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A B S T R A C T

The design of protein-metal complexes is rapidly advancing, with applications spanning catalysis, sensing, and
bioremediation. We report a comprehensive investigation of METPsc1, a Miniaturized Electron Transfer Protein,
in complex with cadmium. This study elucidates the impact of metal coordination on protein folding and
structural dynamics across temperatures from 100 K to 300 K. Our findings reveal that METPsc1, composed of
two similar halves stabilized by intramolecular hydrogen bonds, exhibits a unique “clothespin-like” recoil
mechanism. This allows it to adapt to metal ions of varying radii, mirroring the flexibility observed in natural
rubredoxins. High-resolution crystallography and molecular dynamics simulations unveil concerted backbone
motions and subtle temperature-dependent shifts in side-chain conformations, particularly for residues involved
in crystal packing. Notably, Cd–S bond lengths increase with temperature, correlating with anisotropic motions
of the sulfur atoms involved in second-shell hydrogen bonding. This suggests a dynamic role of protein matrix
upon redox cycling. These insights into METPsc1 highlight its potential for catalysis and contribute to the
designing of artificial metalloproteins with functional plasticity.

1. Introduction

Protein design has rapidly evolved into a cutting-edge approach in
biotechnology and molecular biology, driven by the continuous ad-
vancements in rational approaches and computational chemistry [1–5].
This progress facilitates the precise prediction of 3D protein architec-
tures and allows the crafting of proteins with novel shapes and molec-
ular functions even from scratch [6–12]. Among the myriad possibilities
in protein design, the creation of protein-metal complexes stands out as
a particularly promising avenue. Leveraging their catalytic capabilities,
these complexes have emerged as powerful tools with diverse applica-
tions in catalysis, sensing, electron transfer protein, and the modeling of
novel metalloenzymes [13–19]. Designing such complexes often entails
customizing amino acid sequences to create specific binding sites for
metal ions and to modulate their catalytic cycles.

A bottleneck in designing these metal complexes lies in the dynamic

nature of proteins and the need to select residues with proper metal
coordination geometry undergoing specific catalytic cycles under
various conditions. Protein dynamics encompass conformational
changes, folding/unfolding processes, and the dynamics of active sites,
all of which play a critical role in their biological functions [20,21].
These dynamics are driven by thermal motion, covering time scales that
range from individual bond vibrations (femtosecond scale) to fluctua-
tions in chemical groups (nanoseconds to microseconds) and even
longer times, encompassing larger segments of molecules [22–24].
Notably, research on key enzymes at room temperature revealed subtle
structural shifts compared to cryogenic temperatures [23,24].

A recent milestone in protein design of metal-protein complexes is
represented by a miniature 28-residue protein named METPsc1 (Mini-
aturized Electron Transfer Protein single chain), which serves as the
minimal unit needed to reproduce rubredoxin (Rd) folding (Fig. 1) [25].
This protein integrates the fundamental elements required for precise
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geometry around a FeCys4 redox center, facilitating efficient electron
transfer.

This achievement addressed a significant challenge in de novo pro-
tein design as revealed by the close matches of intended design at the
sub-Å scale with the crystal structure, at cryogenic temperature, of the
designed tetra-thiolate metal-binding protein METPsc1 in complex with
zinc ion. This structural agreement establishes a robust connection be-
tween its 3D structure and spectroscopic/electrochemical properties.
Furthermore, this miniature protein exhibits a high reduction potential
when compared to both natural and designed FeCys4-containing pro-
teins and can function as an electron acceptor in a fully artificial chain,
initiated by visible light [26–28].

To further explore the influence of metal coordination on protein
dynamics and function, we have investigated the METPsc1 protein in
complex with cadmium(II), a soft metal ion known for its strong affinity
for tetrathiolate motifs, which aligns with the predictions of the hard-soft
acid-base (HSAB) theory. This choice was motivated by the desire to
probe the effects of metal ion substitution on protein folding of a
miniaturized protein and structural dynamics across a range of tem-
peratures, from cryogenic to room temperature. While traditional pro-
tein crystallography often relies on cryogenic temperatures, our
approach allows us to assess the designed protein’s behavior under more
physiologically relevant conditions and compare its dynamics to those
observed in natural proteins.

In this study, we specifically focus on the correlation between local
protein B-factors and temperature-induced conformational changes
within our designed protein. By analyzing these aspects across a range of
temperatures, we aim to reveal dynamic correlations with rigid body
motion and/or distinct scattering and crystal properties, with a focus on
understanding how the metal center contributes to these behaviors.

2. Materials and methods

2.1. Materials

All the reagents have been purchased from Merck (Darmstadt, Ger-
many). Solvents have been purchased from Romil (Waterbeach,
England).

2.2. Solid-phase peptide synthesis

An ABI 433A peptide synthesizer (Applied Biosystem, Foster City,
CA, USA) was used. METPsc1 was synthesized with standard Fmoc
chemistry on a 0.25 mmol scale, as previously described [25].

