
Abstract. The present study elucidates structural fea-
tures related to the molecular mechanism in the carbox-
ylation step of the reaction catalyzed by Rubisco.
Starting from the initial X-ray Protein Data Bank
structure of a Rubisco monomer, the reactive subsystem
in vacuo is subjected to quantum chemical semiempirical
and ab initio studies, while the e�ects of the protein
environments are included by means of a hybrid
quantum mechanical/molecular mechanical (QM/MM)
approach. The QM/MM is used to characterize the
transition structure for carboxylation inside the protein.
The calculations were made with the AM1/CHARMM/
GRACE scheme. Comparisons between the in vacuo
and in situ transition structures show remarkable
invariance with respect to geometric parameters, index
and transition vector amplitudes. The transition state
couples the carbon dioxide attack to the C2 center of the
substrate in its dienol form with a simultaneous intra-
molecular hydrogen transfer from the C2 atom to the
hydroxyl group linked to the C3 center. This study
suggests that carboxylation may be simultaneously
coupled to the activation of the C3 center in the enzyme.
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1 Introduction

The understanding at an electronic/molecular level of
reaction mechanisms requires a detailed knowledge of
the transition structures. The characterization of such
stationary points, for a given chemical interconversion

process, permits a fairly clear representation of possible
molecular mechanisms [1±4]. Theoretically, there has
been a shift in perception about the nature of the
transition structure. This perception has moved from the
early concept of an unstable molecular con®guration
[5, 6] to the presence of a real molecule characterized
with energy levels having ®nite lifetimes and a well-
de®ned geometry obtained as a saddle point of index one
[7]. From catalytic antibodies [8±13], via the spectrosco-
py of the transition state [14±16], to the concept of
transition state analogs [17, 18], the idea of a real,
existing structure [1, 19±22] is gaining support, and
beyond being a theoretical hypothesis it is becoming an
experimentally documented fact. The saddle points of
index one [23±25] sustaining vibrational-rotational (lib-
rational) quantum states will be referred to as transition
state structures (TSSs).

The TSSs of a number of reactions in vacuo have
shown to be fairly invariant with respect to the choice of
the molecular model as well as the level of theory em-
ployed [3, 26±35]. The geometric parameters and the
amplitudes of the transition vector are found to be fairly
well de®ned. However, environmental e�ects should af-
fect these quantities [36±38] and in fact, methods devel-
oped to study chemical reactions in condensed phases
[36, 39±44] or in a protein medium [37, 38, 45±52] have
demonstrated this to be true. It is therefore necessary to
establish whether or not a full representation of protein
core e�ects [38] would change the property of invariance
detected for TSS in small molecular models in vacuo.

In this paper we use combined quantum mechanical
(QM) methods and molecular mechanical (MM) force
®elds to explore the carboxylation process catalyzed by
the enzyme Rubisco. These hybrid models treat the re-
acting system (or the active site in an enzyme) explicitly
by a QM method, while the environmental molecules (or
amino acids) are approximated by a standard MM force
®eld. The TSS has been located and characterized with
AM1/CHARMM calculations involving a fully ¯exible
active-site region by means of a novel procedure
(GRACE) [52, 53] developed by Williams and co-
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workers. The results have been compared with those
obtained in vacuo using sophisticated computational
levels and two di�erent substrate models. A discussion
of the system embedded in the enzyme allows for a de-
tailed analysis of the active-site residues e�ects and the
invariance of the TSS to the level of computational
theory and the size of the molecular model.

1.1 Rubisco enzyme

Rubisco catalyzes several chemically distinct reactions.
From the carboxylation of RuBP (D-ribulose 1,5-bis-
phosphate) to the production of two molecules of
3-phospho-D-glycerate (PGA), the catalytic reaction
involves di�erent steps, some of which can occur as
partial reactions forming intermediates [54]. The com-
monly accepted reaction steps for carboxylation of
RuBP [55, 56] are depicted in Fig. 1. The overall
reaction can be dissected into a series of consecutive
steps: enolization, carbon dioxide ®xation, hydration,
C2AC3 bond breaking and inversion of the con®gura-
tion at the C2 center [55±57]. Enolization is the ®rst and
possibly rate limiting step [58±65] prompting intermedi-
ate I, submitted to a C2 carboxylation via an electro-
philic attack of CO2, to form II. Hydration of this C3
ketone intermediate (II) leads to a gem-diol III. Dep-
rotonations of the hydroxyl oxygen atoms at the C3
center initiates C2AC3 bond cleavage. Following this
bond breaking process, one molecule of PGA (IV) is
formed together with the aci-acid species (V). A
stereospeci®c protonation at the C2 center is required
to obtain the second PGA (VI). We have theoretically
documented this mechanism using in vacuo models [66].

