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Exploring the noncovalent chemistry in the catalytic centers of 
Snake Venom Metalloproteinases: A computational perspective.
Carles Jaume Rodríguez,a Catalina Nicolau,a Antonio Bauzá*a

Snakebite envenoming is a major neglected tropical disease, in which snake venom metalloproteinases (SVMPs) are key 
drivers of local tissue damage, microvascular disruption, and hemostatic imbalance. Closely related SVMPs can nevertheless 
range from highly hemorrhagic to essentially non-hemorrhagic while sharing a conserved Zn(II) catalytic site, and the 
structural causes of this divergence (particularly the role of the conserved methionine-containing turn (MET-turn) beneath 
the metal center) remain unclear. Here, we have combined a Protein Data Bank (PDB) inspection with theoretical 
calculations at the PBE0-D3/def2-TZVP level to investigate the noncovalent interactions stabilizing the MET residue over the 
Zn(II) catalytic site in both hemorrhagic and non-hemorrhagic P-I and P-III SVMPs. Additionally, the results were analyzed 
using several computational tools, such as the Quantum Theory of Atoms in Molecules (QTAIM) and the Non Covalent 
Interaction plot (NCIplot) methodologies, revealing and quantifying S lone pair–π, CH–π and Zn-associated σ-hole (Spodium 
bond-like) interactions. We believe the results presented herein will be useful to those scientists devoted to bioinorganic 
chemistry and rational drug design as well as to expand the current knowledge of SpBs among the chemical biology 
community.

Introduction
Snakebite envenoming is now recognized as a major yet long-
neglected global health problem, causing tens of thousands of 
deaths and a large burden of disability each year, 
predominantly in rural communities of Africa, Asia, and Latin 
America.1,2 Recent estimates suggest that 81,000–138,000 
people die annually from venomous snakebites, with many 
more suffering permanent physical and socioeconomic 
sequelae.3,4 In response, the World Health Organization (WHO) 
has classified snakebite envenoming as a neglected tropical 
disease and launched a global strategy aiming to reduce 
associated deaths and disabilities by 2030.4,5 Among the 
multiple protein families that compose snake venoms, snake 
venom metalloproteinases (SVMPs) stand out as key 
determinants of local tissue damage, hemorrhage, and 
hemostatic disturbances, especially in viperid venoms.6-8

SVMPs are part of a structurally and functionally diverse family 
of Zn-dependent endopeptidases that cleave extracellular 
matrix (ECM) components, basement membrane proteins, and 
a range of plasma substrates, thereby contributing to blistering, 
myonecrosis, coagulopathy, and particularly microvascular 
damage and hemorrhage.9,10 Based on their domain 
architecture, SVMPs are classically classified into P-I, P-II, and P-
III classes. More in detail, from an structural point of view P-I 
enzymes contain only the typically metalloproteinase domain; 
P-II toxins add a disintegrin domain; and P-III toxins include 
disintegrin-like and cysteine-rich domains, while forming 

higher-order oligomeric assemblies in certain cases.7,11 This 
increasing structural complexity is related to a broadening of 
biological activities, since many P-III SVMPs are strongly 
hemorrhagic with high affinity for microvessels, whereas 
numerous P-I enzymes display weaker hemorrhagic effects and 
are more prone to fibrinogenolytic or procoagulant activities.8,9 
Therefore, understanding the structural determinants that 
regulate individual SVMPs hemorrhagic or non-hemorrhagic 
activity remains central for understanding venom pathology 
and for guiding the design of novel antivenoms and small-
molecule inhibitors.
At the core of SVMP function lies a conserved 
metalloproteinase catalytic domain belonging to the metzincin 
superfamily of Zn-dependent endopeptidases. Metzincins are 
defined by a characteristic Zn-binding consensus sequence, 
which forms part of an extended α-helix and provides three HIS 
residues coordinated to the catalytic Zn(II) ion, along with a 
conserved “Met-turn” located directly underneath the metal 
site.12,13 In this context, the analysis of high-resolution crystal 
structures of SVMPs and related metzincins revealed a distorted 
tetrahedral Zn(II) center coordinated by the N atoms of three 
vicinal HIS residues and a water (or hydroxide) molecule, with a 
nearby GLU residue acting as base/acid to activate the 
nucleophilic water during peptide-bond hydrolysis.14

A particular structural feature of metzincins is the MET-turn: a 
protein backbone 1,4-turn located immediately to the Zn(II) site 
containing a conserved MET residue. This MET residue inserts 
as a “plug” into the conserved hydrophobic pocket beneath the 
catalytic site, contributing to its supramolecular 
architecture.15,16 In this regard, structural comparisons across 
metzincins showed that, despite substantial sequence a.Ctra. de Valldemossa, km. 7.5, Universitat de les Illes Balears, 07122, Palma de 
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differences, the position and orientation of the Met-turn 
residues are remarkably conserved.17 In addition, site-directed 
mutagenesis in matrix metalloproteinases (MMPs) and related 
enzymes has demonstrated that replacing this MET residue 
often leads to a reduced catalytic efficiency, altered thermal 
stability, or changes in substrate specificity, even when the 
global protein fold remains nearly intact.18 Altogether, these 
studies indicate a dual structural and functional role played by 
the MET-turn in i) modulating enzymatic activity and ii) 
stabilizing the Zn-binding environment. In fact, HIS···MET 

interactions have been recently proposed to control the 
coordination in a metal-α-helix peptide framework.19

Aside from this, this MET residue also participates in a rich 
network of noncovalent interactions (NCIs) that likely fine-tune 
the balance between structural stability and functionality in 
SVMPs (see Figure 1 below). More specifically, it can be involved 
in i) sulphur lone pair–π (lp–π)20-22 contacts and ii) CH–π 
interactions23-25 involving the MET –CH3 group and the metal 
coordinated HIS residues and iii) CH···Zn interactions, that may 
be understood as Spodium Bond-like interactions (SpBs).26,27

Figure 1. X-ray crystal structure of 1BUD28 showing the Zn(II) center alongside the MET residue. A schematic representation of the NCIs involving the MET –S–CH3 group and the Zn(II) 
coordination complex are shown inside the circular part of the figure.

