J. Phys. Chem. A999,103,6009-6016 6009

Theoretical Study of the Molecular Mechanism for the Oxygenation Chemistry in Rubisco
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A set of transition structures (TSs) related to the oxygenation reaction catalyzed by Rubisco is characterized
theoretically. The TSs correspond to dioxygen fixation at the C2 center, hydrolysis, ar@3#®nd breaking;

reaction intermediates were found from TSs using the intrinsic reaction coordinate approach. Hydroxypropanone
and 3,4-dihydroxy-2-pentanone are used as molecular models for the subsiitaiose-1,5-bisphosphate.

Ab initio SCF MO calculations at a 3-21G and 6-31G** basis set level of theory were used; the correlation
energy has been included at the MP2/6-31G** level. The set of TSs can be docked at the active site of the
enzyme without steric hindrance. The geometries of the fully optimized reactants and intermediates differ to
a large extent when compared with the saddle point structures. It is inferred that a molding work would be
required in order to give them a molecular surface that is complementary in shape to that of the active site.
A comparison of the theoretically determined transition structures and the transition state anatagbed/-
p-arabinitol 1,5-bisphosphate (CABP), whose X-ray structure at the active site is known, suggests that all
aspects of the reaction pathway can be achieved without changes in volume. There is a good correspondence
between the intermediates suggested by experiments and those obtained here with both molecular models.
The present results represent a mechanistic alternative to the catalytic process as it is currently accepted in
the literature.

1. Introduction some authors have claimed a positive role for the oxygenation
. . process, saying that oxygenation can act as a defense mechanism
The most abundant protein on earth, present in green plantsy, jissinating excess photochemical enetyn this regard,
and photosynthetic organisms, osribulose-1,5-bisphosphate  j'haq heen shown that plants with diminished photorespiratory

carbloxylasrfquyg?nase.(Réjblis_cg E.dC. .4'1‘1'39)‘ This pror:eincapacity present severe photoinhibitions, thus providing support
catayzest. e Initial step in aiin s res uctive pe"toseF’ osphate, e defense function hypothesis for the oxygenation pro-
cycle, that is, the photosynthetic fixation of atmospheric carbon cessloll

dioxide (CQ) to Rubisco’s substrate-ribulose-1,5-bisphos- . . )

phate (RUBP). In this process, RUBP is enolized in the first step: The oxygenation reaction takes place, at first glance, between
a CO, molecule is then addeéj to the C2-center of the enedioli an organic molecule in its fundamental singlet state (enolized
form of RUBP, yielding two molecules of 8-phosphoglycerate RuBP) and triplet @ For this to be possible, the presence of a
(PGA) after hydration and carbercarbon bond cleavage cofactor or a transition metal that permits the conversion of
processes. This process accomplishes the task of an annuarlnolecular oxygen to its singlet electronic state is usually needed.
fixation of 104 tons of CQ from the atmosphere to the However, neither a cofactor nor such a metal has been observed
biospheré:2 However, as discovered by Ogéeamnd confirmed in Rubisco. This absence was explained when we calculated
by Tolbert* a competing oxygenation reaction that initiates transiltzion structureg for both carboxylation and oxygenation
photorespiration is also catalyzed, thereby reducing the netSt€PS~ The enol moiety formed by the two oxygen atoms bound
efficiency of photosynthesis by up to 50%. In this competing t© €2 and C3 (O2 and O3, respectively) were out-of-plane in
reaction, dioxygen is added at the same active site, to the co-the transition structures. Later, the transition structure of the
center of the enolized RuBP, yielding phosphoglycolate as one Intramolecular enolization step was determined. This structure
of the oxidation products. Metabolism of phosphoglycolate disPlayed a nonplanar cis-like Z2—-C3-03 configuratiort?
produces C@ dissipating energy as heat. This oxygenation The out-of-plane conformation was confirmed from X-ray data

reaction has been considered over the years as a catalytic error Obtained for the transition state analogue CABPog@rboxy-
of Rubisco® p-arabinitol 1,5-bisphosphate). We have shown that, with this

out-of-plane conformation, singlet and triplet states of enolized
RuBP may have very similar energies. Therefore, the triplet
state of the substrate can combine with the dioxygen (in its

Although with equal concentrations of,@nd CQ, green
plants catalyze only one oxygenation reaction per 100 carboxy-

lation processed’ during photosynthesis, the amount of mo- fund tal triolet state) o ai lecule with the tw
lecular oxygen in the chloroplast is 30 times larger than the undamental tripiet sta €) o give a s_up&rmo ecule wi e two
electronic states energetically simifart® We explored this

amount of carbon dioxide in the medium; the oxygenation/ . . X
carboxylation ratio then approaches one-third. Interestingly, possmmty, and previous resulits showec_l that_th(_a triplet Cha”?‘e'
is unable to explain the product formation within the catalytic
*To whom correspondence should be addressed. process. I_n this work, we report on results pbtained by study_ing
T Universitat Jaume 1. the spin singlet channel, assuming that the intersystem créésing