2.3. Crystallography

The CdMETPsc1 complex was crystallized by the hanging drop vapor
diffusion method at 20 ◦C. Typically, a drop containing 2.0 μL of 1:1 (v/
v) mixture of protein solution (10 mg/mL, 7 mM dithiothreitol, 4 mM
CdCl2) and 2.0 μL of precipitant buffer (0.1 M HEPES at pH 7.5, 1.4 M
sodium citrate tribasic dihydrate) was equilibrated against 0.5 mL
reservoir of precipitant buffer. Crystals of the CdMETPsc1 complex grew
as long needles with typical dimension of 0.2 × 0.2 × 0.6 mm3. Upon
transferring to the same mother liquor solution, augmented with 30 % 2-
methyl-2,4-pentanediol (MPD) solution and flash cooled, crystals yiel-
ded diffraction data to 1.28 Å resolution at the XRD1 beamline (Elettra
Synchrotron Light Source, Trieste, Italy), using a wavelength of 1.000 Å,
and kept at 100 K. Data were processed using XDS [29] and POINTLESS
(version 1.11.21) [30]. Crystals presented an orthorhombic unit cell
with space group C2221. No twinning was detected.

Diffraction data collections at different temperatures (100 K, 130 K,
160 K, 200 K, and 300 K) were performed from the same large crystal
with a gradual raising of the temperature. To improve stability and
prevent dehydration during repeated data collection, the cryoprotected
crystal was also immersed in paratone oil. The same crystal was used for
all temperatures, collecting 360 images (0.5◦ oscillation, 180◦ total
rotation) per dataset. No phase transition was observed, and the unit cell
(Table S2) and space group (C2221) remained consistent with the 100 K
structure. Due to radiation damage, only 240 images (120◦) were used in
the analysis, ensuring high completeness (Table S2). Collecting data by
cooling from room temperature was not possible due to rapid crystal
deterioration.

The CdMETPsc1 structure (100 K data) was determined using single-
wavelength anomalous dispersion (SAD) of the cadmium ion (Phenix
suite v1.16). Starting phases allowed tracing of tyrosine residues. During
the final refinement stage, a total of 26 water molecules were success-
fully located. The refined model of the CdMETPsc1 complex at 100 K
served as the initial model for solving the structure at other tempera-
tures using the difference Fourier technique [31]. Density modification
and phase extension (PHENIX “phase and build”) facilitated model
completion [32]. Subsequently, PHENIX.refine was utilized to aniso-
tropically refine the model, the COOT graphics program for manual
inspection/adjustments [33]. 5 % of reflections were reserved for Rfree
calculation. Refinement statistics are reported in Table S2.

2.4. Geometry analysis

Cd tetrahedral sites of small molecule complexes were retrieved from

Fig. 1. Comparison between natural protein and miniaturized protein. Crystal structure of Clostridium pasteurianum (Cp) Rd in complex with iron(III) (A; PDB ID:
1iro). Atomic resolution model of METPsc1 in complex with Zn2+ (B; PDB ID: 5sbg). Type I′ β-turn and coordinative cysteine (Cys) residues are highlighted in yellow
(B). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the Cambridge Structural Database (CSD) [34], among those sites that
were previously classified by MetalHawk [35]. Cd tetrahedral sites of
metalloproteins were retrieved from PDB [36], using the following
query:

QUERY: Chemical ID(s) = CD AND ((Experimental Method = “X-
RAY DIFFRACTION” AND Polymer Entity Type = “Protein”) AND
(Refinement Resolution = [0.5–1] OR Refinement Resolution = [1–1.5]
OR Refinement Resolution = [1.5–2] OR Refinement Resolution =

[2–2.5])).
Only sulfur atoms within 2.8 Å distance from Cd have been included

in the final statistics.
Backbone atom coordinates from crystallographic structures of

CdMETPsc1 obtained at 130 K, 160 K, 200 K and 300 K were aligned to
those obtained at 100 K using the MD Analysis package and average
structure coordinates were computed from the aligned models. Models
at all temperatures were then aligned to the average structure and car-
tesian displacements were calculated for all non‑hydrogen atoms from
the corresponding atoms in the average structure. Overall displacement
values for each temperature were computed by averaging over all resi-
dues excluding the N-terminal acetyl and C-terminal amide groups.
Entropy values were calculated from the MetalHawk output vectors for
structures obtained at each temperature using the probabilities assigned
by the neural network for each of the seven geometry classes and the
definition of Shannon entropy [35,37].