Given this tight balance of NCIs, subtle rearrangements in the 
interaction network (e.g. changes in the packing of the MET-
turn against the Zn(II) site or in its contacts with the metal 
coordinated HIS residues) may therefore influence substrate 
recognition, proteolytic efficiency, and ultimately whether a 
given SVMP exhibits predominantly hemorrhagic or non-
hemorrhagic behavior. In this regard, while molecular 
simulations29-32 and structure-function studies of hemorrhagic 
and non-hemorrhagic SVMPs have hinted at differences in 
flexibility and packing around the MET-turn region,9,33 a 
detailed quantum-mechanical (QM) description of the 
underlying noncovalent interactions remains scarce in the 
literature.
To tackle this point, it is advantageous to integrate structural 
information from the Protein Data Bank (PDB)34 with QM 
methods capable of evaluating the subtle balance of forces that 
stabilize the MET-turn environment. In this work, we have 
combined the analysis of high-resolution crystal structures 
involving both hemorrhagic and non-hemorrhagic SVMPs with 
density functional theory (DFT) calculations at the PBE0-
D3/def2-TZVP level of theory to investigate the NCIs present in 
the catalytic site. The results were analyzed using the Quantum 
Theory of Atoms in Molecules (QTAIM) and the Non-Covalent 
Interaction (NCIplot) visual index to identify and quantify S lp–

π, CH–π and metal-associated (e.g., Zn SpBs) interactions 
present in those systems.
We believe the results reported herein i) will provide new 
insights into the NCIs responsible for the stabilization of the key 
MET residue in Zn-SVMPs, which might have great impact in the 
fields of chemical biology and rational drug design and ii) will 
assist in increasing the visibility of Zn-SpBs among the 
bioinorganic chemistry community.

Computational Methods
PDB survey criteria

The PDB was inspected on 07/09/2025 to investigate the NCIs 
involving the Zn(II) center in SVMPs. To achieve this, the 
following criteria were used:

• Only X-ray structures were considered.
• No specific X-ray structure resolution criteria were 

imposed, although most of the structures found were 
solved at ~1.0–2.2Å resolution.

• The total number of structures found was 25.
All the retrieved structures were manually inspected and 
structurally analyzed to identify/analyze the presence of NCIs 
involving the MET-turn and the Zn(II) center, resulting in the 
data shown in Table 1 (for some selected examples, see below) 

Page 2 of 15Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
9/

20
26

 6
:5

1:
33

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6DT00716C

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6dt00716c


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins

Please do not adjust margins

and Table S1 (for the rest of structures, see SI). During this 
phase, we inspected the interactions involving the S–CH3 group 
and the Zn(II) center using the following distance criteria, in line 
with Álvarez’s van der Waals (vdW) radii definition35:

• To characterize the interaction as a S lp–π bond 
involving the Zn coordinated HIS residues, the distance 
criteria used was 1.78Å≤d≤3.66Å + 0.5Å, which 
considers both S and C covalent and vdW radii and 
1.76Å≤d≤3.55Å + 0.5 Å, which takes into account both 
S and N covalent/vdW radii.

• To characterize the interaction as a CH–π bond 
involving the S–CH3 and HIS groups, the distance 
criteria used was 1.46Å≤d≤3.54Å + 1Å, which considers 
the covalent and vdW radii of the C atom and 
1.44Å≤d≤3.43Å + 1Å, which takes into account both C 
and N covalent/vdW radii.

• To characterize the interaction as a CH···Zn bond, the 
distance criteria used was 1.98 Å≤d≤4.16Å + 1Å, which 
into account both C and Zn covalent/vdW radii.

• The 1Å added in both CH–π and CH···Zn distance range 
corresponds to the typical length of a covalent C–H 
bond.

Modeling PDB structures and cluster model calculations

From the 25 structures retrieved from the PDB, eight of them 
were chosen for further phases of this study. Four of them 
belong to the PI family (1BUD, 1IAG, 4Q1L and 1WNI) while the 
rest belong to the PIII family (2DW2, 2ERO, 3HDB and 3K7N). 
These were selected as representative examples based on their 
known hemorrhagic/non-hemorrhagic activity, their respective 
SVMP family as well as their X-ray structure resolution.
For the selected PI and PIII SVMPs, the following computational 
modeling procedure was followed:

• Firstly, a spherical cutoff of 5 Å around the Zn(II) center 
(Zn and HIS coordinated ligands) was used to select 
any surrounding protein residues out from Zn the 
coordination sphere by means of the Discovery Studio 
Visualizer program,36 obtaining a cluster model for 
each structure. This led to the obtention of the 
geometries containing the Zn(II) coordination complex 
and the main residues of the MET-turn (ILE-MET-SER).

• Secondly, the cluster models were refined using the 
Gaussview 5.0 software37 to i) adjust the protonation 
state of the system, ii) cap the N-terminal/C-terminal 
regions of the protein backbone with methyl groups.

