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Abstract: The process of gene-based
molecular evolution has been simulat-
ed in silico by using massively parallel
density functional theory quantum cal-
culations, coupled with a genetic algo-
rithm, to test for fitness with respect to
a target chemical reaction in popula-
tions of genetically encoded molecules.
The goal of this study was the identifi-
cation of transition-metal complexes
capable of mediating a known reaction,

was determined by the fitness of its
phenotypic molecule to perform the
target reaction and new generations
were created by recombination and
mutation of surviving nanogenes. In its
simplest implementation, the quantum-
directed genetic algorithm (QDGA)
quickly located a local minimum on
the evolutionary fitness hypersurface,
but proved incapable of progressing to-
wards the global minimum. A strategy

for progressing beyond local minima
consistent with the Darwinian para-
digm by the use of environmental var-
iations coupled with mass extinctions
was therefore developed. This allowed
for the identification of nitriding com-
plexes that are very closely related to
known examples from the chemical lit-
erature. Examples of mutations that
appear to be beneficial at the genetic
level but prove to be harmful at the

namely the cleavage of N, to give the
metal nitride. Each complex within the
search space was uniquely specified by
a nanogene consisting of an eight-digit
number. Propagation of an individual
nanogene into successive generations

calculations -«

Introduction

The ultimate basis of natural selection depends on the effi-
ciencies with which individual molecular species within an
organism perform their associated chemical reactions. The
genome of an organism contains sufficient information to
synthesise a vast range of molecules, but for many species,
such as metabolites, the information is indirectly coded and
must be elaborated through assemblies of enzymes. This
suggests that virtually any type of molecule can be subject
to genetic evolution. Computational modelling of the gener-
al process of evolution has led to the development of genet-
ic algorithms (GAs)."! As well as providing valuable insights
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phenotypic level are described. As well
as revealing fundamental aspects of
molecular evolution, QDGA appears
to be a powerful tool for the identifica-
tion of lead compounds capable of car-
rying out a target chemical reaction.

functional

nitrides

into biological evolution, GAs have found use in a very di-
verse range of applications. Nevertheless, at present there
are relatively few examples of GAs that have been applied
to chemical problems. The possibility of combining GA ap-
proaches with the calculation of molecular properties is
therefore intriguing in terms of both the more realistic mod-
elling of evolutionary processes and the development of
new chemistry. Several research groups? have recently dem-
onstrated the power of computational methods in the devel-
opment of new protein functionalities, publishing papers
that describe the use of semiempirical potential functions of
various forms to calculate protein-ligand affinities, whereas
Goldstein and co-workers have studied fundamental aspects
of protein evolution using simple lattice models and contact
energies to calculate thermodynamic properties.”) In order
to progress to studies of the evolution of chemical reactivity,
however, it would be necessary to resort to quantum calcu-
lations and proteins are at present far too large for the rou-
tine application of quantum methods such as density func-
tional theory (DFT). Recently, J6hannesson et al. successful-
ly used a combination of DFT calculations and an evolution-
ary approach to search for stable four-component alloys
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based on the calculation of heats of formation.! For suitably
small molecules, it should also be possible to calculate reac-
tion profiles for populations of genetically encoded mole-
cules, and by so doing, to simulate the process of genetic
molecular evolution towards specific chemical reactivities.
In this regard, transition-metal complexes appear to be suit-
able candidates in that they have a very rich chemistry and
yet their three-dimensional structures can be defined rela-
tively easily in terms of short numerical strings (nanogenes).
This study was designed to answer the following questions:
1) Can the evolution of a population of molecules towards a
desired chemical reactivity by selection of their associated
nanogenes be demonstrated? 2) How do selection criteria
based on the energetics of a target reaction drive the evolu-
tionary process? 3) Can in silico simulation of molecular
evolution be harnessed to develop new lead compounds for
catalysis ?

For this initial study, a simple chemical reaction, rather
than a catalytic cycle, was chosen to define the environment
against which individuals would be selected. This target re-
action is a nitriding process described by Cummins and co-
workers [Equation (1), where Ar=3,5-Me,C;H;]."!