*Uppsala University. had taken place just before the C2-attack. As the probability

10.1021/jp9907342 CCC: $18.00 © 1999 American Chemical Society
Published on Web 07/14/1999




6010 J. Phys. Chem. A, Vol. 103, No. 30, 1999 Oliva et al.

SCHEME 1. Steps for the Oxygenation of RuBP Catalyzed by Rubisco, Extracted and Modified from Hartman and
Harpel4°
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for such an event to occur is very small, the rate of oxygenation the chemistry that is catalyzed, we use minimal molecular
will be smaller than that of carboxylation. models. Such an approach may help gauge the actual role of
From a theoretical standpoint, the oxygenation mechanism the metal and residues lining the active site. The intention is
has not received much attention. Experimentally, the first not to solve for the kinetics but to get further information on
concluding work on the mechanidfrestablished that one of  the mechanism and, in the long run, on the dynamics of the
the oxygen atoms (from molecular oxygen) is incorporated into reaction (where and how the atoms move). In other words, one
the carboxylic group of phosphoglycolate, whereas the other is would like to know whether the enzyme necessarily acts as a
lost in the medium. Furthermore, an oxygen atom is incorporated reactant with its side chains or if the full reaction pathway can
into PGA from water molecules present at the active site. From be sustained by minimal molecular models intramolecularly. In
these results, a mechanistic scheme similar to that for carboxy-the latter case, the enzyme will act as a catalyst via productive
lation was proposetf, involving a peroxide intermediate that substrate binding and thence modulation of the intrinsic
incorporates a water molecule, yielding an intermediate that mechanistic pathways. This is an issue when discussing the role
undergoes €C bond breaking and a final dehydration to give of several acidic and basic groups in Rubisco. For the carboxy-
products (Scheme 1). This molecular mechanism is now widely lation reaction, we have found that a complete mechanistic
accepted; however, several aspects related to it still remainpathway, describing all the complexities, can be sustained by
unclear. (1) The inevitability postulate of Lorintindicated minimal molecular models. This complexity has been found to
that the active site of Rubisco, once activated for carboxylation, be related to the ability of the system to carry out the chemistry
was also activated for oxygenation. (2) It was unclear how the using intramolecular hydrogen transfer proced8@%21.23t is
enzyme discriminates between €é&nd Q, although with our important to realize that when the full enzyme representation
previous work, one might say that it is the very nature of the is used, the transition structure obtained for carboxylation can
intersystem crossing that is responsible for such distinction. (3) be docked at the active site without steric hindrances. On the
A carboxyketone intermediate of the carboxylase reaction hasother hand, the geometrical structures of fully relaxed reactants
been isolated, prompting the proposal of a corresponding and intermediates are not compatible with the space available
peroxyketone intermediate in the oxygenase reactirn(4) at the active site. It follows, then, that substrate binding must
Mutants at the position of Lys 33%(Lys 329 in theRhodospir- mold the reactants into geometries compatible with the space
illum rubrum sequence) are nearly devoid of carboxylation available at the active site. This latter can be estimated from
activity. Moreover, a novel @dependent side product was X-ray structures of enzymenhibitor complexes when the
identified for these mutant enzymes as 2-carboxytetritol 1,4- inhibitor is a transition state analogue.
bisphosphate (CTBP). This verifies the formation of a hydro-  In this paper, we explore this intramolecular route in a search
peroxide intermediate. (5) Rubisco must stabilize the peroxy for a set of transition structures that can be related to the
intermediate for efficient cleavage of the €23 and peroxyl experimental data available on this system. A preliminary report
0O—0 bonds. Such stabilization would cause pathways other thanon the 3-C model was recently publish@d’he intramolecular
production of PGA and phosphoglycolate, which predominate hydrogen transfer hypothesis is further explored and applied to
with wild-type Rubisco, to be avoided. In mutant enzymes, study the oxygenation process: the transition structures (TSs)
however, the peroxide intermediate would be destabilized, describing the oxygenation reaction mechanism, including
yielding hydrogen peroxide and CTBP. hydration and final &C bond breaking, are reported, and
The mechanistic aspects have been studied with minimal comparisons with the experimentally accepted mechanism are
molecular models, for which transition structures can be discussed. The invariances of the transition structures to the level
rigorously obtained with ab initio quantum chemical of electronic theory and model size are examined, and the
techniqueg320-22 The study is made in the absence of any possible roles of active site residues are discussed.
elements forming the active site, with the objective of testing
whether such a complex mechanism can be sustained by2- Méthods and Models
minimal molecular models. Even in the absence of protein  2.1. Methodology.The characterization of TSs for chemical
elements, the task is complex, because there is an unusuallyinterconversion processes permits fairly clear representations
large number of chemical processes taking place in a relatively of possible molecular mechanisi#fs?’ Here, the TS and
small volume. One has to describe enolization, self-inhibition, structure concepts play a central rété>28-32 Practical aspects
carboxylation, and all the numerous steps including hydration, of the methodology have been previously descritfed:28:33
carbon-carbon bond breaking, C2-inversion in carboxylation, As an extension of Pauling’s lemn4;3¢ it can be assessed
and oxygen-oxygen bond rupture in oxygenation in order to that for a substrate system trapped at the active site of a given
obtain final products compatible with the experimental data. enzyme and with a mechanism for an elementary step described
To disentangle the role of the enzyme structure from that of with the help of a TS, a necessary condition to open a given
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interconversion pathway is the existence of surface comple- 3. Results and Discussion
mentarity between the geometry associated with the TS in vacuo
and at the active site. This complementarity can be checked
via a geometric superposition of the calculated stationary