2.5. Molecular dynamics

Molecular Dynamics (MD) simulations have been performed using
the GROMACS 2020.1 package [38] with the CHARMM36 force field,
starting from the crystal structures of CdMETPsc1 solved at different
temperatures (100 K, 130 K, 160 K, 200 K, 300 K). The protein was
placed at the center of a dodecahedral box at a minimum distance of 1.0
nm from the box edge, and it was solvated with TIP4P water molecules
(see Fig. S5 caption for details). [39,40] The system was neutralized
with Na+ ions, and electrostatics were handled via the Particle Mesh
Ewald (PME) method. After energy minimization (steepest descent with
convergence threshold: 100 kJ mol− 1 nm− 1) the system was first
equilibrated at each simulation temperature in the NVT ensemble for 1
ns using the V-rescale thermostat, then in the NPT ensemble for 1 ns
using the Berendsen barostat. During both equilibration phases a posi-
tional restraints of k = 1000 kJ mol− 1 nm− 2 was applied to protein
heavy atoms and a 1 fs integration time step was used. Finally, pro-
duction simulations in the NPT ensemble have been performed for 100
ns each using the Parrinello–Rahman barostat, an integration time-step
of 2 fs and the LINCS constraint algorithm applied to covalent bond
lengths. Production at each temperature was triplicated to enhance
sampling statistics. Additional simulations were performed at interme-
diate temperatures (180 K, 190 K, 220 K, and 250 K) to better charac-
terize CdMETPsc1 behavior near its glass transition temperature,
following the same protocol.

Cofactor bonded parameters have been calculated with quantum
mechanical calculations in the framework of density functional theory
(DFT), using the TURBOMOLE 4.1 suite of programs [41]. More in
detail, Cd2+–S(Cys)− bonded parameters, within the [Cd(S–Cys)4]2−

site, have been calculated through a potential energy surface scan pro-
cedure, performed at the B3LYP-D3/def2-TZVP level [42–45]. The same
level of theory has been used to calculate the restrained electrostatic
potential (RESP) charges of the [Cd(S–Cys)4]2− site. All the parameters
adopted for the [Cd(S–Cys)4]2− site are reported in Fig. S5.

The above-described MD protocol has also been used to perform
additional MD simulations on the zinc variant (ZnMETPsc1) and of the
apo form (ApoMETPsc1) of the protein (see Fig. S6 for details).

3. Results

3.1. CdMETPsc1 resembles Cd-substituted Rubredoxins by UV-Vis
spectroscopy

Cadmium(II) coordination by METPsc1 was followed by UV–Vis
spectroscopy. When a buffered solution of METPsc1 (60 μM, 5 mM
HEPES pH 7.0) was mixed with a stoichiometric amount of CdCl2, a
broad band centered at 240 nm appears in the spectrum (Fig. S1). This
very intense band is characteristic of the S➔Cd ligand-to-metal charge
transfer transition, previously observed in Cd-substituted Rd and other
related proteins [46]. Molar absorptivity corresponds to ~5.3 mM− 1

cm− 1 per Cd–S bond, which agrees with the expected 6.0 mM− 1 cm− 1

(Table S1).

3.2. CdMETPsc1 crystal is isomorphous to ZnMETPsc1 crystal

The CdMETPsc1 crystal is isomorphous to the previously determined
ZnMETPsc1 crystal [25]. The asymmetric unit of the crystal structure of
CdMETPsc1 complex contains one monomer chain with a single coor-
dinated cadmium ion. The structure of CdMETPsc1 complex displays an
overall C2–pseudosymmetrical shape resembling a truncated cone with
the four Cys residues coordinating the cadmium ion located at its vertex,
similar to the previously structurally characterized ZnMETPsc1.

The superposition between the crystal structures of the CdMETPsc1
(PDB ID: 9g39) complex and the ZnMETPsc1 complex (PDB ID: 5sbg)
reveals a high degree of similarity, with a root-mean-square deviation
(RMSD) of 0.14 Å for the 28 Cα atoms (Fig. S2A). Despite these simi-
larities, differences are noticeable at the level of side-chain conforma-
tions, especially for the side chains exposed to the solvent, such as
residues Gln,11 and Arg.28 Further, though most water molecules are
conserved, some unique water molecules are found to interact with
flexible side chains.

The crystal packing is stabilized by an intermolecular salt bridge
between Arg26 and Asp4 residues (Fig. S3), as well as an interaction
between -OH groups of Tyr17 and the equivalent residue of a
crystallographic-related METPsc1 molecule, much alike the previously
reported zinc structure. Additionally, hydrophobic interactions pair the
bottom face of the truncated cone with the lateral face exposing the type
I′ β-turn. The shell around the macromolecules is hydrated, the
CdMETPsc1 complex forming two topologically large channels (Fig. S3).
The first central channel of larger diameter (17.5 Å) around the C-
centered midpoint of the space group C222₁, is surrounded by negatively
charged residues of Asp. The narrower second channel (14.9 Å) is
formed by crystallographic binary axes and features several positively
charged Arg residues. Equivalent channels were found in the isomor-
phous ZnMETPsc1 crystal, though slightly narrower.

3.3. METPsc1 accomodates cadmium ion by a concerted conformational
mechanism

The Cd2+ coordination in METPsc1 exhibits a slightly distorted
tetrahedral coordination, sulfur atoms being correlated by a D2d sym-
metry (Fig. 2A-B), with average bond distances (2.52 ± 0.02 Å) and
angles (109 ± 3◦) falling within the experimental error of the average
distribution found for complexes between Cd2+ and small molecule li-
gands containing sulfur atoms (Fig. 2C-D).

