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Highlights

Mg** binds to CoA in a 1:1 ratio with K, of 537 M™ (pH 7.2) and 312 M™ (pH 7.8).

Both in cytosol and mitochondria the fraction of CoA as CoA-Mg?** would be significant.
The binding is entropically driven, and the associated entropic gain seems solvent-related.
The coordination occurs mainly through the diphosphate group.

The conformational landscape of CoA is severely modified upon Mg** binding.

Abstract

Magnesium (Mg?*), the second most abundant intracellular cation, plays a crucial role in
cellular functions. In this study, we investigate the interaction between Mg** and coenzyme A (CoA), a
thiol-containing cofactor central to cellular metabolism also involved in protein modifications.
Isothermal titration calorimetry revealed a 1:1 binding stoichiometry between Mg®* and free CoA
under biologically relevant conditions. Association constants of (537 + 20) M and (312 + 7) M were
determined at 25°C and pH 7.2 and 7.8, respectively, suggesting that a significant fraction of CoA is
likely bound to Mg®* both in the cytosol and in the mitochondrial matrix. Additionally, the process is
entropically-driven, and our results support that the origin of the entropy gain is solvent-related. On
the other hand, the combination of 1- and 2-dimensional nuclear magnetic resonance spectroscopy
with molecular dynamics simulations and unsupervised learning demonstrate a direct coordination
between Mg”" and the phosphate groups of the 4-phosphopantothenate unit and bound to position 5’
of the adenosine ring. Interestingly, the phosphate in position 3' only indirectly contributes to Mg**
coordination. Finally, we discuss how the binding of Mg? to CoA perturbates the chemical
environment of different CoA atoms, regardless of their apparent proximity to the coordination site,
through the modulation of the CoA conformational landscape. This insight holds implications for

understanding the impact on both CoA and Mg** functions in physiological and pathological processes.
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Introduction

Magnesium is the second most abundant intracellular cation after potassium. In biological
systems it exists typically as Mg®*. Its concentration in cells is high, in the order of 10-30 mM, and it is
mostly bound to organic compounds such as ATP, phospholipids, proteins and nucleic acids.”” The
concentration of free Mg in cells has been estimated as 0.5-1.2 mM.?>* It is a cofactor for more than
600 enzymes and a regulator of ion channels, thus being essential for various cellular functions.>” At
least one-third of total magnesium is in the mitochondria, where it is concentrated due to the actions
of Msr2, a selective transporter found in the inner mitochondrial membrane.® Magnesium regulates
mitochondrial transmembrane potential, bioenergetics, and redox state, suggesting that this metal
should be considered an essential element for mitochondrial function in mammalian cells.’

Coenzyme A (CoA) is a thiol-containing cofactor that plays key roles in many life processes.® ™ It

is present in all living organisms, both free and as thioester derivatives such as acetyl and acyl CoA,
and plays essential roles in cellular functions as varied as metabolism, gene expression, and cell
death.™ The discovery of CoA and the determination of its structure led to Fritz Albert Lipmann being
awarded the Nobel Prize in Physiology or Medicine in 1953. CoA is composed of a
4-phosphopantothenate unit bound by a phosphoric anhydride linkage to an adenosine
3',5'-diphosphate unit and by an amide bond to cysteamine (Figure 1).

CoA and its derivatives promote different protein post-translational modifications, which can
affect protein structure, distribution and function, including protein acetylation and acylation,**
4’-phosphopantetheinylation and formation of mixed disulfides with Cys residues in a process that is
referred to as protein CoAlation.”*™ In mammals, the concentration of CoA and its derivatives varies
in different tissues, being highest in the liver and cardiac muscle.’®* Furthermore, CoA and its
derivatives are compartmentalized inside the cell: levels of CoA in mitochondria are in the mM range
(2.55-3.35 mM in the case of non-acylated CoA), while in peroxisomes, cytosol, nucleus, and
endoplasmic reticulum it is present at lower concentrations.' In fact, specific CoA and dephosphoCoA

transporters were detected in mitochondrial and peroxisome membranes.?

CoA presents multiple potential metal binding sites, including the cysteamine and the
3',5'-adenosine diphosphate portions. Indeed, Ni** was reported to coordinate with the sulfur at

t?! of the cofactor.?? Other ions that interact with CoA

cysteamine and Co?* to bind to the adenosine uni
are Hg®* and Mn*.?** The fact that Mg®* can bind to different phosphate- and, with greater affinity,
pyrophosphate-containing moieties such as ATP, UTP, ADP, UDP, thiamine pyrophosphate and free
pyrophosphate, suggests that it could also bind CoA.?>*?® Indeed, Mg** reduced the inhibition of
several enzymes by pyrophosphate-containing compounds, including CoA, suggesting that the cation
could compete with the enzymes for the compounds.?® Furthermore, the crystal structure of several
CoA-dependent proteins shows that Mg®* is frequently present in ternary complexes consisting in

protein, CoA and Mg”* (sometimes the latter is substituted by Mn?*).3*>*! However, structural and
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thermodynamic data regarding the interaction between free CoA and Mg?* is lacking so far, precluding
the estimation of the percentage of CoA that would be bound to the metal in the different cell
compartments. Herein we measured the association constant of Mg”* for free CoA under different
biologically relevant conditions, studied the binding mode of the complex through NMR spectroscopy,
and complemented the experiments with computer simulations. Our data indicate that at least in the
mitochondrial matrix, where the concentrations of CoA and Mg*" are relatively high, an important
fraction of the cofactor is expected to be bound to Mg®* which could affect both CoA and Mg*
functions in physiopathological processes.

Experimental and Computational Methods
Reagents and Materials

The trilithium salt of CoA, MgCl, anhydrous, Trizma pre-set crystals (pH 7.2), Chelex 100
sodium form, and trimethylsilyl propanoic acid (TSP) were purchased from Sigma Aldrich. Deuterium
oxide (D,0) was obtained from Cambridge Isotope Laboratories, Inc.

