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!e increasing usage of combined quantum mechanical/molecular 
mechanical (QM/MM) models, which started in 1976 [1], has paved 
the way for realistic studies of enzymatic reactions and other reactions 
in condensed phases. Over the years, we have witnessed an explosion in 
the "eld, with the emergence of the di#erent versions of the QM/MM 
embedding idea, ranging from the empirical valence bond approach 
[2-7], through semi-empirical molecular orbital approaches [8-11] and 
ab initio QM/MM approaches [12,13], to frozen DFT approaches [14-
17]. Additionally, increase in computational power have led to progress 
also with cluster models [18-21] that are clearly good substitute for 
some problematic QM/MM studies (see below) but are unable to 
explore the e#ect of the protein environment relative to the aqueous 
solvent environment. At any rate, recent years have led to increasing 
awareness of the fact that simple energy minimization with QM/MM 
approaches can lead to major problems and artifacts [22]. However, 
accompanying awareness of the fact that one needs very extensive 
sampling and free energy calculations has not reached universal 
recognition. !at is, despite the development of powerful approaches 
for performing ab initio QM/MM (QM(ai)/MM) studies, which are 
based on the use of the EVB or other reference potentials [23-26] as 
well as closely related approaches such as the powerful metadynamics 
(MTD) method [27,28], the risk of obtaining problematic results still 
exists. Here, one of the biggest risks is associated with the belief that 
using a black box computational approach one can automatically 
get the atomic level insights about the reaction mechanisms and 
the factors responsible for the observed catalytic e#ect. As we have 
previously written very extensively about the risks of using completely 
inappropriate approaches, i.e. models such as gas-phase models or 
quantum mechanical cluster models [29] in exploring enzymatic 
reactions, here, we will focus on the traps associated with much more 
sophisticated QM/MM approaches, focusing on a single case, namely 
computational studies of phosphate hydrolysis, which serves to 
highlight a more general problem.

!e basic issues pertaining to the mechanism of the hydrolysis of 
phosphate esters (and related systems) can be clearly and uniquely 
formulated by considering the reaction paths in the landscape presented 
in "gure 1, where R1 represents the nuclear reaction coordinate 
between the phosphorous and the oxygen atom of the departing leaving 
group, and R2 describes the nuclear reaction coordinate between the 
phosphorous and the oxygen atom of the attacking nucleophilic water, 
in the example of the hydrolysis of the monomethyl pyrophosphate 
trianion. Computational studies on the hydrolysis of this compound 
have illustrated that both associative and dissociative concerted 
pathways are equally viable for this system [30], and that the reaction 
in aqueous solution is likely to proceed with proton transfer (PT) from 
the attacking nucleophile onto one of the non-bridging oxygen of the 
$-phosphate, in line with studies on related systems (see e.g. [31-37], 
amongst others). However, the nature of this PT [38-40], and whether 
it even occurs [41,42], have been the subject of controversy. Now, 
the PT can occur along either of the associative (compact) or more 
dissociative-like (expansive) pathways. Additionally, this PT can occur 

in either a direct manner (1W), as was observed in the prior works 
mentioned above, or with the assistance of a second water molecule 
(2W) (this case is also taken as a representative example for potential PT 
pathways involving even more water molecules). !e key mechanistic 
issues can be examined by "gure 1, which is highly relevant to recent 
studies involving QM/MM energy minimization [38,43] where it was 
found that the PT to the phosphate occurs through several intervening 
water molecules, rather than occurring directly from the nucleophile to 
the substrate. A similar scenario involving intervening water molecules 
was also recently suggested for phosphate triesters [44], although this 
work was performed using only DFT and not QM/MM calculations. 
A more recent study of the hydrolysis of triphosphates has also been 
reported by Marx and coworkers [40], who used the MTD approach 
in order to construct the relevant free energy surfaces, although this 
work is particularly problematic in light of the fact that the authors call 
a fairly compact “associative –like” transition state obtained in their 
work “dissociative”, and argue against the substrate-as-base mechanism 
although the phosphate is still the ultimate proton acceptor. In any 
case, our recent work [45], which involved very systematic mapping 
(one of the resulting surfaces is depicted in Figure 1), compared the 2W 
mechanism in the path explored by refs. [38,40,43] to the corresponding 
1W mechanism that was overlooked by those studies. As can be seen 
from the "gure , the 1W and 2W mechanisms have similar activation 
barriers, and, therefore, it is unjusti"ed to assume that the 2W (or even 
3W) mechanisms would be favored in aqueous solution. !e reason 
why the 1W mechanism might have been overlooked in other studies 
will be clari"ed further below.

