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Abstract

Enzyme-based iron-sulfur clusters, exemplified in families such as hydrogenases,
nitrogenases and radical S-adenosylmethionine enzymes, feature in many essential biological
processes. The functionality of biological iron-sulfur clusters extends beyond simple electron
transfer, relying primarily on the redox activity of the clusters, with a remarkable diversity for
different enzymes. The active site structure and the electrostatic environment in which the cluster
resides direct this redox reactivity. Orientated electric fields in enzymatic active sites can be
significantly strong and to understand the extent of their effect on iron-sulfur cluster reactivity can
inform first steps towards rationally engineering their reactivity. An extensive systematic density
functional theory based screening approach using OPBE/TZP has afforded a simple electric field
effect representation. The results demonstrate that the orientation of an external electric field of
strength 0.288 MV cm at the centre of the cluster can have a significant effect on its relative stability
in the order of 35 kJ mol. This shows clear implications for the reactivity of iron-sulfur clusters in
enzymes. The results also demonstrate that the orientation of the electric field can alter the most stable
broken symmetry state, which further has implications on the directionality of initiated electron
transfer reactions. These insights open the path for manipulating enzymatic redox reactivity of iron-

sulfur cluster containing enzymes by rationally engineering orientated electric fields within the

enzymes.
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Introduction

Iron-sulfur clusters play a critical role in the reactions catalysed by several families of
enzymes, providing a wide variety of functions in each. Their possible role in enabling the emergence
of early life* and capacity to perform many different roles within enzymatic pathways?® has led to
them being characterised as “one of the most ubiquitous and functionally versatile prosthetic groups
in nature”.* The discovery and purification of ferredoxins in 1962 was an early indication that iron
could play roles in enzymes in addition to its well-known presence in hemoproteins.® Both iron and
iron-sulfur clusters act primarily as mediators for electron transfer with the ability to be either the
source or sink for electrons in redox reactions, and iron-sulfur clusters are extremely useful for
electron transport due to the delocalisation of electron density across the cluster.®’ The mediator role
is one of the most common functions of iron-sulfur clusters, found in a variety of enzymes including
those that couple proton transfer to electron transport, such as [FeFe] hydrogenases, which possess a
unique version of an iron-sulfur cluster featuring a diiron centre and a bridging dithiolate.®® Many
enzymes containing iron-sulfur clusters use [2Fe-2S], [4Fe-4S] and [3Fe-4S] structures in both redox
and non-redox functions. For example, radical S-adenosylmethionine (rSAM) enzymes make use of
a [4Fe-4S] cluster to reductively cleave S-adenosylmethionine (SAM) into methionine and 5°-
deoxyadenosyl radical, the latter of which is used to initiate a variety of radical reactions that have
been reviewed previously.'®11213 In some cases, electron transfer may be an intermediate step rather
than the complete function of an enzyme, such as the case of the biotin synthase rSAM mechanism
where the FeS clusters mediate the donation of a sulfur atom.

Redox activity is an important property in enzymes. Reengineering this property has been
the focus of experimental studies for many families of enzymes, including the antioxidant
peroxiredoxins,*® thioredoxins, particularly those that act as electron donors for other enzymes,® and

kinases,'” amongst other more general studies focused on control via thiol/disulfide exchange,®*°



enzyme orientation?® and substrate specificity.?! Additionally, redox activity has been used to probe
mechanism,?223242526 1o ynderstand the effect of changing iron-sulfur cluster ligands on the redox
potential %’ to assess stability and reactivity of the cluster,?® and to guide improvements in enzyme
activity with directed evolution.?®

Redox reactions, often studied and used via electrochemical methods,3%313? are sensitive to
electric fields. This alone would motivate an analysis of the electrostatic environment generated by
an enzyme containing an iron-sulfur cluster. However, electrostatics also play a role in enzyme
catalysis in general,® including protein-protein interactions,® conformational motions,® and
catalysis.3®3” Electrostatic preorganisation in the active site of enzymes, and the electrostatic
stabilisation associated with this, are a more recent area of study.® This preorganisation has also been
quantified computationally.3%4° Computational methods such as molecular dynamics simulations,
density functional theory (DFT), Valence Bond Theory and Poisson-Boltzmann Equation (PBE)
Solvers have advanced our understanding of the role of electrostatics in enzyme catalysis,**#243
providing a more complete picture of the function of enzymes such as alpha-amylase,*
methyltransferases* and QueE.*® These methods have also been used to study specific properties
such as the contribution of individual amino acids to the overall electrostatic field of a protein,*’
electrostatic steering and channeling,*®4° and the direct effect of the electrostatic field on catalytic
rate.>°