Theoretical mechanistic studies on a number of issues
related to the unusual catalytic behavior of Rubisco
have already been reported. In particular, TSSs were
calculated in vacuo for the initial step in carboxylation,
oxygenation, as well as intramolecular hydrogen transfer
leading to enolization and self-inhibitory pathways
[31, 34, 66±71]. These self-inhibitory pathways can be

attained by means of intramolecular retroenolizations
leading to several inhibitors: D-xylulose 1,5 bisphos-
phate, D-arabinitol 1,5 bisphosphate, and D-ribitol 1,5
bisphosphate [71]. These results show very similar ge-
ometries for TSS and an invariance with respect to the
components of the transition vector representing the
¯uctuation patterns at this point. It is not known
whether the mechanistic steps obtained in this manner
are compatible with the presence of the protein. This is
an important challenge and, to approach this funda-
mental issue, we have selected the only step for which an
experimentally characterized transition state analog has
been determined: the carboxylation step [72]. This has
already allowed us to compare experimental results with
in vacuo theoretical TSS using quite simple molecular
models [31, 34, 66, 67, 70].

2 Models and computing methods

Substantial insight into the structure and mechanism of Rubisco
enzyme has come from crystallographic investigations [65, 73±76].
The starting point for our calculations was the 1.6 AÊ resolution
structure of the ternary complex (Protein Data Bank code 8RUC).
For meaningful calculations to be performed, it is essential to have
a high-resolution structure, and that it accurately represent the
enzyme-substrate complex.

For the hybrid QM/MM calculation, owing to the great size
of tetrameric Rubisco molecules, and because of the independence
of the subunits, only one subunit of them was considered. Hydro-
gens were added, with all ionizable groups set at a state comple-
mentary to pH 7.

The entire simulation system was divided in QM and MM
regions. After some experimentation with di�erent partitioning
schemes, it was decided to treat the substrate RuBP and the carbon
dioxide molecule quantum mechanically, while the rest of the
protein and the water molecules were treated classically. This is not
a serious drawback. We have checked the invariance of the TSS
when the magnesium coordination sphere is treated quantum me-
chanically. These calculations were carried out using two molecular
systems: model I, a ®ve-carbon framework (3,4-dihydroxy-2-
pentanone) treated at an AM1 level; and model II, the same ®ve-
carbon system with the magnesium coordinate sphere now treated
ab initio with a 3-21G basis set. The TSSs were carefully charac-
terized. At each point, the Berny analytical gradient optimization
routines were used [77, 78]. The requested convergence on the
density matrix was 10)9 atomic units; the threshold value of max-
imum displacement was 0.0018 AÊ and that of the maximum force
was 0.00045 hartree/bohr. The nature of each stationary point
was established by calculating analytically and diagonalizing the

Fig. 1. Proposed reaction pathway for the carboxylation of RuBP
catalyzed by Rubisco, extracted and modi®ed from Hartman and
Harpel [56]
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Hessian matrix. All these calculations were carried out using
the GAUSSIAN 94 program [79].

In Fig. 2, model I corresponds to the QM atoms (pink region)
and for model II the side chain rest of the Lys-201 (carbamylated),
Asp-203 and Glu-204 residues have been replaced by H atoms.
Since we do not yet have reliable AM1 parameters for magnesium,
the full coordination sphere was left out the QM system. The QM
region, consisting of 29 atoms (pink region of Fig. 2), was chosen
as the best compromise between the requirement to represent the
reaction region accurately and the need to minimize the number of
QM atoms to keep the calculations within reasonable bounds.

Even for such hybrid methodology, computational limitations
made it impractical to include the entire protein in the calculations;
hence a smaller representative region around the active site was
considered. It is important that this simulation zone be large en-
ough to incorporate all residues likely to have a signi®cant e�ect on
the reaction or required for substrate binding. After several tests, a
system formed by all residues with an atom within a distance of
18 AÊ from the Mg atom was selected (Fig. 2). The remaining atoms
were deleted.

Once the system was centered about Ng, a solvent boundary
potential on the MM water molecules was applied in order to
maintain the structure of the water at the edges. The resulting
molecular system was a pseudo-sphere of a total of 3525 atoms ±
active site, bulk protein and crystal water molecules altogether.

