.739 3.60 2.78 2.78 0.750 2 1
Eu 63 4.0-4.4 5.64 3.989 3.36 2.68 - 0.750 2 1
Dy 66 4.0-4.4 5.62 3.503 3.34 2.66 - 0.750 2 2
Ho 67 4.0-4.4 5.66 3.486 3.32 2.66 - 0.750 2 1
Au 79 3.2-3.6 4.90 2.884 2.48 2.46 2.42 0.500 2 1
Hg 80 3.4-4.0 4.94 3.005 2.66 2.64 - 0.500 2 4
Tl 81 3.5-4.0 5.20 3.408 3.00 2.88 2.84 0.750 3 5
Pb 82 3.5-4.0 5.08 3.500 2.88 2.74 2.70 0.333 2 2




R. KIRALJ: Metavalent Bonds in Dimers of Metallic Elements within Biomacromolecules: ..., Kem. Ind. 74 (3-4) (2025) 117-137

ViewerLite?' and Mercury.?* Biomacromolecules included
peptides, proteins, DNAs, RNAs, DNA-RNA hybrids, and
complexes of two or three types of these compounds. Di-
mers appeared in three forms: 1) Two metal ions forming
a dimer in a biomacromolecule; 2) Two metal atoms as
part of a cofactor within a biomacromolecule; 3) Two met-
al atoms within an organic or inorganic species bound to a
macromolecule.

2.2 All metal dimers in biomacromolecules:
Additional calculations and data analysis

The following structural parameters for metals were used
from Webelements.com? (Table 1): r,4v — van der Waals
radius, d, — bond length in pure crystalline metal, r., —
molecular single bond covalent radius, r.,, — molecular
double bond covalent radius, and r.,; — molecular triple
bond covalent radius (when available). Combining these
data with the measured bond lengths d for dimers from the
PDB database, some new bond descriptors were defined.
The relative bond length of an M-M dimer, §, was defined
using Eq. (1).

_d
2r

vdw

5

(1)

The relative M—M bond length of the corresponding pure
crystalline metal, §,, was calculated according to Eq. (2).

d
8, = — (2)

erdW

The difference of these two relative bond lengths, ¢, was
given by Eq. (3).

e=08-9, 3)

The observed bond order A, of a pure crystalline metal (Ta-
ble 1) was simply determined as the number of electrons
divided by the number of metallic bonds (understood as
individual metal-metal close contacts) in a unit cell. Know-
ing the packing type of metals (from Webelements.com?),
it was easy to count the number of bonds and the number
of atoms belonging to a unit cell. The number of electrons
was calculated as the number of atoms multiplied by the
number of lost electrons per atom (from the most common
oxidation state of the metal). The only non-trivial case was
that of gallium, with a complicated crystal structure (COD
ID 9008085 from the Crystallography Open Database),**
which had to be carefully analysed using ViewerLite soft-
ware.”!

Bond length — bond order polynomial regression equations
for metals from Table 1 were determined using available
data: interatomic distances 2rgw, d, 2rcvt, 2reovr 2o
and bond orders 0, Ay, 1, 2, 3, respectively. The regression
equations were obtained using online software Polynomial
Regression Data Fit,* and the maximum degree of polyno-
mials v was 2 or 3 (Table 1). For dimers from the PDB da-
tabase, the bond order A was determined from the corre-
sponding regression equation in the reversed sense: bond
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lengths were calculated for several bond orders until the
bond length obtained was the closest to the experimental
d value (difference below 0.001 A). The same reverse pro-
cedure was applied to determine the calculated values A,
from d, for pure metals. The all-metals database was aimed
to contain bond orders roughly around 1 and between 0
and 1, and thus, all dimers with obtained A > 1.3 were
not included. The number of dimers (absolute frequency F,
Table 1) was finally determined for each metallic element.

Finally, the two calculated bond orders, A and A, were
compared in terms of their difference p, as defined by
Eq. (4).

H=A=A )
Calculated bond orders were preferred over observed val-
ues for pure metals due to the overprediction tendency of
bond length — bond order relationships for most metals.

The final database for all metal dimers contained Z and
dimer descriptors d, 8, € and p.

Bond descriptors, 3, ¢ and p, were further analysed in
terms of their frequency distribution, in order to assess the
degree of similarity between dimer bonds and pure metal-
lic bonds. Empirical distributions were analysed and test-
ed for normality, and corresponding theoretical distribu-
tion curves were generated using the statistics programme
JASP.2¢ Additional analysis of the distributions by metallic
elements were performed using scatterplots of 3, ¢, and p
versus Z with the chemometrics package Pirouette.?”

2.3 Bonds per atom - bond length deviation relationship
for silver: Database creation

Among all the metals found in dimer form within biomac-
romolecular structures, silver was selected to establish an
example of bonds per atom (B) — bond length deviation
(A) relationship to be extended to all the other metals. The
bonds per atom, B, is the average number of Ag-Ag bonds
per Ag atom, equivalent to half the average bonding co-
ordination sphere of Ag atoms around an Ag atom. This
quantity is better than the number of Ag atoms, volume,
surface or some other quantity accounting for size of Ag
clusters, nanostructures, or more complex structures. The
bond length deviation is the absolute difference between
the clusters’ average Ag-Ag bond length and the standard
Ag-Ag bond length in bulk metal at room temperature and
normal pressure (2.889 A).%-3% As B values increase, the
size of Ag structures also increases in such a way that an
Ag atom has more and more neighbouring Ag atoms. This
enhances valence electron delocalisation, resulting in Ag—
Ag bonds that become more metallic and more similar to
those in bulk silver.

A database for Ag-Ag bonds was generated from four types
of sources. Three-dimensional structures containing Ag-Ag
bonds were retrieved from structural databases, including
the Protein Data Bank,?® the Cambridge Structural Data-
base,*' the Inorganic Crystal Structure Database,*' the Crys-
tallography Open Database,** and the American Mineralo-
gist Crystal Structure Database,** or from supplementary
materials to published articles. In other case, supplemen-
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tary materials served to generate three-dimensional coor-
dinate files. In all cases, three-dimensional structures from
the coordinate files were carefully examined using molec-
ular graphics software ViewerlLite*' and Mercury.?* Average
interatomic distance (d,) and bonds per atom (f) were
determined, with deviation (A) calculated according to its
definition. Both d,, and  were taken from numerous arti-
cles or supplementary materials as direct data, and as data
estimated from available information in textual, numerical,
or pictorial form. Literature sources were combined when-
ever necessary.

Silver nanostructures represent a unique category of pure
silver structures, where a substantial fraction of Ag atoms is
located at the surface, resulting in a half-filled coordination
sphere with neighbouring silver atoms. For such nanostruc-
tures, bonds per atom, B, was calculated using formulas
developed in this study, where the final B value was de-
fined by Eq. (5):

p=3(2-u) (5)

The factor u was calculated differently for nanostructures
of distinct shapes. For spherical nanoparticles with radius p
in A units, u was defined by Eq. (6).

u:8.87274(p//°\) (6)

For thin films with thickness D in A units, u was calculated
using Eq. (7).

u= 2.04326/0\[1+(D//°\)77}/D 7)

For cylinders with radius p and height h in A units, u was
obtained using Eq. (8).

p+h)/&

u =5.89588( (8)
ph

The majority of structures contained normal Ag-Ag bonds.
In some cases, for illustrative purposes, and to incorporate
some structures with f values between 0 (Ag...Ag contact)
and 0.5 (Ag, dimer), weaker Ag-Ag bonds, interactions,
and contacts were also included (Table 2). The true aver-
age bond length or interatomic distance, as well as the true
B value, had to be calculated using an appropriate weight-
ing scheme (Table 2).

In such cases, the true number of bonds n, was calculated
using Eq. (9):

n, = Z:)Wi 9)

where n is the total number of all bonds, interactions, and
contacts, and w, is the appropriate weight from Table 2 for
the i-th bond, interaction or contact. The  value was ob-
tained from a simple Eq. (10).
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Table 2 — Criteria for classification of Ag-Ag bonds, interactions,
and contacts according to metal-metal distance, along
with corresponding weighting factors

Tablica 2 — Kriteriji za klasifikaciju veza, interakcija i kontakata
Ag-Ag prema udaljenosti metal-metal, s pripadnim
faktorima utezenja

Very -
~ Bond/ Normal | Weak weak Argentophilic Contact
interaction | bond | bond interaction
bond
dAg..AQ/A <34 3.4-3.7 3.7-40 4.0-43 | =43
w 1 0.5 0.25 0.125
p=n,/2 (10)

The average bond length d,, was calculated using Eq. (11):

d, =3 wd/n, (11)
where d, is the interatomic distance of the i-th bond, inter-
action or contact. When only one contact was reported,
the values were B = 0 and d,, = d.