A comparison between the crystal structure of the METPsc1 Cd
complex collected at 100 K and the cadmium-substituted CpRd (PDB ID:
1r0i) [47] reveals a striking similarity in their coordinative geometric
values. This result showcases the minimal effect of a synthetic protein on
a coordinatively conserved metal‑sulfur cluster. Tetrahedral cadmium
metal coordination in METPsc1 is similar to zinc coordination in the
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ZnMETPsc1 complex. The average bond angle in CdMETPsc1 is 109◦ as
in ZnMETPsc1. However, the average Sγ-metal distance is ~0.2 Å
shorter in ZnMETPsc1 (2.34 Å) compared to CdMETPsc1, due to the
smaller radius of the zinc ion (0.74 Å) versus the cadmium ion (0.95 Å).

The shape of the coordinative tetrahedron differs between
CdMETPsc1 and ZnMETPsc1. While both exhibit a clockwise distribu-
tion of Cys sidechains around the metal center (χ1 is either g+ or t for
Cys5/Cys20 and Cys2/Cys17, respectively), the torsion angles Sγ–Cβ
(Cys2)-Cβ–Sγ(Cys17) and Sγ–Cβ(Cys5)-Cβ–Sγ(Cys20) are distinct. In
CdMETPsc1, these angles are − 115◦ and − 80◦, respectively, compared
to − 112◦ and − 71◦ in ZnMETPsc1, thus releasing the steric hindrance

due to the larger Cd2+ primarily by the mutual displacement of the two
surface-exposed Cys residues. These values result in a more compressed
tetrahedron in CdMETPsc1 along the main axis of the conical shape of
the protein. Beyond first coordination shell, the whole METPsc1 scaffold
undergoes a collective motion to host the second series transition metal
involving the two halves of the protein. Specifically, a sliding mecha-
nism compresses the protein along one direction, bringing the two 310
helices (Aib9-Gln11 and Aib24-Arg26) closer to each other, while it
elongates the protein along the perpendicular direction, the two α-turns
(Cys2-Cys5 and Cys17-Cys20) being pushed further apart (Fig. 2E). We
have also analyzed the consequences of metal substitution in

Fig. 2. Cadmium coordination geometry. Cd2+—Sᵧ Distances (A, reported in Å) and Sᵧ—Cd2+—Sᵧ Angles (B, reported as dashed circles between the inscribed atoms)
in CdMETPsc1 structure acquired at 100 K (Cys side chains and Sᵧ are reported as orange and yellow sticks, respectively; Cd2+ is reported as an ochre sphere).
Histogram analysis of Cd2+—S bond lengths (C) and S₁—Cd2+—S₂ angles (D) (small molecule complexes from the CSD and macromolecular complexes from the PDB
are reported in grey and red, respectively). (E) Visualization of METPsc1 conformational rearrangement upon zinc to cadmium (PDB ID: 5sbg, 9g39, yellow and blue
backbone traces, respectively) coordination. Grey cones highlight Cα atom displacements higher than 0.14 Å, considering ZnMETPsc1 as the reference frame of the
trajectory. (F) MetalHawk entropy values as a function of ionic radius of the metal ion bound to either METPsc1 (cyan circles. PDB ID: Co2+: 5sbi; Zn2+: 5sbg; Cd2+:
9g3b) or CpRd (grey circles. PDB ID: Ni2+: 1r0j; Co2+: 1r0h; Zn2+: 1irn; Fe2+: 1smw; Cd2+: 1r0i; Hg2+: 1r0g). Dashed lines represent trends in entropy for first row
transition metals (blue line) and for 12th group metals (green line). (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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C. pasteurianum rubredoxin, specifically the replacement of the zinc ion
(PDB ID: 1irn) with a cadmium ion (PDB ID: 1r0i) [47,48]. This sub-
stitution results in a less symmetrical motion compared to METPsc1
(Fig. S2). The conformational changes are more pronounced near the
metal-binding site, while, further away from the metal, the protein un-
dergoes an almost negligible reorganization of the backbone. Analysis of
metal site entropy, as calculated byMetalHawk [35], for different metal-
substituted Rd and METPsc1 structures also supports a slightly more
pronounced distortion of the latter (Fig. 2F) in response to the binding of
metals different from iron. The MetalHawk entropy as a function of the
ionic radius nicely captures the CpRd selectivity towards Fe2+ ion,
clearly reflected by the volcano shape of the plot (Fig. 2F, grey circles).
Though a similar dependence is observed in the case of METPsc1
(Fig. 2F, cyan circles), comparatively larger entropy values suggest a
higher propensity towards distortion of the metal site to accommodate
various other metal ions, most probably reflecting in a lower degree of
selectivity towards a specific ionic radius. This can also be interpreted in
terms of the concerted backbone reorganization, previously observed for
METPsc1. In this respect, the miniaturized protein relaxes the metal site
reorganization, over the whole protein thus being more adaptable to
different ionic radii, differently from the more localized distortion
observed in Rd. This result shows how not only the precise orientation of
the metal-binding sidechains but also the dynamic behavior of the

protein matrix as a whole exerts a crucial role over metal ion selectivity.