• Thirdly, these cluster model geometries were used as 
an input for the Semiempirical Tight Binding (xTB) 
calculation package,38 and the protein residues 
relaxed while keeping the protein Cαs frozen. This 
approach was used to preserve the protein backbone 
conformation and the active site architecture. During 
these calculations, implicit water solvation was used 
by means of the Generalized Born Surface Area (GBSA) 
model,39 implemented within the xTB code (see SI for 
their cartesian coordinates).

As a result of these calculations, we were able to estimate the 
interaction energies between the Zn(II) coordination complex 

and the main MET-turn residues using the supermolecule 
approach (ΔEMET-turn = EZn(II)center+MET-turn – EZn(II)center – EMET-turn), 
see Figure 2 and Table 2).
DFT calculations on reduced models

Once the relaxed geometries were obtained by means of the 
xTB program, reduced models containing the MET residue and 
the Zn(II) center were built to evaluate MET···Zn interaction 
energy (ΔEMET values in Table 2, see SI for their cartesian 
coordinates).
The interaction energies were computed at the PBE040-
D341/def2-TZVP42 level of theory using the program 
TURBOMOLE version 7.7.43 The Conductor like Screening Model 
(COSMO-RS)44 was utilized within the TURBOMOLE 7.7. 
framework during the calculations, using water as a solvent.
In this regard, the interaction energies were calculated also 
using the supermolecule approximation (ΔEMET = EZn(II)center+MET – 
EZn(II)center – EMET), see also Figure 2 and Table 2.
The structural view of the selected PDB structures as well as the 
structural comparison between the initial and final optimization 
states of the cluster models were carried out using the PYMOL 
3.1 software.45

Figure 2. Graphical representation of the calculation process regarding ∆EMET-turn and 
∆EMET values.

The MEP surfaces involving the Zn(II) centers were also 
computed using the hybrid PBE0 functional and the def2-TZVP 
basis set by means of the Gaussian 16 software46 and analyzed 
using the Gaussview 5.0 program.37

The calculations for the wavefunction analysis were carried out 
at the same level of theory using the Multiwfn software.47 
Lastly, the NCIplot48 isosurfaces correspond to both favorable 
and unfavorable interactions, as differentiated by the sign of 
the second-density Hessian eigenvalue and defined by the 
isosurface color. The color scheme is a red−yellow−green−blue 
scale, with red for repulsive (ρcut+) and blue for attractive (ρcut−) 
NCI interaction density. Yellow and green surfaces correspond 
to weak repulsive and weak attractive interactions, 
respectively. The surfaces were visualized using the Visual 
Molecular Dynamics (VMD) software.49

Results and Discussion
Results from the PBD inspection

The initial PDB survey identified 25 SVMP catalytic domains that 
fulfilled the selection criteria described in the Methods, 
providing a structurally diverse data set to analyze the 
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noncovalent chemistry involving the Zn(II) center and the MET-
turn (see Table 1 below). A manual inspection of these 
structures revealed that the conserved MET residue 
consistently interacts within the Zn(II)–HIS pocket, establishing 
several NCIs that involve (i) S lp–π contacts with the HIS 
imidazole rings, (ii) CH–π interactions between the MET –CH₃ 
group and HIS residues, and (iii) longer-range CH···Zn contacts 
that may be interpreted as SpB-like interactions. These three 
interacting motifs are schematically represented in Figure 1 (see 
above) and are present, with differences in geometry and 
directionality, across both P-I and P-III SVMPs.

Table 1. List of X-ray crystal structures found during the PDB survey including the PDBID, 
the resolution (in Å), the type of metalloproteinase, the organism as well as S lp–π, CH–
π and CH···Zn distances (dS···HIS, dCMET···HIS and dC···Zn, in Å).

PDBID Res. Organism dS···HIS
a dCMET···HIS

a dCMET···Zn
a

PI SVMPs
1HTD 2.10 Crotalus atrox 3.69 3.67/3.47 4.44

1BUD 1.90
Deinagkistrodon 
acutus

3.68 3.68/3.38 4.38

1BSW 1.95
Deinagkistrodon 
acutus

3.64 3.97/3.36 4.78

1ATL 1.80 Crotalus atrox 3.71 3.76/3.30 4.64

1IAG 2.00
Crotalus 
adamanteus

3.63 3.72/3.49 4.69

4Q1L 1.90
Bothrops 
leucurus

3.67 3.72/3.51 4.52

3GBO 1.77
Bothrops 
moojeni

3.84 3.81/3.60 4.67

4J4M 1.80
Protobothrops 
mucrosquamatus

3.92 3.98/3.67 4.74

2W14 1.08 Bothrops asper 3.84 3.98/3.74 4.79

1YP1 1.90
Deinagkistrodon 
acutus

3.85 3.28/3.78 4.84

1ND1 1.93 Bothrops asper 3.90 4.00/3.69 5.02

1QUA 2.20
Deinagkistrodon 
acutus

3.94 3.74/3.48 4.65

1WNI 2.20
Trimeresurus 
flavoviridis

4.09 3.65/3.33 4.90

2W12 1.46 Bothrops asper 3.83 3.89/3.74 4.73
2W13 1.14 Bothrops asper 3.86 3.92/3.74 4.79
2W15 1.05 Bothrops asper 3.83 3.89/3.74 4.79

PIII SVMPs

3DSL 2.70
Bothrops 
jararaca

3.66 3.40/3.47 4.31

2DW2 2.70 Crotalus atrox 3.48 3.58/3.86 4.72
2DW1 2.50 Crotalus atrox 3.72 3.83/3.60 4.80

3HDB 2.31
Deinagkistrodon 
acutus

3.78 4.30/3.56 5.15

2DW0 2.15 Crotalus atrox 3.72 3.94/3.69 4.74
2ERP 2.95 Crotalus atrox 3.40 3.65/3.23 5.03
2ERO 2.50 Crotalus atrox 3.61 3.84/3.62 5.21
2ERQ 2.50 Crotalus atrox 3.96 4.13/3.45 5.14
3K7N 2.30 Naja atra 3.83 3.76/3.64 4.90

aValues given as the shortest distance between the two counterparts.