2 [Mo{N(Bu)Arl}s] + N, — 2 [Mo(N){N(tBu)Ar}] 1)

In addition to Cummins and co-workers’ extensive experi-
mental studies, the reaction has also been investigated in
detail through DFT calculations.”! Therefore, this reaction
provides a body of experimental and theoretical data against
which the results of the QDGA search could be evaluated.
For the purposes of this study, it was necessary to break
down Equation (1) into four elementary steps for which in-
dividual reaction energies can be calculated, as shown in
Scheme 1. Initial capture of N, by A to give B, step i), is re-
versible; this is important because irreversible N, capture
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Scheme 1. Elementary steps in the nitriding reaction of Cummins’ com-
plex, used to define the fitness functions used in this work. The equiva-
lent reaction energies were calculated for individual complexes coded by
nanogenes in this study. L denotes the ligand {N(/Bu)Ar}.

Chem. Eur. J. 2007, 13, 34063413

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

would mean that there would be insufficient free [Mo{N-
(tBu)Ar};] in solution to allow the formation of the N,-
bridged dimer C. The dimer then passes through a transition
state D to give two molecules of the product E. By consider-
ing the published data on Equation (1), we can assign
“ideal” energies to each of the stepsi)-iv); any complex
whose calculated properties match these ideal values should
then be capable of undergoing an analogous nitriding reac-
tion.

Computational Methods

The metal complexes to be tested were specified by nanogenes consisting
of eight-digit numbers, as follows. The first two digits specify the row and
column of the transition metal, for example, 10, 23 and 38 specify scandi-
um, molybdenum and silver, respectively. The 27 available transition
metals thus require allowed values of 1-3 for the first digit and 0-8 for
the second. The third digit specifies the molecular charge and takes al-
lowed values of 9, 0 and 1, corresponding to charges of —1, 0 and +1, re-
spectively. The fourth digit gives the coordination geometry around the
metal (see Scheme 2). The fifth and sixth digits specify the primary
ligand and the seventh and eighth digits specify the secondary ligand (see
Scheme 2 caption). The total number of possible nanogenes using this
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Scheme 2. Allowed metal coordination geometries used in this study; pri-
mary and secondary ligands are denoted by L and L', respectively. Pri-
mary ligands were specified by the following codes: 11, NH,; 12, OH";
13, F~; 14, C17; 15, PH,; 16, SH™; 21, NH;; 22, OH,; 23, PH;; 24, SH,.
Secondary ligands were specified by the following codes: 41, NH,; 42,
OH™; 43, F; 44, Cl; 45, PH,; 46, SH™; 47, cyclopentadienyl; 48, H™;
51, NH;; 52, OH,; 53, PHy; 54, SH,; 62, O*; 64, S*.

system is then 27x3x5x10x14=56700. For each nanogene of interest,
the reaction energies defined in Scheme 1 were calculated by means of
individual DFT calculations on the species equivalent to A-E using the
B3LYP functional and LanL2DZ basis set, as implemented in Gaussi-
an 98" running on standalone PCs and Gaussian 03™ on the UK HPCx
national supercomputing facility (both versions of the program gave com-
parable energy values). For the mononuclear species, separate calcula-
tions were carried out on all electron spin states with five or less un-
paired electrons. Initially, dinuclear species with up to 10 unpaired elec-
trons were considered. However, because in the initial calculation sets
the highest spin state was never the ground state, the highest spin-state
calculations were subsequently omitted. The very large numbers of DFT
calculations required for this study meant that of necessity, accuracy had
to be sacrificed in favour of high throughput. Therefore, ligands were re-
stricted to simple hydrides (OH,, PH;, SH™, etc.) and geometry optimisa-
tions were run using loose convergence criteria only; the energies of the
transition-state structure D were approximated by running geometry op-
timisations with a fixed N-N distance of 1.6 A (based on the value found
for the [Mo(NH,);] model of Cummins’ compound) rather than full
saddle-point calculations. The geometries of the ligands were optimised
by using z-matrix procedures, but the overall coordination geometries of
the metal sites were kept fixed as octahedral, trigonal bipyramidal, tetra-
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hedral or trigonal; the rationale for this constraint was that in terms of
chemical synthesis, the desired geometry could be imposed on a metal by
the use of, for example, steric effects and chelating ligands. Note that
fixing the geometry of the metal centre in this way can have a significant
effect on the reaction energetics; for example, the [Mo(NH,);] complex
itself adopts a trigonal geometry, but the corresponding nitride [Mo(N)-
(NH,),] prefers a near-tetrahedral configuration,””’ and the destabilisation
resulting from the geometry constraint is almost 30 kcalmol™ in the
latter case. Nevertheless, the use of simple hydride ligands is likely to sig-
nificantly underestimate steric effects compared with experimentally em-
ployed ligands such as N(rBu)Ar and allow too much flexibility com-
pared with experiment, offsetting some of this discrepancy. Although the
choice of method employed meant that energies obtained from these cal-
culations are fairly approximate, they appear to be sufficiently accurate
for the purpose (see below). This is probably because the results were
used on a comparative basis, so systematic errors, such as those resulting
from the use of rigid metal geometries, tend to cancel out. As an addi-
tional means of increasing throughput, the initial phases of the investiga-
tion were restricted to partial data sets using only the mononuclear spe-
cies A, B and E in Scheme 1, as described below. The total cost of the
project was about 70000 CPU hours. Calculated reaction energies for all
the nanogenes considered in this study are given in the Supporting Infor-
mation.