3.4. Temperature influence on CdMETPsc1 crystal structure

Inspired by the observations about the conformational fluidity of the
METPsc1, we performed a temperature-dependent X-ray diffraction
study of CdMETPsc1, ranging from 100 K to 300 K. From the data
collection statistics (Table S2), the crystal showed no damage upon
different data collections, including room temperature data for which
the crystal was protected with paratone oil to avoid dehydration. A
global temperature effect on crystal structure manifests as a dispersion
in cell parameters, with an increase mainly observed in the b and c axes
from 100 K to 300 K (see Table S2).

The refined models of the CdMETPsc1 complex at various tempera-
tures generally exhibit striking similarity, as shown by the backbone
calculated RMSD <0.24 Å between the various structures compared to
that collected at 100 K, within the margins of the experimental error
(Fig. 3A). Notably, despite these remarkable similarities over a wide
temperature range, differences are noticeable among the structures,
especially at the level of sidechain conformational changes for residues
involved in crystallographic packing (Fig. 3A). A closer analysis of the
average residue displacements as a function of the temperature shows
that a significant drift from the average structure starts only after 160 K,

Fig. 3. Temperature influence over CdMETPsc1 crystal structure. (A) Best-fit superposition with respect to the backbone atoms of the refined models acquired at
different temperatures (100 K: dark blue, 130 K: light blue, 160 K: grey, 200 K: light red, 300 K: dark red). Protein backbone/sidechains and Cd2+ ions are reported as
sticks and ocher spheres, respectively. (B) Displacement from average structure computed over the 100–300 K temperature range for main chain atoms (MC, blue
circles) and sidechain atoms (SC, orange circles). The two different trends of the data points before and after 160 K are reported as dashed lines and are intended as a
guide for the eye. Detailed breakdown of displacement values from the average structure per residue for main chain (C) and sidechain (D) atoms. Increasing
temperature is shown from blue to red coloration. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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both for the main chain and the side chains (Fig. 3B).
Specifically, average per-residue displacement of the main chain is

within 0.25 Å, showing only partial mobility of the backbone within this
temperature range (Fig. 3C). The backbone structure is fairly rigid over
the entire sequence, as no high-mobility regions emerge. Starting at 160
K, a sequence-specific correlation emerges where the C-terminal pseudo-
symmetrical half of METPsc1 (residues 14–28) displays 16 % higher
displacements on average (0.11 Å vs 0.09 Å) compared to its N-terminal
counterpart (residues 1–13) across the 160–300 K range. On the oppo-
site, the major displacement values for the side chains are substantially
localized in the two pseudo-symmetrical related regions, corresponding
to Gln11-Arg13 and Arg26-Arg28, as they are involved in crystal packing
or solvent interactions (Figs. 3D).

We then analyzed B-factor, also known as temperature factor values
across varying temperatures to establish connections between B-factor
fluctuations and temperature-induced conformational changes, as out-
lined in recent literature [49]. The B-factor is related to the atomic
displacement by the eq. B = 8π2χ2 where χ represents the mean-square
atomic displacement from the average position [50,51]. Despite the
well-documented recognition of B-factor dependency on temperature,
dating back to Wilson’s seminal reports in the 1940s, normalization
approach revealed that these values are not inherently temperature-
dependent [52]. The average B-factor values from refinement show
the expected increase with temperature (Fig. 4).

We analyzed the change in B-factor as a function of temperature by
evaluating the observed B-factor (Bobs) using the equation Bobs= B0× e^
(kT), where B0 represents the B-factor interpolated at zero Kelvin, k is
the thermal constant, and T is the data collection temperature (Fig. 4A)
[51]. The interpolation yielded a value of k equal to 0.006 K− 1 and a B0
value of approximately 6 Å2, consistent with those observed for natural
proteins, despite the relatively small size of the artificial METPsc1 pro-
tein. Furthermore, by scaling down B-factor values with the average B-
factor, we derived normalized B-values (Bnorm) using the equation Bnorm
= Bobs/Bavg. This analysis sheds light on intrinsic B-factor values along
the METPsc1 chain, highlighting differences that are mainly influenced
by intramolecular, crystallographic, or intermolecular interactions.
Unlike the rather even dispersion observed for the main chain (Fig. 4B),
the Bnorm distribution for side chains shows significant changes corre-
sponding to side chains involved in major conformational changes
(Fig. 4C). Thus, this analysis offers a more direct structural insights
compared to the classical analysis of B-factor values [20]. Analysis of
normalized B-factors reveals distinct behaviors for specific residues.
Ala7, with its methyl group proximal to the coordinative residue Cys17,
shows an anomalous peak in B-factor specifically at 160 K, accompanied
by weaker electron density. This observation, along with a residual
Fourier map peak at 1.8 Å from its side chain, suggests localized radi-
ation damage particularly evident in the 160 K dataset (Fig. 4B). Gln11

exhibits a different pattern, showing elevated Bnorm values at lower
temperatures that gradually decrease to average values as temperature
increases (Fig. 4C). This behavior likely reflects temperature-dependent
changes in crystal packing interactions and local solvent structure, as
previously pointed out (Fig. 3D). At lower temperatures, Gln11 in-
teractions with partially occupied water molecules may constrain it in
specific conformations, while higher temperatures allow more uniform
conformational sampling, leading to more typical B-factor values rela-
tive to the protein average.