2.4 Bonds per atom - bond length deviation relationship
for silver: Data analysis

Graphical analysis of bonds per atom — bond length de-
viation scatterplots was performed using programming,
numerical computing, and graphics software Scilab®® for
various types of silver structures (biomacromolecular silver
in crystals, elementary silver, organic and organometallic,
inorganic and intermetallic silver, and others). Silver clus-
ters in biomacromolecular structures in crystals and other
structure types of silver exhibited a consistent decrease in
maximum A values as B increased. This relationship was
modelled non-linearly and further tested for statistical sig-
nificance of the obtained equations through the online
curve fitting software MyCurveFit.**

2.5 Charge-radius relationship for potassium:
Database creation and data analysis

Potassium was selected among many metals found in di-
mer form within biomacromolecules, to illustrate an ex-
ample of a charge (Q) — radius (R) relationship for these
metals. It is assumed that the partial atomic charges of met-
al atoms in these dimers correspond to a certain electron
content that defines the size of the two metal atoms, and
consequently, the bond length of the dimer. However, the
dimer’s electron content is strongly influenced by the li-
gand atoms that donate partial negative charge (electrons)
to the dimer. These ligand atoms, when bound to the di-
mer, “sense” the dimer, and therefore, the geometrical ar-
rangement of the ligands will always adapt to the dimer.
From this arrangement, valuable geometric data can be
extracted to estimate the radii and even the charges of the
metal atoms.
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To simplify, the average features of dimer atoms were cal-
culated in this study. All the methods developed here are
qualitative but sufficiently reliable, as they are based on
a large number of data. A quantitative approach would
require highly sophisticated quantum-chemical methods
focused on specific classes of compounds containing K-K
dimers.

A database for potassium charge and radius values was
constructed from the literature in various ways. Whenev-
er possible, both charge and radius values were obtained
from a single literature source (articles, supplementary ma-
terials, online sources) as direct data, or as data estimated
from available textual, numerical, or pictorial information.
In cases where only one value was available, either charge
or radius, the literature sources were combined or the oth-
er value was sourced from another reliable reference.

Several times, molecular structures of potassium clusters
or crystal structures containing potassium were taken from
the Protein Data Bank,?® the Cambridge Structural Data-
base,*" and the Inorganic Crystal Structure Database,*' or
from supplementary materials in published articles. Where
necessary, supplementary materials were used to generate
three-dimensional coordinate files. All three-dimension-
al structures were then analysed using molecular graphics
software ViewerLite?' and Mercury.?? Potassium binding ra-
dii were measured as half of the K-K bond length. When
isolated K atoms were present in crystal structures, half of
a close bond length E-E (E is any other chemical element)
was used as covalent radius of E, and this value was then
subtracted from the bond length of a neighbouring K-E
bond. The additivity scheme of binding radii to yield bond
lengths was suitable approximation for the purposes of this
study. In cases where the Q value was missing, a formal
charge or a charge from a closely similar structure was as-
signed when appropriate. The potassium charge - radius
database comprised all potassium forms (metallic, cluster,
nanoparticle, gas phase, oxidised in compounds), both from
experimental and theoretical investigations. The potassium
charge-radius relationship was examined in two forms: 1)
as a linear relationship, established via linear regression at
an 0.05 significance level using online software Polynomial
Regression Data Fit*> and Linear Correlation and Regression
(VassarStats)*®; 2) as a non-linear, sigmoid relationship, not
based on regression analysis. The final charge - radius scat-
terplot with the line and curve was generated using Scilab.*

2.6 Molecular graphics as a structural tool in measuring
molecular geometry

Four examples of macromolecules containing potassium
were selected to test the charge-radius relationship and
demonstrate its applicability: a protein, nucleic acids (DNA
and RNA), and a protein-nucleic acid complex. Viewer-
Lite* and Mercury** were used to identify, extract, and
analyse K-K dimers from the selected biomacromolecular
structures, which were already included in the all metal di-
mers database. Final identification of binding coordination
spheres (coordination number 6 or 7 around each K atom,
excluding the K—K bond), measurement of contact distanc-
es, and visual representations of the dimer coordination
were completed using ViewerLite.?'
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Interatomic distances were identified based on the follow-
ing criteria: For K-O bond length, the upper limit of 3.3 A
was chosen, a midpoint between the limits 3.1 A proposed
by Gagné et al.** and 3.5 A proposed by Nelyubina et al.””
For K-N bond length, an upper limit of 3.1 A was set,
slightly higher than the 2.9 A limit suggested by Kobasi et
al 38 In the case of K-O(m), K-N(m) and K-C(m) bonds, the
upper limit of 3.7 A for metal — m-system distance from
Berionni et al.*® was used. Covalent radii of O and N were
assumed not to vary significantly in covalent compounds;
therefore, medium values?* of 0.66 A and 0.71 A, respec-
tively, were used. For the purpose of measuring K-X(m) in-
teraction distances and K-X contact distances, the values
of van der Waals radii* 1.50 A, 1.66 A and 1.77 A for O,
N, and C, respectively, were used. The upper limit for con-
tact (non-bonding) interactions was set at 4.3 A.

2.7 Estimation of radii and charge values of potassium
from structural parameters

The following methods were developed to obtain struc-
tural parameters for K-K dimers. The ligand-based meth-
od 1 involved the following steps: 1) Measurement of K-X
(X = 0O, N) and K-X(m) (X = O, N, C) distances; 2) Con-
version of the distances into potassium bonding radius R
values by subtracting the covalent or van der Waals radii of
X from the distances; 3) Averaging the obtained R values;
4) Calculation of charge Q of potassium using the linear re-
gression Q-R relationship in the inverse form of the equa-
tion; 5) Calculation of the bond order B via Eq. (12).
B=1-Q (12)
The ligand-based method 2 followed the same steps, except
for step 4), where charge Q of potassium was determined
using the non-linear Q-R relationship in the inverse sense
(R was iteratively calculated for many Q values until the
closest R was achieved, below the difference of 0.001 A).
For incomplete K-K dimer bonding coordination spheres,
a careful visual inspection was made, and additional water
molecules with K-O distance 2.80 A were included in cal-
culating the average binding radius R of potassium.

The dimer-based methods 1 and 2 were based on the
measured R value as R = D,/2, where D, was the K-K bond
length. Using R, Q was then calculated through either the
linear (method 1) or non-linear Q-R relationship (method
2), and finally, B was determined from Q using Eq. (12).
Dimer-based method 3 used the D, value for R = D /2 and
to calculate Q. A previously derived bond order — bond
length relationship for potassium for the all metal dimers
database, defined by Eq. (13), was used in the inverse
sense in the dimer-based method 3.

D, /A =5.3022-2.2650B+0.77758B (13)
Finally, for non-bonding contacts, only one method was
used. From the measured interatomic distances K ... X, the
corresponding van der Waal radii of X were subtracted,
and the resulting values of non-bonding radii R, were av-
eraged.
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2.8 Placing the estimated charges of potassium in
biomacromolecules into the space of metavalent
bonding

The position of metavalent bonds between single covalent
and metallic bonds, and near ionic bonds, can be effective-
ly visualised through a scatterplot depicting the transferred
electrons (T) — shared electrons (S) relationship.*> Here, T
is the amount of electrons transferred from one to another
atom in a chemical bond, while S quantifies the electrons
shared by the two atoms in the bond. A small database of
S and T values for pure substances was constructed, with S
defined as “uncorrected” (not divided by oxidation states).

Furthermore, S and T values for K-K dimers in macromol-
ecules were determined from estimated average charges
(Section 2.6), using a simple scheme T = 0 (dimer atoms of
equal charge) and S = 2 — 2Q. However, a more complex
model was also applied: the ligand-based methods 1 and
2 were reused to determine charges of both dimer atoms
separately (averaging particular R values for each atom,
and then calculating the Q values). Using this approach,
T was calculated as the absolute difference between the
two charges, and S was equal to the difference between 2
and the sum of the charges. The final S-T scatterplot was
constructed using Scilab.*?

3 Results and discussion
3.1 All metal dimers in biomacromolecules

A new database containing 565 entries, including Z values,
bond lengths, and bond orders with their derived values
8, & and p (using parameters from Table 1) was compiled
for M, homonuclear metallic dimers in crystal structures
of biomacromolecules. In total, 31 metals were found to
form such dimers, as presented in Table 1. These metals
span various parts of the periodic table: s-block metals (Li,
Na, Mg, K, Ca, Rb. Sr, Cs and Ba), transition metals (V, Mn,
Fe, Co, Ni, Cu, Zn, Mo, Ru, Rh, Pd, Ag, Cd, Au and Hg),
p-block metals (Ga, Tl and Pb), and lanthanides (La, Eu,
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Dy and Ho). This observation indicates the universality of
homonuclear M, dimers in biomacromolecules, highlight-
ing that any metal can form M, dimers and retain this form
in crystals of biomacromolecules. The extensive search for
M, dimers within the PDB database revealed two principal
ways of formation of these dimers: 1) From metallic ions,
which bind next to each other, often connected by bridg-
ing ligands; 2) As part of natural or artificial species (co-
factors, inhibitors, substrates, other reactive agents), which
covalently or non-covalently bind to a macromolecule.

However, the 31 metals significantly differ in terms of ab-
solute frequencies of the M, dimers found (Table 1). The
most abundant is the Fe, dimer, mainly present in the Fe,S,
cluster in proteins. This cluster was found in more than
1250 crystal structures within the PDB database, therefore,
a selection had to be applied to avoid iron data overload.
For all other metals, no selection was made; instead, all
available data were used included in the new database.
Other more frequent metals (F > 10) included Na, Mg,
K, Mn, Cu, Zn, Sr, Rh, Ag, Cs, and Ba. Some metals, such
as Li, Ni, Ga, Ru, La, Eu, Ho, and Au were represented by
unique dimers.