Direct study of electric fields in the context of manipulating catalysis is a growing area of
research. A recent review highlighted oriented electric fields as reagents, as well as their effects on
enzyme catalysis.>! DFT as the QM method in a QM/MM approach has been used previously to study
the effects of an electric field on biological chromophores®? and on enzymes.>® Studies have also
been performed on iron-sulfur clusters in the context of enzymes to elucidate information about

properties such as coordination, geometry, and electrostatics. These studies have used extended X-



ray fine structure spectroscopy (EXAFS) and DFT,* including the application of broken-symmetry
DFT® to iron-sulfur clusters to model antiferromagnetic coupling.

In this study, we directly and systematically investigate the impact of an external electric
field on biologically relevant iron-sulfur clusters. We examine the fundamental effect of applying and
reorienting a simple electric field on the stability and reactivity of selected model iron-sulfur clusters.
The information on how an oriented electric field influences the reactivity of the clusters can later be
combined with the knowledge and understanding of the contribution of individual amino acids to the
electric field in an enzyme. This will allow bespoke control of iron-sulfur cluster reactivity and
stability through mutations of the surrounding residues.*” Consequences of these adaptations would
include either the ability to improve existing reactions by increasing the rate of reaction, integrating
oxygen tolerance, or exploiting enzyme selectivity for reactions that were previously only accessible

through synthetic approaches.

Methods

Unrestricted geometry optimisation calculations using DFT were performed using the Q-
Chem software package®® and compared with literature values®” using the same model systems,
featuring the iron-sulfur clusters [2Fe2S] or [4Fe4S] and four methanethiolate ligands bound to the
iron atoms; two per iron or one per iron respectively (Figure 1). The geometry of a third cluster,
identical to the [4Fe4S] cluster but with one fewer methanethiolate ligands, was also optimised. The
initial geometries were based on the crystal structure (PDB ID 1ZOY.) The hybrid OPBE
functional 8% which consists of Handy’s optimised exchange (OPTX)® and PBE®! correlation, was
used for both the geometry optimisations and further single point calculations. The use of this
functional allows comparison with the work of Swart et al.,>” and the spin states of iron complexes

predicted are consistent with literature studies.’2®® The TZP basis set®#®>%¢ was chosen for both



geometry optimisations and single point calculations to facilitate this comparison. Methods used by
other groups include B(5%HF)P86 and a triple-C basis set with polarization functions for accurate
bond covalency,®”®® and B(5%HF)P86/6-311+G(d) for the QM region of a QM/MM study into the
protein environmental effects around iron-sulfur clusters.%® While those levels of theory would be
suitable for optimisations, we chose OPBE/TZP because it demonstrates both the correct structural
predictions and accuracy in the relative ranking of spin state energies which is particularly important
for this study.”®™* The geometry optimisations were also repeated using the polarisable continuum
model COSMO"? (Conductor-like screening model) with a dielectric constant of 4.0 to simulate a
protein environment.”374

We investigate the effect of an oriented external electric field on the vertical electron affinity
(VEA) and the most stable state of the model systems by performing 1296 single point calculations
in the presence of two external, equal but oppositely signed point charges, equidistant from the centre
of mass of the system, whose bisector intersects this centre. The redox potential is an important
property to consider when investigating the reactivity of iron-sulfur clusters. It is dependent on the
stability difference of the oxidised and reduced state of the system and the reorganisation energy. The
latter is influenced by the relaxation of the system upon electron transfer and the restructuring of
environment, often dominated by solvent reorganisation. The VEA accounts for the energy difference
between the oxidised and reduced state without any relaxation (Eqn 1) and can be taken as a first
approximation for the reactivity difference of the two oxidation states.

Evea = Eox — Ered, (Egn 1)

where Evea is the VEA and is positive if the reduction of the oxidised state is energetically favourable,
Eox is the total electronic energy of the oxidised state and Ereq is the corresponding energy of the

reduced cluster with the oxidised cluster’s geometry.