To explore these interactions in more detail, eight 
representative structures were selected for further analysis: 
four P-I SVMPs (1BUD,28 1IAG,14 4Q1L, and 1WNI50) and four P-
III SVMPs (2DW2,51 2ERO,52 3HDB,53 and 3K7N33). This subset 
spans both highly hemorrhagic and non-hemorrhagic enzymes 
and includes single-domain catalytic SVMPs as well as multi-
domain ectodomains. For instance, 1BUD corresponds to 
acutolysin A, a canonical hemorrhagic P-I toxin from 
Agkistrodon/Deinagkistrodon acutus venom, whereas 1IAG 
(adamalysin II from Crotalus adamanteus) encompasses the 
isolated catalytic domain of a metalloproteinase found as part 
of larger mosaic hemorrhagic proteins and widely used as a 
structural prototype for metzincins. In contrast, 4Q1L 
(leucurolysin-A) and 1WNI (trimerelysin II/H2-proteinase) are 
non-hemorrhagic P-I SVMPs: leucurolysin-A is a non-
hemorrhagic fibrinogenolytic enzyme from Bothrops leucurus 
venom, while trimerelysin II is a major non-hemorrhagic 
metalloproteinase from Protobothrops (Trimeresurus) 
flavoviridis venom. 
On the other hand, the P-III group comprises full or near-full 
ectodomains bearing metalloproteinase, disintegrin-like and 
cysteine-rich domains, including catrocollastatin/VAP2B 
(2DW2) and VAP1 (2ERO) from Crotalus atrox, which are potent 
vasculotoxic SVMPs associated with endothelial damage and 
hemorrhagic microvascular disruption, and AaHIV (3HDB), a 
strongly hemorrhagic P-IIIa SVMP from Agkistrodon acutus, 
together with the K-like P-III SVMP from Naja atra (3K7N), which 
shows distinct substrate specificity and cell-modulatory activity 
among elapid SVMPs.
Partial views of the catalytic centers of 1BUD, 4Q1L, and 2DW2 
(see Figure 3 below) show that in all cases the MET side chain is 
oriented toward the Zn–HIS pocket, with the –S–CH₃ group 
positioned directly above the plane defined by the three Zn-
coordinated HIS residues. More in detail, in the hemorrhagic P-
I toxin acutolysin A (1BUD), the S atom is located at 3.68 Å from 
the nearest HIS ring, while the MET –CH₃ group established two 
CH–π contacts at 3.68 and 3.38 Å, and the C···Zn distance 
resulted 4.38 Å. On the other hand, in the non-hemorrhagic P-I 
enzyme leucurolysin-A (4Q1L), the MET residue adopted a very 
similar orientation, with S···HIS and CMET···HIS distances of 3.67 
Å and 3.72/3.51 Å, respectively, and a slightly longer C···Zn 
contact of 4.52 Å. Finally, in the hemorrhagic P-III ectodomain 
2DW2, the S···HIS distance was slightly shorter (3.48 Å), the 
CMET···HIS distances observed were 3.58/3.86 Å, and the C···Zn 
distance increased to 4.72 Å. Altogether, these structures 
illustrate a conserved noncovalent motif in which the MET S 
atom and methyl group are positioned at typical S lp–π and CH–
π contact distances with the HIS imidazole rings (∼3.4–3.9 Å), 
while the MET –CH₃ group maintains a “second-shell” CH···Zn 
contact in the 4.3–4.8 Å range.54-56
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Figure 3. Partial views of the X-ray structures corresponding to PDBIDs (a) 1BUD, (b) 4Q1L and (c) 2DW2. The NCIs involving the MET residue and the Zn(II) center are magnified 
inside the square parts of the figure with indication of the S···HIS, CMET···HIS and C···Zn distance values.

If this comparison is extended to the full set of SVMP catalytic 
domains summarized in Table 1, the same picture emerges. 
Across all 25 structures, S···HIS distances for both hemorrhagic 
and non-hemorrhagic enzymes are comprised within a 
relatively narrow interval (roughly 3.3–3.9 Å), and the 
associated CMET···HIS and C···Zn distances are quite similar 
between the two functional groups. Some of the shortest S···HIS 
contacts in the data set are found in non-hemorrhagic enzymes, 
while several hemorrhagic SVMPs display S···HIS and CMET···HIS 
values that are very similar from those of non-hemorrhagic 
counterparts. Given the geometrical similarities between the 
hemorrhagic/non-hemorrhagic SVMPs, it can be deduced that 
the MET residue is part of a robust NCI recognition pattern over 
the Zn(II) center whose fine tuning contributes to the 
modulation of catalytic behavior and hemorrhagic potential.
Geometric and energetic study on selected PI/PIII SVMPs