Isothermal Titration Calorimetry (ITC) Analysis

Thermodynamic characterization of the interaction between Mg®* and CoA was performed by
ITC using a Microcal VP-ITC microcalorimeter. CoA solutions were freshly prepared in a buffer whose
composition is indicated in the legend for Figure 2, and their concentrations were determined by
registering the absorption spectra between 230 and 340 nm, using a molar absorption coefficient of
14,328 M cm™ at 258 nm.* Thiol content in CoA solutions was measured at 412 nm by the Eliman’s
assay®, and confirmed that it was more than 90% reduced. Furthermore, incubations of CoA (1.5 mM)
for 3 hours in degassed Tris/Cl buffer 100 mM pH 7.8 and 25°C used in ITC experiments caused less
than 5% thiol oxidation, consistently with the previously reported low autoxidation rate of CoA
compared with those of glutathione and cysteine.** The concentrations of Mg** solutions were
determined by titration against ethylenediamine tetraacetic acid (EDTA).* In a typical experiment, CoA
was loaded into the sample cell and MgCl, in the injector, and after an initial 60 s equilibration, the
experiments started with a first injection of 2 pL and successive injections every 200 s with the syringe
stirring speed set at 286 rpm. Heats of dilution of MgCl, in the corresponding buffer were determined
in parallel experiments where CoA was replaced by only buffer in the sample cell, and were subtracted
from each data set.

The following equation accounts for the relationship between the integrated heat (normalized
by mol of MgCl, injected, (Q)) and the binding density at the injection i ({n;)).
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Q; = Vc(n);[CoA],AH (1)

Where, [CoA], is the initial concentration of CoA in the cell, AH is the molar association enthalpy and
V. the cell volume. This equation was used for global fitting to each set of experiments performed with
several initial CoA concentrations, using a nonlinear regression procedure.* Different binding models
were assayed,’” and the best fit to the experimental data was obtained with a model of identical and
independent binding sites:

2

1 1 [Mg?*] 1 [Mg*"] [Mg**]
) =3 (k-[CoA]T H [COA}TT +N) _\/<k:-[CoA]T H [CoA]TT +N) i [COA]TT (2)

Where N is the binding stoichiometry, k is the microscopic association constant, and [Mg®* ]; and
[CoAl; are the total (free + bound) concentrations at the injection i. The Gibbs free energy change for
association in the reference state (AG’) and the entropic contribution to AG’, were calculated
following the classical equilibrium thermodynamic relationships.

NMR spectroscopy

NMR experiments were performed at the CIM - Centro Interdipartimentale Misure "Giuseppe
Casnati", University of Parma. A 3.5 mM CoA solution in 50 mM Tris buffer pH 7.2 containing 5% D,0
and 1 mM TSP was initially prepared and used as an internal standard for CoA quantification.
Magnesium displacement experiments were conducted by adding 2.5 M MgCl, in the same buffer to
the CoA solution to final magnesium concentrations of 200, 350, and 500 mM. The subsequent
solutions were prepared in a 50 mM Tris buffer in D,0 and previously treated with Chelex 100 to
remove possible divalent metal cation traces. All the CoA solutions were freshly prepared, and their
pH was adjusted to 7.2.

To investigate chemical shift perturbations of CoA upon interaction with Mg®, a 5 mM CoA
solution at pH 7.2 was prepared and 2.5 M MgCl, in D,0 was added to final magnesium concentrations
of 50 and 150 mM. The pH of the final solution was checked to remain invariable. For the combined
carbon-proton chemical shift perturbations, we used the following equation:

AS2. — aAdZ,
A&HBC:\/ n c) 3)
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where a = 0.06, as evaluated considering the ratio for observed hydrogen and carbon chemical shift
ranges for CoA (8.00 and 140.0 ppm, respectively).’®

NMR experiments were performed at 25°C using a Bruker Avance 400 spectrometer equipped
with a 5 mm Prodigy cryoprobe. One-dimensional 'H and *'P NMR hydrogen decoupled spectra were
recorded on all the samples, while 2D *H-**C HSQC spectra were also acquired on 5 mM CoA samples
without and with 50 or 150 mM MgCl,. The CoA titration with MgCl, was monitored using 1D 'H and
3'p and 2D 'H-3C spectra. For the 'H experiments, standard 1D NOESY spectra with presaturation for
single solvent suppression (noesyprld pulse sequence) were acquired. Thus, the residual water signal
in the D,0 solutions was suppressed. Spectral width was 6400 Hz; 5 to 10 s, the recycle delay; and 32
transients were recorded with 32768 time domain data points. In the *'P spectra, 1D sequences with
'H powered-gated decoupling and using a 30-degree flip angle (zg30 pulse program) were used with a
spectral width of 12931 Hz, 2 s of recycle delay, 32 transients, and 131072 time domain data points.
The 'H-*C HSQC spectra used an HSQC sequence with Echo/Antiecho-TPPI (time proportional phase
incrementation) acquisition mode in F1, sensitivity improvement, and gradient and shaped (selective)
pulses (hsqcetgpsisp2.2 pulse sequence®). The spectra had a spectral width of 5198 Hz and 17123 Hz
for the 'H and **C dimensions, 512 t1 increments, each with 2048 complex data points, 4 transients,
and a relaxation delay of 2.0 s. NMR data acquisition, processing, and analyses was performed using
the Bruker software package TopSpin. The CoA atom numbering system used in this paper is indicated
in Figure 1.
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Figure 1. Coenzyme A chemical structure and atom numbering system used in this study. Atoms are
labeled according to their positions in the corresponding fragments: ci for position i in the cysteamine
fragment, pi for position i in the 4-phosphopantothenic acid fragment, and ai for position i in the
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adenine ring and ai’ for position i in the ribose ring; additionally, phosphorus atoms are labeled
starting with a capital P. In order to facilitate the NMR assignment, we used a numbering scheme that
closely resembles the one proposed by Dordine et. al.*