The effect of the direction of the external electric field was investigated by rotating point
charges defining the field about two axes in the system and mapping them onto a sphere around the
model systems. The axes of rotation used to orient the field around the clusters are shown and labelled

in Figure 1. The notation is described further in Supporting Information Section S2.

Figure 1: Definition of axes for the 2Fe2S, (left) labile 4Fe4S, (middle) and 4Fe4S (right) clusters.
All geometries shown are optimised structures for the oxidised clusters at the OPBE/TZP level of

theory in a vacuum.

The rotation of the electric field can be defined by rotations about these axes. Supporting
Information Section S2 provides examples of how the point charges are positioned initially and their
directions of movement for all rotations applied.

Systems containing atoms with multiple possible oxidation states can be described in several
ways. The reduced state of the 2Fe2S cluster introduced earlier could have an oxidation state of +2.5
assigned to both iron atoms, a symmetrical description. In many cases however it is necessary to
define broken symmetry states, where the additional electron is fully localised on one of the iron
atoms, for systems with ferromagnetic and antiferromagnetic coupling, for example.”® This would
be particularly important if a specific iron atom is involved in a reaction, as the oxidation state would
likely affect the reactivity, or govern even whether the reaction would progress at all. There are two

broken symmetry states for the 1/2 total spin system where the formal oxidation states of the iron



atoms of the 2Fe2S cluster are +2/+3 and +3/+2. A single point calculation using a default guess
wavefunction for the 1/2 total spin reduced cluster using one of the point charge positions will give
one of the two broken symmetry states +2/+3 and +3/+2. By taking the final wavefunction from each
of these situations and using them as guess wavefunctions in two calculations without point charges
but preserving the orbital occupancies, we calculated two wavefunctions, one for each broken
symmetry state, which do not have orbitals influenced by an external field. We used these
wavefunctions as initial guesses when we added point charges, allowing us to see the full range of
field effects for both broken symmetry states. Geometry optimisations and subsequent frequency
calculations were performed in vacuum and using COSMO with a dielectric of 4.0 for the model

2Fe2S, 4Fe4S and labile 4Fe4S iron-sulfur clusters for the four reported spin states in each case.®’

Results and Discussion

The energy relative to the calculated ground state for each system is reported in Table 1. All
optimised geometries were confirmed as minima by frequency calculations. The only case where the
ground state is not the low spin state is from the reference value for the reduced 2Fe2S cluster; this is
not surprising as the 1/2 and 9/2 spin states are isoenergetic. The geometry and frequency calculations
for each spin state agree with the literature values,® within 5 kJ mol (Table 1) and are consistent in
the relative stability of each state and can therefore be justified for use in the subsequent investigations
for the purpose of determining relative stability and reactivity when a directed external electric field
is applied. The optimisations in a COSMO environment were generally lower in energy but showed
the same trends in stability as the vacuum environment. This is to be expected as prior work found
that both PCM and COSMO approaches converge to very similar structures as the gas phase
optimisation, although there were some exceptions.”” COSMO has also been used in the successful

prediction of Mdssbauer spectral parameters,’® reduction potentials’® and other properties of iron-



sulfur clusters and similar molecules.®® Furthermore, experimental work has shown that the redox
potential of biological iron-sulfur clusters is significantly dependent on the environment, when
considering different enzymes,®! or modifying the ligands of the cluster.82 Optimisations on the labile
4Fe4S cluster can also be justified using the same reasoning and could be used for further study of a
similar nature when investigating the behaviour of the cubane cluster where one iron atom is not
bound to a ligand (for example SAM in the radical SAM enzyme superfamily). Using VEA as a
surrogate for the redox potential is not a new approach but offers an approximation with the potential
for high throughput, needed to systematically study an orientated electric field effect. Previous work
has gone further to approximate redox potentials from DFT calculations by considering
electronegativity,® electrophilicity®*#8 and combinations of properties®”8. While these methods
would provide more experimentally comparable values, the VEA provides a sufficient description of
the change in these properties and is straightforward to compute. This makes it feasible to investigate
the effect of a rotating electric field via thousands of individual DFT calculations.