Figure 4 and Table 2 gather the results from the geometry 
optimizations on 1BUD, 4Q1L and 2DW2 systems (see Figures 
S3 and S4 in SI for the rest of the selected structures). As a 
result, the S···HIS distances lied within 3.289 to 3.598 Å, while 
the C···HIS values involving the MET –CH₃ group spanned from 
3.228 to 3.867 Å (see Table 2 below). The observed distances 
were longer than the sums of the corresponding covalent radii 
but fall within, or slightly beyond, the sums of vdW radii, in line 
with the presence of weak yet directional S···π and CH–π 
contacts. Likewise, the C···Zn distances lied between 4.190 and 
5.497 Å, in agreement with “second-shell” CH···Zn contacts 
rather than classical coordination bonds, thus resembling Zn 
SpB-like geometries.27,28,57 Interestingly, this NCI pattern is 
conserved across both P-I and P-III SVMPs (see also Figures S1 
and S2 in SI for the rest of selected examples), indicating that 
the MET-turn is not merely a passive structural element but 
actively participates in the recognition pattern of the Zn–HIS 
pocket.
The fact that this motif persists in X-ray structures with different 
resolution, origin, and hemorrhagic activity strengthens the 
idea that subtle rearrangements in the geometry and balance 

of these S lp–π, CH–π, and CH···Zn contacts may be critical for 
tuning catalytic efficiency and hemorrhagic potential, in 
agreement with prior structure–function analyses of SVMPs and 
other metzincins.7,9,10,58

In Figure 4, the structural superpositions between the X-ray 
crystal structures (in blue) and the xTB-optimized geometries (in 
orange) are shown for 1BUD, 4Q1L and 2DW2 structures (see 
Figure S3 in SI for the rest of systems). After xTB relaxation, the 
overall architecture of the Zn–HIS pocket and the MET-turn 
remained very similar to the crystallographic arrangement, with 
backbone deviations confined to small displacements of the 
loop and terminal capping groups. In the eight considered 
systems, the Zn(II)–HIS coordination sphere is essentially 
preserved, and the MET-turn backbone traces almost perfectly 
onto the experimental structures (as expected, since the 
protein Cαs were frozen as indicated in the Methods section). 
The residues highlighted with arrows in Figure 4 correspond 
mainly to side chains located in the immediate vicinity of the 
MET residue (such as ILE/SER and neighboring aromatic 
residues) and to segments of the MET-turn loop that pivot 
slightly toward or away from the Zn(II) center to optimize their 
packing. These local rearrangements, although seem subtle, are 
sufficient to slightly shorten or reorient key S lp–π and CH–π 
contacts between MET and the Zn-coordinated HIS residues, 
and in some cases to adjust the geometry of the CH···Zn second-
shell contact.
An analysis of the rest of selected examples (Figure S3 in SI) 
revealed a similar picture, where the capping groups 
corresponding to ASP/GLU/HIS residues vary their position 
more noticeably. In addition, regarding the coordination 
environment of the Zn(II) center was also preserved in all 
structures, with slight changes in the water position (1IAG, 
1WNI and 2ERO structures) and the catalytic GLU residue (1IAG, 
3HDB). Lastly, in 3HDB a more noticeable rearrangement of 
both the coordinating and non-coordinating residues was 
observed while in 3K7N changes were observed in the dihedral 
angles involving the three coordinated HIS residues.
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Figure 4. Structural superposition between the initial (colored in blue) and final (colored in orange) xTB geometries in 1BUD, 2DW2 and 4Q1L structures. The protein 
residues/groups that changed their position more noticeably during calculations were highlighted using black arrows.

To move beyond purely structural descriptors, we evaluated the 
interaction energies of the NCIs established between the MET-
turn main residues (ILE-MET-SER) and the Zn(II) center using 
both semiempirical and DFT methodologies (see Table 2 below).

Table 2. Interaction energies between i) MET-turn and ii) MET residue and the Zn(II) 
center (ΔEMET-turn and ΔEMET, in kcal/mol) using xTB method and DFT calculations at the 
PBE0-D3/def2-TZVP level of theory, respectively. The distances between the S atom and 
HIS residues (dS···HIS), between the –CH3 group and the HIS residues (dCMET···HIS) and 
between the –CH3 group and the Zn atom (dCMET···Zn) are also included in Å.

PDBID
ΔEMET-

turn
ΔEMET dS···HISa dCMET···HISa dCMET···Zna

1BUD –22.3 –9.0 3.598 3.710/3.473 4.556

1IAG –30.3 –9.0 3.318 3.476/3.228 4.468
4Q1L –34.0 –8.4 3.289 3.867/3.295 4.512
1WNI –23.7 –10.4 3.512 3.568/3.371 5.497
2DW2 –29.7 –10.7 3.438 3.501/3.239 4.190
3HDB –37.8 –7.9 3.290 3.511/3.633 4.748
2ERO –30.0 –9.0 3.503 3.533/3.335 5.342
3K7N –28.5 –9.6 3.296 3.486/3.281 5.028

aValues given as the shortest distance between the two counterparts.

