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Abstract 24 

Mg2+ ions are essential for the proper functioning of protein kinases and their roles 25 

in kinase activity have been studied for years. However, recent investigations have 26 

shed new light into how these metal cofactors modulate the catalytic activity, and 27 

new functions for them have been assigned. As an example, it has been found that 28 

in CDK2 (cyclin-dependent kinase 2), an enzyme that  had been postulated to work 29 

efficiently with only one Mg2+ ion, a second Mg2+ ion needs to be bound in the 30 

active site for achieving an optimal catalytic performance. Thus, in this 31 

contribution, the phosphoryl transfer reaction in CDK2 has been studied in detail 32 

considering the presence of an additional Mg2+ ion in the active site. For this 33 

purpose, QM/MM (quantum mechanics/molecular mechanics) free energy 34 

calculations with the adaptive string method were performed, which showed that 35 

indeed the system containing two Mg2+ ions exhibits a lower activation free energy, 36 

corroborating the experimental observations.  Structural and electronic analyses 37 

helped to identify the main factors that explain the differences in reaction barriers, 38 

giving a special emphasis to the reduced electrostatic repulsion that is felt by the 39 

reacting fragments when two Mg2+ ions are present in the active site. On the other 40 

hand, it was confirmed that the base-assisted mechanism is favored over the 41 

substrate-assisted pathway in the presence of two Mg2+ ions. The role of Asp127 42 

was clarified; therefore, this residue acts firstly as a catalytic base and then as a 43 

catalytic acid protonating the transferred phosphoryl group. It is expected that 44 

these results may be extrapolated to other structurally related kinases where the 45 

influence of a second Mg2+ ion within the active site is still under debate. 46 

  47 
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1. Introduction  48 

Phosphoryl transfer reactions are ubiquitous in all biological systems and their 49 

capacity to be regulated allow signaling and metabolic cascades to exist.1 Protein 50 

kinases catalyze phosphorylation reactions that regulate a wide range of biological 51 

events, such as carbohydrate and lipid metabolism, neurotransmitter biosynthesis, 52 

DNA transcription and replication, organelle trafficking, smooth muscle 53 

contraction, cell differentiation, among others.2 The phosphoryl transfer reaction 54 

catalyzed by protein kinases is helped by specific residues and Mg2+ cofactors 55 

within the active site, which allow a proper positioning of the substrates and 56 

stabilize the negative charges at the active site, respectively.2,3 Besides, the 57 

presence of divalent metals affects nucleotide binding and the phosphoryl transfer 58 

step2,4–6. Here, all protein kinases appear to be able to bind two Mg2+ ions2; 59 

however, while in some cases the binding of two Mg2+ ions in the active is 60 

favorable for catalysis,7–9 in other cases, e.g. in early studies of cyclic AMP-61 

dependent protein kinase A (PKA),10–12 it was observed that the binding of a 62 

second Mg2+ ion produced an inhibitory effect.  63 

 64 

In this context, cyclin-dependent kinase 2 (CDK2) is a very interesting system to 65 

study since it was first suggested that this enzyme operates with only one Mg2+ ion 66 

in its active site,13 but later it was found that two metal cofactors are indeed 67 

needed for optimal catalytic activity.6,14 CDKs phosphorylate peptide substrates at 68 

either serine or threonine residues using ATP (adenosine triphosphate) as a 69 

phosphate source.15 Their names come because, in order to be fully activated, CDKs 70 

need to be bound to a cyclin protein partner,16–18 and they also need to be 71 

phosphorylated at specific residues19–23 (Thr160 in CDK2,24 see Fig. 1A). CDKs are 72 

well known as important regulators of the eukaryotic cell cycle; however, many 73 

other biological functions have been recently discovered,25,26 and CDKs in higher 74 

eukaryotic cells arise as important regulators of transcription, metabolism and cell 75 

differentiation. Thus, and mainly due to their studied roles in the cell cycle, they 76 

have become very attractive therapeutic targets, especially for cancer treatment.27–77 

29 Unfortunately, despite extensive research in this area, rather unsatisfactory 78 
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results have been obtained so far, and therefore new strategies for their inhibition 79 

are sought.30 At this point, the precise knowledge of the reaction mechanisms in 80 

CDKs could help to propose new molecular hypotheses for speeding up the 81 

development of more potent and selective drugs. 82 

 83 

 84 

Figure 1. (A) Overall fold of the transition state mimic complex CDK2/Cyclin A2 with a 10-85 

residue peptide substrate (blue) indicating the position of ADP, the glycine-rich loop and 86 

the phosphorylated residue pThr160 (PDB ID: 3QHW). (B) Active site close-up view 87 

labeling residues Asp127, Lys129, Asn132, Asp145 and the substrate threonine, together 88 

with ADP, the MgF3- molecule, magnesium ions and coordinating waters. Dashed lines 89 

represent the coordination spheres of both Mg1 and Mg2 ions.    90 

 91 

As mentioned previously, the use of Mg2+ ions as cofactors in protein kinases is 92 

essential for their proper functioning, but a detailed molecular description of how 93 

Mg2+ ions work within the active site of these enzymes has not been provided yet. 94 

The ATP molecule in the cell is always coordinated by one Mg2+ ion (ATP-Mg), 95 

which is the substrate complex in most protein kinases.31 This ion corresponds to 96 

Mg2 in the active site according to the nomenclature used in protein kinases2 (see 97 

Fig. 1B), and it is coordinated in CDK2 by two non-bridging oxygen atoms from the 98 

α- and γ-phosphates of ATP, one β-γ bridging  oxygen, Asn132, Asp145 and a water 99 

molecule, completing in this way an octahedral coordination32 (Fig. 1B). The 100 

binding site for this Mg2+ ion is the one that had been found occupied previously in 101 
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CDK2 crystals,4,13,32 and therefore, until just recently, the phosphoryl transfer 102 

mechanism in CDK2 had been described involving only that single Mg2+ ion (1-Mg 103 

system).33–36 However, Bao et al.6 obtained a crystallographic structure of a 104 

pCDK2/Cyclin A transition state complex mimic with a second Mg2+ ion (Mg1) 105 

bound within the active site, showing that CDK2 most probably works with two 106 

Mg2+ ions as cofactors (2-Mg system). In this structure, the second ion is 107 

coordinated by a β-phosphate oxygen from ADP and a fluorine atom from the 108 

transition state (TS) mimic MgF3-, which would be representing a γ-phosphate 109 

oxygen if ATP was present in the active site; in a bidentate coordination by 110 

Asp145, and two water molecules (Fig. 1B). This second Mg2+ ion (Mg1) occupies 111 

the binding site that was known to be filled in protein kinases like PKA,37 thus 112 

suggesting a common catalytic mechanism in both enzymes. In the crystallographic 113 

and kinetic study of Bao et al.6, and in subsequent ones by the same authors,14 they 114 

show that Mg1 has a transient nature, since it is expelled from the active site after 115 

the phosphoryl transfer step has been completed to allow for the release of ADP, 116 

but its presence was found to be necessary for achieving maximum rate 117 

enhancement of the chemical reaction.6,14 Interestingly, a similar mechanism has 118 

been proposed for PKA, alluding to be a more general mechanism in protein 119 

kinases.38 One relevant structural feature of the 2-Mg system, when compared with 120 

previous 1-Mg crystallographic structures, is the conformation of the glycine-rich 121 

(Gly-rich) loop, a structural motif that functions as a lid closing the active site.3 122 

This loop is found in more open conformations in crystals with only one metal ion 123 