Results and Discussion

In order to gain a preliminary insight into the feasibility of
the QDGA method, an initial run of three generations was
used to search for nitride complexes with strong metal—ni-
trogen bonds. The only species calculated for each nanogene
were the starting complex A and its nitride E; in combina-
tion with the calculated energy of the free nitrogen atom,
these were sufficient to give the metal—nitride bond dissoci-
ation energies (MN-BDEs). An initial population of 18 com-
pletely random nanogenes was created; these gave calculat-
ed MN-BDE:s ranging from 46 to 4156 kcalmol . For con-
venience, the evolutionary fitness parameter F for this phase
of the calculations was taken as the difference between the
BDE of the N, molecule (calculated value + 181 kcalmol ")
and the MN-BDE. The fittest six nanogenes were then se-
lected by simply choosing those with the lowest values of F.
Generation 2 consisted of these six parents, plus six off-
spring, generated by random recombinations of the parents,
and six mutants. Throughout this study, recombination and
mutation processes were kept separate, that is, new nano-
genes were the product of either process, but not of both.
Recombinations were carried out as follows. For genera-
tions 1-3, the parents’ nanogenes were pooled and new
nanogenes were created by drawing codes (metal, charge,
geometry or ligand) from the pool at random. For subse-
quent generations, a pairwise breeding scheme was imple-
mented in which each nanogene in turn was assigned a
breeding partner from the other survivors and a new nano-
gene created by drawing codes at random from the two pa-
rents. For mutations, one of the five parameters coded by
the parent nanogene was randomly selected and modified.
This was carried out by using the principle of minimisation
of chemical change upon mutation; thus, only incremental
changes in the molecular charge (by +/—1) were allowed,
whilst mutations in the metal were restricted to replacement
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by one of its immediate neighbours in the periodic table.
Generation 2 was then subjected to quantum calculations as
before, six new survivors were selected and the whole pro-
cess was repeated a third time. The results, shown graphical-
ly in Figure 1, show a clear progression towards a fitter pop-
ulation with each generation. The six fittest nanogenes from
generation 3 had MN-BDEs in the range of +156 to
+176 kcalmol .
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Figure 1. Evolution of strongly nitriding nanogenes in generations 1-3.
The vertical axis is the fitness function F, defined here as F=181—-MN-
BDE, and the horizontal axis is the generation number G. The main
panel shows all the new complexes in each generation and the insert
shows the survivors carried through into the next generation (complexes
arising in generations 1, 2 and 3 are denoted by open circles, open
squares and filled circles, respectively).