The relative energies are in good agreement with literature values obtained for these systems
with the order of spin state stability preserved. Slight differences in the energies compared to literature
are likely to originate from different implementations of the implicit solvent method (COSMO) and
different convergence criteria in the used programmes but do not influence the qualitative agreement.
Single point calculations were performed on the model iron-sulfur clusters in the presence of an
electric field of varying orientation for the oxidised and reduced states. The optimised geometry of
the ground state spin oxidised cluster was used in all cases to allow the calculation of the VEA. Figure
2 displays the effect of the rotation of the electric field on the energy of the two most stable 9/2 and

1/2 spin states of the reduced 2Fe2S model cluster about the principal axes presented in Figure 1.



Table 1: Relative energies for OPBE/TZP geometry optimized model iron-sulfur clusters in different
spin states, compared with literature values®” in both vacuum and within a COSMO environment
using a dielectric of 4.0. Values presented in kJ mol-. All values correspond to geometry optimized
structures at the given oxidation and spin state. Absolute energy values are presented in the

Supporting Information (Table S1).

2Fe2S Total spin, S
Oxidised S=0 S=1 S=2 S=5
Reference 0.00 54.34 104.21 72.64
Vacuum 0.00 65.93 110.44 84.06
COSMO 0.00 57.44 100.68 83.69
Reduced S=1/2 S=3/2 S=5/2 S=9/2
Reference 0.67 84.11 100.57 0.00
Vacuum 0.00 92.64 98.74 7.47
COSMO 0.00 84.24 91.71 4.16
4Fe4S Total spin, S
Oxidised S=0 S=1 S=2 S=9
Reference 0.00 48.61 82.94 156.38
Vacuum 0.00 45.99 81.33 177.29
COSMO 0.00 44.85 79.85 181.25
Reduced S=1/2 S=3/2 S=5/2 S=17/2
Reference 0.00 62.09 66.15 63.97
Vacuum 0.00 59.64 66.13 74.39
COSMO 0.00 50.65* 61.11 77.45
Labile 4Fe4S Total spin, S
Oxidised S=0 S=1 S=2 S=9
Vacuum 0.00 58.45 53.92 160.14
COSMO 0.00 56.53 56.28 163.19
Reduced S=1/2 S=3/2 S=5/2 S=17/2
Vacuum 0.00 64.99 45.80 66.36
COSMO 0.00 56.28 46.79 58.52

*) optimized state with one imaginary frequency. This state was not used in any further calculations.
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Figure 2: Relative energy profiles of the reduced 2Fe2S model cluster (a-c) and the VEA (d, e) of

the same cluster with the orientation of an external electric field in the gas phase. Rotation angle

indicates the rotation from the initial position of the field about the axis normal to the

plane of the

cluster (a, d), the S-S axis (b, e) or the Fe-Fe axis (C) (v x 0 represents the rotation around the axis

perpendicular to those shown in panel f)).

As can be seen from Figure 2, reorienting a directed electric field can influence the electronic

stability of the 2Fe2S cluster significantly. Depending on the axis of rotation, the effect on the stability

can vary up to 23 kJ mol (in the case of rotating around the normal to the plane of the
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cluster, Figure



2a, b, €) and down to only 1.8 k] mol (in the case of rotating around the FeFe axis, Figure 2d). Each
spin state is influenced differently in relation to the field orientation, which leads to a varying energy
gap between the spin states. However, this variation is never large enough to lead to the 9/2 spin state
being the ground state (Figures 2a-c). When comparing the electric field effect between the gas phase
(Figure 2a) and an implicit solvation with a low dielectric constant of 4.0 (Figure 2b), the observed
effect is maintained, but the energy gap between the two spin states decreases slightly. Further results
with implicit solvation are presented in Supporting Information Section S5.

Next, it was investigated how the electric field influences the stability of different broken
symmetry states which showed a significant effect on the relative stability of those. When rotating
the field around the Normal to the plane of the 2Fe2S cluster (Figures 2a-b), the most stable spin state
flips when the field is exactly aligned along the S-S axis. This means that, depending on the
orientation of an external electric field, the cluster adapts by adopting a different broken symmetry
state. As these different states will show different reactivity in directed electron transfer, notably in
relation to redox potential,”® they will also show different reactivity patterns with e.g., different
substrates reacting with the cluster in an enzymatic active site. The rotation about the Fe-Fe axis is
diagrammatically presented in the Supporting Information (Figure S1) There is very little variation
in VEA, with the value for the ¥ spin states remaining between about 22 and 23 kJ mol~*and the 9/2
spin state between 0 and 1 kJ mol™.