(at  Mg2 position),4,13,32 while it is found in a closed conformation in the crystal 124 

structure with two Mg2+ cofactors.6 Besides, it has been observed by means of 125 

molecular dynamics (MD) simulations that the 2-Mg system was much more rigid 126 

than the 1-Mg system, indicating a structural stabilization role for Mg1.6 127 

 128 

The phosphoryl transfer reaction can take place through three main reaction 129 

pathways:39 one in which the reaction goes through a dissociative mechanism 130 

involving a metaphosphate intermediate, characterized by advanced dissociation 131 

between the leaving oxygen and the γ-phosphorus atom; a second option is an 132 

associative mechanism involving a pentavalent phosphorane intermediate, where 133 
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bond formation with the entering oxygen is more advanced than dissociation with 134 

the leaving oxygen; and a third scenario featuring a concerted mechanism, i.e., with 135 

only one transition state. Here, the nature of the transition state could also be more 136 

dissociative or associative, for which the terms “loose” or “tight” are also used, 137 

respectively.39 Other important feature in the mechanism is the activation step 138 

(deprotonation) of the serine/threonine residue to accomplish its 139 

phosphorylation. It has been proposed that Asp127 in CDK2 may serve as a 140 

catalytic base abstracting the hydroxyl proton, allowing the consecutive 141 

phosphorylation of the substrate residue.32 This mechanistic route is therefore 142 

called base-assisted mechanism (Fig. 2), and features in principle, a dissociative-143 

like mechanism.35,40,41 Moreover, it is plausible to think that this mechanism 144 

involves a last protonation step (step 2 in Fig. 2), which has been studied in protein 145 

kinases like PKA, where the protonated aspartic acid residue (Asp166 in PKA) 146 

delivers back the proton to one of the oxygen atoms of the transferred phosphoryl 147 

group.40,42 Having a protonated phosphate group at the phosphorylation site would 148 

in turn help to destabilize its interaction with the Mg2+ ions, favoring its release 149 

from the active site.43 On the other hand, the substrate hydroxyl proton could be 150 

abstracted by one γ-phosphate oxygen atom, route called substrate-assisted 151 

mechanism (Fig. 2), which usually resembles a more associative-like 152 

mechanism.34,40  153 

 154 
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Figure 2. Base-assisted and substrate-assisted pathways for the phosphoryl transfer 155 

reaction in CDK2. The base-assisted mechanism may involve a second step where the 156 

proton is transferred from the external base (Asp127) to one phosphoryl oxygen (O2γ in 157 

this case) generating the same product as the substrate-assisted route.  158 

 159 

Computational studies on non-enzymatic and enzymatic phosphoryl transfer 160 

reactions are vast in the literuature;1,44–47 however, computational studies in 161 

kinases have been rather limited.1 With respect to CDK2, the first computational 162 

study used QM cluster calculations at a DFT (density functional theory) level and 163 

pointed to a substrate-assisted mechanism with an estimated energy barrier of 42 164 

kcal/mol,33 clearly above the experimental estimations (15.3 kcal/mol from k3= 35 165 

s-1 24 using transition state theory). Some of the same authors performed later a 166 

QM/MM study, where they also proposed the substrate-assisted mechanism as the 167 

operating one with an energy barrier of 24 kcal/mol, attributing only a structural 168 

role for Asp127.34 A subsequent QM/MM study by Smith et al.35 proposed a 169 

concerted base-assisted mechanism with a loose transition state as the most 170 

favorable one (free energy barrier of 10.8 kcal/mol), while they observed an 171 

energy barrier over 30 kcal/mol for the substrate-assisted mechanism. However, 172 

the best estimation of the free energy barrier was somewhat lower than the 173 

experimental derived value (15.3 kcal/mol). The authors argued that the different 174 

experimental conditions such as the nature of the peptide substrate with which the 175 

values were compared could be a potential source of error. A more recent QM/MM 176 

study analyzing the potential energy surface (PES) of the reaction performed in 177 

our group also reaffirmed that the base-assisted mechanism is more favorable than 178 

the substrate-assisted one.36 These last results agreed with computational studies 179 

in PKA40–42,48,49 and in other kinases,50,51 which also point to a base-assisted 180 

mechanism with a strong dissociative character as the operating one, though the 181 

substrate-assisted mechanism has been proposed as the most favorable in other 182 

kinases.52,53 183 

 184 
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Despite the numerous experimental and computational studies performed in 185 

CDK2, there is no clear understanding on how much a second Mg2+ ion would affect 186 

the phosphoryl transfer mechanism and its associated free energy barrier. Here, it 187 

is worth noting that all computational studies in CDK2 have considered only one 188 

Mg2+ ion within the active site,33–36 and therefore that information is lacking. On 189 

the other hand, it is also interesting that some computational studies in other 190 

kinases have also shown that two Mg2+ ions within the active site appear to be 191 

important for transition state stabilization and hence lowering of the activation 192 

energy,48,54 while others have suggested that a second Mg2+ ion would have a 193 

destabilizing effect on the transition state.55,56 Therefore, a comprehensive study of 194 

the different structural motifs that could drive these observations is still needed.         195 

 196 

The main goal of the present study is to assess the phosphoryl transfer mechanism 197 

in CDK2 using one of the most recent crystallographic structures that contains two 198 

Mg2+ ions in the active site and to estimate the free energy barrier of the chemical 199 

step, using also a model with only one Mg2+ ion for comparison purposes. To 200 

achieve this, QM/MM MD calculations have been performed, including in this way 201 

the direct effect of the protein environment and its flexibility on the quantum 202 

chemical calculations. Also, analyses of structural and electronic properties have 203 

been carried out to rationalize the differences between both modeled systems. It is 204 

expected that these results may help in obtaining a more profound understanding 205 

on how Mg2+ cofactors modulate phosphoryl transfer reactions in protein kinases. 206 

 207 

2. Methods 208 

2.1 System preparation and classical MD simulations 209 

The CDK2/Cyclin protein complex model was built based on the crystal structure 210 

with PDB code 3QHW.6 This structure contains the CDK2/Cyclin A2 protein 211 

complex bound to ADP, the TS mimic molecule MgF3
-, a peptide substrate with 212 

primary sequence PKTPKKAKKL and two Mg2+ ions within the active site (Fig. 1B). 213 

The chains A, B and J were chosen for CDK2, cyclin and the 10-residue peptide 214 
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substrate, respectively. The MgF3- mimic was replaced by the γ-phosphate to build 215 

the ATP molecule in the reactant complex. This was done by aligning the protein 216 

structure to a previous crystal structure of CDK2 where the ATP molecule is 217 

present (PDB ID 1QMZ).32 The product complex, where the ATP γ-phosphate has 218 

been transferred to the threonine residue of the peptide substrate, was built 219 

manually considering reported conformations of the transferred phosphoryl group 220 

in the product state of PKA.40 Here, different states for the products were taken 221 

into account, i.e., one in which the transferred hydroxyl proton resides on Asp127, 222 

what would be the product of step 1 in the base-assisted mechanism (Figure 2), 223 

and other states where the proton is located at the phosphoryl oxygens O2γ and 224 

O3γ, representing the products of step 2 in the base-assisted mechanism or the 225 

substrate-assisted pathway. To model the different mechanisms in the 1-Mg 226 

system, Mg1 was removed from the reactant and product complexes. 227 

Subsequently, classical MD simulations of the 1-Mg and 2-Mg systems in both 228 

reactant and product states were run for 10 ns. Additional details about the 229 

preparation of the systems, parameters assignment, minimization and 230 

equilibration are described in the Supporting Information (SI) section.  231 

 232 

 233 

2.2 QM/MM free energy calculations 234 

The last frame from MD simulations of the reactant and product complexes for 1-235 