By monitoring the chemical shifts of the most perturbed nuclei (hydrogens a8, a5'B, and a3'
and phosphorus Pp10’) for 1:10 and 1:30 equivalent ratios of CoA:Mg?*, at 5 mM CoA concentration,
the K, value was estimated, considering a 1:1 stoichiometry, according to the following equation’®:

I e

= (4)
A(Sobs,max Q[COA]T

Where, Ad,, is the chemical shift perturbation observed, A8, ... is the chemical shift perturbation
observed at the highest magnesium concentration (150 mM), and a = [CoA]; + [Mg*]; + K, . Note that
equation (2) equals equation (4) if we consider (n)=A8,, /A8 s max » N = 1 and k = K.

Molecular dynamics simulations setup and general procedures

Classical molecular dynamics (MD) simulations were carried out to characterize the
conformational changes in the CoA molecule induced by the coordination of Mg?, and its associated
entropy change. The simulations consisted of a single CoA molecule in aqueous solution, both in
absence and presence of a single Mg” ion coordinated through the phosphate groups, following
previous ITC studies®®?” of Mg? binding to ATP, and the experimental results obtained herein. The MD
simulations were carried out with the AMBER16 package.* Parameters for the CoA molecule with the
thiol in its protonated form were obtained from the Generalized Amber Force Field (GAFF)* using
Antechamber and Parmcheck, employing restrained electrostatic potential (RESP)*?
the electron density obtained at the Hartree-Fock/6-31G" level of theory in vacuo, using Gaussian09**

charges fitted from

Mg?* ion parameters correspond to the ions94 forcefield.***® A single CoA molecule was solvated with
about 11500 TIP3P water molecules in a truncated octahedral box, using Leap, from the AMBER16
package.** The MD simulations were carried out with periodic boundary conditions with a 10 A cutoff
and the SHAKE algorithm to keep hydrogen bond lengths at their equilibrium distance.*” The system
was heated to 27°C gradually, with the Berendsen thermostat.*® Then, the density was adjusted in 0.5
ns in the NPT ensemble (constant amount of substance, pressure and temperature) with the
Berendsen barostat and thermostat (1 bar and 27°C).*® Next, 100 ns of MD were simulated in the NVT
ensemble (similar to NPT but with constant volume instead of pressure), using a time step of 2 fs, and
the Langevin thermostat to keep the temperature around 27°C.*° 5 frames were extracted from the
obtained trajectory, and 500 ns long MD were simulated starting from each of these frames. The 5
trajectories summed a total sampling time of 2.5 ps, both for CoA and the CoA-Mg?** complex.
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Configurational entropy estimation

The molar configurational entropy (S, was estimated from the mass-weighted covariance
matrix using the Schlitter’s method®, which has been applied to a broad spectrum of biomolecular

51,52

systems and establishes that the absolute molar configurational entropy can be estimated from a

MD trajectory of length t as:

2.2
4kBT7T (§ U’(t)} (5)

R
Scont(t) = o) In det {1 + 2

where T is the absolute temperature, 0’(t) is the mass-weighted covariance matrix , and R, kg, and h
are the ideal gas, Boltzmann, and Planck constants, respectively. Entropy values obtained with this
approach are necessarily dependent on the simulation length (t), but are expected to tend to a limit
entropy S.. for long enough sampling times (which depends on the particular system and must be
empirically determined). In this context, the following empirical equation has been proposed>***,

where S., and d represent fitting parameters:

(0}

Sconf(t) = Soo - J627 (6)

To ensure sampling time independence on our analysis, in this work, the Schliter entropy values were
calculated for each simulation step, using CPPTRAJ>® to compute 0’(t), and equation 6 was fitted to
these values. The procedure was repeated for the five independent MD trajectories of CoA and
CoA-Mg?** complex, considering only CoA atom coordinates.

Conformational analysis with the Density Peaks Advanced clustering method

The DADApy?® library was employed to identify stable conformations of CoA and the CoA-Mg?*
complex, with the Density Peaks Advanced®’ clustering method. The analysis was performed using
62500 frames belonging to the combined 2.5 ps long trajectories (water molecules were stripped with
CPPTRAIJ). To avoid performing the clustering analysis in Cartesian coordinates, which would yield a
highly dimensional space and would be possibly redundant, we considered the space formed by a
selection of dihedral angles. The selected set contained a total of 19 dihedral angles, associated with
the rotation of bonds from the cysteamine tail to the ribose moiety, and is further illustrated in the
next section. Therefore, our dataset was composed of the value of each of these 19 dihedral angles,
for each analyzed frame. The clustering analysis was carried out with the density peaks advanced
method, as implemented in the DADApy library, which employs free-energy-based ideas to find
‘peaks’ in the probability density (density peaks) of the dataset. This way, points belonging to the
same cluster are expected to not only be close from each other in the selected space, but also to have
similar free energies. The approach consists in an initial search for all local maxima of the probability
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density and a further statistical significance analysis of each density peak localized. If a certain peak is
considered to be statistically significant, it is considered a cluster center. Otherwise, it is merged to
another peak. The statistical confidence interval is modulated by a parameter Z, which is an adjustable
parameter. Lower values of Z lead to a larger number of clusters, but with lower statistical significance.
In this work, we set this parameter to 4.0, as this value retrieved a reasonably stable clustering of
random selections of the data (the effect of this parameter will be further discussed below, in the
results section). Additionally, the density peaks advanced method requires an estimation of the
Intrinsic Dimension®® (ID) of the dataset, which can be understood as the minimum number of
coordinates that conserves the same information as the full (in this case, 19-dimensional) space. This
estimation was performed with the two nearest neighbors®® (2NN) estimator, that is also implemented
in the DADApy library, by searching for a plateau in the evolution of the ID with the scale of variations
considered in the 2NN method. In our case, the ID was determined to be 6 both for CoA and
CoA-complex datasets. For further explanations of these methods, we refer the readers to the original
papers. The clustering analysis was performed by directly analyzing the mentioned trajectories as
AMBER netcdf® files with an in-home automatization script of this protocol that uses the DADApy and
ParmEd® libraries (available at https://github.com/JonathanSemelak/D-clust).