3.5. Cadmium‑sulfur anisotropy analysis and second shell interactions

The relatively high resolution of the METPsc1-Cd complex structures
obtained at different temperatures allowed for anisotropic refinement of
the heavier atoms: the cadmium ion and the four coordinating sulfur
atoms (Fig. 5A). This refinement consistently improved the Rfree values
and overall refinement statistics (Table S2), offering insights into the
directionality and strength of the metal-ligand interactions. Notably,
analysis of cadmium‑sulfur bond distances revealed an increase when
comparing the 100 K structure to the 300 K structure, indicating these
bonds elongate as temperature rises. This aligns with the observation of
increased anisotropic motion for METPsc1 in complex with cadmium(II)
at higher temperatures (Fig. 5A). The cadmium ion displays a fairly
spherical anisotropy with slight elongation, in the direction of Cys5,
while the sulfur atoms exhibit greater anisotropic directionality, likely
due to its involvement in the second-shell hydrogen bonding
interactions.

To further inspect metal site geometry as a function of temperature,
we adopted MetalHawk to evaluate tetrahedral distortion for each data
collection. This can be measured as the Shannon entropy of the proba-
bility vector assigned by the model (Fig. S4). A clear temperature
dependence can be observed above 130 K, as also exemplified by the
anisotropy analysis. Such distortion does not seem to possess a pathway
towards a specific coordination geometry because all classes get larger
probabilities at higher temperatures. It can be preliminary hypothesized
that positional uncertainty plays a major role in the observed trend.
Nonetheless, previous analyses also suggest that at increased tempera-
tures the fluxional protein ligand accesses more distorted average
conformations.

The METPsc1 scaffold has previously been used to engineer the
second coordination shell of amino acids, allowing for fine-tuning of
redox potentials for various metal ions in sulfur-rich environments [25].
The second coordination shell in METPsc1 is characterized by hydrogen
bonds (H-bonds) involving Cys Sγ and backbone N–H donors. In the
wild-type sequence, Cys2 accepts H-bonds from the backbone amide
groups of Asp4 and Cys5, and the same occurs for the symmetry-related
Cys17 (from Asn19 and Cys20 backbone amides) (Fig. 5B). Interestingly,

Fig. 4. Temperature induced conformational changes in CdMETPsc1. (A) Overall B-factor changes as a function of temperature for main chain (MC) and side chains
(SC). (B) B-factor distribution for main chain (MC) at varying temperature. (C) B-factor distribution for side chains (SC) at varying temperature (colour scheme as
in Fig. 3).
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the designed sequence introduces Ala residues at positions 7 and 22.
These smaller residues allow their backbone N–H groups to form H-
bonds with Cys5 and Cys20 Sγ, respectively. This modified second co-
ordination sphere, formed by the amide groups of Ala7 and Ala22,
strengthens hydrogen bonding interactions with Asn19 and the
symmetry-related Arg26 side chains (Fig. 5B). These second-shell in-
teractions, conserved between the zinc and cadmium complexes of
METPsc1, exhibit significant temperature dependence, particularly at
room temperature, suggesting a dynamic role in protein function.

These observations agree with those observed for the natural

rubredoxin. The cadmium ion in METPsc1 displays similar anisotropy to
the equivalent atom in the rubredoxin‑cadmium complex (PDB ID:
1r0i).

3.6. Molecular Dynamics of CdMETPsc1 in aqueous environment

The information gained on the temperature-dependent dynamic
features of CdMETPsc1 in the crystal state prompted us to unravel its
dynamic behavior in its physiological environment. The trend of the
dynamic behavior of proteins in water solution with temperature ori-
gins, on the one hand, from protein “internal” potential energy surface,
that captures the landscape of its intrinsic motion, and on the other,
from perturbations caused by the solvent. To address this issue, we
performed molecular dynamics (MD) simulations of CdMETPsc1 in
water since MD has proved a powerful tool to investigate protein
changes in flexibility going from 300 K to cryogenic-like conditions
[39,53–57]. More in detail, MD simulations of CdMETPsc1 at 300 K,
200 K, 160 K, 130 K, and 100 K were done to have a direct comparison
with experimental data and, to discretize more accurately (when
necessary) CdMETPsc1 dynamic feature changes with temperature, we
also performed MD at other intermediate temperatures. MD at 300 K
suggests that CdMETPsc1 adopts a stable and equilibrated structure
along the whole trajectories, as indicated by the calculated root mean
square deviation (RMSD), that oscillates around 1.8 Å. Interestingly, a
comparable RMSD profile was observed for ZnMETPsc1 (1.9 Å), whereas
ApoMETPsc1 showed a more fluctuating RMSD profile along with a
higher average value (2.6 Å). These findings highlight the crucial role of
metal coordination in stabilizing METPsc1 and influencing its dynamic
behavior in solution (see Fig. S6 for details).