Mg and 2-Mg systems was used for setting up QM/MM calculations. The QM region 236 

was comprised of active site residues Asp127, Lys129, Asn132, Asp145 together 237 

with the complete triphosphate moiety of the ATP molecule, the substrate 238 

threonine residue, and both Mg2+ ions (or one Mg2+ ion in case of 1-Mg system) 239 

with their respective coordinating water molecules (Fig. S1). QM/MM cuts were 240 

applied between β and α carbons of protein residues and valences were completed 241 

with hydrogen atoms (link atom approach57,58), making a total of 77 and 70 QM 242 

atoms (including link atoms) in 2-Mg and 1-Mg systems, respectively.  QM atoms 243 

were treated with two semiempirical methods, namely DFTB359–62 (3OB/OPhyd 244 

variant61) and AM1/d-PhoT63 (results for this Hamiltonian are described in the SI). 245 
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Both methods have been developed to treat phosphoryl transfer reactions and 246 

have been applied extensively to study enzymatic catalysis during recent 247 

years.47,51,64–69 Parameters for DFTB3 simulations were kindly provided by Daniel 248 

Roston (UC San Diego).61 The MM region was treated with the Amber ff99SB force 249 

field. Reactant and product complexes for both 1-Mg and 2-Mg systems were first 250 

subjected to QM/MM minimization calculations using the respective QM/MM 251 

potentials. Subsequently, QM/MM MD simulations were performed for 100 ps in 252 

NVT ensemble to equilibrate reactant and product conformations using a time step 253 

of 1 fs. Temperature was kept at 300 K by means of Langevin thermostat with a 254 

collision frequency of 1 ps-1. All simulations were performed with the simulation 255 

package AmberTools17 using the sander module.70 256 

 257 

Equilibrated structures of reactants and products for each mechanism were 258 

extracted to calculate the minimum free energy path (MFEP) that connects both 259 

states in a space of collective variables (CVs) using a modified version of the on-260 

the-fly string method71 (the adaptive string method, ASM72). Generally speaking, 261 

the string method71,73 allows finding the MFEP by using a series of coupled 262 

restrained MD simulations connecting equidistant points along some path in the 263 

CV space that links reactants and products. These points, or nodes, move to the 264 

regions of lower free energy, converging to the MFEP.74 In this way, the calculation 265 

of the complete free energy surface is not needed assuming that reactive 266 

trajectories rarely visit regions far from the MFEP. As in previous studies, the 267 

string method has been combined with the use of a path CV75,76, s coordinate in this 268 

work, that measures the progress along the reaction. Umbrella sampling (US77) 269 

with Hamiltonian Replica Exchange78 were used to sample the configurational 270 

space along this reaction coordinate and to obtain the corresponding potential of 271 

mean force (PMF). This approach has been successfully applied to different 272 

enzymatic reactions.50,75,79–84 273 

 274 

Figure 3 shows the choice of the CVs for string method and path CV calculations. 275 

CVs 1 and 2 describe the breaking and formation of P-O bonds, respectively, while 276 
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CVs 3 and 4 represent the proton transfer from the threonine’s hydroxyl group to 277 

Asp127. CV5 corresponds to a hybridization coordinate that measures the distance 278 

between the Pγ atom and the plane formed by the three phosphoryl oxygens O1γ, 279 

O2γ and O3γ. CVs 6 and 7 describe the donor-acceptor distances of the phosphoryl 280 

transfer and proton transfer reactions, respectively. CVs 8 and 9 describe the step 281 

2 of the base-assisted mechanism that involves the proton transfer from Asp127 to 282 

the phosphoryl oxygen atom O2γ (Fig. 2). CV8 also helps to describe the direct 283 

proton transfer from the threonine’s hydroxyl proton to the phosphoryl oxygen O2γ 284 

in the substrate-assisted pathway. Finally, CV10 is the distance Mg2 - O2γ, which 285 

was included after observing that this distance was too elongated in the base-286 

assisted mechanism in the 1-Mg system. The inclusion of this distance as a CV 287 

helps to keep the MFEP in the vicinity of those regions physically relevant. Step 2 288 

of the base-assisted mechanism was only explored with the DFTB3 method after 289 

observing high free energy barriers when the AM1/d-PhoT Hamiltonian was used. 290 

In this way, the calculations using the AM1/d-PhoT Hamiltonian were studied with 291 

a smaller set of CVs (CV1-CV7). Finally, other phosphoryl oxygens were tested as 292 

proton acceptors in the substrate-assisted mechanism. For the sake of clarity, the 293 

CVs that were used for each string calculation are clearly depicted in the 294 

supporting information (SI). Other details of the string optimization and 295 

subsequent US calculations are provided in SI. 296 

 297 

 298 

 Figure 3. Definition of the CVs used in the base-assisted and substrate-assisted 299 

mechanisms. All CVs correspond to simple distances except for CV5 which is a 300 
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hybridization coordinate defined by the distance between the atom Pγ and the plane 301 

formed by the three γ-phosphoryl oxygen atoms. 302 

 303 

3. Results 304 

3.1 Phosphoryl transfer mechanism with two Mg2+ ions 305 

3. 1. 1. Base-assisted mechanism 306 

In order to study the phosphoryl transfer mechanism in CDK2, MD simulations 307 

were performed to obtain relaxed structures of the reactant and product 308 

complexes with two Mg2+ ions. During the equilibration of the reactant complex 309 

using classical MD simulations, it was noticed that the hydroxyl group of the 310 

nucleophile threonine residue adopted different conformations; in some cases 311 

favoring a hydrogen bond (HB)  interaction with Asp127 and in others favoring 312 

HBs with the γ-phosphate oxygens (Fig. 4A and B). To exemplify this, the HB 313 

distances with the different γ-phosphate and Asp127 oxygens are shown in Fig. 4A. 314 

It is therefore very clear that the thermal energy of the system is sufficient for 315 

generating this conformational change repeatedly during the simulation. This 316 

clearly indicates that, in principle, the threonine proton could be abstracted by the 317 

substrate ATP or by Asp127 and thus both proposed mechanisms would be 318 

plausible. This behavior was also observed in the QM/MM MD simulations 319 

performed at the DFTB3/ff99SB level (Fig. S2, see SI for a more detailed analysis). 320 

 321 

 322 
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 323 

Figure 4. (A) Distances between the Hγ atom of the threonine’s hydroxyl group with atoms 324 

O1γ and O3γ from the ATP molecule and the Oδ1 atom of Asp127 along a 10 ns MD 325 

simulation of the reactant state with two magnesium ions. (B) Superposition of the two 326 

last frames of the 10 ns MD simulation showing the different conformations that the 327 

threonine’s hydroxyl group can adopt, and the respective hydrogen bonds formed (black 328 

dashed lines). 329 

 330 

In this section we discuss the results corresponding to the mechanism where the 331 

target threonine is activated through proton abstraction carried out by Asp127. In 332 

the case of the DFTB3/ff99SB simulations, the product conformation used for the 333 

string calculations features the transferred phosphoryl group protonated at the O2γ 334 

oxygen (Fig. 2), which is still coordinating the Mg2 ion. Fig. 5 shows the calculated 335 

free energy profile at the DFTB3/ff99SB level of theory (Fig. 5A), together with the 336 

evolution of the CVs along the reaction coordinate s (Fig. 5B). In this case, the 10 337 