More insight into the database structure could be gained
from analysing the empirical distribution (Table 3 and
Fig. 1), and the theoretical distribution (Fig. 1) of the di-
mensionless variable §, the M—M bond length relative to
twice the van der Waals radius (Eq. (1)). The data were
centred at the mean of 0.61, with a moderate range of
0.42 and a coefficient of variation of 0.14. The empirical
distribution was non-normal, as evidenced by a significant
difference between the mode and the mean/median, pro-
nounced asymmetry — positive skewness (in bold), and a
statistically significant Shapiro-Wilk non-zero statistic (in
bold). The theoretical distribution (Fig. 1) appeared at least
bimodal, with peaks at § values of 0.55 and 0.63, as well
as a pronounced right tail.

Examining the distribution curve and the rug marks, poten-
tial peaks were identified at 0.73, 0.78, and 0.83 within the
tail, suggesting that the distribution could be considered a

Table 3 - Basic statistics for the distribution of parameters §, €, and p

Tablica 3 — Osnovna statistika raspodjele parametara 3, ¢ i p

Descriptive statistics parameter 8 € p
Mean (Standard error of mean) 0.620(4) 0.034(2) —0.076(8)
Median 0.609 0.042 -0.120
Mode 0.523 0.014 -0.126
Minimum, Maximum 0.464, 0.882 —0.151, 0.205 —0.513, 0.647
Range 0.418 0.356 1.160
Standard deviation 0.088 0.058 0.184
Coefficient of variation 0.142 1.698 -2.411
Skewness (Standard error of skewness) 0.903(103) —0.326(103) 0.840(103)
Kurtosis (Standard error of kurtosis) 0.153(205) 0.341(205) 1.337(205)
Shapiro-Wilk test statistic 0.917 0.985 0.954
Shapiro-Wilk probability < 0.001 < 0.001 < 0.001
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combination of five Gaussian distributions. This complex
distribution cannot be readily explained by the positions
of the metals in the periodic table. The right tail beyond
8 = 0.7 consisted mainly of M, dimers of the largest at-
oms (s-block metals). The left tail primarily corresponded
to some transition metals. However, all other parts of the
curve presented mixtures of various metals. More frequent
metals appeared in various parts of the curve; for example
Mg, Fe, and Ag were present throughout.
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Fig. 1 - Distribution of the variable § for all metal dimers in crys-

tal structures of biomacromolecules: Histogram with ab-

solute frequency values displayed above each column

and rug marks at the bottom, overlaid with the corre-
sponding density curve.

Slika 1 — Raspodijela varijable 8§ za dimere svih metala u kristal-

nim strukturama biomakromolekula: histogram s vrijed-

nostima apsolutnih frekvencija (na vrhu svakog stupca) i

s crticastim oznakama na dnu, preklopljen s pripadnom

krivuljom gustoce.

Values of d,,, in Table 1 have already highlighted the flex-
ibility of metals in forming dimers: M—M bonds can range
from normal-length or weaker bonds, while dimers in-
volving very weak bonds (e.g., metallophilic interactions)
were excluded from this study. The statistical analysis of the
d-values alone does not provide insight into the nature of
the M—M bonds — whether they are metallic or of another

type.

To address this, the variables ¢ and , representing the
bond length (Eq. (3)) and bond order (Eq. (4)) relative to
the pure metal, respectively, were calculated. Their distri-
bution analysis (Table 3, Figs. 2 and 3) revealed significant
deviations from metallic bonds in several statistical param-
eters (bolded in the table). In an ideal scenario, where
all M—=M dimer bonds in biomacromolecules are metallic
exactly as in pure metals, the histograms would be posi-
tioned at zero mean, median, and mode, with minimal
dispersion, and the distributions would be normal. The
standard error of the mean for € and p was small, indicat-
ing that their means could not be considered zero. The
dispersion in the histograms was obvious. The values of
the coefficient of variation were extremely positive (1.70
for €) and negative (—2.41 for p). This confirmed that most
metal dimers in biomacromolecules significantly deviate
from M—M pairs in pure metals. Moreover, both distribu-
tions were non-normal: € showed a smaller positive skew-
ness, whereas p exhibited a more pronounced positive
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skewness. The kurtosis was significantly below 3, indicat-
ing platykurtic distributions, i.e., having shorter tails than
the normal distribution. Finally, the Shapiro-Wilk normal-
ity test confirmed that the distributions were non-normal,
as the test statistics were significantly different from zero
in both cases.
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Fig. 2 - Distribution of the variable ¢ for all metal dimers in crys-
tal structures of biomacromolecules: Histogram with ab-
solute frequency values (displayed above each column)
and rug marks at the bottom, overlaid with the corre-
sponding density curve.

Slika 2 — Raspodjela varijable & za dimere svih metala u kristalnim
strukturama biomakromolekula: histogram s vrijednosti-
ma apsolutnih frekvencija (na vrhu svakog stupca) i s
crticastim oznakama na dnu, preklopljen s pripadnom
krivuljom gustoce.

Examining the theoretical distributions for e (Fig. 2) and p
(Fig. 3), the multimodal character of the curves became
apparent, suggesting they were composed of several nor-
mal distributions. The curve for & exhibited three modes
at values of € equal to —0.06, 0.05, and 0.12. Addition-
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Fig. 3 - Distribution of the variable y for all metal dimers in crys-
tal structures of biomacromolecules: Histogram with ab-
solute frequency values (above each column) and rug
marks at the bottom, overlaid with the corresponding
density curve.

Slika 3 — Raspodjela varijable p za dimere svih metala u kristal-
nim strukturama biomakromolekula: histogram s vrijed-
nostima apsolutnih frekvencija (na vrhu svakog stupca) i
s crti¢astim oznakama na dnu, preklopljen s pripadnom
krivuljom gustoce.
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ally, potential modes appeared at —0.03 and 0.03 units
of &. This suggested that the curve may be a superimposi-
tion of five Gaussian distributions. A very similar pattern
was observed in the curve for p, which had four visible
modes at values —0.29, 0.13, 0.05, and 0.23, with a po-
tential mode at —0.06 units of p. Again there were five
Gaussian distributions, and this was also the case with
the § curve.

Analysing the distributions by metal revealed similar trends
to those observed for the distribution of 5. Metals were
mixed across all parts of the curves, with no metal pref-
erence for any particular part. Many metals, such as Na,
Fe, and Ba, appeared in most parts of the two curves. This
diversity of M—M dimers found in biomacromolecules sug-
gested the existence of dimer bonds with large variations
in lengths (defined by d,., values in Table 1) and bond
orders. Most bond orders A were smaller than 1, similar to
the values of A, for pure metals (Table 1).

Considering the distributions of € and y, it could be con-
cluded that M—M bonds in homonuclear metallic dimers
within biomacromolecules cannot be strictly characterised
as typical metallic, covalent, or ionic bonds. Biomacromo-
lecular structures contain various ligands, which contribute
to the pronounced variability in M—M bond parameters:
these include peptide bonds, carbonyl, hydroxyl, amino,
carboxylate, phosphate, sulfhydryl, and other groups as lig-
ands, m-system ligands, water and other solvent molecules,
halides, groups of small inorganic and organic molecules,
and even other metallic cations, among others. All these
findings suggested that the M—M bonds in question were
metavalent bonds, borderline metavalent/covalent, or
even metavalent/metallic bonds. During the search for M,
dimers in the PDB database, dimers with very short met-
al-metal bonds were identified for various metals. How-
ever, these were excluded from the analysis because they
represented multiple bonds, which form through mecha-
nisms different from those of the studied bonds, pure me-
tallic bonds, and single covalent bonds.

Table 4 — Basic statistics for the silver database and its modules
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3.2 Bonds per atom - bond length deviation relationship
for silver

A database containing 761 entries of bonds per atom ()
and bond length deviation (A) values for silver clusters, was
created and organised into nine modules (Table 4). Silver
is a very versatile metal, appearing in various types of com-
pounds and in elementary forms such as bulk, clusters, and
nanostructures. It has been studied in the gas, liquid, and
solid phases. The modular organisation of the database
highlighted silver’s versatility and revealed sharper trends
than when considering the database as a whole. Table 4
presents the basic statistics of the database and its mod-
ules: N,,, — total number of database entries; N,, — number
of entries for structures containing weak and very weak
Ag-Ag bonds, argentophilic interactions and contacts; N —
number of entries for structures with normal Ag-Ag bonds;
Bomin @and B — minimum and maximum values of B, re-
spectively; A, and A,,,, — minimum and maximum values
of A, respectively. These p and A values are reported for
normal Ag—-Ag bonds, as these bonds are the primary focus
of the analysis of dimers and larger clusters.

Inspection of Table 4 revealed several noteworthy con-
clusions. Bulk silver in its crystalline state consisted of Ag
atoms with a B value equal to 6 (half of its coordination
number 12). Silver nanostructures varied considerably in
size and shape, so that p ranged from 2.6 to nearly 6. All
other modules encompassed structures ranging from Ag
dimers to three-dimensional arrangements of Ag atoms,
similar to the structure of bulk silver. Only biomacromole-
cules in solution displayed a narrow range of § values for
various Ag; clusters, due to the small number of availa-
ble structures. Regarding A, the minimum values were not
informative, but the maximum values indeed showed the
expected tendency Pure silver forms (bulk and nanostruc-
tures) exhibited the smallest A,,,, values (0.1-0.2 A), and
structures in other modules showed significant values (0.4—
0.6 A). This trend can be understood as a consequence of
three factors: 1) The influence of chemical bonding with
non-silver atoms in the structure; 2) The effect of physical
conditions (melting, freezing, high pressure, etc.); and 3)
The size of Ag structures.