Finally, for the visualization of the clustering results, we used the Uniform Manifold
Approximation and Projection® (UMAP) method, which yields a low-dimensional projection of a
high-dimensional dataset, aiming to preserve its topography throughout the dimensionality reduction
process. The results were then represented as scatter-plots on two-dimensional UMAP projections,
and colored by cluster assignment or by selected interatomic distances obtained with CPPTRAJ.

Results and discussion
Thermodynamics parameters of CoA binding to Mg**
Isothermal calorimetric titration of CoA with Mg**

The interaction between Mg”* and CoA was first explored by ITC at pH 7.2 and 25°C. For this, a
solution of CoA was titrated with Mg* and the released heat due to the binding process was
measured (Figure S1). It can be observed that the reaction is endothermic indicating that the driving
force for the association process is the entropy change.

The area under each titration peak in the thermogram was calculated and represented as a
function of the corresponding [Mg®*]; / [CoA]; ratio (Figure 2). The same procedure was repeated
using two other initial [CoA]; at the same pH and temperature (Figure 2B and 2C) and different binding
models were assayed obtaining the best fit with the identical and independent sites model. Table 1
shows the best fit values of the model parameters.
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Table 1. Thermodynamic parameters of CoA binding to Mg?*at 25°C.

n K, (M) AH® (kcal/mol) AG®’ (kcal/mol)? -TAS®” (kcal/mol)®
pH 7.2 1.07 £0.03 537120 1.17+0.04 -3.72£0.03 -4.89 £ 0.07
pH7.8 | 0.99+0.01 312+7 1.85+0.04 -3.40£0.02 -5.25 1+ 0.06

(a) calculated as AG*= - RT In K;; (b) calculated as -TAS* = AG*’- AH*

The obtained binding stoichiometry was 1:1, and titration up to a mole ratio of 10:1 does not
show any evidence of additional binding sites (Figure 2C). Because of the 1:1 stoichiometry, the
microscopic association constant in equation 2 is equal to the thermodynamics (macroscopic)
association constant K,. As was mentioned, the binding process is entropically-driven, exhibiting AH*’
and -TAS” values of 1.17 + 0.04 and -4.91 kcal/mol, respectively. An endothermic and
entropically-driven binding process is in agreement with previous reports for ATP-Mg** and UTP-Mg?**

22,26

complexes. On the other hand, the positive values for the binding enthalpies indicate that the

association constants will increase at higher temperatures.

To further characterize the interaction between Mg®" and CoA, similar experiments were run at
pH 7.8 in the presence of 120 mM KCI (Figures 2D, 2E and 2F). These conditions were selected
resembling the pH and ionic composition of the mitochondrial matrix.*** It can be observed that the
process is still entropically driven, with a stoichiometry 1:1 and an association constant somewhat
smaller than that measured at pH 7.2.

Considering the estimations of free Mg*" and reported non-acyl CoA concentrations'®*

,and a
mitochondrial temperature® of about 54°C, the expected concentration of CoA-Mg*" are in the range
of 0.32-1.28 mM in mitochondria. In the case of the cytosol, the concentrations of the complex
calculated at a physiological temperature (37°C) were < 50 uM, which still represents an important
fraction of non-acyl CoA (10-40% of non-acyl CoA would bind Mg* both in the cytosol and
mitochondria). This information is summarized in Table 2. Note that the reported non-acylated CoA
concentrations do not discriminate between free CoA and CoA bound to macromolecules (nor in
oxidized states). For this reason, we also report the ratio [CoA-Mg**]/free [CoA], as can be directly
obtained from the association constant and free Mg** concentration, without any approximation in
the mass balance of CoA. Although we did not determine the binding affinity of acetyl- or other acyl-
CoAs for Mg”, considering the main atoms involved in the process, we propose that these molecules

also bind Mg?* using a similar mechanism as non-acyl CoA.
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Table 2. Estimated concentrations for CoA-Mg?* complex.

[CoA] (mM)*81°

free [Mg®'] (mM)?®

[CoA-Mg?*]/free [CoA]°

[CoA-Mg**] (mM)©

mitochondria 2.55-3.35 0.35-1.5 0.11-0.47 0.25-1.07
(25°C)
cytosol 0.05-0.09 0.37-2.1 0.19-0.80 0.008-0.047
(25°C)

mitochondria 2.55-3.35 0.35-1.5 0.14-0.62 0.32-1.28
(54°C)®
cytosol 0.05-0.09 0.37-2.1 0.21-0.92 0.009-0.050
(37°C)°

(a) The estimated concentration of free Mg?* varies depending on the particular tissues and conditions
and is estimated to be 1-3% of the total concentration®°%; (b) Calculated as K,/free [Mg*]; (c) Estimated
assuming no other species compete with Mg®* for free CoA; (d) Since the exact temperature of the
mitochondrial matrix is still a subject of debate and varies with metabolic conditions and cell types ,
we decided to report also the results for 25°C (the temperature at which the calorimetry determinations
were done) which were quite similar although values were slightly lower. The association constants at
these temperatures were estimated with the Van’t Hoff equation as In(K,(T,)/K,(T,))=(AH*/R)(1/T,-1/T,).