As it can be observed, all the complexes exhibited negative 
ΔEMET-turn and ΔEMET values, thus indicating that the MET-turn 
favorably contributes to the stabilization of the catalytic Zn(II) 
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site. Secondly, the MET-turn···Zn(II) interaction energies 
spanned from –37.8 kcal/mol (3HDB) to –22.3 kcal/mol (1BUD), 
with intermediate values around –30 kcal/mol for most of the 
enzymes studied (1IAG, 2DW2, 2ERO, 3K7N) and somewhat 
more favorable values for 4Q1L (–34.0 kcal/mol) and 3HDB (–
37.8 kcal/mol) structures. Lastly, the MET···Zn(II) complexes 
were also favorable, with moderately strong interaction energy 
values ranging within a narrower window (–7.9 to –10.7 
kcal/mol), with most values comprised between –9.0 to –10.7 
kcal/mol.
Although it should be taken as a rough estimation, from these 
results it can be deduced that the MET residue accounts for a 
sizeable fraction of the total MET-turn···Zn(II) stabilization, 
while the remaining contribution arises from the rest of the loop 
residues considered (ILE and SER). In fact, a simple comparison 
of ΔEMET and ΔEMET-turn values shows that the energetic 
contribution of MET spans from 20 to 40% across the series. For 
instance, in 1BUD and 1WNI, the MET residue contributes 
roughly 40 to 44% of the overall MET-turn···Zn(II) interaction 
energy, whereas in 4Q1L and 3HDB this fraction decreased to 
about 25–21%. Thus, in some enzymes the MET side chain is the 
principal contributor to the anchoring of the loop, while in 
others the surrounding residues and backbone seemed to play 
an increasingly important role. These results are consistent with 
previous mutagenesis works on metzincins, where replacing the 
canonical MET perturbed but did not completely abolish 
catalytic activity, indicating that the loop environment also 
participated in the stabilization of the metal center.
The geometrical data discussed above provides a structural 
rationale for these energetic results. In general, SVMPs with 
more stabilizing MET-turn···Zn(II) interaction energies (for 
example, 4Q1L and 3HDB, with ΔEMET-turn = –34.0 and –37.8 
kcal/mol, respectively) displayed S···HIS contacts in the lower 
half of the observed range (≈3.29–3.40 Å) and, in several cases, 
at least one relatively short C···HIS distance, consistent with a 
strengthening of S lp–π and CH–π interactions. Conversely, 
systems with less stabilizing ΔEMET-turn values, such as 1BUD and 
1WNI (–22.3 and –23.7 kcal/mol, respectively), tended to 
combine slightly longer S···HIS contacts (approaching ~3.60 Å) 
and longer CH–π distances.
On the contrary, the C···Zn distances (encompassed between 
4.384 and 5.497 Å) showed a weak and non-systematic 
relationship with the ΔE values, indicating that the CH···Zn (SpB-
like) interaction complements, rather than dominates, the 
overall MET stabilization. A likely explanation could be to 

consider the Zn σ-hole as an electrostatic “pull” for the S–CH3 
group, being the primary driving forces the S lp–π and CH–π 
bonds.
Molecular Electrostatic Potential analyses on Zn(II) 
coordination sites

To gain insight into the electrostatics underlying the Zn(II) 
centers, we computed the Molecular Electrostatic Potential 
(MEP) maps for the eight selected systems at the PBE0/def2-
TZVP level of theory and evaluated the electrostatic potential at 
the Zn–HIS pocket (see Figures 5 and S4 in SI). More in detail, 
the MEP values were taken over the two HIS where the MET 
residue is accommodated (isovalue 0.001 a.u.; see Methods), 
resulting in the HISVs values gathered in Table 3. In addition, the 
MEP values at the σ-hole opposite to the Zn–OWAT bond (O–
ZnVs) and the MEP minimum and maximum values (Vs,min and 
Vs,max) were included in Table 3.
Among the eight systems considered, three different Zn(II) 
coordination environments were observed: i) a distorted 
tetrahedral center composed by three HIS residues and one 
water molecule (1BUD (Figure 5a), 1IAG, 1WNI, 2DW2, 2ERO, 
and 3K7N structures in SI), ii) a Zn(II) center formed by three 
coordinated HIS residues and two carboxylate groups (GLU and 
LEU) in a trigonal bipyramid geometry (3HDB, Figure 5b), and iii) 
a Zn(II) site bound to three HIS residues and one carboxylate 
group in a square pyramid fashion (4Q1L, see Figure 5c).
In the 3HIS+H₂O centers (type i), the MEP over the interacting 
HIS rings is predominantly positive, with HISVs values ranging 
between +35 and +64 kcal/mol. Additionally, the corresponding 
O–ZnVs values are also strongly positive, spanning from +80.3 to 
+87.8 kcal/mol, pointing to a well-defined σ-hole on Zn(II) and a 
strongly electrophilic Zn–HIS pocket, given the cationic nature 
of these Zn(II) centers.
In contrast, SVMPs in which one or two carboxylate groups 
directly participate in Zn(II) coordination (types ii and iii) 
showed a markedly different electrostatic profile. The anionic 
environment of 3HDB (two Zn-coordinated carboxylate ligands) 
attenuated the MEP value at the O–Zn σ-hole, with HISVs values 
of +18.8/+11.9 kcal/mol and an O–ZnVs MEP value of +8.9 
kcal/mol. Lastly, in 4Q1L (one carboxylate ligand), the HISVs 
values dropped to +3.3/+4.4 kcal/mol while the O–ZnVs value 
was reduced to +20.1 kcal/mol. In both cases, the nearby 
negatively charged groups partially screen the Zn-centered σ-
hole, leading to a smaller positive region in the direction of the 
MET residue.
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Figure 5. MEP values (in kcal/mol) over the Zn–HIS pocket involving the three different Zn-coordinated centers observed (see Table 1 for the rest of MEP values). Energy values at 
concrete points of the surface are given in kcal/mol (0.001 a.u.). (a) Zn center from 1BUD structure, (b) Zn center from 3HDB and (c) Zn center from 4Q1L.

Comparing the MEP data with the ΔEMET values shown in Table 
2 (see above) reveals a clear qualitative relationship between 
the strength of the Zn-centered MEP values and the Met···Zn 
interaction energies. More in detail, SVMPs with a strongly 
positive electrostatic potential at the Zn(II) site (e.g., 1BUD, 
1IAG and 2DW2) tend to exhibit more favorable ΔEMET values. In 
fact, 1WNI and 2DW2 combine some of the more positive Vs 
values with the most negative ΔEMET values (–10.4 and –10.7 
kcal mol⁻¹, respectively). In contrast, the systems in which the 
Zn-centered σ-hole is substantially attenuated by nearby 
carboxylate ligands (e.g. 4Q1L and 3HDB) show less favorable 
MET···Zn(II) interaction energies (ΔEMET = –8.4 and –7.9 kcal 
mol⁻¹, respectively). Thus, while there is no strict linear 
correlation between Vs and ΔEMET values, the data shown 

support the idea that a more positive Zn-centered potential 
generally enhances the electrostatic component of the 
MET···Zn(II) interaction, whereas in enzymes with a damped σ-
hole, the Zn stabilizing role is increasingly complemented or 
compensated by S/π, CH–π interactions.