Tablica 4 — Osnovna statistika baze podataka za srebro s njezinim modulima

Database modules Niot N, N Buwin/ A Boo/A | Ann/A | B /A
Biomacromolecules (crystal) 72 8 64 0.500 2.889 0.014 0.562
Biomacromolecules (solution) 51 40 11 1.000 1.286 0.129 0.438
Organics & organometallics (crystal) 116 20 96 0.500 4.765 0.002 0.556
Silver clusters (gas phase) 143 0 143 0.500 4.043 0.005 0.470
Silver clusters in processes/reactions 98 96 0.500 4.368 0.002 0.377
Melt, frozen & other silver structures 86 0 86 0.500 6.000 0.000 0.449
Inorganics & intermetallics (crystal) 70 15 55 0.500 6.000 0.002 0.597
Elementary bulk silver 65 65 6.000 6.000 0.000 0.174
Silver nanostructures 60 60 2.500 5.997 0.000 0.107
Full database 761 85 676 0.500 6.000 0.000 0.597
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When factors 1) and 2) are considered common contribu-
tors to A variation for a given f value, then factor 3) is to be
studied for the entire range of f values. In other words, A
can be considered as a function of  for a specific database
module: the larger the Ag cluster, the more metallic are the
Ag-Ag bonds. An example for this statement is presented
in Fig. 4 for silver clusters in biomacromolecular structures
in the crystalline state. Weak and very weak Ag—Ag bonds,
as well as argentophillic interactions and Ag-Ag contacts,
were included to encompass the full range of B values,
from 0 to 0.5. The A, values can be interpreted as the
maximum variation of A at a given B value, justifying the
use of some selected data points to construct a hyperbol-
ic curve described by Eq. (14), where j, k, |, and m are
non-integer coefficients.

_k
1+(BJ
m

Although the curve is drawn through 9 data points and
Fig. 4 represents 72 entries for biomacromolecules in crys-

A/f\zj+
(14)

Fig. 4 —Bonds per atom (f) — bond length deviation (A) rela-
tionship for silver, based on 72 data points from a new-
ly created database for silver clusters. Legend: Green
squares — selected data points used to construct the
curve representing the maximum variation in A; Blue
dots — data points for normal Ag-Ag bonds (B = 0.5)
that were not included in curve construction; Red dots —
data points for various weak Ag—Ag bonds, interactions,
and contacts (B < 0.5) that were not included in curve
construction.

Slika 4 — Odnos broja veza po atomu (f) i devijacije duljine veze
(A) za srebro, baziran na 72 podatkovne tocke iz no-
vostvorene baze podataka za klastere srebra. Legenda:
zeleni kvadrati¢i — odabrane podatkovne tocke kroz
koje je povucena krivulja maksimalne varijacije u A;
plave tocke — podatkovne tocke za normalne veze Ag-
Ag (B = 0.5) koje nisu rabljene u povlacenju krivulje;
crvene tocke — podatkovne tocke za razne slabe veze,
interakcije i kontakte Ag—Ag (B < 0.5) koje nisu rabljene
u povlacenju krivulje.
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tal, the trends are apparent. Clusters larger than dimers
(B > 0.5) exhibited decreasing A values, indicating that the
average Ag—Ag bond became progressively more metallic.
To the left of Ag, dimers (§ < 0.5) are dimers and trimers
with weak and very weak bonds, argentophillic interac-
tions and Ag—Ag contacts. The Ag-Ag bond in normal Ag,
dimers does not seem to be close to a pure metallic bond,
but at the same time, it is much stronger than the men-
tioned weak bonds.

A much larger number of data points would provide
stronger evidence to illustrate the regularity of the bonds
per atom — bond length deviation relationship. Compar-
isons of silver clusters in biomacromolecules in crystals
with those in other database modules are shown in Figs. 5
and 6. This relationship cannot exist in elementary silver
(Fig. 5), and is only faintly apparent in silver nanostructures
(Fig. 6). Some other database modules, such as melted and
frozen, and other silver structures (Fig. 5), silver clusters
involved in processes/reactions, or found in the gas phase
(Fig. 6), exhibited a general decrease in A with increasing
B. However, these trends remained poorly defined due to
insufficient data. Two additional trends emerged from the
analysis: 1) The modules differed in the range of p values —
some modules spanned the full range of B (up to six units),
while others covered only a limited range; 2) The modules
differed in the average position with respect to the hori-
zontal axis - some modules were positioned closer, while
others were farther from the f axis.

Fig. 7 builds upon Fig. 4 by extending the curvilinear re-
lationship defined by Eq. (14) to all suitable modules. The
equations were statistically significant at a significance level
of a = 0.05 (r > 0.9860, p < 0.003). The curve for bio-
macromolecules in crystals (blue) had a shape similar to
the curves for organics and organometallics (green) and for
inorganics and intermetallics (brown). These three curves
shared nearly identical starting points at p = 0 and were
mutually “parallel” at § > 1. The module for biomacro-
molecules in solution (red) exhibited distinct behaviour,
starting differently and becoming parallel to the horizontal
axis at § > 2, likely due to the limited number of available
structures. Variations in bulk silver were even greater than
the heights of the pink, blue, and green curves at § = 6,
owing to the extreme physical conditions under which cer-
tain bulk silver structures were determined (e.g., high pres-
sure and temperature).

Each curve in Fig. 7 is a branch of a hyperbola. This branch
can be divided into three parts, each of which may be
qualitatively associated with different bond types. The first
part of all four curves shows a rapid descent, resembling
a straight line. This portion occurs at f < 0.4, and is as-
sociated with weak and very weak Ag-Ag bonds, argen-
tophilic interactions, and Ag-Ag contacts. The next part of
the curves shows a significant change in trend. It resembles
a road bend and occurs around B = 0.5, extending to ap-
proximately B = 1.5 (pink curve) or to § = 3 (blue, green,
and brown curves). This section can be related to metava-
lent bonds, borderline metavalent/covalent, or metavalent/
metallic bonds in dimers, trimers, and other small clusters.
The third part of the curves again appears as a straight line,
gradually approaching the horizontal axis. This section is
associated with larger silver clusters and smaller silver na-
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Fig. 5 —Bonds per atom (B) - bond length deviation (A) relationship for silver in structures
from five modules of the newly created database, represented by coloured data
points. Legend: blue — biomacromolecules in crystals; red — biomacromolecules in
solution; white — organics and organometallics in crystals; green — melt and frozen
and other silver structures; black — elementary bulk silver. A fairly consistent de-
crease in deviation A with increasing p is evident in most modules.

Slika 5 — Odnos broja veza po atomu (B) i devijacije duljine veze (A) za srebro u strukturama
iz pet modula novostvorene baze podataka, predstavljen obojenim podatkovnim
tockama. Legenda: plavo — biomakromolekule u kristalu; crveno — biomakromole-
kule u otopini; bijelo — organski i organometalni spojevi u kristalu; zeleno — rasta-
liene i smrznute te druge strukture srebra; crno — elementarno srebro. Pravilan pad
devijacije A s porastom B prilicno je dobro vidljiv za vec¢inu modula.
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Fig. 6 —Bonds per atom (B) — bond length deviation (A) relationship for silver in structures
from five modules of the newly created database, represented by coloured data
points. Legend: blue — biomacromolecules in crystals; red — silver clusters in pro-
cesses/reactions; white — inorganics and intermetallics in crystals; green — silver
clusters in the gas phase; black — silver nanostructures. A fairly consistent decrease
in deviation A with increasing B, is evident in most modules.

Slika 6 — Odnos broja veza po atomu (B) i devijacije duljine veze (A) za srebro u strukturama
iz pet modula novostvorene baze podataka, predstavljen obojenim podatkovnim
tockama. Legenda: plavo — biomakromolekule u kristalu; crveno — klasteri srebra u
procesima/reakcijama; bijelo — anorganski i intermetalni spojevi u kristalu; zeleno
— klasteri srebra u plinskoj fazi; crno — nanostrukture srebra. Pravilan pad devijacije
A's porastom B prilicno je dobro vidljiv za vecinu modula.
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Fig. 7 —Bonds per atom (B) — bond length deviation (A) rela-
tionship for silver in structures from five modules of
the newly created database, represented by coloured
curves (curvilinear presentation of the maximum values
of deviation A) and black dots. Legend: black — elemen-
tary bulk silver; blue — biomacromolecules in crystals;
pink — biomacromolecules in solution; green — organics
and organometallics in crystals; brown — inorganics and
intermetallics in crystals.