CVs described in Fig. 3 were used to study the reaction mechanism. Information 338 

about the convergence of the string calculation is also provided in Fig. S3B. 339 

Although the initial values for the CVs in each node were set to favor a direct 340 

proton transfer from the threonine’s hydroxyl group to the phosphoryl oxygen O2γ, 341 

the string calculation converged to the base-assisted mechanism (see the evolution 342 

of CV4). The activation free energy amounts to 16.6 ± 0.5 kcal/mol, very close to 343 

the experimental estimation (15.3 kcal/mol).24  344 

 345 
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The most important CVs for this reaction are the ones that represent the breakage 346 

and formation of P-O bonds (CV1 and CV2) and the respective proton transfer 347 

reactions (CV3, CV4 and CV8). The reaction begins with an average distance for the 348 

O3β-Pγ bond (CV1) of 1.70 Å and of 3.45 Å for the Pγ-Oγ bond (CV2). The first event 349 

observed is the gradual approach of the nucleophile Oγ(Thr) atom towards Pγ, 350 

represented by a decrease in CV2, whereas CV1 remains constant until a reaction 351 

coordinate value of about 2.3 (units in amu1/2·Å from hereafter). From this point, 352 

CV1 keeps smoothly increasing while CV2 decreasing, showing the gradual 353 

breakage of the O3β-Pγ bond and the formation of the Pγ-Oγ(Thr) bond, respectively, 354 

until the first transition state (TS1a) is reached (Fig. 5 and 6B). Here, CV1 and CV2 355 

take average values of 2.32 and 2.61 Å respectively, corresponding to a 356 

metaphosphate-like transition state with high dissociative character (donor-357 

acceptor distance (CV6) of 4.93 Å). Following the reaction coordinate, an 358 

intermediate state is found (IT1a), which is very close in energy to TS1, i.e, only 0.6 359 

kcal/mol of difference. The IT1a intermediate (Fig. S4A) presents almost equal 360 

values for CV1 and CV2, 2.51 Å and 2.46 Å, respectively, and with CV6 taking a 361 

value 4.97 Å, reaffirming the dissociative character of the reaction. We pause here 362 

to comment that this shallow intermediate is most probably due to a limitation of 363 

the semiempirical Hamiltonian (the well is considerably deeper using other 364 

parametrizations of the DFTB3 Hamiltonian, data not shown). In addition, 365 

considering the sampling error, i.e., about 0.5 kcal/mol, this feature on the free 366 

energy profile should be considered as kinetically irrelevant.  367 

 368 

Advancing in the reaction, a second transition state is found (TS2a, Fig. 6C), which 369 

is the highest point in the free energy profile (Fig. 5A). Here, CV1 and CV2 take 370 

average values of 2.62 Å and 2.18 Å, respectively, showing that the phosphoryl 371 

group is now much closer to the entering oxygen than to the leaving oxygen atom. 372 

This process is accompanied by a shallow increase in the distance Mg2-O2γ (CV10), 373 

as a result of the phosphoryl group transfer. The dissociative character of the 374 

transition states can be assessed by using Pauling’s formula as proposed by 375 

Mildvan:85 D(n) = D(1) – 0.60log(n),  where D(n) is the average value between the 376 

two P-O distances, and D(1) is the distance for a single P-O bond (1.73 Å). With 377 
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this, the fractional bond number (n) that gives an estimation of the 378 

associative/dissociative character of the TS can be estimated. In the case of TS1a, 379 

the fractional bond number is 0.06, which means that the TS is 6% associative (or 380 

94% dissociative). In the case of TS2a, it has a dissociative character of 93%. 381 

Therefore, it is very clear that the TSs described at the DFTB3/ff99SB level exhibit 382 

a high dissociative character, which is expected for the base-assisted mechanism 383 

and agrees with other computational studies.35,36,40 384 

 385 

 386 

 387 

Figure 5. (A) Free energy profile for the base-assisted mechanism (steps 1 and 2) at the 388 

DFTB3/ff99SB level along the reaction coordinate s for the 2-Mg system. PMF calculated 389 
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over 90 ps of sampling in each window. Error bars correspond to 95% confidence 390 

intervals. Dashed vertical lines represent the positions of transition states TS1a, TS2a, 391 

TS3a and TS4a on the reaction coordinate. (B) Evolution of the CVs along the reaction 392 

coordinate s.  393 

 394 

Just after TS2a, the first proton transfer reaction starts, as reflected in Fig. 5B by 395 

the elongation of the Oγ(Thr)-Hγ(Thr) bond (CV3) and the simultaneous formation of 396 

the Oδ1(Asp127)-Hγ(Thr) bond (CV4). For this, the donor and acceptor oxygens get 397 

closer, as represented by a slight decrease in CV7 at the crossing point between 398 

CV3 and CV4 (CV7 ≈ 2.5 Å). Once the proton transfer reaction is completed at s 399 

value of 8.30 (CV4 ≈ 1 Å), the phosphoryl transfer is also completed, i.e., CV2 400 

reaches a plateau representing the complete formation of the Pγ-Oγ(Thr) bond. Thus, 401 

all these last processes generate a decrease in the free energy until a second 402 

intermediate state is formed (IT2a). This intermediate state features Asp127 403 

protonated making a HB with the Oγ(Thr) oxygen (Fig. S4B). From here, the free 404 

energy begins to increase again to reach a third transition state (TS3a, Fig. 6D). 405 

From Fig. 5, it is possible to see that the increase in the free energy is due to the 406 

approach of the oxygen Oδ1(Asp127) to the phosphoryl oxygen O2γ, represented by a 407 

gradual decrease in collective variables CV8 and CV9. This event requires the 408 

breakage of the Oδ1(Asp127)-Hγ(Thr)··· Oγ(Thr) HB and rotation towards O2γ, taking an 409 

approximate energy cost of 1.5 kcal/mol (energy difference between IT2a and 410 

TS3a). 411 

 412 

Once an adequate conformation between the donor and acceptor oxygens is 413 

adopted at TS3a (CV9 = 2.72 Å, Fig. 6D), the proton transfer from Asp127 to the 414 

phosphate group occurs, which is accompanied by a decrease in the free energy, 415 

until a third intermediate state is reached (IT3a). IT3a features a protonated 416 

phosphate group at O2γ making a HB with the oxygen Oδ1(Asp127) (Fig. S4C). At this 417 

point, the distance between the protonated oxygen O2γ and Mg2 (CV10) is almost 418 

2.6 Å, showing that the second proton transfer reaction alters the coordination of 419 