Table 3. MEP values of the Zn(II) centers at the PBE0/def2-TZVP level of theory measured 
i) over the two HIS residues that interact with the MET residue (HISVs, in kcal/mol) and 
ii) over the Zn–OWAT σ-hole (O–ZnVs, in kcal/mol) using an isocontour value of 0.001 a.u. 
The MEP minimum and maximum values were also included (Vs,min and Vs,max, 
respectively, also in kcal/mol).

PDBID HISVs O–ZnVs Vs, min Vs, max

1BUD +64.0/+55.8 +84.1 –13 +133
1IAG +55.2/+35.8 +83.5 –25 +132
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4Q1L +3.3/+4.4 +20.1 –82 +84
1WNI +60.8/+58.9 +86.6 –13 +142
2DW2 +64.0/+50.8 +80.3 –6 +118
3HDB +18.8/+11.9 +8.9 –63 +72
2ERO +57.1/+45.2 +87.8 –13 +139
3K7N +62.7/+39.5 +80.9 –13 +140

QTAIM and NCIplot studies

To further characterize the NCIs present in the systems studied 
herein, we analyzed the reduced MET···Zn(II) complexes using 
QTAIM and NCIplot methodologies. More in detail, the results 
involving three representative structures (1BUD, 4Q1L, and 
2DW2) are shown in Table 4 and Figure 6, while the 
corresponding analyses for the remaining SVMPs are collected 
in Figure S5 and Table S1 (see SI).
As can be observed, several intermolecular bond critical points 
(bcps) connect the MET residue to the Zn–HIS pocket. In all 
three representative systems (1BUD, 4Q1L and 2DW2), the 
QTAIM analysis revealed several bcps per complex, which can 
be assigned to specific contacts between MET and the 
surrounding aromatic residues. More specifically, in 1BUD 
(Figure 6a) a bcp and a bond path connect the S atom of the 
MET side chain to the π-system of a Zn-coordinated HIS residue, 
corresponding to a S lp–π interaction. Additionally, two bcps 
and bond paths connect the C atom of the MET terminal –CH₃ 
group to the π-systems of two vicinal HIS residues, thus 
characterizing two CH–π interactions. Lastly, a bcp and a bond 
path connected the H atom from the MET –CH₃ group to the π-

system of another neighboring HIS ring, denoting the presence 
of an additional CH–π bond.
In 4Q1L (Figure 6b), the topology is slightly richer, with one bcp 
and a bond path connecting the H atom from the MET methyl 
group with a C atom from a vicinal HIS ring, denoting a CH–π 
contact. In addition, a bcp and a bond path connected the S 
atom lone pair with a N atom of a HIS ring, denoting a S lp–π 
interaction. Furthermore, a bcp and a bond path appeared 
between the aromatic rings of the Zn-bound HIS and a 
neighboring TRP residue, thus characterizing a π–π stacking 
interaction. A similar pattern was found in 2DW2 structure 
(Figure 6c), with bcps and bond paths characterizing S···N lp–π 
interactions and C···C, C···N and H···C bcps and bond paths 
connecting the MET methyl group with two metal-coordinated 
HIS moieties, denoting the presence of three concomitant CH–
π interactions.
Furthermore, in 1IAG, 1WNI, 2ERO and 3K7N a similar 
topological landscape was found, with several bcps that 
connected the MET methyl group with the Zn-coordinated HIS 
residues as well as a bcp and a bond path connecting the MET S 
atom to either a C or a N atom of a vicinal HIS residue, denoting 
the presence of both S lp–π interactions and CH–π bonds (see 
Table S1 in SI for their topological parameters). Lastly, in 3HDB 
structure (Figure S5) we found the presence of three 
concomitant bcps and bond paths that connected the two H 
atoms from the MET methyl group with the three neighboring 
imidazole rings. Moreover, a bcp and a bond path connected 
the S atom with a C atom of a metal coordinated HIS.
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Figure 6. NCIplot analysis and QTAIM distribution of intermolecular bcps (in red spheres) and bond paths in three different MET···Zn complexes: (a) PDBID-1BUD, (b) PDBID-4Q1L 
and (c) PDBID-2DW2. The name of the NCIs involved in the MET···Zn recognition is also indicated, including the values of the density at the bcps that characterize those interactions 
in a.u. (into parenthesis). NCIplot surfaces only include intermolecular contacts between MET residue and the Zn(II) centre. NCIplot colour range −0.04 au ≤ (signλ2)ρ ≤ +0.04 au. 
Isosurface value RDG = 0.5 and ρ cutoff 0.05 a.u.