Slika 7 — Odnos broja veza po atomu (f) i devijacije duljine veze
(A) za srebro u strukturama iz pet modula novostvore-
ne baze podataka, predstavljen obojenim krivuljama
(krivolinijskom prezentacijom maksimalnih vrijednosti
devijacije A) i crnim to¢kama. Legenda: crno — ele-
mentarno srebro; plavo — biomakromolekule u kristalu;
ljubicasto — biomakromolekule u otopini; zeleno — or-
ganski i organometalni spojevi u kristalu; smede — anor-
ganski i intermetalni spojevi u kristalu.

nostructures in compounds, where Ag-Ag bonds are me-
tallic-like or metallic. The minimum value of  around 3
indicates that half of the coordination sphere around an Ag
atom is occupied by other Ag atoms. For example, a silver
cluster Ag,, bound to a DNA oligomer (PDB: 7XLW)* has
a B value of 2.889, with minimum and maximum f values
for atoms within the cluster being 1 and 4, respectively.
This is an example of a cluster of 16 Ag atoms sharing va-
lence electrons, allowing for electron delocalisation in a
cycle of 16 atoms. As a result, the average Ag-Ag bond
length is very similar to that of a metallic Ag—Ag bond. An-
other interesting observation from Fig. 7 is that the blue
curve reached A = 0 at f = 4.213, while the green and
brown curves ended with A = 0.043 A and A = 0.401 A at
B = 6, respectively. This suggested that the effect of ligand
bonding on the Ag cluster was smallest in biomacromole-
cules, greater in organics and organometallics (where lig-
ands are frequently delocalised m-systems), and greatest in
inorganics and intermetallics (where ligands are frequently
ions due to significant electronegativity differences).

3.3 Charge-radius relationship for potassium

A database containing 515 charge (Q) and radius (R) values
for potassium was created. The charge-radius scatterplot
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is presented in Fig. 8. The general shape of the charge-ra-
dius relationship is sigmoidal. Some outliers with negative
charges and radii between 1.5 and 2 A are present. These
correspond to dimers in solid Na-K alloys under extreme
pressures, where potassium becomes electronegative with
respect to Na."'

Fig. 8 — Partial atomic charge (Q) — radius (R) relationship for po-
tassium, based on 515 data points from the newly cre-
ated database. Legend: black dots — data points; blue
line — linear regression line for charges ranging from O
to 1; red curve — theoretical sigmoid curve covering the
entire range of charge values.

Slika 8 — Odnos parcijalnog atomskog naboja (Q) i radijusa (R) za
kalij, baziran na 515 podatkovnih tocaka iz novostvore-
ne baze podataka. Legenda: crno — podatkovne tocke;
plavo — pravac linearne regresije za naboje od 0 do 1;
crveno — teorijska sigmoidna krivulja koja pokriva cijeli
raspon vrijednosti naboja.

The sigmoidal shape of the charge-radius relationship is
logical, as a potassium atom can gain or lose an electron,
and even lose multiple electrons. When neutral K° is ox-
idised to K*, the number of electron shells decreases by
one, and the radius R decreases by approximately 2 A.
However when there is no change in the number of shells,
whether K* is further oxidised or K° is reduced, the chang-
es in R are less pronounced. In reality, several potassium
ions aside from the well-known K* exist as well-defined
species. For instance, the simple anion K~ exists in solu-
tion,**** in the solid state*?, and in the gas phase.***> Mon-
oatomic multiply charged cations K'* (n = 2, 3, 4) have
been recorded to exist in the gas phase,* while the K,?~
dimer anion is known in the solid state.*” More complex
cluster cations K,* (5 < n < 200) have been studied in
the gas phase,*® and clusters K,* (2 < n < 90) in helium
nanodroplets.* Cluster anions K, (n = 2 — 7)°® and K,~
(n = 2 - 19)* are known from gas phase studies. These
examples demonstrate how the average charge of a potas-
sium atom can have very distinct values, covering the en-
tire range, as reflected in Fig. 8. However, when potassium
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clusters or nanopatrticles are not species but substructures,
it is to be expected that the average charge of a potassium
atom is between 0 and 1. Computed data from Ospadov
et al.>" indicate an intrinsically sigmoidal charge-radius re-
lationship for potassium. Consequently, the red sigmoidal
curve in Figure 8 was constructed to graphically represent
this trend, covering all experimentally known potassium
charges. The curve was positioned at the most probable
location in the scatterplot, and is described by Eq. (15).

2.6(Q-0.4)

R/A=3.7-3—

o26(Q-04) (15)

+1

Most data points lay within the charge interval [0, 1], en-
compassing elementary potassium, potassium clusters, and
numerous potassium compounds. The curve was further
utilised to determine charges from radii for selected K-K
dimers in biomacromolecules, using the ligand-based
method 2 and the dimer-based method 2 (see Section
2.7). The blue linear regression line (Fig. 8) was construct-
ed for this interval only, and is presented by Eq. (16) for
472 data points.

R/A=2.3437-0.71152Q (16)
This equation was statistically significant at a = 0.05
(r = —0.5301, p < 0.001). The line was later used to de-
termine charges from radii for selected K-K dimers in bi-
omacromolecules, via the ligand-based method 1 and the
dimer-based method 1 (Section 2.7). The curve and the
line in Fig. 8 intersect at Q = 0.5. The pronounced vari-
ance in the scatterplot arises from the the inclusion of data
from various experimental and calculation procedures,
aggregation states, and potassium forms (elementary, clus-
ters, nanoparticles, potassium in inorganic, organic and
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biomacromolecular structures). Despite these variations
and potential experimental and calculation errors, the sig-
moidal trend remained evident. In various compounds,
potassium does not always have a charge equal or close
to 1, but is frequently fractional, as can be easily predicted
from Fig. 8. Furthermore, variations in Q mean changes in
the valence electron content, which in turn also affect its
radius R.

3.4 Measuring radii and estimating charges for
potassium in biomacromolecules

Four examples of biomacromolecular structures from
the PDB database were selected: The crystal structure of
Na* K*-ATPase from Squalus acanthias (PDB: 5AVQ),** a
protein molecule containing K ions, a K-K dimer (Fig. 9
left), and an isolated K ion; The crystal structure of a
B-DNA dodecamer containing 5-hydroxymethyl cytosine
(PDB: 4GLH),>* a synthetic construct with one K-K dimer
per macromolecule (Fig. 9 right); The crystal structure of a
group Il intron RNA molecule from Oceanobacillus ihey-
ensis (PDB: 4FB0)** has 15 potassium ions and only one
K-K dimer (Fig. 10 left); The most complex crystal structure
was that of protein endonuclease Cas9 VRER from Strepto-
coccus pyogenes in molecular complex with nucleic acids
sgRNA and target DNA (PDB: 5B2T).>® This complex pos-
sesses 8 potassium ions and one K-K dimer per complex
unit (Fig. 10 right). Fig. 9 shows the complete binding coor-
dination sphere of two K-K dimers, while the coordination
spheres of the other two K-K dimers, presented in Fig. 10,
are incomplete due to missing water molecules in the PDB
files. Non-bonding interactions between K ions and the
macromolecule were omitted for clarity. All four examples
of K=K dimers showed that oxygen-based ligands are the
most frequent. Some are bidentate or even bridging lig-
ands. Water (W) appears to be a frequent ligand.

DT7B

3.30 DA6B

Fig. 9 — Potassium dimers within complete bonding coordination spheres in biomacromolecular structures.
Left: K-K dimer (purple) surrounded by ligand atoms (O —red, N — blue, C — grey) in the crystal struc-
ture of a Na*,K*-ATPase (PDB: 5AVQ).>? Right: KK dimer (purple) surrounded by ligand atoms (O
—red, N — blue) in the crystal structure of a B-DNA dodecamer (PDB: 4GLH).>* Bond lengths, ligand
abbreviations, and numbering with chain names (A or B) are provided for each ligand atom bound to

a K atom.

Slika 9 — Dimeri kalija unutar potpunih vezujuéih koordinacijskih sfera u strukturama biomakromolekula. Li-
jevo: dimer K—K (ljubicasto) okruzen atomima liganda (O — crveno, N — plavo, C - sivo) u kristalnoj
strukturi Na*,K*-ATPaze (PDB: 5AVQ).>? Desno: dimer K—K (ljubicasto) okruzen atomima liganda (O
— crveno, N — plavo) u kristalnoj strukturi dodekamera B-DNA (PDB: 4GLH).>* Duljine veza, kratice i
numeracije liganada s imenima lanaca (A ili B) dani su za svaki atom liganda vezan za atom K.



R. KIRALJ: Metavalent Bonds in Dimers of Metallic Elements within Biomacromolecules: ..., Kem. Ind. 74 (3-4) (2025) 117-137

Fig. 10 — Potassium dimers within incomplete bonding coordination spheres in biomacromolecular structures.

Left: K-K dimer (purple) surrounded by ligand atoms (O

- red, N — blue, C — grey) in the crystal

structure of a group Il intron (PDB: 4FB0).>* Right: K-K dimer (purple) surrounded by ligand atoms (O
- red) in the crystal structure of a complex of endonuclease Cas9 with sgRNA and target DNA (PDB:
5B2T).>® Bond lengths, ligand abbreviations, and numbering with chain names (A or B) are provided

for each ligand atom bound to a K atom.

Slika 10 — Dimeri kalija unutar nepotpunih vezuju¢ih koordinacijskih sfera u strukturama biomakromolekula.

Lijevo: dimer K—K (ljubicasto) okruzen atomima liganda (O

—crveno, N — plavo, C - sivo) u kristalnoj

strukturi introna grupe 1l (PDB: 4FB0).>* Desno: dimer K—K (ljubi¢asto) okruzen atomima liganda (O —
crveno) u kristalnoj strukturi endonukleaze Cas9 s sgRNA i cilinom DNA (PDB: 5B2T).>” Duljine veza,
kratice i numeracija liganada s imenima lanaca (A ili B) dani su za svaki atom liganda vezan za atom K.