Mg2; however, the subsequent accommodation of the HB networks allows the 420 

recovery of the coordination at Mg2, though the final value for CV10 is almost 2.4 421 
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Å. Though IT3a could be considered the final product state of the phosphoryl 422 

transfer reaction, our QM/MM MD equilibration simulations reached to a 423 

conformation that is slightly different (see Fig. S5), where the HB O2γ-424 

Hγ(Thr)···Oδ1(Asp127) has been broken and the protonated O2γ oxygen rotates away 425 

from Asp127 establishing a new HB with a water molecule. This last step is 426 

represented by a gradual increase in collective variables CV4 and CV9, which is the 427 

final free energy barrier in the profile at s value 13.6 (TS4a, Fig. 6E). This last 428 

rotation of the O2γ-Hγ(Thr) bond takes a free energy cost of 2.2 kcal/mol (energy 429 

difference between IT3a and TS4a). Here, the intermediate state IT3a and the final 430 

product state are almost isoenergetic, with the latter being only 0.7 kcal/mol more 431 

stable indicating that both conformations would be thermally accessible at the 432 

product state.  433 

 434 

 435 

Figure 6. (A-F) Representative structures of reactants, transition states and products 436 

identified according to the free energy profile of Fig. 5A.  The residue Lys129 is also shown 437 

in the structures to highlight its role in the stabilization of the γ-phosphoryl group through 438 

electrostatic and hydrogen bonding interactions.    439 

 440 

Thus, the string method was able to capture the complete base-assisted 441 

mechanism (steps 1 and 2) showing that Asp127 acts firstly as a catalytic base and 442 

then as a catalytic acid protonating the transferred phosphoryl group. The proton 443 

transfer from the Oγ(Thr)-Hγ(Thr) group to Asp127 occurs after TS2a has been 444 
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reached, and therefore contributes to the lowering of the free energy. The same is 445 

observed in the case of the second proton transfer step (TS3a). Interestingly, this is 446 

in agreement with QM/MM studies in PKA (PES scan using DFT for the QM region) 447 

where the same results have been found for the proton transfer steps.40,41 Overall, 448 

the free energy barrier predicted at the DFTB3/ff99SB level (16.6 ± 0.5 kcal/mol) 449 

is in very good agreement with the experimental derived value for the activation 450 

energy (15.3 kcal/mol, k3 = 35 s-1).24 On the other hand, calculations with the 451 

AM1/d–PhoT method reproduced a similar dissociative-like mechanism, though 452 

with a much higher free energy barrier (25.9 kcal/mol ± 1.0 kcal/mol). One of the 453 

main factors that explains this high free energy barrier is that AM1/d–PhoT 454 

predicts a too stable HB between the Oγ(Thr)-Hγ(Thr) group and the phosphate oxygen 455 

O3γ, generating an overestimated free energy penalty upon the rotation of the 456 

hydroxyl group towards Asp127.  A more detailed analysis is given in the SI.   457 

     458 

3. 1. 2. Substrate-assisted mechanism 459 

The substrate-assisted mechanism (Fig. 2) was assessed with two Mg2+ ions in the 460 

active site at the DFTB3/ff99SB level using the reactant and product 461 

conformations previously used for the study of the base-assisted mechanism. Fig. 7 462 

shows the free energy profile together with the CVs describing the reaction (see 463 

Fig. S6 depicting the convergence profile). It is readily seen that the free energy 464 

profile depicts a concerted mechanism (transition state TSc, dashed vertical line). 465 

The evolution of the CVs show how the reaction begins with the approach of Oγ(Thr) 466 

to Pγ reflected by a continuous decrease in CVs 2 and 6. Subsequently, the Oγ(Thr)-467 

Hγ(Thr) bond is accommodated towards the right conformation to carry out the 468 

proton transfer to O2γ, reflected by a decrease in CV8. Then, the O3β-Pγ bond (CV1) 469 

begins to stretch until the transition state (TSc) is reached at s value of 7.10. At the 470 

transition state, CV1 and CV2 take average values of 1.91 and 1.92 Å, respectively, 471 

and therefore TSc corresponds to the point where both O3β-Pγ and Pγ-Oγ(Thr) 472 

distances are almost equal. Owing to the rather short P-O distances, and especially 473 

due to the well-advanced formation of the Pγ-Oγ(Thr) bond, the TS has an associative 474 

character of 48%. As a result, the proton transfer to O2γ is well advanced at the 475 

transition state, with average values for CVs 3 (Oγ(Thr)-Hγ(Thr)) and 8 (O2γ-Hγ(Thr)) of 476 
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1.59 and 1.19 Å, respectively. These values show that at the TS the bond Oγ(Thr)-477 

Hγ(Thr) is already broken and the bond O2γ-Hγ(Thr) is almost formed. The estimated 478 

free energy barrier is 26.2 ± 1.3 kcal/mol, which is considerably higher compared 479 

to the activation energy calculated for the base-assisted mechanism (16.6 ± 0.5 480 

kcal/mol) and the experimentally derived value (15.3 kcal/mol).  481 

 482 

Figure 7. (A) Free energy profile for the substrate-assisted mechanism at the 483 

DFTB3/ff99SB level along the reaction coordinate s with 2 Mg2+ ions in the active site and 484 

with ATP oxygen O2γ as proton acceptor. PMF calculated over 20 ps of sampling in each 485 

window. Error bars correspond to 95% confidence intervals. Dashed vertical line 486 

represents the position of transition state TSc on the reaction coordinate. (B) Evolution of 487 

the CVs along the reaction coordinate s.  488 

 489 

The reaction is completed with the total dissociation of the O3β-Pγ bond, and the 490 

final formation of the Pγ-Oγ(Thr) bond. The final small barrier observed at s ≈ 12.6 is 491 

the rotation of the O2γ-Hγ(Thr) bond away from Asp127 as described in the base-492 
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assisted mechanism. The final reaction free energy is 4.7 ± 1.8 kcal/mol, which is 493 

slightly higher compared to the one estimated in the base-assisted route (2.6 ± 0.8 494 

kcal/mol). According to the confidence intervals, the difference would not be 495 

statistically significant and therefore it could be safely attributed to minor factors 496 

such as insufficient sampling, PMF integration error and the different definitions of 497 

the s coordinate (which is path-dependent).  498 

 499 

These results suggest that the substrate-assisted pathway is a less favorable 500 

mechanistic route compared to the base-assisted mechanism in the 2-Mg system, 501 

which is in agreement with previous results from QM/MM computational studies 502 

in CDK235,36 with one Mg2+ ion within the active site and in PKA with two metal 503 

cofactors.40 The higher free energy barrier would be the result of a strained four-504 

membered ring formed at the transition state (Pγ-O2γ-Hγ(Thr)-Oγ(Thr)), a structural 505 

fact that imposes an extra energy penalty due to geometrical restrictions.40 Here, 506 

QM/MM calculations in PKA have predicted potential energy barriers for the 507 

substrate-assisted mechanism that range from 27 to 34 kcal/mol considering 508 

different γ-phosphate oxygens as proton acceptors40, results that would be in 509 

agreement with our estimation, though important methodological differences 510 

should be considered. On the other hand, the substrate-assisted mechanism was 511 

also studied using the AM1/d-PhoT Hamiltonian which also resembled an 512 

associative-like mechanism as the one described by the DFTB3 method  and with a 513 

similar activation free energy barrier (29.4 ± 0.8 kcal/mol, see SI for a detailed 514 

description). 515 

 516 

3.2 Phosphoryl transfer mechanism with one Mg2+ ion 517 

3. 2. 1. Base-assisted mechanism 518 

The phosphoryl transfer mechanism in CDK2 was also studied with only one Mg2+ 519 

ion within the active site. Initial classical MD simulations of the reactant state 520 

showed that the nucleophilic threonine residue tended to leave the active site, 521 

differently to what was observed in the 2-Mg system. This behavior was also 522 
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observed previously in MD simulations performed by the authors that published 523 

the crystal structure used in this study, where they proposed that the weak 524 

apparent affinity of the peptide substrate (KM=120 μM at 150 mM KCl) could be the 525 

cause of this event,6 though another possible cause could be related to deficiencies 526 

in the force field. Thus, we performed MD simulations adding a soft positional 527 

restraint (see SI) to the peptide substrate except for the threonine residue. With 528 

this, the threonine residue was restricted to the active site, but the hydroxyl group 529 

could still sample different conformations. MD simulations showed that formation 530 

of HBs between the Oγ(Thr)-Hγ(Thr)  group with γ-phosphate oxygens was favorable, 531 

especially with oxygen O1γ, and also with Asp127 (Fig. S7). Water molecules fill the 532 

space where Mg1 was originally located, and the entrance of water molecules 533 

causes a partial opening of the Gly-rich loop, which in turns allows the entrance of 534 

more water molecules at the active site (see Fig. S8). The partial opening of the 535 