Encouraged by this preliminary result, I ran a further set
of five generations, this time including all three monomeric
species shown in Scheme 1. This allowed for refinement of
the search to look for complexes with strong MN-BDEs, but
relatively weak N, binding energies. It is generally accepted
that new protein functionalities are acquired by exaptation
from ancestral proteins with different chemical functions;
this concept was applied in this study by considering that
evolution towards the more complicated, multistep chemical
requirements specified in Scheme 1 might be possible by
starting from nanogenes bred for simpler, related reactivity
patterns. If correct, this might allow for a more economical
QDGA procedure overall as the CPU times required for
calculations on the dimeric species C and D were far greater
than those required for the monomers; typically ~20 times
longer.®®! During this part of the investigation, several prob-
lems were identified and a number of modifications to the
procedure were introduced, as now described. First, the
principle of minimisation of chemical change upon muta-
tion, discussed above, was extended to the ligands through
the introduction of allowable mutation matrices (full details
of the mutation matrices and their use are given in the Sup-
porting Information). Next, the use of more than one prop-
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erty to define the fitness function F requires a more refined
approach. A general form of the equation for F is defined
by Equation (2), where AE, is the calculated energy for a
particular elementary step and V, is the assigned ideal
energy for that step, based on the calculated energetics of
the Cummins system.l! As noted above, the Cummins reac-
tion requires that the initial N, binding be reversible, hence
both very strong and very weak N, binding should incur a
penalty in the definition of F”) In contrast, the MN-BDE
should be reasonably strong, but can never be too strong; to
give an analogy, the top speed of a predator may be relative-
ly unimportant provided that it is faster than its prey. In
order to take this into account, several of the elementary
steps considered in this work were assigned cut-off values
such that if the calculated energy for the step was more fa-
vourable than that specified by the ideal value, this term of
Equation (2) was set to zero. For this phase, the ideal values
of the N, binding energy and MN-BDE were taken as —15
and + 160 kcalmol !, respectively, and a cut-off was used for
the MN-BDE term in the calculation of F Survivors were
drawn from all three previous generations, calculating the
N, binding energies as required.

F* =Y (AE,~V,) (2)

Although generations 4-6 showed clear evolutionary prog-
ress in the form of a gradual improvement of the aggregate
F values of the survivors, a notable feature of the survivors
from generation 6 was that all of them had the same metal
and primary ligand. This suggests that the small population
size, dictated by the cost of the calculations, was leading to
genetic inbreeding of the system. Since this would restrict
the range of the evolutionary search within each new gener-
ation, a new condition was imposed on the selection of sub-
sequent survivors. Under these enforced diversity selection
rules, rather than choosing the six fittest members of the
population, additional criteria were required. The nanogenes
were ranked in order of increasing F and the six survivors
were selected as follows: 1) best-ranked nanogene, that is,
lowest F; 2) best-ranked nanogene with a different metal to
(1); 3) best-ranked nanogene with a different geometry to
(1); 4) best-ranked nanogene with a different primary ligand
to (1); 5) best-ranked nanogene with a different secondary
ligand to (1); 6) best-ranked nanogene with a different
metal to those in both (1) and (2). This procedure was ap-
plied to the assembly of all nanogenes from generations 3-6,
giving a new set of survivors from which to build genera-
tion 7. Generations 7 and 8 were then run as before.

The survivors from generation 8 showed only one new
nanogene compared with their parents, suggesting that even
with enforced diversity, this simplified system was close to
its optimum solution. Therefore, at this point the selection
procedures were changed to allow a direct search for the
Cummins compound, including calculations on all of the
species shown in Scheme 1. This required a new form of
Equation (2) [Equation (3), where the subscripts 1-4 relate
to the elementary reaction steps (i)—(iv) in Scheme 1].
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F* = (AE, +10)* + (AE, +30)* + (AE;—30)* + (AE,)*  (3)