Potassium ions in biomacromolecular structures (Figs. 9 and
10) originate from the use of solutions of ionic salts KCl,>2->¢
KF>? and KSCN>® during experimental procedures. When
these salts are dissolved in water, the formation of hydrated
K* ions with coordinate K-OH, bonds starts immediate-
ly,.>” During hydration, 6-7 oxygen atoms are coordinated
on a K atom.’% [t can be further presumed that, based on
the oxygen electronegativity, the actual charge on K would
be similar to that in ionic halides. However, when crystal-
lisation occurs, the hydrated K ion undergoes dehydration
and complexation with ligand groups of a macromolecule.
Many of these ligand groups are not single-bonded oxygen
atoms, as in water, but are oxygen, nitrogen, carbon, or
other atoms involved in double or partial double bonds.
These groups are relatively good electron donors, making
the determination of potassium charge and radius in a bio-
macromolecule indeed meaningful.

The results of K-K dimer binding geometry measurements,
and calculations of potassium charges and radii are pre-
sented in Table 5. The D, values span a range of 0.7 A.
The radii values determined using different measurement
methods show variations of up to 0.3 A. For radii calcu-
lated using the ligand-based methods, due to incomplete
bonding coordination spheres, additional water molecules
were included (five for structure 4FBO and four for struc-
ture 5B2T). Charge values cannot always be reliably calcu-
lated using the dimer method 1, because of underpredic-
tion even resulting in negative values. Variability in both
charge and bond order values is evident but still reason-
able, with no extreme value for any biomacromolecular
structure. The best choice for all measured features is to
use their average values. It can be concluded that the po-
tassium atom has an average bonding radius in the range
of 2.2-2.3 A, and non-bonding radius between 2.4-2.6 A.
The average charge for potassium is small to medium,
ranging from 0.3 to 0.5, indicating that ligand atoms do-

nate a substantial amount of negative charge. This suggests
that the K-K bond was formed with an average bond order
of 0.5-0.7. Even if all K-K dimers in this study were ana-
lysed, the aforementioned conclusion would be similar in
the qualitative sense.

Data for pure metal potassium were sourced from the lit-
erature:**® the bond length in metallic state (4.54 A with
half this value representing the metallic radius 2.27 A), the
covalent radius for single bond (1.96 A), the Shannon ef-
fective ionic radius for coordination number 6 (1.38 A),
and the non-bonding or van der Walls radius (2.73 A). The
charge of a potassium atom in its pure metallic state can be
approximated as 0.1, since it is known that sodium, a very
similar metal, has this value for non-shared valence elec-
trons.®! The theoretical bond order of the metallic bond in
potassium is 0.25. When comparing the average values of
the features for the four dimers (Table 5) with correspond-
ing values for metallic potassium, a certain geometrical sim-
ilarity was observed between dimer bonds and the metal-
lic bond in terms of bonding radii, and even non-bonding
radii. However, the electronic features, including charges
and bond orders, exhibited significant differences between
the two types of bonds. Bond orders for K-K dimers were
higher than those in the pure metal, but at the same time,
the atoms in the metal had more valence electrons than
the atoms in the dimers. This suggested that the bond in
the dimers was not metallic, but somewhat similar to it.
The dimer bonds were clearly not ionic, as the charges
on K atoms were not close to 1, and the ionic radii for K
for any coordination number were too small. Additional-
ly, the frequent ligand atoms bound to K-K dimers (O, N,
C atoms) could not be considered as ions. Furthermore,
the dimer bonds were not typical covalent bonds. K atoms
only receive fractional negative charge from their ligands.
The covalent radius for K, as reported in the literature, is
smaller than the obtained bonding radii.
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Table 5
compared to the state of the pure metal potassium

— Measured and calculated features of K-K dimers in four structures of biomacromolecules selected from the PDB database,

Tablica 5 — Mjerena i izracunata svojstva dimera K—K u Cetirima odabranim strukturama biomakromolekula iz baze podataka PDB, u

usporedbi sa stanjem cistog metala kalija

Feature Method PDB: 5AVQ PDB: 4GLH PDB: 4FBO PDB: 5B2T Pure metal
Dy/A experimental 4.07 4.54 4.80 4.50 4.54
R/A ligand-based method 1 2.21 2.27 2.11 2.20

ligand-based method 2 2.21 2.27 2.11 2.20
dimer-based method 1 2.04 2.27 2.40 2.25
dimer-based method 2 2.04 2.27 2.40 2.25
dimer-based method 3 2.04 2.27 2.40 2.25

average 2.13 2.27 2.26 2.23 2.27
Q ligand-based method 1 0.19 0.10 0.33 0.20
ligand-based method 2 0.39 0.36 0.44 0.40
dimer-based method 1 0.43 0.10 - 0.13
dimer-based method 2 0.48 0.36 0.30 0.37
dimer-based method 3 0.18 0.61 0.76 0.59

average 0.33 0.31 0.46 0.34 0.10
B ligand-based method 1 0.81 0.90 0.67 0.80
ligand-based method 2 0.61 0.64 0.56 0.60
dimer-based method 1 0.57 0.90 - 0.87
dimer-based method 2 0.52 0.64 0.70 0.63
dimer-based method 3 0.72 0.39 0.24 0.41

average 0.65 0.69 0.54 0.66 0.25

R./A contact-based method 2.54 2.42 2.50 2.59 2.73

Fig. 11 illustrates the geometric features of bonding and
non-bonding radii for the dimer in the B-DNA dodeca-
mer structure (PDB: 4CLH),> compared to the metallic,
covalent, and ionic radius for potassium. In this case, the
metallic radius was equal to the bonding radius, but this
was merely coincidental and does not apply to other di-
mers in Table 5. The covalent radius from the literature is
a fixed value, assuming that it can be normally used as it
does not change significantly from one structure to anoth-
er. In the case of potassium and other metals examined in
this work, bonding radii varied, making fixed covalent radii
less useful. As shown in Figure 11, the covalent radius was
too small, while the ionic radius for K was even smaller,
resulting in a large gap between the two hypothetical K*
ions. This gap was consistent across all the dimers, as the
K-K bond lengths were longer than twice the ionic radi-
us for K. Furthermore, ligands, even when carrying formal
non-zero charge (e.g., containing carboxylate oxygen), are
not strictly ionic compounds but covalent, frequently in-
volved in certain m-electron delocalisation systems, such
as peptide bonds -CO-NH-, amino-acid residues with
partial double bonds, nucleobases, and phosphate groups
in nucleic acids, among others. The selected K-K dimers
analysed in this section indicated that none of the radii —
metallic, covalent, or ionic — adequately described the
K-K bonds. The bonding and non-bonding radii in Fig. 11

bonding radius metallic radius

non-bonding
g

- covalent radius
radius

ionic radius

Fig. 11— Potassium dimer from the crystal structure of a B-DNA
dodecamer (PDB: 4GLH),>* presented by bonding and
non-bonding radii for K obtained in this work (left),
and also by metallic, covalent, and ionic radii from lit-
erature (right)?3¢

Slika 17 — Dimer kalija iz kristalne strukture dodekamera B-DNA

(PDB: 4GLH),*® prikazan veznim i neveznim radijusi-
ma za K koji su dobiveni u ovom radu (lijevo) te ta-
koder metalnim, kovalentnim i ionskim radijusima iz
literature (desno)?*¢°

provide a more practical description of the K atoms’ size
in dimers. It is important to note, however, that these radii
are hypothetical constructions, as K atoms have fractional
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charges only when bound to electron-donor atoms, and
not as isolated atoms (where charges are integer values).
In other words, the donor atoms donate electrons to two
K* ions, which are brought into close proximity either by
chance or through the action of ligands, especially bridg-
ing ligands. This enables the K ions to form a metavalent
bond, borderline metavalent/covalent, or even a metava-
lent/metallic bond. Larger interatomic distances than those
provided in Table 5 could represent weak or very weak
bonds, or at least metallophilic interactions. The precise
mechanism by which potassium, a non-transition metal,
forms dimers in biomacromolecular structures in terms of
atomic orbitals is beyond the scope of this study. However,
it is known from the literature that 4s, 4p, and 3d orbitals
of potassium, whether pure or hybridised, can participate
in bonding within potassium compounds.®-%

3.5 Estimated charges for potassium in
biomacromolecules in the metavalent bonding space

According to Table 5, the parameter S = 0, while T values
are 1.30, 1.38, 1.08, and 1.28 for the K-K dimer in the
PDB structures 5AVQ, 4CLH, 4FBO, and 5B2T, respective-
ly. The more complex model of the K-K dimers, where the
K atoms are analysed individually, is presented in Table 6.
Differences in the R and Q values are evident for each dim-
er. As previously mentioned, the most reliable approach to
estimating radii and charges involves utilising all five avail-
able methods. However, this was not possible in this case,
resulting in T > 0.05, and S values consistently higher than
those observed in the simple model.