69-71
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Figure 2. Calorimetric titration curves for the interaction between CoA and Mg®". MgCl, and CoA
solutions were prepared in 100 mM Tris-HCI pH 7.2 at 25 2C (panels A-C), or 100 mM Tris HCI pH 7.8 at
25 °C, 120 mM KClI (panels D-F). Three dilutions were prepared in each buffer and CoA concentrations
were measured as described in methods. The initial concentrations ([CoAl;,) were: 2.90 mM (A), 2.25
mM (B), 0.45 mM (C), 3.33 mM (D), 1.15 mM (E), 0.40 mM (F). Titrations were performed as described
and the heat absorbed after each Mg?* injection was calculated and expressed as a function of the
corresponding [Mg*']; / [CoAl; ratio. Continuous black lines are the graphical representation of the
global fitting of a model of identical and independent sites to each set of experimental data. The best
fit values of the parameters are indicated in Table 1. The individual fit to each panel data is shown by
green lines.
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Conformational entropy change

According to the ITC results indicated above (Figure 2), the overall binding process of Mg to
CoA is entropically driven., i.e., it involves an increase in the entropy of the system. Without
considering the solvent degrees of freedom, a binding process necessarily involves a loss in
translational entropy. Thus, the positive entropy gain observed experimentally must result from some
other contribution. To obtain a semi-quantitative estimation of the configurational entropy change,
we performed a computational calculation of the configurational entropy of the CoA atoms in the
complex compared with free CoA (Figure 3). An extrapolation to infinite sampling according to
equation 6 yields a -TAS,_,; value of 4.2 kcal/mol, ruling out increased configurational entropy as the
cause of the negative -TAS obtained experimentally. This is consistent with the expected increase in
rigidity associated to Mg®* binding. Furthermore, this result supports that the origin of the positive
entropy change experimentally obtained should be related with solvent degrees of freedom
contributing to the total -TAS with about -9.2 kcal/mol). This idea is consistent with the entropically
driven binding of Mg”* to diphosphate-containing groups being previously attributed to the entropy
gain of water molecules from the Mg** solvation shell.*®

Sconf (cal / K mol)
g
|

540 .
520 CoA 4
CoA-Mg?*
500 T T T T
100 200 300 400 500

time (ns)

Figure 3. Configurational entropy of free CoA and CoA-Mg* complex, obtained from molecular
dynamics simulation. Only CoA atoms’ coordinates were used to compute the mass-weighted
covariance matrix. The results correspond to the average of five independent 500 ns long MD
simulations. The fitting of equation 6 retrieves S., and a values of (625 * 1) cal/K mol and (616 + 1259)
cal ns*3/ K mol, respectively for CoA, and S.. and a values of (611 * 3) cal/K mol and (743 + 448) cal
ns3/ K mol, respectively for CoA-Mg?*. These results correspond to a -TAS_,; value of 4.2 kcal/mol in
the limit of infinite sampling.
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CoA-Mg?* binding mode elucidated from NMR experiments and molecular dynamics simulations
A paramagnetic metal ion impurity induces selective line broadening in the NMR spectra

Initially, we prepared a 3.2 mM solution of CoA in 50 mM Tris buffer pH 7.2 containing 5% D,0.
Detected *H chemical shifts are in agreement with the reported for CoA.**”?> However, notably, some
CoA signals appear significantly broadened, while others are missing from the *H NMR spectrum, and
no signal is observed in the *'P NMR spectrum (Figure 4A). Signals of hydrogens a8, a5’, a4’, and p10
and the three phosphorus atoms Pp10, Pa5’, and Pa3’ are broadened beyond detection in the NMR
spectra, and hydrogen signals al’, p8 and p9 are detected but significantly broadened (Figure 4B, as
a2’ and a3’ 'H signals are overlapped to the water signal, we do not have information for these
positions).

We hypothesized that the observed broadening could be due to the presence of traces of a
paramagnetic metal ion in the sample that interacts with CoA. Indeed, the paramagnetic broadening
effect is usually very sensitive, and the presence of a small amount of a paramagnetic ligand very
often causes severe broadening in the NMR signals of testing samples.”>’* For example, an analogous
effect was reported in the case of a,-methyleneadenosine triphosphate in complex with Escherichia
coli MutT enzyme and Mg®* upon Mn?* addition.”” To verify our hypothesis, we performed Mg*
displacement experiments by adding MgCl, to the CoA NMR sample to obtain final magnesium
concentrations of 200, 350, and 500 mM. The CoA signals exhibiting line broadening in the original
sample are progressively sharpened as Mg** is added to the solution (Figure 4C). Sharpening occurs
for all the broadened CoA signals but is more accentuated for those signals that had been broadened
beyond detection. This feature supports the presence of paramagnetic metal ion (such as Mn?*, Fe**,
or Cu®) traces interacting with CoA, which is displaced by the increasing concentrations of Mg*, and
indicates that the interaction with magnesium involves the atoms whose signals are broadened in the
presence of the paramagnetic ion (Figure 4B).
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Figure 4. Selective line-broadening and displacing experiments with Mg?*. A. *H and >'P (inset)
NMR spectra of a 3.2 mM CoA solution in 50 mM Tris pH 7.2, not previously pre-treated with Chelex.
Several signals are missing from the spectra and others, boxed with a green line, are significantly
broadened. (B) Positions whose signals are broadened beyond detection (lime-yellow), detected but
significantly broadened (green), and not appreciably broadened (blue), are mapped to the CoA atoms
with a color scale. (C) *H and *'P NMR spectra in the absence of MgCl,, and the presence of 200, 350,
and 500 mM MgCl, (from bottom to top), showing the progressive sharpening of the CoA signals upon
magnesium interaction. Signals originally broadened beyond detection and signals detected but
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broadened are boxed with lime-yellow and green lines, respectively. The signal of Tris is indicated and
its 1*C satellites are shown with asterisks.