Speci"cally, an important point to take into account is that many 
studies that are supporting the idea of proton transfer through multiple 
water molecules tend to (with the exception of e.g. [44]) then overlook 
the comparable pathway involving a single water molecule. In fact, 
such studies as [40], also try to obtain a proton transfer that can occur 
“spontaneously” in a black box approach. What such works overlook 
is the fact that, as the bond to the incoming nucleophile is formed, the 
pKa of the attacking water molecule is reduced drastically (from about 
16 in the ground state to a negative value). As this water molecule 
becomes increasingly acidic, it will, at some stage, transfer its proton 
to the best available base. However, here there is a major di#erence in 
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the energetics of the 1W and 2W pathways. !at is, the 2W mechanism 
obtains an arti"cial advantage in a black box approach, because a second 
water molecule that could act as a base can be arranged at an optimal 
distance, such that compression of the P-O bond to the nucleophile 
results in a spontaneous PT to this water molecule (in this scenario, the 
exothermicity and TS energy are almost equal but the energy of the P-O 
bond compression is very large). On the other hand, in the case of the 
1W mechanism, the energy will always go up along the PT coordinate, 
since it is necessary to bend the O-P-O angle to obtain optimal PT 
although the PT is very exothermic and the compression energy is 
smaller than that needed in the 2W path. !e barrier for the PT in the 
case of the 1W model is what we believe is almost certainly the reason 
this path has been overlooked by standardized energy minimization (or 
MTD) studies. !at is, to actually obtain this path, one requires a more 
complex reaction coordinate that either takes into account the uphill 
proton transfer as a distinct extra dimension to the surface, or scans in 
both directions (as is done in "gure 1) such that one can obtain a More 
O’Ferrall-Jencks plot that is an intersection of two surfaces (dependent 
on proton position), thus compressing the PT coordinate into a 2-D 
projection. In any case, as seen by the examples above, such a complex 
scenario will almost certainly be missed by an automated approach that 
do not search in the PT direction, and it is worth highlighting here that 

high level QM/MM studies using explicit water molecules that correctly 
de"ne the reaction coordinate obtain a similar 1W mechanism to that 
in our previous work [46] (although these authors have not explored 
the alternate, 2W pathway).

We believe this should serve as both a guide and a warning to 
those workers who are performing cutting-edge studies of complex 
biologically relevant systems, and, in fact, this warning holds not 
only for energy minimization approaches, but also for the far 
more sophisticated MTD approach (and other improved sampling 
strategies). Additionally, the same points highlighted here are also 
relevant to phosphate hydrolysis in proteins. Here, the chance of 
getting problematic results is much larger, and the confusion is likely 
to persist for a longer time. !is is why we view EVB studies as the 
most reliable current approach for exploring enzymatic reactions. !is 
means, however, that one must start with a very careful search of all key 
mechanistic options in solution, and then ask (without prior bias) what 
happens to these mechanisms when we move to the protein. Of course, 
with increasing computational power, we can start to explore the e#ect 
of moving from the EVB to QM(ai)/MM surfaces by the Para dyanmics 
(PD) approach. However, this approach is likely to give reasonable 
results only when performing extensive EVB sampling.

Figure 1: The calculated free energy surfaces for the hydrolysis of monomethyl pyrophosphate trianion in solution for the path that starts with an associative and 
GLVVRFLDWLYH�SDWKV��WKDW�IROORZV�E\�D��ODWH�37�WR�WKH�SKRVSKDWH�R[\JHQ���$V�VHHQ�IURP�WKH�¿JXUH�WKH�UDWH�GHWHUPLQLQJ�76V�IRU�WKH��:�DQG��:�KDYH�VLPLODU�HQHUJLHV��
Note that the activation entropy of the 2W  path ( which is not included ) should be larger than that of the 1W barrier. The surfaces are drawn as functions of R1, and 
R2 for several values of the proton transfer coordinate X, and focuses on the comparing the PT barriers that starts from the intermediate where R2 is around 2 A and 
R1 is partially broken. The transition states on the surface were explored by starting with locating corresponding gas phase transition state, solvating it by IEF-PCM 
, and then reevaluating the relevant energy in solution by constrained Cosmo minimization.
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