The relationship between the stability of the oxidised and reduced clusters and the changes
to the redox reactivity of the clusters are inferred from the VEA calculations for the cluster from the
data presented above. Figure 2e depicts how the VEA varies with rotation about the Normal axis.
Depending on the rotation axis, AEvea varies by up to 20 kJ mol-. The results also suggest that the
9/2 spin state of the reduced cluster is unlikely to be involved in redox reactions as it is both less

stable and has a lower electron affinity than both 1/2 spin states.
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To extend this analysis of the principal axes of the 2Fe2S cluster, we systematically scanned
the orientation of the electric field about multiple axes to create a 3-dimensional visualisation.
Figure 3 depicts the analysis for the 2Fe2S cluster. To understand why a differently orientated electric
field influences the stability and reactivity of the 2Fe2S, we then matched these observations to the
symmetry of the frontier orbitals of the reactive species.

The stability pattern observed for the principal axes’ rotations described above is reflected in
the analysis of the full rotations. When looking at the VEA, some electric field orientations show
significantly higher reactivity compared to others. Considering the individual stabilities of the
oxidised and reduced states one can further see the relation with the frontier orbital occupancies, as
also depicted in Figure 3.

Looking at the differences for the two reduced broken symmetry spin states, the effect of the
directed electric field is mirror symmetric for each state. The cluster is stabilised when the side with
higher electron density of the HOMO is close to the positive charge defining the electric field. Due
to the different orbital occupancy of the oxidised state (fully occupied HOMO) this species shows a

higher symmetry in reference to the effect of the electric field.

13



a) Reduced, S=1/2 b) Reduced, S=1/2

30 360 30
315
25 25 _
~ S~ 270 =
- 20 E ~ 20 £
F z 9 s 5
2 5 2 S
s 15 g ° 180 15 g
S - R &
o o
g = g
5 5
45
0 0 0
0 45 90 135 180 225 270 315 360 0 45 90 135 180 225 270 315 360
Rotation angle y (°) Rotation angle y (°)
HOMO LUMO
c) Oxidised, S=0 d)
360 14 360 10
315 12 315 9
o 8
~  _ 270 a
270 108 © 7%
o 225 z @225 s E
3 8 > ® <
& 180 2 & 180 5 8
5 6 & § 4 e
2 135 ¢ F 135 2
° S o 3 ®
“ 90 45 =« g &
-4 2
45 2 45 1
0 0 0 0
0 45 90 135 180 225 270 315 360 0 45 90 135 180 225 270 315 360

Rotation angle y (°) Rotation angle y (°)

HOMO LUMO

Figure 3: Frontier orbitals and effect of the three-dimensional rotation of an orientated electric field
around the 2Fe2S cluster. a) Reduced, S=1/2, Broken symmetry state 1; b) Reduced, S=1/2, Broken
symmetry state 2; ¢) Oxidised, S=0; d) Relative vertical electron affinity with most stable reduced
broken symmetry state.

14



The cubane cluster displays more complex features. While the 2Fe2S cluster showed clear
symmetry for the oxidised state, and a clear asymmetry related to the positioning of the unpaired
electron density in the reduced states, the 4Fe4S cluster appears to display similar patterns of stability
regardless of oxidation or broken symmetry state. The magnitude of these patterns varies, however.
The relative energy of the cubane clusters with respect to the rotation of the field is influenced by the
location of the HOMO seen in Figures 4 and 5. The significant change in the location of electron
density between these two broken symmetry states results in the quadrants containing the maxima
and minima being reversed. The directions of the field that result in the greatest stability remain
broadly the same between for these and the oxidised state. This suggests that the external electric
field has a lower polarising effect on the 4Fe4S cluster compared to the 2Fe2S cluster and therefore
a much lower effect on stability. Any of the four rotations where y, 6 = 90°, 270° show the largest
degree of variation in relative energy. These rotations lie along two perpendicular internal
quadrilateral planes of the cluster that are coincident with its edges. The maximum VEA difference
observed for the electric field is AEvea = 25.43 kJ mol™.