Hence, the following ideal energies were used: step i),
—10 kcalmol ™' (reversible initial N, capture); step ii),
—30 kcalmol ™ (irreversible dimer formation); step iii),
+30 kcalmol ™" (barrier to dimer cleavage); step iv), 0 kcal
mol™" (dimer cleavage energetically neutral overall). Each
of the last three terms in Equation (3) was set to zero in the
event that AE, < —30, AE;<+30 or AE,<0kcalmol !, re-
spectively, following the logic discussed above. Genera-
tions 9 and 10 were then run using this extended fitness pa-
rameter and enforced diversity. Assessing the outputs from
generation 10 suggested a difficulty in the current search
strategy in that all six survivors from generation 10 fully sat-
isfied the fitness tests for AE; and AE,, and five of them
also met the test for AE,, but all six still gave quite poor re-
sults for the test for AE,, with N, binding energies of —20 to
—27 kcalmol ™. In contrast, one of the discarded nanogenes
from generation 10, namely 23142151, had a much better
value of AE,, —14 kcalmol ', but could not compete owing
to its poor value of AE,; —1 kcal mol™! compared with a re-
quired value of —30 kcalmol™ or lower. This suggests that
the system was converging towards a local minimum and
would be incapable of locating the Cummins compound. To
explore this possibility further, a new function was intro-
duced, the mutation step parameter M. This is defined as
the number of individual mutations that would be required
in order to convert any given nanogene into the nanogene
for the Cummins compound, namely 23051141 (note that M
may be greater than the Hamming distance owing to the re-
strictions on allowed mutations discussed above). The M
values for the survivors of generation 10 were all between 5
and 7, whereas the value for the discarded nanogene
23142151 was 4, again suggesting that the search strategy in
use would not be able to locate the Cummins compound. As
a possible solution to this problem, a new set of calculations
was set up using the concept of a niche environment. The
niche calculations used a different fitness parameter, biased
in favour of AE,, given by Equation (4).

F% = (AE, +10)* + [(AE, +30)* + (AE;—30) + (AE,)*]/100
4)

To keep the number of calculations tractable, all the sub-
sequent generations, both the main and niche [Eqgs. (3) and
(4), respectively], were reduced in size to five survivors plus
10 offspring and mutants. Three main and niche generations,
denoted as generations 11M-13M and 11N-13N, respective-
ly, were run in parallel. A final modification, introduced at
this stage, was the use of a more drastic form of the en-
forced diversity algorithm; instead of selecting any different
primary or secondary ligand as specified above, under the
new scheme, the first digit of the two-digit codes specifying
L1 and L2 was required to be different. This digit deter-
mines the charge on the ligand; anionic primary and secon-
dary ligands were specified by L1 and L2 codes beginning

3409
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with 1 and 4, respectively, whilst neutral ligands were speci-
fied by 2 and 5, respectively.

A notable feature of the outcome of this step was that the
survivors from generation 13M were unchanged from gener-
ation 12M, suggesting that the procedure using the main fit-
ness function, Equation (3), had indeed converged to a local
minimum. In contrast, the niche population was still evolv-
ing, with two new survivors included in the output from gen-
eration 13N. Moreover, the aggregate M values for the sur-
vivors from generations 13M and 13N were 27 and 12, re-
spectively, clearly showing that the niche population was
more closely related to the Cummins compound than the
main population at this stage. However, the aggregate F
scores for the survivors from generations 13M and 13N were
79.0 and 131.3, respectively, moreover each individual niche
survivor scored more poorly using F than its main genera-
tion counterpart. Hence, the niche population would not be
able to compete successfully against the main population at
this stage, even though it was now more closely related to
the Cummins compound. In order to resolve this dilemma
within a Darwinian framework, I assumed that the main
population underwent a mass extinction at this point; the
main population was abandoned and the niche population
was used to repopulate the main environment. Thus, the cal-
culations were continued for generations 14-21 by selecting
the output from 13N and subsequent generations according
to the main fitness parameter, Equation (3). The overall
scheme for the entire QDGA procedure is summarised in
Figure 2.

As the survivors of generation 21 were unchanged from
their progenitors and also be-
cause all five survivors had F
values of less than 10, the

Phase 1
select on MN-BDE only

Phase 2

select on MN-BDE
plus N5 binding energy

1 —
-Gen 3 '
Phase 4 Phase 3

parallel niche (N) and
main (M) generations

select with Equation (3)

[Gen 11N] [Gen 11m] | = [

[Gen 10]
[Gen 13N]| [Gen 13M] =
Phase 5

select with Equation (3)

]

Figure 2. Summary of the overall QDGA procedure used in this study.

plexes are different from the others in that they originate
from generation 12M (Figure 2) and so represent the closest
approach of the main population to an optimum solution.
Scheme 3 reveals quite wide variations in both primary and
secondary ligands. Although there is no clear consensus, it is

Table 1. Reaction energies [kcalmol '] for all viable nanogenes from the QDGA and systematic searches.