Moreover, the Laplacian values observed were positive in all the 
cases, as it is common in closed shell calculations. Furthermore, 
the –G/V ratios extracted from QTAIM data (see Table 4) fall 
between 1.1 and 1.4 for all the cases considered, which is 
characteristic of interactions that are neither purely ionic nor 
strictly covalent but display an intermediate, partially shared 
character typical of many NCIs, such as hydrogen bonds and σ-
hole interactions.59-61

On the other hand, the NCIplot analysis provided a 
complementary, real-space visualization of these contacts (see 

also Figure 6 above). For all three complexes, green to blue 
isosurfaces were observed between i) the MET S atom and the 
imidazole rings (lp–π), ii) around the MET –CH₃ group and the 
HIS rings (CH–π), and iii) in the region bridging the MET –CH₃ 
and the Zn(II) center (CH···Zn). The relative size and intensity of 
these isosurfaces varied between 1BUD, 4Q1L, and 2DW2 
structures, indicating that the balance of lp–π, CH–π, and metal-
associated interactions is system dependent. In this regard, 
4Q1L structure exhibited a somewhat more extensive aromatic 
contact surface between TRP and HIS residues, while 1BUD and 
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2DW2 displayed more compact but still well-defined interaction 
surfaces. Lastly, in the case of 3HDB structure, the NCIplot 
analysis was also in agreement with the results obtained from 
the QTAIM method and revealed the presence of long range 
CH···Zn interactions, as denoted by the greenish isosurface 
located between the MET methyl group and the metal ion (see 
also Figure S5 in SI).

Table 4. Values of the electron density (ρ), its laplacian (∇2ρ), potential (V) and kinetic 
(G) energies in a.u. and the –G/V ratio at the PBE0-D3/def2-TZVP level of theory 
characterizing the S lp–π and CH–π interactions present in structures 1BUD, 4Q1L and 
2DW2.

PDBID Interaction ρ ∇2ρ V G –G/V

1BUD
Lp-π
CH-π
CH-π

0.56
0.64
0.48

1.76
2.09
1.49

–0.25
–0.32
–0.24

0.34
0.43
0.31

1.36
1.34
1.29

4Q1L
Lp-π
CH-π
π-π

0.98
0.71
1.11

3.13
2.46
3.18

–0.53
–0.41
–0.63

0.66
0.51
0.72

1.25
1.24
1.14

2DW2
Lp-π
CH-π
CH-π

0.77
0.54
0.66

2.52
1.76
2.22

–0.39
–0.27
–0.37

0.51
0.35
0.46

1.31
1.29
1.24

Conclusions
Herein, by analyzing high-resolution PDB structures and 
performing theoretical calculations on representative 
hemorrhagic and non-hemorrhagic SVMPs, we showed that the 
Met-turn is consistently oriented toward the Zn–HIS pocket and 
engages in an array of noncovalent interactions. In addition, 
through a computational at the PBE0-D3/def2-TZVP level of 
theory, these interactions were investigated, providing 
energetic and geometrical data regarding S lp–π and CH–π 
interactions between the MET residue and Zn coordinated HIS 
residues as well as CH···Zn contacts that exploit a Zn-centered 
σ-hole and can be interpreted as SpB–like interactions. These 
results were complemented with real-space analyses via QTAIM 
and NCIplot methodologies, revealing that these MET-centered 
contacts correspond to a network of weak but directional NCIs 
with clear topological and visual signatures.
Although hemorrhagic potential cannot be reduced to a single 
energetic/structural descriptor, our results indicate that 
enzymes with distinct hemorrhagic phenotypes exhibited 
characteristic patterns in the strength and distribution of MET-
turn interactions with the Zn(II) center. We believe the results 
presented herein will be useful to those scientists devoted to 
bioinorganic chemistry and rational drug design (by designing 
novel small-molecule Zn(II) ligands) as well as to expand the 
current knowledge of SpBs among the chemical biology 
community.
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The data supporting this article have been included as part of the Supplementary Information:

• Figures S1 and S2: Structural view of 1IAG, 1WNI, 2ERO, 3HDB and 3K7N systems.

• Figure S3: Comparison between the initial and final state of the cluster models 
involving 1IAG, 1WNI, 2ERO, 3HDB and 3K7N structures.

• Figures S4: MEP surfaces of 1IAG, 1WNI, 2DW2, 2ERO and 3K7N systems.

• Figure S5: QTAIM/NCIplot analyses of 3HDB structure.

• Table S1: Values of the electron density (ρ), its laplacian (∇2ρ), potential (V) and kinetic 
(G) energies in a.u. and the –G/V ratio at the PBE0-D3/def2-TZVP level of theory for the 
MET···Zn complexes present in structures 1IAG, 1WNI, 2ERO, 3HDB and 3K7N systems.

• Cartesian coordinates of the cluster models.

• Cartesian coordinates of MET···Zn models.

This study was carried out using publicly available data from Protein Data Bank at 
https://www.rcsb.org/, with accession numbers: 1HTD, 1BUD, 1BSW, 1ATL, 1IAG, 4Q1L, 
3GBO, 4J4M, 2W14, 1YP1, 1ND1, 1QUA, 1WNI, 2W12, 2W13, 2W15, 3DSL, 2DW2, 2DW1, 
3HDB, 2DW0, 2ERP, 2ERO, 2ERQ, 3K7N.

The codes used to perform the calculations and analyze the data (including the software 
version) are:

Discovery Studio Visualizer program version 2019 
(https://www.3ds.com/products/biovia/discovery-studio/visualization), Turbomole 
software version 7.7 (https://www.turbomole.org/), Gaussian version 16 
(https://gaussian.com/gaussian16/), MultiWFN version 2026.3.18 
(http://sobereva.com/multiwfn/index.html), Gaussview version 5.0 
(https://gaussian.com/glossary/g09/), NCIplot version 4.0 (https://www.lct.jussieu.fr/ 
pagesperso/contrera/index-nci.html), Semiempirical Tight Binding (xTB) version 6.7.0. 
(https://xtb-docs.readthedocs.io/en/latest/xtbrelatedrefs.html), VMD version 1.9.4 
(https://www.ks.uiuc.edu/Research/vmd/), PYMOL software version 3.1 
(https://www.schrodinger.com/platform/products/pymol/).
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