CoA chemical shift perturbation upon Mg** interaction

To avoid paramagnetic broadening, in all the subsequent samples, the buffer was pretreated
with Chelex 100 to remove possible traces of divalent metal cations. Figure S2 shows the *H, *'P, and
'H-13C HSQC NMR spectra obtained for a 5 mM CoA solution, and Table S1 reports the *H, *C, and *'P
chemical shift assignments of the reduced and oxidized forms of CoA (CoA-SH and CoA-S-S-CoA,
respectively), which are in line with previous studies.**’>’®"" Initially, <5% of CoA was oxidized, but we
observed that CoA oxidation proceeded in the NMR tube during experiments acquisition. Eight hours
after sample preparation, 30% of CoA was oxidized (not shown). For the reduced CoA-SH, the **C
signals of ¢l and c2 are expected around 24 and 42 ppm, respectively; on the other hand, for
CoA-S-S-CoA, cl is expected to yield a *C chemical shift around 37 ppm, and ¢2 around 38 ppm
(Figure S3). This way, the chemical shifts of c2 and c1 carbons for the main form of CoA are diagnostic
of the reduced form.

To investigate the interaction of CoA with magnesium, we added MgCl, to a 5 mM CoA sample
in two steps to final magnesium concentrations of 50 and 150 mM. The corresponding *H-*>*C HSQC
NMR spectra are shown in Figure S4. We observed progressive changes in the chemical shifts of some
NMR signals, confirming the interaction between Mg?* and CoA. Moreover, this observation shows
that, in our experimental conditions, the exchange between the CoA-Mg?** complex and free CoA is
fast in the NMR time scale. Interestingly, while in the absence of Mg®* the two hydrogens a5’ exhibit
the same chemical shift, when Mg** is added, the signals of these two diastereotopic hydrogens are
different (see Figure S4A). Possibly, in the CoA-Mg?* complex, the motion of this part of the molecule
is somewhat restricted (consistently with the negative AS_, value determined for the binding
process), providing a different chemical environment for each of a5’ hydrogens.

Figure 5 shows the combined *H-"*C and *'P chemical shift perturbation (CSP) values observed
for CoA upon Mg*" interaction, determined according to equation 3 (and as a simple difference for *'P
signals), using chemical shift values extracted from the NMR spectra shown in Figure S4. The most
perturbed signals are those corresponding to positions a8, a3’, one of the a5’ hydrogens, as well as
the three phosphorus atoms Pa3’, Pp10, and, to a lesser extent, Pa5’. In contrast, a2, a2’ and a4’, one
of p10 hydrogens, p8, p2, and p3, c1, and c2 positions are almost not perturbed at all by magnesium
interaction, while positions al’, the other a5’ and pl1l0 hydrogens, p9, and p6 are moderately
disturbed. These results show that the chemical environment of selected fragments is modified upon
Mg?* binding, suggesting that the interaction may involve the nucleotide moiety of CoA and the region
of pantothenate close to the phosphate group. On the other hand, the cysteamine and B-alanine
moieties seem not to be involved in the metal interaction. The three phosphate signals are also
perturbed upon magnesium binding, consistently with the phosphate groups being implicated in the
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metal complex formation. We observed a high field shift of the three phosphate signals, as well as line
width broadening upon magnesium addition, which is more accentuated for Pa3’, suggesting a
fast-intermediate exchange between the metal complex and free CoA at the *'P frequency under the
experimental conditions employed (Figure S4B).

The progressive perturbations of the NMR signals observed with 1:10 and 1:30 equivalent
ratios of CoA:Mg?, at a 5 mM CoA concentration, allow us to provide an additional rough estimation
(since it is an estimation based only on three points) of the K, for Mg®* binding, which results in the
10%-10®* M™ range (Figure S5), consistent with the 537 M™ value determined by ITC at the same
experimental pH.

Oxidized CoA also interacts with Mg?*, apparently involving the same region of CoA and with a
similar affinity to the reduced form (not shown).

Importantly, the signals that experience an increased paramagnetic broadening due to the
metal impurity are coincident with the signals that undergo significant CSP values upon Mg*'
interaction, confirming the interaction of Mg?* with CoA occurs in the region of the molecule involving
the three phosphates, the segment of pantothenate adjacent to the phosphate group, the ribose
moiety (positions a3’ and a5’), and the hydrogen in position a8 of adenine.
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Figure 5. CoA chemical shift perturbations upon Mg** interaction. Combined *H and *C (A) and
3P (B) CSPs observed for a 5 mM CoA solution in Chelex-treated 50 mM Tris pH 7.2 upon the addition
of 30 equivalents of MgCl,. Results are mapped in the chemical structure of CoA in (C). We should
notice that while a2' and a3' are not captured in the 1D *H spectra due to water suppression (Figures 4
and S2A), they are detectable in the 2D *H-"*C HSQC spectra (Figures S2C and S4A).

Conformational landscape of free CoA

The NMR experiments exhibited that the CoA conformational landscape is perturbed upon
Mg** binding. This observation could be not only because of the presence of the ion itself but also
because of restrictions that binding imposes on the torsional freedom of CoA atoms, making it prone
to explore different conformations and, subsequently, inducing different local environments for some
of its atoms. In this section, we use the MD trajectories from which we computed the configurational
entropy change, but this time to extract structural and dynamical data that would complement the
insights from NMR experiments.