system was judged to have con-  Nanogene Generation AE, AE, AE; AE, F
verged to an acceptable solu- GpGA results
tion at this point. The total 23041643 20 -9.9 —46.5 +29.8 —4.0 0.1
generations, for which F<10 23052446 15 —11.4 -32.6 +31.3 +0.4 2.0
18 h in the first 23042443 20 -12.3 —43.6 +31.3 —16.4 2.6
was 1o, as shown 1 the HIst 53041244 18 ~13.2 -39.2 +27.4 -102 32
section of Table1, and the 23042444 19 -133 ~34.0 +18.7 210 33
structures of the corresponding 23042446 18 —14.1 —42.7 +27.2 —14.5 4.1
complexes are given in 23052443 21 —144 -29.7 +24.1 +6.4 7.8
Scheme 3. Consideration of the 23041144 20 -16.0 —47.5 +16.7 —14.3 6.0
- e . 23041646 21 ~16.1 -386 +30.0 —12.7 6.1
results in Table 1 is instructive. 53050144 15 152 264 +18.6 21 6.3
First, all of these nanogenes 23052444 19 -88 —334 +24.5 +6.5 6.6
code fOI' three_coordinate com- 22142154 12M 7178 *369 +244 *280 78
plexes, with both the tetrahe- 12041151 13N —18.1 —454 +29.2 +1.0 8.2
dral d . 1 . 23041143 21 —18.7 —48.0 +14.5 —182 8.7
ral and trigonal geometries  »;45754 12M ~187 -322 +274 -38.7 8.7
represented. Only three transi- 23052445 20 ~192 307 +292 +04 92
tion metals are included and 12041152 18 -17.9 —45.1 +26.4 +4.8 9.2
the overall charge on the mole- Systematic search results
cule correlates with the choice o044 - —136 —384 +257 -4l 36
. 23041645 - —15.7 —45.3 +30.6 -1.5 5.7
Of metal; thus we flIld neutral 23041145 _ ~16.9 _545 +22.8 112 6.9
Mo' and Mo™, neutral V! (for- 23051145 - —12.6 —34.1 +345 +74 9.1
mally ds’ d3 and d3 Complexe& 23041652 — —-19.7 —37.1 +21.6 -24 9.7

respectively) and cationic Nb'

(d*). The two niobium com- ly,see Figure2.
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[a] Generation in which the nanogene first appeared; M and N denote main and niche generations, respective-
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QDVE results

) ' '

1 1 H S\: 1
—Mo —Mo 2°—Mo-SH —Mo
Hs— Moo Hs-Mo. o H,s- Mo
HS HS 2 H,S
23041643 23041644 23052446 23042443
) H.S—. : |
H2S'4M°\ 2= “Mo—F HZN’MO\ Hs—Mo_
4 4
H,S SH H,S H,N Cl HS SH
23042446 23052443 23041144 23041646
+ +
HaN’le\SH H N7\7\NH HZN’I’\IAO\F HO0MNogy
2
H,N 2l HN 3 RN H,0
22142154 12041151 23041143 22142254
Systematic search results
HZS/JMO\ HS/IMO\PH HZN’IMO\PH
H,S PH, HS 2 A 2 2
23042445 23041645 23041145

Scheme 3. Structural formulae of the complexes corresponding to the nanogenes in Table 1. The dashes indi-

cate the position of the substrate.

noteworthy that all of the mo-

HN<yr ;
P MO, psNo_

23051145
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ligand complexes are superior
to that of [Mo(NHj;);] in terms

HO7MO‘C| ,_,23/11\'/|o\CI of relatedness to [Mo(NH,);]
HO H,S (cf. M values in Table 2), both
23041244 23042444 show significantly poorer fitness

scores as a result of their strong
initial N, binding energies.
Hence, the evolutionary con-
nection between [Mo(NH;);]

Hzs‘l\:/lo—CI
H,S”

HN=1o-c
H,N” X

3

23052144 23052444 and [Mo(NH,);] is much harder
’ S\; 5 to find than might be supposed
Her MOTPH: NV and mutations that appear ben-

: HN ’ eficial at the genetic level may

prove to be harmful at the mo-

23052445 12041152

lecular level. This observation
agrees with recent studies on
the mechanism of evolution of
antibiotic  resistance, which
showed that most of the hypo-
thetical evolutionary pathways
connecting a non-resistant pro-
tein with a resistant homologue