Gly-rich loop generates the breakage of several HBs between the backbone amides 536 

of residues Thr14, Tyr15 and Gly16 from the Gly-rich loop with β-phosphate 537 

oxygen atoms. The missing HBs are replaced by their counterparts but with water 538 

molecules, which can also provide charge stabilization on the negatively charged 539 

phosphate oxygens. The opening of the Gly-rich loop is expected since 540 

crystallographic structures of CDK2 with one Mg2+ cofactor show this motif in an 541 

open conformation,32 and MD simulations have shown that the presence of only 542 

one Mg2+ ion in the active site induces the open conformation of this loop.6   543 

 544 

After classical MD, QM/MM MD simulations were performed for 100 ps using 545 

QM/MM Hamiltonians but without any restraints. It was found that, at least at this 546 

time scale, the substrate threonine residue was stable in the active site. Here, it 547 

was observed that the Oγ(Thr)-Hγ(Thr) group was mostly positioned to form HBs with 548 

the γ-phosphate oxygens, while HBs with Asp127 were hardly formed (Fig. S9). 549 

Thus, the initial reactant structure for the adaptive string calculations using both 550 

Hamiltonians features the hydroxyl group forming a HB with the phosphate 551 

oxygen O1γ, with rather long Hγ(Thr)-Oδ1(Asp127) distances (Fig. 8A). On the other 552 

hand, the product conformation was also relaxed, and it shows a protonated 553 

Asp127 residue making a HB with the Oγ(Thr) oxygen (Fig. 8E). The main change in 554 
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the active site is the new conformation that the transferred phosphoryl group 555 

adopts in the product state, where it is seen that the plane formed by the three γ-556 

phosphate oxygens is now roughly perpendicular to the plane formed by the β-557 

phosphate oxygens, in a “down” conformation facing the bulk (see Fig. 8E). This 558 

conformation is adopted since the O1γ atom is no longer interacting with the Mg1 559 

ion and therefore the phosphate group is free to adopt a different pose in the active 560 

site.   561 

  562 

After observing that the base-assisted mechanism was preferred in the 2-Mg 563 

system, we decided to only study this pathway in the 1-Mg system.  Fig. 9 shows 564 

the free energy profile with the evolution of the corresponding CVs (see Fig. S10 565 

for string convergence) for the base-assisted mechanism in the 1-Mg system. In 566 

this case, the same CVs used to study the base-assisted mechanism in the 2-Mg 567 

system (steps 1 and 2) were used. Differently to the mechanism described 568 

previously for the 2-Mg system, for the 1-Mg system only the first part of the base-569 

assisted mechanism (step 1, Fig. 2) was studied. The reason is that we were not 570 

able to capture in our string simulations the complete base-assisted mechanism 571 

with the final proton transfer from Asp127 to the O2γ atom of the phosphate group 572 

(step 2). However, this does not alter our discussion since it is expected that the 573 

last proton transfer, if exists, would not be the rate-limiting step.  574 

 575 

As was previously stated, one Mg2+ ion in the active site preferentially stabilizes 576 

HBs between the threonine’s hydroxyl group with γ-phosphate oxygens, and 577 

therefore, the first step during the mechanism is the gradual approach of this 578 

hydroxyl group towards the oxygen Oδ1(Asp127) (Fig. 9B). This process is reflected in 579 

the decrease of CVs 4 (Hγ(Thr)-Oδ1(Asp127)) and 7 (Oγ(Thr)-Oδ1(Asp127)) until s value of 580 

5.27 (Fig. 8B and solid vertical line in Fig. 9). Also, in this first part of the 581 

mechanism both the donor and the acceptor fragments begin to approach each 582 

other (decrease in CVs 2 and 6) but without dissociation of the O3β-Pγ bond, which 583 

takes an approximate free energy cost of 6.2 kcal/mol. Once the Oγ(Thr)-Hγ(Thr) bond 584 

has been positioned to make a HB with Asp127, the O3β-Pγ bond begins to break 585 
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and the Pγ-Oγ(Thr) bond is further formed. This occurs until the transition state 586 

(TSe) is reached (Fig. 8C and dashed vertical line in Fig. 9), where CV1 and CV2 587 

take average values of 2.35 and 2.64 Å, respectively. Thus, the transition state has a 588 

dissociative character of 95%, and therefore is not very different to the TSs (TS1a 589 

and TS2a) found for the base-assisted mechanism in the presence of two Mg2+ ions 590 

(94 and 93%, respectively). The associated free energy barrier to TSe amounts to 591 

19.5 ± 0.6 kcal/mol, which is 2.9 kcal/mol higher compared to the free energy 592 

barrier obtained for the 2-Mg system at the DFTB3/ff99SB level. According to the 593 

activation free energies in both systems, these results corroborate the 594 

experimental observations that show that two Mg2+ ions are required for a more 595 

efficient phosphoryl transfer reaction.6,14 However, considering that the difference 596 

is not too large, it is expected that the 1-Mg system may still be active. From TSe, 597 

the distance Pγ-Oγ(Thr) (CV2) varies little, while the distance O3β-Pγ (CV1) keeps 598 

increasing, generating structures with an even higher dissociative character. For 599 

instance, at s = 11.24, CV1 and CV2 take average values of 3.19 and 2.51 Å, 600 

respectively, giving a dissociative character of ≈ 99%, as it is also evidenced by the 601 

long O3β-Oγ(Thr) distance (CV6 = 5.35 Å). Fig. 8D shows a representative structure at 602 

this point in the reaction coordinate, where it is possible to see that this high 603 

dissociative character involves the conformational change previously mentioned in 604 

the transferred phosphoryl group (the “down” conformation). Subsequently, the 605 

proton transfer is carried out simultaneously with the complete formation of the 606 

Pγ-Oγ(Thr) bond, without any additional energy barrier, but on the contrary, 607 

contributing to the lowering of the free energy.  608 

 609 

An interesting point is the exergonic character of the reaction, with a reaction free 610 

energy of -8.2 kcal/mol, which is very different to the reaction free energy 611 

obtained for the 2-Mg system (2.6 kcal/mol). In the study of Smith et al.35 in CDK2, 612 

where QM/MM free energy calculations were performed (at the B3LYP/ff99SB 613 

level), a negative reaction free energy was predicted (slightly lower than -10 614 

kcal/mol), in agreement with our current estimation. It is also worth noting that 615 

we did not observe these highly dissociative structures and the conformational 616 

change in the transferred phosphoryl group in our previous QM/MM study in 617 
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CDK2 with one Mg2+ ion (PES exploration),36 suggesting that incorporation of the 618 

protein environment in a flexible way (free energy simulations) seems to be an 619 

important aspect to take into account. On the other hand, calculations with the 620 

AM1/d-PhoT Hamiltonian predicted a similar mechanism to the one predicted for 621 

the 2-Mg system at that level of theory, but also with a  higher free energy barrier 622 

(details in SI), correlating well with the results using the DFTB3 method and 623 

experimental findings. We would like to mention that there are other open 624 

questions not addressed in the present investigation, as it is the role of Lys129 in 625 

the reaction. In a previous study in our group36, its role as a proton donor to the 626 

transferred phosphoryl group along the base-assisted mechanism was found to be 627 

viable in the presence of one Mg2+ ion. In the meantime, it is clear that residue 628 