The presence of Mg®* necessarily restrains some of the torsions involving Pa5’ and Pp10
(because they are directly involved in the coordination), however, the effect could be extended to
other torsions of the flexible tail integrated by the cysteamine and 4-phosphopantothenate units, as
well as part of the 3',5'-diphosphate. This way, to analyze the configurational changes induced upon
Mg binding, we considered the space formed by a selection of dihedral angles from the CoA tail,
illustrated in Figure 6A. Additionally, to conduct the analysis in an unbiased approach, we employed
the density peaks advanced clustering algorithm, an unsupervised learning technique. This method
allowed us to identify clusters searching zones of high density in the selected space, grouping
structures that are similar in terms of the selected dihedral angles. The results obtained are shown in
Figure 6B, projected on UMAP reduced dimensions for visualization. In Figures S6 and S7 we justify
the choice of a Z parameter of 4.0 for this analysis.

It can be seen that data points belonging to the same cluster are close to each other in the
reduced dimensions space, as expected for a transformation that aims to conserve the topology
structure of the original space. Additionally, it is noteworthy that most of the population lies in a small
number of clusters. For example, above 90% of the population falls in clusters | to Ill, in the case of
free CoA, and in clusters I’ and II’, in the case of CoA-Mg** complex.
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Figure 6. Clustering results of selected dihedral angles from CoA with the density peaks
advanced method. (A) The heavy atoms of the CoA molecule are shown, along with the definition of
the dihedral angles integrating the space @, in which the clustering was performed. (B) Scatter plot of
a 2D UMAP reduced dimensions of the data set, according to cluster assignment. The white circles
indicate the positions of the cluster centers. The clusters are labeled from | to VI (CoA) and I’ to IV’
(CoA-Mg** complex) by decreasing population. Populations (%) from | to VI are 42.5, 41.5,7.9, 5.0, 1.9
and 1.1, respectively. Populations (%) from I’ to IV’ are 45.2, 45.0, 5.3 and 4.4, respectively.

In Figure 7 we show the structures belonging to the centers of the most populated clusters
found by the density peaks advanced method. The same, but including every cluster, is shown in
Figures S8 and S9. These cluster centers should be interpreted as representative points of the
collection of structures that constitutes each cluster. While the clustering analysis was performed in a
space consisting of only dihedral angles, the cluster centers exhibit unique hydrogen bond (HB)
intramolecular interactions. This correlation between clustering with the density peaks advanced
method in a space of dihedrals and a space of intramolecular distances has been previously
observed.”® Moreover, while here we are focusing our analysis in the clusters centers, in Figures S10
and S11, the discussion is extended by coloring the data in the reduced dimensions according to
selected intramolecular distances. In Figures 7A and S8, we show the results for free CoA. It can be
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seen that in each center, the phosphate group of Pa3’ interacts with the -OH group from the ribose
ring. This interaction can occur with the phosphate group pointing towards the -OH group, or as in the
case of cluster center I, through the oxygen atom between phosphorus Pa3’ and the ribose ring.
Interestingly, among the phosphates forming the diphosphate group (Pa5’ and Pp10), only Pa5’
establishes an intramolecular HB. From a more general perspective, only HB interactions between the
cysteamine vs adenosine 3’,5-diphosphate and 4-phosphopantothenic acid vs adenosine
3’,5’-diphosphate are observed. In other words, HB interactions between the cysteamine and
4-phosphopantothenic acid groups seem to be prohibited (or at least not thermodynamically favored),
and so is the bending of the tail towards itself (that would be stabilized by such interactions).

In a previous work®®, we examined the CoAlation site of known 3D structures of CoAlated
proteins (i.e. covalently bound to CoA by a disulfide bond) and identified three main types of CoAlated
proteins, showcasing that CoA is a very flexible molecule (exhibiting extended and bent forms) that is
able to: 1) reach cysteine residues buried within the protein structure (and so fitting in specific
pockets); 2) reach solvent exposed cysteine residues, while still being attached to hydrophobic
pockets; and 3) fit in the pocket/groove formed by two protein subunits. Interestingly, when we
compare these observations with the conformational landscape we observed for free CoA in aqueous
solution (this work), it seems that the environment provided by protein residues of CoAlation sites is
able to push the limits of CoA flexibility.”® For example, in the case of the CoAlated histone
acetyltransferase p300/CBP associated factor (PDB ID 4NSQ’®), the cysteamine unit is particularly bent
towards the 4-phosphopantothenic acid group, in a way that we did not observe for CoA in aqueous
solution. This observation highlights that in the case of such a flexible molecule like CoA, the delicate
balance between inter and intramolecular interactions could tune its conformational landscape,
allowing it to fit in different types of protein pockets.

Mg** binding imposes changes in the conformational landscape of CoA

In the presence of a single Mg ion, the conformational landscape of CoA changes to that of
Figures 7B and S9. Notably, CoA retains its flexibility even when bound to Mg**, as evidenced by the
RMSD plot in Figure S12 and the attached movies in the Supplementary Material.

Regarding the clustering analysis, the first noticeable aspect is that the binding mode is split
almost 50% with the phosphate group Pa3’ pointing towards the Mg ion (like in clusters I’ and lII’),
and 50% in which only Pa5’ and Pp10 interact with it. This is illustrated by the histograms shown in
Figures 7 and S9, where structures belonging to clusters I’ and IlI” exhibit a narrow peak around 4.5 A
in the distance between the Mg** ion and phosphorus Pa3’. This result is in agreement with the
conclusion drawn from the NMR experiment that Mg®* ion interacts with the three phosphate groups
of CoA. Moreover, it provides the additional information that while the three phosphate groups are
involved in the binding of Mg?, only Pa5’ and Pp10 participate consistently in the interaction, and
Pa3’ only half of the time, through Mg”* coordination waters. This could eventually explain the larger
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broadening of the Pa3’ signal in comparison with those of Pa5’ and Pp10, observed in the NMR
experiments (Figure 4B). The involvement of phosphate Pa3’ in the coordination of Mg®* and the
associated change in its chemical environment is especially interesting, as it has been shown to play a
key role in the catalytic mechanism of human medium-chain acyl-CoA dehydrogenase.”
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Figure 7. Structures of centers of the most populated clusters found by the advanced density
peaks method. (A) Centers of clusters | and Il (CoA). (B) Centers of clusters I’ and I’ (CoA-Mg?*) along
with histograms (in the form of KDE Density plots) showing the distribution of the distance between
Pa3’ and the Mg ion along the frames of each cluster. Only heavy atoms of CoA are shown for
simplicity. Intramolecular HB are highlighted in purple (criterium: acceptor-hydrogen distance lower
than 2.5 A). Carbon, nitrogen, oxygen, sulfur and phosphorus atoms are shown in gray, violet, green,

yellow, and orange, respectively.