HS 2

23041652

Table 2. Reaction energies [kcalmol '] for nanogenes closely related to that of the Cummins compound.

lybdenum and vanadium com-  Nanogene Formula AE, AE, AE, AE, F M
plexes include at least one 355114 [Mo(NH,);] ~102 -317 +354 +62 8.2 0
anionic ligand. This result can 23052141 [Mo(NH, ),(NH,)] ~278 ~146 +247 +15 23.6 1
be compared with the calcula- 23051151 [Mo(NH,),(NH;)] —34.8 -15.9 +40.8 +22.1 37.7 1
toos of Christian etal. who ZURHZ  EONIWNEDl 103 4180 4407 3o a2 3
. . o 2)) 3 —10. +18. +40. —33. .
found that the energetics of di- 53,5 [Mo(NH,),(NH)]* 9.9 36 +182 ~539 26.4 3
nitrogen cleavage by homolep- 13941141 [V(NH,)]" 327 +163 +36.7 653 52,0 3
tic three-coordinate molybde- 12951141 [V(NH,),]~ —-16.2 +31.6 +51.8 -31.0 65.6 2
num Complexes are more fa- 22951141 [Nb(NH2)3]7 —-30.9 +82 +20.2 —71.8 43.5 2

vourable for complexes with
anionic ligands than their neu-
tral counterparts® The two niobium complexes in
Scheme 3 are again different in that they only contain neu-
tral ligands.

An important observation from the evolutionary point of
view is that similarity between two nanogenes is not neces-
sarily reflected by similar reaction energetics for their com-
plexes. This is illustrated by the properties of complexes de-
rived from nanogenes closely related to that of the Cum-
mins compound (see Table 2 and Scheme S1 in the Support-
ing Information). The tetrahedral and trigonal complexes
[V(NH,);]~ and [Nb(NH,);]” are isoelectronic with [Mo-
(NH,);], but their rather strong first N, binding energies
AE, and their very weak second N, binding energies AE,
make them a poor choice for the target reaction even
though the overall reaction energies are favourable. The
trigonal and tetrahedral forms of [Mo(NH,),(NH;)]* are
also isoelectronic with [Mo(NH,);] and both have favoura-
ble first N, binding energies, but the second N, binding ener-
gies are again poor. Of particular interest are the complexes
[Mo(NH;),(NH,)] and [Mo(NH,),(NH;)], which both pro-
vide a direct evolutionary link between [Mo(NHj;);] and
[Mo(NH,);]. Although the nanogenes of the two mixed

Chem. Eur. J. 2007, 13, 34063413
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[a] Number of individual mutations required to convert the specified nanogene into 23051141.

were inaccessible in practice and that individual amino acid
mutations could be either beneficial or harmful depending
on the order in which they occurred.!'” One may also con-
clude from the present work that the evolutionary fitness
hypersurface varies relatively predictably with the choice of
metal and overall geometry, but varies unpredictably and
dramatically with choice of ligand. It is not yet possible to
say whether these attributes are particular to the problem in
hand or whether the same pattern would be observed in
other systems. If this proved to be the case, it would have in-
teresting implications for the evolution of metalloenzymes,
where the choice of amino acids capable of acting as ligands
to a transition metal is quite restricted.

How does the output from these QDGA calculations
compare with known experimental chemistry? Although the
calculations did not locate the nanogene corresponding to
the Cummins complex itself, this is not particularly surpris-
ing given the random nature of the evolutionary process. In
terms of the identification of lead compounds for chemical
synthesis, not all of the nanogenes from the QDGA search
would be realistic synthetic targets as they included halide
ligands whose chemistry would be difficult to control. There-
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fore, as a final step, a limited systematic search was carried
out using all permutations of the surviving non-halide-con-
taining nanogenes coding for molybdenum and vanadium
complexes. This identified a further five nanogenes for
which F <10, including 23051145 (systematic search section
of Table 1 and Scheme 3). This nanogene differs from that
of the Cummins compound only in the replacement of one
nitrogen ligand by its phosphorus analogue and would sug-
gest the Cummins compound as an obvious choice in terms
of ease of synthesis. Regarding the vanadium and niobium
complexes located by the QDGA search, it is interesting to
note that the only other well-characterised examples of N,
bond cleavage reported to date involve molybdenum, vana-
dium and niobium," although as expected, real world
chemistry is generally more complicated.