Principal Component Analysis (PCA) indicates that the CdMETPsc1
motion captured by the first eigenvector describes the same sliding
mechanism observed on the basis of METPsc1 crystal structure analysis
(i.e. approach of the two Aib9-Gln11 and Aib24-Arg26 310 helix and
distancing of the Cys2-Cys5 and Cys17-Cys20 turns), confirming that it is
an intrinsic collective motion of the protein scaffold. At lower temper-
atures RMSD decreases, as expected, but higher variations in protein
mobility are observed in the 300–180 K range, while in the case of
temperatures below 180 K, CdMETPsc1 RMSD properties remain
essentially unaltered (Fig. 6A). Similar considerations can be made by
looking at root mean square fluctuations (RMSF) of both MC (Fig. 6B)
and SC (Fig. 6C) of each residue. This behavior suggests the presence of a
switch in CdMETPsc1 dynamics, which may be indicative of a glass-like
transition. Indeed, it has been widely demonstrated that hydrating wa-
ters have a role in the manifestation of a glass transition observed in
native proteins around 200 K, at which the increase of the amplitude of
anharmonic motions has been correlated with an onset of protein
function(s) [58–60]. To verify this aspect, we analyzed the average
RMSF values (separating contributions from MC and SC) calculated in
the 100–300 K range, as also done for experimental B factors (Fig. 4A).
Besides the trivial observation that the increase in SC mobility with
temperature is more marked than that of MC, we could observe a clear
change in slope going from low temperatures to higher ones, occurring
at around 185–195 K. In fact, a bilinear interpolation reproduces slightly
better RMSF value distributions (R2 = 0.9927–0.9899 for RMSF SC and
R2 = 0.9786–0.9875 for RMSF MC, Fig. 6D) rather than an exponential
fit (R2 = 0.9811 for RMSF SC and 0.9762 for RMSF MC). This clearly
suggests that CdMETPsc1 undergoes a glass transition around 190 K in
aqueous solution, just like natural proteins. Finally, we calculated
normalized RMSF values (Fig. 6E, and F) as done with the experimental
B factors, according to the formula RMSFnorm= RMSFobs/RMSavg, where
RMSFobs is referred to the calculated RMSF value for each residue
averaged over the replicas. Doing so, we could better appreciate changes
in the intrinsic flexibility of both MC and SC among different tempera-
tures, also allowing a comparison between protein dynamics in solution
and in crystal state. RMSFnorm variability along the protein sequence
tends to progressively decrease going from 300 K to 100 K, and, in

Fig. 5. First (A) and second (B) shell coordination as a function of temperature
(100 K: dark blue, 130 K: light blue, 160 K: grey, 200 K: light red, 300 K: dark
red, increasing from top to bottom) for CdMETPsc1 crystal structure. The metal
site perspective is consistent between panels; residue labels are displayed in top
panels only for clarity. Anisotropic temperature ellipsoids were evaluated for
Cd2+ ion (ocher sphere) and S atoms and plotted as transparent yellow oblates.
Hydrogen bonds involving Cys5 and Cys20 are measured and reported as black
dashes. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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accordance with Bnorm analysis, RMSFnorm MC values are more leveled
than those calculated for side chains, underlying the expected higher
flexibility of the latter, irrespective of temperature and protein envi-
ronment. In general, the flexibility patterns calculated for in-solution
CdMETPsc1 qualitatively resemble those obtained for the crystal state,
but with some deviations.

For instance, side chains in the Glu11-Arg13 and Arg26-Arg28 are
associated with the highest RMSFnorm values, in line with the observed B
factor, but we could also notice a significant mobility in the N-terminal
region side chains (except for Cys), indicating that the dynamics of
CdMEPTsc1 varies to some extent in aqueous environment.

4. Discussion

The field of protein design, propelled by rapid advancements in
computational chemistry, is poised to revolutionize biotechnology
[61–63]. Our study of METPsc1, a miniaturized electron transfer pro-
tein, exemplifies the potential of this approach while highlighting the
complexities involved in designing functional protein-metal complexes.
The comprehensive characterization of CdMETPsc1 across a wide tem-
perature range offers valuable insights into the interplay between pro-
tein structure, dynamics, and function within a designed protein.

Our findings reveal that METPsc1 exhibits a remarkable ability to
optimize its ligand shell in response to divalent cations of varying radii,
mirroring the adaptability observed in natural rubredoxins. This flexi-
bility is facilitated by a unique “clothespin-like” recoil mechanism of the
protein backbone, as evidenced by our temperature-dependent analysis.
The subtle temperature-dependent shifts in side-chain conformations,
particularly for residues involved in crystal packing, highlight the dy-
namic nature of protein-metal interactions. The temperature-dependent
behavior of second-shell hydrogen bonding interactions, notably those
involving Ala7/Ala22 and Asn19/Arg26, suggests a dynamic role in
modulating protein function. These findings underscore the importance

of considering both first and second coordination spheres in the design
of metalloprotein mimics [4,64].