Lys129 is well positioned in the active site to assist the phosphoryl transfer 629 

reaction and it helps to stabilize the negative charge on the γ-phosphoryl group at 630 

the transition and product state. 631 

 632 

 633 

 634 

 635 

Figure 8. (A-E) Representative structures of reactants, products, transition state TSe and 636 

important points in the reaction’s progression identified according to the free energy 637 

profile of Fig. 9. The residue Lys129 is also shown in the structures to highlight its role in 638 

the stabilization of the γ-phosphoryl group through electrostatic and hydrogen bonding 639 

interactions.    640 
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   641 

 642 

 643 

Figure 9. (A) Free energy profile for the base-assisted mechanism (step 1), with one Mg2+ 644 

ion in the active site, along the reaction coordinate s calculated at the DFTB3/ff99SB level. 645 

PMF calculated over 90 ps of sampling in each window. Error bars correspond to 95% 646 

confidence intervals. Solid vertical line represents the point on the reaction where the 647 

rotation of the threonine’s hydroxyl group towards Asp127 has been completed. Dashed 648 

vertical line represents the position of the transition state TSe on the reaction coordinate. 649 

(B) Evolution of the CVs along the reaction coordinate s.  650 

            651 

3.3 Enhanced repulsion in the 1-Mg system  652 
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In order to rationalize the effects of an additional Mg2+ ion within the active site of 653 

CDK2, Mulliken charges were analyzed for the paths defined in the base-assisted 654 

mechanism (the most probable one) for both 1-Mg and 2-Mg systems at the 655 

DFTB3/ff99SB level. It was found that in general both systems exhibit the same 656 

trends for the atoms involved in the phosphoryl transfer reaction (Fig. S11). These 657 

trends also agree with the results obtained in our previous study in CDK2 with one 658 

Mg2+ ion in the active site, where NPA (natural population analysis) charges were 659 

calculated.36 However, we noticed that the charges on the γ-phosphoryl oxygen 660 

atoms and therefore on the γ-phosphoryl group were shifted to more negative 661 

values in the 1-Mg system. This suggests that in the case of the 1-Mg system, a 662 

larger repulsion should be felt by the reacting fragments, clearly affecting the free 663 

energy barrier. A more detailed analysis of Mulliken charges can be found in the SI. 664 

 665 

In order to get deeper insights into the differences in free energy barriers between 666 

1-Mg and 2-Mg systems, free energy contributions associated to each CV72 were 667 

analyzed (Fig. S12). It is worth mentioning that these free energy contributions 668 

should not be considered as “bond energies”, but rather as a way to detect the 669 

coordinates through which free energy can be released or introduced into the 670 

system. Here, it is observed that for the 2-Mg and 1-Mg systems, the initial 671 

increment in the free energy barrier is mostly associated with CV2, which 672 

describes the approach of Oγ(Thr) to Pγ. This represents the electrostatic repulsion 673 

that must be overcome once both atoms begin to approach each other. When 674 

reaching the respective TSs, the total free energy contribution associated to CV2 is 675 

17.4 and 9.4 kcal/mol for 1-Mg and 2-Mg systems, respectively (Fig. S12). Also, the 676 

contribution from CV6, that represents the donor-acceptor (O3β-Oγ) distance, is 677 

higher in the 1-Mg system compared to the 2-Mg system. An additional 678 

contribution that increases the activation free energy in the 1-Mg system is due to 679 

CV7, coordinate that characterizes the approach of the Oγ(Thr)-Hγ(Thr) group to 680 

Asp127 (see Fig. 9). Until the rotation of this hydroxyl group towards Asp127 has 681 

been completed (solid vertical line in Fig. S12B), the free energy increment 682 

associated to this CV is 2.6 kcal/mol. Thus, this analysis confirms that the greater 683 

repulsion experienced by the reacting fragments in the 1-Mg system and the 684 
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unfavorable conformation of the threonine’s hydroxyl group are the main factors 685 

that explain the less favorable catalytic activity. A more detailed analysis of CVs 686 

contributions is given in the SI. 687 

          688 

4. Discussion 689 

During the study of the 2-Mg system at the DFTB3/ff99SB level, the base-assisted 690 

mechanism was found to be the most favorable mechanistic route (16.6 ± 0.5 691 

kcal/mol compared to 26.2 ± 1.3 kcal/mol for the substrate-assisted mechanism). 692 

In this mechanism, Asp127 acts as a base activating the nucleophilic hydroxyl 693 

group through a HB interaction and receiving the proton once the phosphoryl 694 

transfer is almost completed. This late proton transfer reaction to Asp127 was also 695 

detected in previous computational studies in CDK2 with one Mg2+ ion35,36 and in 696 

computational studies in PKA with two metal ions40,41,48,49 to its homologous 697 

residue (Asp166). We explored through the adaptive string method the complete 698 

base-assisted mechanism, which involves, in a second step, a proton transfer from 699 

Asp127 to one of the γ-phosphate oxygens (O2γ in this case), leaving the 700 

transferred phosphoryl group protonated. QM/MM potential energy calculations 701 

performed in the enzyme PKA at the B3LYP/CHARMM level of theory have 702 

proposed this mechanism as the most favorable one.40 With this, it was found that 703 

the estimated free energy barrier for the base-assisted mechanism (16.6 kcal/mol) 704 

agrees well with the experimental derived value of 15.3 kcal/mol.24  705 

 706 

The phosphoryl transfer mechanism was also studied with one Mg2+ ion in the 707 

active site. The calculated free energy barrier in the 1-Mg system (19.5 ± 0.6 708 

kcal/mol) is ~3 kcal/mol higher compared to the activation energy in the 2-Mg 709 

system. These free energy values are compatible with the experimental 710 

observation that CDK2 already catalyzes the reaction with one Mg2+ ion but is more 711 

efficient with  two Mg2+ ions as cofactors.6,14 An important point to notice is that 712 

upon the absence of Mg1, the conformational equilibrium of the target threonine’s 713 

hydroxyl group between conformations that favor HBs with γ-phosphate oxygens 714 
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and Asp127 is altered. In this regard, a possible explanation is that the entrance of 715 

water molecules in the active site (Fig. S8) screen the interaction between the 716 

Oγ(Thr)-Hγ(Thr) group and Asp127, imposing an extra energy penalty for the rotation 717 

of the threonine’s hydroxyl group. Besides, it is expected that the more flexible 718 

coordination of the ATP molecule in the 1-Mg system may affect the interactions 719 

that the substrate hydroxyl group forms with Asp127.   720 

 721 

Analysis of Mulliken charges and free energy contributions associated to each CV 722 

on the total free energy profile showed that an enhanced repulsion between the 723 

reacting fragments would be the main cause for the higher activation free energy 724 

in the 1-Mg system. The presence of Mg1 helps to stabilize the negative charge on 725 

the ATP molecule, and especially on the γ-phosphate group, reducing the 726 

electrostatic repulsion with the nucleophilic hydroxyl group and stabilizing the 727 

transition state. Upon the absence of Mg1, the phosphoryl transfer can still occur 728 

since the enhanced repulsion felt by the reacting fragments is somewhat 729 

compensated but the higher flexibility that the transferred phosphoryl group has, 730 

which is more free to accommodate in the active site, resulting in a more 731 

dissociative mechanism, but with a reduced efficiency. Finally, the presence of the 732 

second Mg2+ ion leads to a more rigidified active site that allows a “down” or closed 733 

conformation of the Gly-rich loop, expelling in this process water molecules from 734 

the active site (see Fig. S8), as it has also been observed in previous studies.6 In 735 

general, water molecules follow the charge flow taking place during the chemical 736 

reaction but at the cost of a larger reorganization energy, which is then translated 737 

into a larger activation free energy. This concept has also been expressed as the 738 

importance of “not being in water for catalysis”.86 739 

 740 

With respect to the available experimental data, we would like to mention that it is 741 

difficult to assess if the kinetic parameter that was derived from experiments (k3= 742 