Conclusion

The results of this study show that genetic molecular evolu-
tion can be simulated in silico by means of DFT calculations
optimised for high throughput rather than accuracy. The
combined QDGA search followed by a systematic search
correctly identified Cummins-type complexes as potential
mediators of the target reaction, suggesting that this ap-
proach would be valuable as a first step towards the devel-
opment of new chemistry. The QDGA results also raise a
number of interesting questions in terms of the actual mech-
anisms of molecular evolution in vivo. Perhaps the most
striking observation is that many mutations, although appa-
rently beneficial at the genetic level (in the sense that the
mutant nanogenes more closely resemble a superior nano-
gene than their parents), prove to be harmful at the molecu-
lar level. This is illustrated by Figure 3, which is a plot of F
versus generation number for the survivors of genera-
tions 9-20. As expected, the population gradually evolves to
resemble the best found solution, nanogene 23041643. Nev-
ertheless, the correlation between similarity to 23041643 and
fitness is quite weak; several of the nanogenes in genera-
tions 9-18 are quite similar to 23041643, but show poor fit-
ness and do not survive into subsequent generations. The
use of the niche population was critical in establishing a
population related closely to the best found solution, even
though the final niche population was still less fit than its
main population counterpart. Overall, the evolutionary pro-
cess revealed by this study is not very well described by the
popular analogy!? of a combination lock; a better analogy
might be offered by the Rubik’s cube in that as the optimum
solution is approached, it becomes harder to reach by incre-
mental changes. This seems to result from the underlying
chemistry rather than the properties of the GA. Neverthe-
less, many of the features commonly observed in other GAs
are notable here also. For example, there is a tension be-
tween the severity of selection pressures and the ability of a
population to enter new areas of evolutionary space; strin-
gent selection pressures tend to keep the population fixed
around a local minimum on the evolutionary fitness hyper-
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Figure 3. Plot of F versus the generation number for nanogenes from gen-
erations 9-20. The colour coding represents M’, the similarity of each
nanogene to the best found solution, 23041643, determined by the
number of individual mutation steps required to convert the nanogene
into 23041643. Circles and squares denote nanogenes from the main and
niche populations, respectively. The arrows indicate nanogenes relatively
closely related to 23041643, but not surviving into the next generation, as
follows: 1) 22042142 (M’ =4), 2) 22142452 (M'=5), 3) 23142152 (M'=5),
4) 12941146 (M'=4), 5) 23051151 (M'=5), and 6) 12941246 (M’ =4).

surface and so prevent the emergence of new traits that may
prove to be beneficial in later generations. The principle of
minimisation of chemical change upon mutation, employed
in this study, probably also improves the efficiency of prog-
ress towards local minima at the expense of the global mini-
mum.

Finally, it is interesting to consider that this study used re-
action energies as the basis for selection, but in reality bio-
molecules must be selected based on equilibrium and rate
constants, both of which are related to free energies by ex-
ponential functions. The range of values over which the po-
sition of a chemical equilibrium varies significantly with AG
is only about 10 kcalmol '. Similar observations may be
made for reaction rates; the energy difference between a
process that occurs once per second and once per day is
about 7 kcalmol™!, comparable to the energy of a strong hy-
drogen bond. The variation in reaction energies for the ele-
mentary steps in Scheme 1 is at least an order of magnitude
greater than this value (cf. Figure 1). Hence, a significant ad-
vantage of molecular evolution in silico is its ability to
detect beneficial mutations in compounds whose ability to
carry out a target reaction in vitro would be negligibly
small. An obvious limitation of the theoretical approach is
that it can only find what is looked for and so cannot detect
unexpected side-reactions. However, this can arguably be
seen as an advantage in that it can identify which systems
are worth persevering in the laboratory. We are currently
using Monte Carlo methods to investigate the effects of var-
iations in the QDGA on the results obtained and employing
QDGAS to search for transition-metal complexes capable of
mediating catalytic cycles.
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