The relationship between transferred electrons (T) and
shared electrons (S) is presented by 181 data points in
Fig. 12. It is based on a newly formed database compiled
from various sources,®"®~"" including textual, tabular, and
pictorial records. The S and T data primarily represent bi-
nary and ternary inorganic compounds, along with chem-
ical elements and organic compounds. For metallic potas-
sium, the data were estimated using the data for alkali and
alkaline earth metals. The data for the four selected K-K
dimers in biomacromolecules were also added: the dimers
analysed using the simple model lay along the vertical axis,
while those from the more detailed model were more dis-
persed in the neighbouring region. The area of metavalent

Table 6
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Fig. 12 —Transferred electrons (T) — shared electrons (S) scatter-
plot as the space of chemical bond types, based on 181
coloured data points. Legend: blue — metallic bonds;
red — single covalent bonds; black — ionic bonds; green
— metavalent bonds; magenta — hypervalent covalent
bonds; brown — resonant covalent bonds; cyan — van
der Waals bonds; teal — K=K bonds in biomacromol-
ecules. The positions of metallic K and K-K dimers in
biomacromolecules are specially marked in the scat-
terplot.

Slika 12 — Dijagram rasprsenja preneseni elektroni (T) — dijeljeni
elektroni (S) kao prostor za tipove kemijske veze, ba-
ziran na 181 podatkovnoj tocki u boji. Legenda: pla-
vo — metalne veze; crveno — jednostruke kovalentne
veze; crno — ionske veze; zeleno — metavalentne veze;
magenta — hipervalentne kovalentne veze; smede — re-
zonantne kovalentne veze; cijan — van der Waalsove
veze; plavozeleno — veze K-K u biomakromolekulama.
Polozaji metalnog K i dimera K-K u biomakromoleku-
lama posebno su oznaceni u dijagramu rasprienja.

bonds (green) lay between the regions of metallic bonds
(blue, representing metallic elements and intermetallic
compounds) and single covalent bonds (red), where some
overlap occurred. The right end of the metavalent bond

— Measured and calculated features of K atoms of the K-K dimers in four structures of biomacromolecules selected from the

PDB database, compared to the state of pure metal potassium

Tablica 6 — Mjerena i izraCunata svojstva atoma K u dimerima K-K u ¢etirima odabranim strukturama biomakromolekula iz baze po-
dataka PDB, u usporedbi sa stanjem cistog metala kalija

Feature Method PDB: 5AVQ PDB: 4GLH PDB: 4FBO PDB: 5B2T Pure metal

R/A ligand-based method 1 2.30,2.12 2.25,2.30 2.30, 1.98 2.15,2.27
ligand-based method 2 2.30, 2.12 2.25,2.30 2.30, 1.98 2.15,2.27
Q ligand-based method 1 0.06, 0.31 0.13, 0.06 0.06, 0.51 0.27,0.20
ligand-based method 2 0.35, 0.39 0.37,0.35 0.35, 0.51 0.43, 0.36

average 0.21,0.35 0.25, 0.21 0.21, 0.51 0.35,0.28 0.10

charge-based estimation 0.14 0.04 0.30 0.07 0
charge-based estimation 1.44 1.54 1.28 1.37 0.21
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area touches the area associated with inorganic bonds
(black).

The position of the K-K bonds can be named as the left
side of the metavalent area, as S is small or equal to zero.
Thus, the K-K bonds could be classified as metavalent
bonds or borderline metavalent/single covalent bonds. It
is highly probable that all 31 metals from the all metals
database, when analysed for partial atomic charges, would
be positioned as metavalent bonds or borderline metava-
lent/covalent or even metavalent/metallic bonds, because
the area of the metavalent bonding is rather narrow. It is
unlikely that such metal-metal bonds would occupy the
space of a typical single covalent or the metallic bond.
The difference between the K-K bond in metallic K and
the K-K bonds in the dimers within biomacromolecules is
considerable, with the minimum being 0.87 and the max-
imum 1.33 units of S.

What role do K—K or other M—M dimers play in biomacro-
molecules? The bonds in such dimers are typically weak-
er compared to single covalent bonds, which is why they
can be classified as metavalent, borderline metavalent/
covalent, or metavalent/metallic bonds. Visual inspection
of macromolecular crystal structures containing the four
selected and other K-K dimers and several other M-M di-
mers, revealed that these dimers were always positioned
in semi-flexible macromolecular regions, between two or
more rigid or semi-flexible parts of a biomacromolecule,
or even linking two biomacromolecules. This suggests that
all dimers contribute to the stability and flexibility of the
biomacromolecular structures, and several of these dimers
participate in chemical reactions, such as the Fe,S, dimer
in electron transfer reactions."

4 Conclusion

This study presents four structural pieces of evidence for
the existence of metavalent, borderline metavalent/cova-
lent, or metavalent/metallic bonds in homodinuclear metal
clusters within biomacromolecular structures. The findings
can be summarized as follows.

1) In total, 31 metals from various parts of the periodic
table were found to form 565 dimers in the crystal struc-
tures of biomacromolecules: s-block metals (Li, Na, Mg,
K, Ca, Rb. Sr, Cs and Ba), transition metals (V, Mn, Fe,
Co, Ni, Cu, Zn, Mo, Ru, Rh, Pd, Ag, Cd, Au and Hg),
p-block metals (Ga, Tl and Pb), and lanthanides (La, Eu,
Dy and Ho). These findings indicate that any metal can
form dimers in biomacromolecular structures.

2) Statistical analysis of empirical and theoretical distri-
butions for three quantities — bond length relative to
twice the van der Waals radius, bond length and bond
order relative to pure metal — showed significant diver-
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sity in metal-metal bonds in dimers within biomacro-
molecules. Additionally, the distributions were non-nor-
mal, with metals dispersed in all parts of the theoretical
curves. In other words, all metals behave similarly, and
metal-metal bonds cannot be classified as metallic, co-
valent, or ionic. The best classification for these bonds is
metavalent, borderline metavalent/covalent, or metava-
lent/metallic, all caused by the action of various donor
ligands bound to metallic ions.

3) The bonds per atom-bond length deviation relationship
for 761 silver clusters in biomacromolecules, organics
and organometallics, inorganics and intermetallics, and
other silver structures revealed that bond length devia-
tion decreased curvilinearly with the increase in bonds
per atom, while Ag-Ag bonds acquired an increasingly
metallic character. This phenomenon was more pro-
nounced in biomacromolecules, less so in organics and
organometallics, and least evident in inorganics and in-
termetallics. Metavalent bonds, or borderline metava-
lent/covalent, or metavalent/metallic bonds, appeared
to exist for values of bonds per atom ranging from
around 0.5 for dimers to 3, when half of the binding co-
ordination sphere was occupied by Ag atoms. It is sup-
posed that dimers of other metals in biomacromolecules
exhibit similar behaviour to silver dimers.

4) The partial atomic charge-radius relationship for 515 po-
tassium clusters indicated that potassium atoms, when
bound to biomacromolecules, acquire a certain amount
of negative charge, allowing them to form metavalent
bonds or, at least borderline metavalent/covalent, or
metavalent/metallic bonds. As the charge changed, the
bonding and non-bonding radii of potassium atoms
also changed. Charges and radii for the four selected
potassium dimers in crystal structures of biomacromole-
cules were determined from structural data. The results
strongly indicated that the bonds of potassium dimers
within biomacromolecules were not typically covalent,
ionic, or metallic, but rather metavalent, borderline
metavalent/covalent, or metavalent/metallic bonds. It is
expected that dimers of other metals in biomacromole-
cules exhibit similar behaviour.

5) Both simple and complex charge analysis of the selected
potassium dimers, in terms of the transferred electrons
— shared electrons relationship, showed that the dimer
bonds were located in the left part of the metavalent
bonding area. It is expected that the bonds in dimers of
all the studied metals in biomacromolecules will fall into
this area or be borderline metavalent/covalent or even
metavalent/metallic bonds.