35 s-1)24 was measured in the presence of one or two Mg2+ ions within the active 743 

site of CDK2. The crystal structure of the transition state mimic used in this study 744 

that was able to capture Mg1 in the active site came from crystals grown in 20 mM 745 
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of MgCl2, which were then transferred and soaked in a solution of 10 mM of MgCl2,6 746 

and therefore the exact concentration that allows to have the Mg1 site occupied is 747 

difficult to determine. However, it is highly probable that the concentration of 748 

MgCl2 used in the kinetic experiments (10 mM) has been high enough to have the 749 

Mg1 site occupied. Titration experiments have estimated KD for the Mg1 site to 5-7 750 

mM for the ADP-Mg bound enzyme complex,6 but one would expect a lower value 751 

for the ATP-Mg bound enzyme complex. Therefore, it is safe to assume that the 752 

concentration used in the kinetic experiments was high enough to occupy both 753 

metal binding sites. Besides, though in the last studies of CDK26,14 the microscopic 754 

rate constant corresponding to the chemical step was not estimated, our results 755 

confirm the experimental trends that show a strong increase in reaction velocity 756 

upon increasing Mg2+ concentration. Interestingly, similar experimental results 757 

have been found for CDK5,7 with which CDK2 shares ~60% sequence similarity, 758 

where a second Mg2+ ion was found to be required for optimal catalysis.  759 

 760 

In this context, these findings could have a direct implication in CDK function. 761 

Here, it has been proposed that the concentration of free Mg2+ during the cell cycle 762 

can vary87 and misregulation of Mg2+ levels can have an effect in cell differentiation 763 

and proliferation.88 This opens the possibility that CDK activity may be regulated 764 

by local fluctuations in Mg2+ concentration during the cell cycle.6 This phenomenon 765 

has been recently explored in kinases that are involved T-cell activation,89 where it 766 

was found that the presence of a second Mg2+ ion (Mg1) in the active site fulfills a 767 

regulatory function of the kinase activity. With this, it was proposed that 768 

millimolar changes in free basal Mg2+ play a crucial role in kinase regulation and 769 

function, changing in this way the classical paradigm of how kinases are 770 

regulated.89   771 

 772 

Finally, with respect to the level of the calculations, some clarifying sentences 773 

could be helpful. The DFTB3 method has been extensively used in recent years for 774 

the discrimination of reaction mechanisms in phosphoryl transfer reactions,47,64–66 775 

and in particular, it was recently successfully used in QM/MM simulations for 776 
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evaluating the influence of a third Mg2+ ion on the nucleotide addition by DNA 777 

polymerase,90 showing the method as a valuable tool to discriminate among 778 

reaction mechanisms at a reasonable computational cost. However, care should be 779 

taken since the method is only a semiempirical approach and therefore only allows 780 

for a semi-quantitative analysis. Despite this, studies in previous phosphoryl 781 

transfer related reactions have shown that the method is semi-quantitatively 782 

consistent with calculations using the B3LYP DFT functional, though in general the 783 

exothermicity of phosphoryl transfer reactions is overestimated.66,90 In this 784 

context, we expect errors arising from the level of theory, and therefore we do not 785 

consider the absolute values in free energies as being quantitatively conclusive. On 786 

the other hand, we expect these errors to be systematic along the calculations, and 787 

upon comparison among mechanisms, some error cancelation should take place, 788 

and hence the observed trends should be reliable. As was discussed in the 789 

manuscript, interestingly, the results obtained with the DFTB3 method for the 790 

description of the base-assisted mechanism in the 2-Mg system qualitatively agree 791 

with the phosphoryl transfer mechanism proposed for the enzyme PKA,40 which 792 

was calculated using PESs at the B3LYP/CHARMM level, giving indirect evidence of 793 

the reliability of our calculations and a more unified view on which is the most 794 

probable reaction mechanism in protein kinases.   795 

 796 

5. Conclusions 797 

In the present computational study, the phosphoryl transfer reaction in CDK2 was 798 

revisited using a more recent crystallographic structure as a model that contained 799 

two Mg2+ ions at the active site, what allowed us to study the influence of the 800 

second magnesium ion (Mg1) in the reaction mechanism. Furthermore, the 801 

different proposed mechanisms, namely base-assisted and substrate-assisted 802 

pathways, were examined in detail. QM/MM simulations allowed the calculation of 803 

activation free energies in order to discriminate the most probable mechanistic 804 

option. For the 2-Mg system, the base-assisted mechanism, where Asp127 acts 805 

firstly as a catalytic base extracting the nucleophilic hydroxyl’s proton and later as 806 

a catalytic acid protonating the transferred phosphoryl group, was found to be the 807 
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most probable route. At the DFTB3/ff99SB level of theory, the free energy barrier 808 

was estimated to 16.6 ± 0.5 kcal/mol, and the mechanism was characterized with a 809 

high dissociative character, in agreement with experimental results and other 810 

previous computational studies. On the other hand, the substrate-assisted 811 

mechanism at the same level of theory was characterized as concerted, with a 812 

lower dissociative character, and with a higher free energy barrier (26.2 ± 1.3 813 

kcal/mol), making it a less probable mechanistic option, in agreement with 814 

previous computational studies in CDK2 with one Mg2+ ion in the active site35,36 815 

and in the enzyme PKA with two metal cofactors.40  816 

 817 

The study of the phosphoryl transfer reaction with only one Mg2+ ion at the active 818 

site showed that the absence of one of the ions generates a higher free energy 819 

barrier in the base-assisted mechanism (19.5 ± 0.6 kcal/mol at the DFTB3/ff99SB 820 

level) compared to the 2-Mg system. Analysis of the free energy profile 821 

decompositions, as well as atomic charges, allowed us to identify that an enhanced 822 

repulsion between the reacting fragments is the main cause for the difference in 823 

the reaction barriers. Besides, the conformational equilibrium of the nucleophilic 824 

threonine’s hydroxyl group is altered in the 1-Mg system, where HBs with Asp127 825 

are not energetically favored, and therefore an extra energy penalty must be paid 826 

to reach a reactive conformation. Finally, a Mg-dependent conformational change 827 

of the Gly-rich group seems to be important to improve the catalytic properties of 828 

the active site when two Mg2+ ions are present. Altogether, the results presented in 829 

this study corroborate experimental evidence of a more efficient phosphoryl 830 

transfer reaction with two Mg2+ ions in the active site of CDK26,14 and provide 831 

molecular insights explaining this effect. In general, our results are in agreement 832 

with previous observations that two Mg2+ ions are needed in the active site of 833 

CDK2 and other protein kinases to satisfy the so-called charge balance hypothesis 834 

(CBH),91,92 which states that local charge balance is the most important effect for 835 

the stabilization of the TS in phosphoryl transfer reactions. These results are 836 

expected to broaden the understanding of how Mg2+ ions regulate kinase activity, 837 

and it is yet to understand how other kinases may work more efficiently with only 838 
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one Mg2+ ion at the active site or if a “two metal catalysis”, as proposed here, is the 839 

predominant mechanism in kinases.     840 
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