The binding mode of the CoA-Mg®* complex differs from that proposed for the analogous
CoA-Mn** complex.” Based on molar paramagnetic relaxation rates obtained from 'H NMR
experiments, it has been proposed that phosphate Pa3’ does not participate in the Mn*" coordination,
and that the -OH group from position p6 and the adenine ring are directly involved in the Mn*
coordination. With this information, a highly folded structure was proposed for the CoA-Mn*
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complex in aqueous solution, so it could satisfy simultaneously that the distances between hydrogens
of positions p6, a2 and a8 and the Mn* were 4.1- 4.6 A. In our case, the average distance between
Mg?* and hydrogen p6 is about 6 A and the -OH group never interacts with the Mg?* ion directly. On
the other hand, the average distances between Mg?* and hydrogens a2 and a8 are about 11 and 7 A,
respectively, being significantly asymmetric (and also consistent with a8 experiencing a larger
paramagnetic broadening). The binding of Mn*" to CoA may induce different modifications in the CoA
conformational landscape. For example, while that could not be the only contributing factor, it has
been reported that Mn?* promotes the activity of acetyl-CoA carboxylase in conditions in which Mg**
is unable to do s0.%% In the same line, our study on free CoA and CoA-Mg?* dynamic structures strongly
supports that even when complexed, CoA remains a very flexible molecule, and so a structure in
which the distances between Mg?* and hydrogens p6, a2, and a8 are about 4.1- 4.6 A simultaneously,
is unlikely to be a predominant conformation.

Finally, as the sulfur atom of CoA constitutes the nucleophilic center that leads CoA to form
disulfide bonds to different proteins and is also the target of acyl-CoA synthetases®, it may be worth
noticing that the binding of Mg* and the subsequent population of conformations represented by
cluster Il', that is characterized by the tail bending towards the diphosphate group of CoA (Figure 8),
may perturb the chemical environment of the sulfur atom from the -SH group. Whether this change
could lead to significant modifications of its nucleophilicity or its acidity is yet to be determined.
Nevertheless, within the limitations of the chosen forcefield, the combination of clustering analysis
and NMR experiments suggest that the binding of Mg®* to CoA induces changes in the local
environment of relevant fragments of CoA, regardless of their distance to the binding site.

In spite of the reported 3 fold higher affinity constant of Mn** compared with Mg?* for CoA (910
M™ at pH 8)%?, and due to the much lower concentration of Mn?* in the mitochondria (approximately 3
UM as labile low molecular weight species)’, Mn** would not constitute an important competitor for
Mg?* binding to CoA under physiological conditions. Similarly, the basal concentration of Ca®" in resting
mitochondria is considerably lower than that of Mg* (100-200 nM, although it can increase
considerably under stimulation in some mitochondrial microdomains)’ and therefore it is unlikely that
Ca”** can compete with Mg?* binding to CoA at least under basal conditions, particularly if the affinity
constant tendency among nucleotides such as ATP where the affinity of Ca?* is lower than that of Mg?*
is maintained in the case of CoA.®

The consequences of the interaction of CoA with Mg?* on the different functions of the
coenzyme are expected to largely depend on the particular proteins involved. For example, Mg?**
competes with glucose 6-phosphate dehydrogenase for CoA binding, and therefore releases
CoA-mediated protein inhibition.”® Mg®* also inhibits the binding of CoA to acetyl CoA carboxilase, in
this case leading to a decrease of CoA-dependent protein activation.®® Furthermore, the crystal
structure of the Ser/Thr kinase aurora kinase A in complex with CoA shows that in this case the
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interaction is with CoA and Mg”".% It is tempting to speculate that for those proteins interacting with
CoA at a nucleotide binding site, and since nucleotides usually bind proteins in complex with Mg*,
CoA-Mg** probably has an enhanced affinity compared with CoA, leading to a greater competitive
inhibition. However, as indicated above, these effects should be tested on an individual protein basis.

Conclusions

The combination of ITC experiments, NMR spectroscopy and molecular dynamics simulations allowed
us to provide the first structural and thermodynamic characterization of Mg binding to CoA in
aqueous solution. We found that Mg?* binds to CoA in a 1:1 stoichiometry with association constants
of (537 + 20) M™ at pH 7.2 and (312 + 7) M™ at pH 7.8 and composition resembling the mitochondrial
matrix. Based on this affinity, the fraction of CoA bound to Mg*" is estimated to be significant both in
the cytosol and the mitochondrial matrix. We also determined that the binding is entropically driven,
and the associated entropic gain seems to be solvent-related. Furthermore, we mapped the Mg"
interaction sites in the CoA molecule and found that the coordination occurs mainly through the
diphosphate group, with the phosphate group from the ribose ring participating only indirectly in the
binding, about half of the time, and through Mg®* coordination waters. Finally, MD calculations
showed that the conformational landscape of CoA is severely modified upon Mg binding, inducing
changes in the chemical environment of CoA atoms, regardless of their distances to the binding site.
However, even when complexed to Mg**, CoA remains a highly flexible moiety.
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