Homonuclear dimers with multiple metal-metal bonds,
which are of covalent nature (resonant, hypervalent, typ-
ical multiple, etc.), differ significantly from metallic bonds
and are not considered metavalent. Such bonds were not
included in this study.
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List of abbreviations and symbols E-K — chemical bond between atoms of the elements E
Popis kratica i simbola and K
— kemijska veza izmedu atoma elemenata E i K
a — statistical significance level € — difference in relative M—M bond lengths, defined as
— razina statisticke znacajnosti §-29,
B — bond order for K-K distance, defined as 1 — Q, for — razlika relativnih duljina veza M—M, definirana kao
Q values between 0 and 1 §-39,
— red veze za udaljenost K-K, definirana kao 1 - Q, F — absolute frequency
za vrijednosti Q izmedu 0 i 1 — apsolutna frekvencija
B — average number of Ag-Ag bonds per Ag atom h - helght of a cylindrical silver nanoparticle, in A units
— prosjecan broj veza Ag-Ag po atomu Ag — visina cilindri¢ke nanocestice srebra, u jedinicama A
Brnax — maximum value of the number f j — non-integer coefficient in expression for calculation
- najveca vrijednost broja f of deviation A from B value
Brin — minimum value of the number - necijeli koeficijent u izrazu za ra¢unanje odstupanja
- najmanja vrijednost broja A iz vrijednosti B
COD ID - identification number from the Crystallography k - non-integer coefficient in expression for calculation
Open Database of deviation A from p value
— identifikacijski broj iz baze podataka Crystallography — necijeli koeficijent u izrazu za racunanje odstupanja
Open Database A iz vrijednosti B
D — thickness of silver thin film in A units / — non-integer coefficient in expression for calculation
— debljina tankog filma srebra u jedinicama A of deviation A from p value
A — bond length deviation of an Ag-Ag bond from the — necijeli koeficijent u izrazu za racunanje odstupanja
standard Ag-Ag bond length for bulk silver at room A iz vrijednosti B
temperature and normal pressure (2.889 A) A —bond order of dimer M-M
— odstupanje duljine veze Ag-Ag od duljine - red veze dimera M-M
standardne veze Ag-Ag za metalno srebro na sobnoj A, — bond order of a pure crystalline metal
temperaturi i kod normalnog tlaka (2.889 A) — red veze Cistog kristalnog metala
d — bond length in A units Ac — calculated bond order of a pure crystalline metal,
— duljina veze u jedinicama A using polynomial regression
5 — relative bond length of a M—M dimer, defined as — proracunati red veze Cistog kristalnog metala,
fraction d/2r, 4w upotrebom polinomske regresije
— relativna duljina veze dimera M—M, definirana kao m — non-integer coefficient in expression for calculation
omjer d/2r g of deviation A from f value
d(Ag...Ag) — interatomic Ag-Ag distance for normal, weak, — necijeli koeficijent u izrazu za racunanje odstupanja
or very weak bond, argentophillic interaction, or A iz vrijednosti B
contact, in A units M — common designation for metal or metal atom
— meduatomske udaljenosti Ag-Ag za normalnu, — uobicajena oznaka za metal ili atom metala
slabu ili vrlo slabu vezu, argentofilnu mterakcx]u ili M-M — homonuclear metal-metal bond or metal-metal
kontakt, u jedinicama A dimer
d — average interatomic Ag-Ag distance, in A units — homonuklearna veza metal-metal ili dimer metal-
— prosje¢na meduatomska udaljenost Ag-Ag, u metal
jedinicama A M, — homonuclear metal-metal dimer
Dy — K=K bond length in A unit . — homonuklearni dimer metal-metal
— duljina veze K-K u jedinicama A p — difference in bond orders, defined as A — A,
inax — maximum bond length, given as a range for weak — razlika redova veza, definirana kao A — A,
M-M bonds, in A units n — total number of all Ag-Ag bonds, interactions, and
- najveca duljina veze, dana kao raspon za slabe veze contacts, or the number of atoms in K clusters
M-M, u jedinicama A — ukupan broj svih veza, interakcija i kontakata Ag-Ag
Ao — maximum of deviation A, in A units ili broj atoma u klasterima K
— najveca vrijednost odstupanja A, u jedinicama A N — number of entries (Ag clusters) with normal Ag-Ag
Apin — minimum of deviation A, in A units bonds, in a module of the silver database
- najmanja vrijednost odstupanja A, u jedinicama A — broj zapisa (klastera srebra) s normalnim vezama
DNA — deoxyribonucleic acid Ag-Ag, u modulu baze podataka za srebro
— deoksiribonukleinska kiselina . v — degree of polynomials for bond length — bond order
dy — bond length in pure crystalline metal, in A units relationships for M—M dimers
—duljina veze u Cistom kristalnom metalu u — stupanj polinoma za odnose izmedu duljine veze i
jedinicama A reda veze za dimere M-M
d; — interatomic distance of the i-th Ag-Ag bond, ny, — true number of Ag-Ag bonds
interaction or contact, in A units — pravi broj veza Ag-Ag
— meduatomska udaljenost i-te veze, interakcije ili Niot — total number of entries (Ag clusters) in a module
kontakta Ag-Ag, u jedinicama A of the silver database
3o — relative M—M bond length in pure crystalline metal, — ukupan broj zapisa (klastera srebra) u modulu baze
defined as fraction dy/2r 4w podataka za srebro
— relativna duljina veze M-M u cistom kristalnom N, — number of entries (Ag clusters) with weak and very
metalu, definirana kao omjer dy/2r, 4 weak Ag—Ag bonds, interactions and contacts, in
E — atom of any chemical element except K a module of the silver database
— atom bilo kojeg kemijskog elementa osim K — broj zapisa (klastera srebra) sa slabim i vrlo slabim
E-E — chemical bond between two atoms of the element E vezama, interakcijama te kontaktima Ag-Ag, u

— kemijska veza izmedu dvaju atoma elementa E modulu baze podataka za srebro
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— probability in F-test for regression equation

— vjerojatnost u F-testu za regresijsku jednadzbu

— Protein Data Bank, a structural database for proteins
and other macromolecules

— strukturna banka podataka za proteine i druge
makromolekule Protein Data Bank

— average partial atomic charge of K atoms in K-K
dimer or larger K cluster

— prosjecan parcijalni atomski naboj atoma K u
dimeru K-K ili u vecem klasteru kalija

— Pearson correlation coefficient in F-test for
regression equation

— Pearsonov koeficijent korelacije u F-testu za
regresijsku jednadzbu

— bonding radius of K atom in K-K dimer or larger K
cluster, in A atoms

— vezni radijus atoma K u dimeru KK ili u ve¢em
klasteru kalija, u jedinicama A .

— molecular single bond covalent radius, in A atoms

— molekulski kovalentni radijus jednostruke veze, u
jedinicama A .

— molecular double bond covalent radius, in A atoms

— molekulski kovalentni radijus dvostruke veze, u
jedinicama A .

— molecular triple bond covalent radius, in A atoms

— molekulski kovalentni radijus trostruke veze, u
jedinicama A

— ribonucleic acid

— ribonukleinska kiselina

- non-bonding radius of K atom in K-K dimer or larger
K cluster, in A units

— nevezni radijus atoma K u dimeru K=K ili u vecem
klasteru kalija, u jedinicama A

—van der Waals radius in A units .

- van der Waalsov radijus u jedinicama A

— radius of spherical or cylindrical silver nanoparticle,
in A units

—radijus sfericke ili cilindri¢ke nanocestice srebra, u
jedinicama A

—amount of shared electrons between two atoms in
the chemical bond

— koli¢ina elektrona koju dijele dva atoma u kemijskoj
vezi

— amount of electrons transferred from one atom to
another in the chemical bond

— koli¢ina elektrona koja je prenesena s jednog atoma
na drugi u kemijskoj vezi

— weighting factor for silver nanostructures

— tezinski faktor za nanostrukture srebra

— weighting factor for a particular Ag-Ag bond or
interaction

— tezinski faktor za pojedinu vezu ili interakciju Ag-Ag

— weighting factor for the i-th Ag—Ag bond or
interaction

— tezinski faktor za i-tu vezu ili interakciju Ag-Ag

— common designation for some elements bound to
K, eg, O N,C

— zajednicka oznaka za neke elemente vezane za K,
na primjer O, N, C

— atomic number

— atomski broj
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SAZETAK

Metavalentne veze u dimerima metalnih elemenata u
biomakromolekulama: pristup formiranja baza podataka s
dodatnim primjerima podataka za srebro i kalij
Rudolf Kiralj”

Homonuklearni dimeri metala postoje u raznovrsnim oblicima, takoder i kao dijelovi biomakro-
molekulskih struktura. Cilj ovog rada je naci sve metalne elemente koji stvaraju takve dimere u
Protein Data Bank (PDB), razjasniti strukturu i veze dimera raznim strukturnim deskriptorima i sta-
tistickim metodama te poduprijeti nove nalaze pomocu dvaju dodatnih istrazivanja o klasterima
srebra i kalija. Sveukupno je nadeno da 31 metal stvara 565 dimera u kristalnim strukturama bio-
makromolekula: metali s-bloka (Li, Na, Mg, K, Ca, Rb. Sr, Cs, Ba), prijelazni metali (V, Mn, Fe, Co,
Ni, Cu, Zn, Mo, Ru, Rh, Pd, Ag, Cd, Au, Hg), metali p-bloka (Ga, Tl, Pb) te lantanidi (La, Eu, Dy,
Ho). Ti nalazi ¢vrsto sugeriraju da svaki metal moze stvarati dimere u biomakromolekulama. Pro-
nadeni dimeri imaju metavalentne veze, ili granicne metavalentne/kovalentne ili metavalentne/
metalne veze. U PDB i drugim strukturnim bazama i literaturnim izvorima pronaden je 761 klaster
srebra svih velicina, te su klasteri analizirani u smislu odnosa broja veza po atomu i odstupanja
duljine veze. Metavalentne veze ili granine metavalentne/kovalentne ili metavalentne/metalne
veze postoje u dimerima i malim klasterima srebra, dok je metalna veza dominantna u vecim
klasterima. Pretpostavlja se da drugi metali imaju ovakvo ili slicno ponasanje. Odnos parcijalnog
atomskog naboja i radijusa za 515 klastera kalija, koji su pronadeni u PDB bazi i u drugim bazama
i izvorima, pokazuje da dimeri kalija u biomakromolekulama takoder imaju metavalentne veze
ili barem grani¢ne metavalentne/kovalentne ili metavalentne/metalne veze, $to je prili¢no jasno
iz dijagrama rasprsenja preneseni elektroni — dijeljeni elektroni. To je vrlo vjerojatno ponasanje i
drugih metala.

Kljuéne rijeci

Homonuklearni dimeri metala, biomakromolekulske strukture, metavaletno vezivanje, odnos
veza po atomu i odstupanja duljine veze, odnos atomskog naboja i radijusa, odnos prenesenih i
dijeljenih elektrona

Veleuciliste u Bjelovaru, lzvorni znanstveni rad
Trg Eugena Kvaternika 4, 43 000 Bjelovar Prispjelo 25. kolovoza 2024.
Prihvaceno 4. studenoga 2024.