This dynamic behavior allows the protein to accommodate changes
in metal ion radius, a crucial feature for maintaining stability during
redox cycles, though the scaffold must be stable enough to accommodate
and absorb throughout its entire structure the changes happening in the
proximity of the metal cofactor [65–67], as we showed in the
displacement analysis upon ion substitution for both METPsc1 and
natural Rd. The observed mechanism may explain why simpler dimeric
analogues previously synthesized were unable to withstand multiple
redox cycles [68,69], underscoring the importance of protein scaffold
design in metal coordination. The recoil mechanism observed in
METPsc1 can also be interpreted through the lens of the entatic state
concept, particularly in the context of the radius change accompanying
the Fe(II)/Fe(III) redox transition. The protein’s ability to adapt its co-
ordination environment suggests a design that effectively balances the
conflicting requirements of different oxidation states, a hallmark of
efficient electron transfer proteins. This finding not only validates our
design approach but also offers insights into the fundamental principles
governing electron transfer in metalloproteins.

Our temperature-dependent X-ray diffraction studies, particularly
those conducted at room temperature, provide a more physiologically
relevant view of protein dynamics [20]. The analysis of B-factors across
different temperatures allowed us to distinguish between vibrational
motion and static disorder, offering a nuanced understanding of protein
flexibility. The observed increase in relative flexibility around the metal-
binding site at higher temperatures aligns with findings from studies on
psychrophilic enzymes, suggesting a potential link between flexibility
and function [70,71]. Moreover, our room-temperature data revealed
conformational substates that may be crucial for metal binding and
redox cycling, which are often obscured in cryo-cooled structures [23].

The observed anisotropic behavior of the sulfur atoms involved in
second-shell hydrogen bonding, coupled with the lengthening of Cd–S

Fig. 6. Backbone RMSD (A), main chain RMSF (B) and side chain RMSF (C) analysis for CdMETPsc1 100 ns MD trajectories at different temperatures; Temperature
dependence of the average main chain RMSF and side chain RMSF values (D); Normalized RMSF values for main chain (E) and for side chain (F) calculated at
different temperatures (colour scheme as in Fig. 3).
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bonds at higher temperatures, provides insight into the dynamic inter-
play between the metal center and the protein scaffold. This
temperature-dependent behavior may be crucial for fine-tuning the
protein’s redox properties and could be exploited in future designs to
create metalloproteins with tailored functionalities.

In conclusion, our comprehensive analysis of CdMETPsc1 across a
range of temperatures provides valuable insights into the principles
governing protein-metal interactions and, implicitly, electron transfer
processes. The observed dynamic adaptability of METPsc1 validates our
design approach and offers a blueprint for creating more efficient and
stable metalloproteins. Future work should focus on leveraging these
insights to design proteins with enhanced functional properties, poten-
tially leading to novel catalysts and sensors with applications in
biotechnology and environmental remediation. Moreover, this specific
protein-metal complex holds potential for future applications, such as
the development of catalysts for quantum CdS dots or bioremediation
strategies to extract cadmium from toxic environments [72,73]. It is
well-documented that cadmium exposure represents a ubiquitous envi-
ronmental contamination.
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B. Hintze, L.-W. Hung, S. Jain, A.J. McCoy, N.W. Moriarty, R.D. Oeffner, B.K. Poon,
M.G. Prisant, R.J. Read, J.S. Richardson, D.C. Richardson, M.D. Sammito, O.
V. Sobolev, D.H. Stockwell, T.C. Terwilliger, A.G. Urzhumtsev, L.L. Videau, C.
J. Williams, P.D. Adams, Macromolecular structure determination using X-rays,
neutrons and electrons: recent developments in Phenix, Acta Crystallogr. Sect. D
Biol. Crystallogr. 75 (2019) 861–877, https://doi.org/10.1107/
S2059798319011471.

[33] P. Emsley, B. Lohkamp, W.G. Scott, K. Cowtan, Features and development of Coot,
Acta Crystallogr. Sect. D Biol. Crystallogr. 66 (2010) 486–501, https://doi.org/
10.1107/S0907444910007493.

[34] C.R. Groom, I.J. Bruno, M.P. Lightfoot, S.C. Ward, The Cambridge structural
database, Acta Crystallogr. Sect. B Struct. Sci. Cryst. Eng. Mater. 72 (2016)
171–179, https://doi.org/10.1107/S2052520616003954.

[35] G. Sgueglia, M.D. Vrettas, M. Chino, A. De Simone, A. Lombardi, MetalHawk:
enhanced classification of metal coordination geometries by artificial neural
networks, J. Chem. Inf. Model. 64 (2024) 2356–2367, https://doi.org/10.1021/
acs.jcim.3c00873.

[36] C. Markosian, L. Di Costanzo, M. Sekharan, C. Shao, S.K. Burley, C. Zardecki,
Analysis of impact metrics for the protein data Bank, Sci. Data 5 (2018) 180212,
https://doi.org/10.1038/sdata.2018.212.

[37] C.E. Shannon, A mathematical theory of communication, Bell Syst. Tech. J. 27
(1948) 379–423, https://doi.org/10.1002/j.1538-7305.1948.tb01338.x.
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