The labile cubane cluster also shows only a difference in magnitude rather than location of
the lowest energy orientation. There is a much less complex pattern for this molecule and, noting that
the points at which the field is aligned along a vector passing through the edge created by the labile
iron and a sulfur atom have the highest VEA, and a perpendicular vector has the lowest VEA, suggests
that the effect of this labile iron atom is dominant. Here, the maximal influence of the electric field
on the VEA is not along an axis involving the unique iron. The maximum electric field effect on the
VEA observed for this cluster is AEvea = 19.97 kJ mol™. Previous work on similar® and related®
structures shows that the values for the changes in VEA are both significant relative to the absolute
VEA but not unreasonably high in magnitude. Notably these VEA values fall within the 0-0.51 eV

(0-49 kJ mol™?) range of magnitudes predicted when varying surrounding and connected amino acids
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around iron-sulfur clusters.®® It is also of interest to note that the field vector resulting in the maximum
and minimum values of relative VEA are the same for both the 4Fe4S and Labile 4Fe4S clusters,
specifically approximately passing through a methyl group, the bonded sulfur and iron, and finally
through the centre of the cube and through the opposite sulfur atom. Since the maxima and minima
observed for the VEA also influence electron transfer reactions it is not surprising that the observed
field vectors (for maxima and minima) also follow the direction of the initial reductive electron
transfer necessary for the formation of the 5’°-deoxyadenosyl radical in radical SAM enzymes.® As
rSAM enzymes share the common feature of SAM bound to the cluster this demonstrates how those
enzymes may have evolved to arrange the active site to follow the minimum energy pathway for this
initial activation step for the enzymes. Additional electrostatic field effects initiated by other charged

residues nearby can either support or reduce this effect.
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Figure 4: Frontier orbitals and effect of the three-dimensional rotation of an orientated electric field

around the 4Fe4S cluster. a) Reduced, S=1/2, Broken symmetry state 3; b) Reduced, S=1/2, Broken

symmetry state 4; c) Oxidised, S=0, Broken symmetry state 4; d) Relative vertical electron affinity

with most stable reduced broken symmetry state.
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Conclusions

We systematically investigated the effect of a rotating orientated electric field on the stability
and reactivity of biologically relevant iron-sulfur clusters. Applying DFT calculations on the model
clusters, we used the VEA — represented as the energy difference between oxidised and reduced state
— as an indicator for the redox reactivity of the clusters. In both cases of pure gas phase and
calculations in implicit solvent, we could show that a directed electric field induced by two distant
point charges significantly influences the stability and reactivity of the clusters. In agreement with
molecular frontier orbital theory, the effects are significantly different for different oxidation and
broken symmetry states. This leads to the observation that the most stable broken symmetry state
changes when re-orientating an electric field around the 2Fe2S cluster, with significant implication
for the reactivity of such clusters in heterogeneous environments like enzyme active sites. Different
orientations of the electric field had significantly different influences on the VEA and thus reactivity
of the clusters with a maximum effect of up to 25.5 kJ mol™*

The cubane clusters display more complex behaviour with it still being clear that the external
electric field has a dramatic effect on the stability and reactivity of these clusters. The introduction of
the COSMO environment alters the stability of the reduced cluster, stabilising the favoured broken
symmetry 1/2 spin state relative to the other broken symmetry state, but also stabilising the 9/2 state
relative to the most favoured state, suggesting that in a protein environment this stabilisation effect is
strengthened. The effects on the VEA are similar and in both cases dependent largely on whether the
iron atoms are experiencing unique force field environments or similar ones, shown by Figure 2D,
where the field is rotated about the Fe-Fe axis and the changes in orientation are therefore the same

for both iron atoms. Comparing the field with the orbital occupation of the HOMO and LUMO of the
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clusters, reinforces the hypothesis that the spatial location of electron density contributes significantly
to the observed effects.

These strong anisotropic effects of the electric fields demonstrate their relevance for iron-
sulfur clusters embedded in heterogeneous enzymatic environments. The impact of the field might
explain how enzymes influence the redox reactivity of such clusters in a significant way. This
systematic study reveals how these effects might be rationally explored and used as a powerful tool
for enzyme engineering where the external electric field would be generated by surrounding residues,
which can be mutated for direct control of the properties of the iron-sulfur clusters. The applications
would include altering catalytic rate, substrate scope and cluster stability (for example in oxygen
sensitive enzymes), and further work will focus on the nature and magnitude of these possible

applications and how generalisable this is to other similar molecular groups in enzymes.
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