Harmonic constraints were also applied to the heavy atoms
further than 18 AÊ away from origin (ca. 500 atoms), that is, a
restoring force proportional to the displacement from its initial
position was applied to each of these atoms [80]. This serves to
preserve the structure of the enzyme, especially where there may be
loops of protein disconnected from the main chain because of the
truncation.

Once the system was prepared, the hybrid QM/MM optimiza-
tions were carried out, where the QM atoms of the reacting system
were treated by the AM1 semiempirical molecular orbital method
[81] and the MM atoms were minimized by means of the Adopted
Basis Newton-Raphson (ABNR) minimization algorithm. The
CHARMM24 program [82] was used for all the QM/MM opti-
mizations.

As explained in previous sections, the theoretical description
of the main chemical processes that take place in the active site of

Rubisco requires a complete characterization of the stationary
points. For this purpose, several internal coordinates were ®xed
at each point and all other degrees of freedom, for each point,
were submitted for QM/MM optimization by means of the
CHARMM24 program.

Once the quadratic zone was obtained, the new GRACE [52, 53]
software was used to re®ne and characterize QM/MM saddle
points of index one using an eigenvalue followed (EF) algorithm. A
partial-rational-function-operator/ABNR method was employed,
utilizing a Hessian matrix of order 87 ´ 87 that describes the cur-
vature of the QM/MM energy hypersurface for the QM-29 atom
subset, together with a diagonal Hessian. Then the rest of the
system is updated. The r.m.s. residual gradient for the total mo-
lecular system is less than 0.005 kcal mol)1 AÊ )1 in the optimized
structures; these residual gradients are lower than the commonly
accepted convergence criteria for optimized geometries of small
molecules in quantum chemistry.

We started with a molecular structure selected from the
quadratic region of the potential energy surface obtained with
CHARMM. In order to demonstrate conclusively that the reported
saddle structure was indeed a TSS for the chosen reaction, the path
of the intrinsic reaction coordinate was traced from the putative
TSS in each direction, leading to the expected reactant- and
product-like structures. Finally, the vibrational frequencies of the
TSS were determined.

3 Results and discussion

In the QM/MM approach used here, it is not necessary
to calculate the potential energy hypersurface in
the neighborhood of the TSS since that is described
by the normal modes obtained from the diagonalization
of the mass-weighted Hessian. The idea of a minimal
molecular model and an active control subspace [34, 83]
have helped in studying a number of complex reactions
in which chemical conversion primarily involves a subset
of chemical functions with manageable molecular mod-

Fig. 2. Schematic representa-
tion of the Rubisco active site:
the pink region corresponds to
the QM atoms used in the QM/
MM calculations. The numbers
of atoms included in the calcu-
lation are given in parentheses
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els. This principle was used to examine TSSs for the
carboxylation mechanism in ®ve-carbon and three-
carbon models [31, 34, 66, 67, 70]. Here, the invariance
of the transition structures with respect to the level of
electronic theory and the size of the control space are
examined.

The TSSs found with molecular models I and II for
the carboxylation process are depicted in Fig. 3a and b.
The geometric details are given in the ®gure. They give
an overview of the global progress, starting from the
model substrate in its enediol form, and ending with the
carboxylated moiety.

There are several implications to these results: We
have been able to describe the carboxylation step with
a self-contained molecular model, without calling for

external acid-base groups, as is commonly accepted for
this and other steps of the Rubisco reaction mechanism
[76, 84]. By excluding the protein environment we have
shown that the reaction mechanism may be independent
of such interactions, at least as far as the geometry of the
stationary points is concerned. By modelling the calcu-
lated TSS geometries into the active site of Rubisco one
can sense the moulding work achieved by the enzyme
and, most importantly, to gauge possible roles of actual
catalysis for the intermediate steps. The geometric
overlap between the carboxylation TSS and the transi-
tion state analog CABP (2-carboxy-D-arabinitol-1,5-
bisphosphate) is a hint of the relevance that the present
theoretical study in vacuo may have for the real system.

There is a signi®cant di�erence between this system
and our previously reported carboxylation TSSs [31, 34,
67]. The carboxylation TSSs couple carbon dioxide at-
tack to the C2 center of the substrate in its dienol form
with a synchronous interconversion of the C3 hydroxyl
into a ketone group. This results in a neutral carboxylic
acid moiety with an active carbonyl function at C3. The
carbonyl group at C3 is ready to undergo the hydration
process that would lead to the gem-diol as we recently
reported for the 3-C model [66]. The inclusion of the
coordination shell leads to nearly the same TSSs
(Fig. 3a, b). Note that the Mg ligand distances cluster in
two groups. Those representing side chains are shorter
than those corresponding to the substrate atoms. The
former are located in one hemisphere, the latter have
enough space to allow reactive events.

A key issue now is to test whether the presence of the
protein would allow for interconversion at the active
site. The QM/MM TSS obtained is depicted in Fig. 4.
The saddle point for carboxylation was obtained with
the full system.

The transition vector of the QM/MM TSS coincides
with those obtained for the systems reported in Fig. 3.
The proton transfer appears coupled to the carbon di-
oxide attack at C2 as in the examples in Fig. 3. Again,
the coordination sphere to Mg is clearly divided into two
hemispheres. The residues Lys 201 (carbamylated), Glu
204 and Asp 203 can be seen to the left of the reactive
motif. Even the hydrogen ¯ying in between the C3 hy-
droxyl and the carbon dioxide appears without any
impediment from the Mg or any other residue. This
point is suggestive.

The frequencies of the normal modes show an in-
teresting trend. From the simple model in vacuo to the
complete protein surroundings, the force constants be-
come smaller. The coordination shell seems to help the
system in softening the vibrational degrees of freedom.
Nevertheless if we look at the imaginary frequencies we
obtain for the structure in Fig. 3a, 741.9i; for that in
Fig. 3b, 741.4i; and for the geometry in Fig. 4 we get
1090.1i. The AM1 calculation for the model in vacuo
reproduces well the ab initio ®gure. The e�ect of the
protein environment is to keep a big amount of small
frequencies associated with breathing movements of the
protein. We can consider that the complex system helps
to soften the ¯uctuations at the active site, while it
keeps the geometry and transition vector amplitudes,
invariant.

Fig. 3a, b. The TSS for the carboxylation step. a Model I, b model
II [AÊ ]
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It is interesting to compare the role of the carboxyl
group from the carbamylated Lys 201 in the ab initio
and QM/MM calculations. The hydroxyl hydrogen at
C2 makes a hydrogen bond with one oxygen in both
cases. Normal mode animation shows these atoms with
negligible ¯uctuations, all the action occurs on the
chemically active atoms. It seems then that car-
bamylation in¯uences the reactive subsystem not only by
its contribution to the coordination of magnesium at the
right place, but also by cooperating with hydrogen
bonding to atoms belonging to the complementary
space.

In the QM/MM study, the role of Lys 334 con®rms
the static structural analysis. It is steering the carbon
dioxide oxygen. Incidentally, in the oxygenation reaction
it may play a similar role.

It has been suggested that His 294 (in Fig. 4) may act
as a proton acceptor during tautomerization [76]. The
orientation obtained for the saddle point structure is not
favorable to make such a contact of course. Our calcu-
lations predict that a mutation of this residue may not
drastically a�ect the reaction mechanism as far as in-
tramolecular hydrogen reshu�ing is concerned. Here is
an issue to be resolved by experiments.

When the geometry of the TSSs is used to replace
CABP, [65], no steric hindrances are observed. In addi-
tion, the TSSs of the present scheme show great simi-
larities. This ensures surface complementarity between
the protein active site and the activated complex of the
reaction catalyzed by the enzyme. This study shows that
the transition structure and moulded intermediates
found here o�er a reasonable alternative mechanistic
path for the carboxylation chemistry in Rubisco. The
bottom line is, as stated in Pauling's lemma [85], that
substrate moulding into geometries compatible with the
transition structures is essential to allow catalytic activ-
ity [3, 7, 33]. Failing to mold may fully prevent the re-
action.

4 Final remark

Three transition structures have been characterized via
two molecular models in vacuo that share those chemical
functional group of D-ribulose-1,5-bisphosphate that are
the most important in the carboxylation process cata-
lyzed by Rubisco. Following the intrinsic reaction
coordinate path [86] for the three structures back toward
reactants or forward to products the TSSs lead from the
substrate to the dienol form and thereafter to an acid
intermediate. This conclusively demonstrates that the
reported structures for carboxylation are indeed a TSS,
for the correct reaction. The TSSs appear to be robust
entities whose essential structural features are invariant
with respect to the nature of their environment.
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