structures with transition state analogues and slow substratesl.he first step is the enolization of RUBB)E449-55 yielding

whose X_‘“’"¥ struc_ture. IS known._ ) ) the enediol intermediaté)( which is submitted to oxygenation
In earlier investigations, transition structures, characterized yja an electrophilic attack of Oto form the peroxyketone
by saddle points of index one, have been determined for intermediatell . Hydration ofll leads togemdiol Iil . Depro-
Cal‘boxy|atlon, the first Step in 0Xygenat|0n, en0|lzatI0n, and self- tonation of one of the hydroxyl oxygens at the C3 center and
inhibition 1213151620323}l the calculated TSs have a remark-  dehydration oflll is assumed to prompt for a €Z3 bond
able property: their C-frameworks have a very small root-mean- cleavage, thus rendering the final products: one molecule of
square deviation when overlapped with the crystal structure of phosphoglycolatel¥ ) and one PGA moleculéV().
CABP, so that the set of TSs could also be docked at the active The structures calculated with the 3-C model are presented
site?1:2237This compatibility provides a plausibility argument  in Figure 1, which includes the atom numbering as well. They
in favor of the proposed mechanism. However, by no means give an overview of the global process, starting from the model
are the catalytic roles of possible acidic and basic groups substrate in its enediol form (the TS for the enolization step
discarded. Their role can be discussed as shown in our laterwas already reporté®) and ending up with products. As the
study of transition structure invariance for carboxylation, in model substrate contains only three carbon atoms, we have
which the QM/MM method was employéd.in this respect,  checked if a more realistic model would produce a similar
similar studies of the whole carboxylation and oxygenation mechanistic pathway by using an enlarged model containing
pathways are now in progress. five carbon atoms. In this way, a simultaneous comparison
2.2. Models and Computing DetailsA 3-C model, hydroxy- between results obtained with the use of the two molecular
propanone, and a 5-C model, 3,4-dihydroxy-2-pentanone, weremodels and the three theoretical levels of calculation is given
selected to study the reaction mechanism. Only the two in what follows so that one can appreciate structural and TV
phosphate groups of the real substrate, RuBP, are missing ininvariances to these factors.
the 5-C model: they contribute to a productive binding as 3.1 Oxygenation TS.In Figure 2, theTS1 for oxygenation
documented experimentally by X-ray studié8%43 Note that is depicted for the two molecular models used. This stationary
X-ray data, except for Lys 201 (carbamylated), Lys 175, Lys Point describes a simultaneous addition of dioxygen to the C2
334, His 327, and His 294, systematically exclude the participa- center and a hydrogen transfer between O3 and )2{Kbis
tion of residues acting as acid/base groups because of a largdinique TS avoids proton abstraction from the substrate, thus
distance to the substrate’s atoms that are to be protonated Yielding an intermediatell in Figure 1) equivalent tdl (cf.
deprotonated®43 Therefore, a model system without inclusion Scheme 1) with one difference: the hydroperoxide appears

of external groups (to the RuBP substrate) is not a totally Protonated at the end of dioxygen additidd)( so that the
theoretical construct. substrate is not overcharged. The formation of a carbonyl bond

at C3 can thereafter be the object of a nucleophilic attack: the
geometry is deformed, so that one may expect an activated
carbonyl group at C3.

It is convenient to discuss the results by contrasting them to
the existing mechanism. The experimentally-based mechanism,
adapted from Hartman and Hargglis depicted in Scheme 1.

TSs describe theoretically well-defined geometric arrange-
ments. The strategy followed for obtaining a TS starts by

searching in the qu_adratlc zone on_the energy h_ypersurface " The TV associated withTS1, that is, the relative atom
the Born—-Oppenheimer approximation. Atomic displacements . . . .
displacement phases, is represented in Figure 2 as vector

along the directions defined by the transition vector (V) . X )
X . displacements from the stationary geometry. Following the
should correspond to a zero order representation of the particular

interconversion. In addition, downhill optimizations from TSs depicted directions|1 is reached, meanwhile, inverting the

S ' . global sign leads to a fluctuation that overlaps the geometry of
glong both directions of the normal mode corresponding to t.he the activated reactant&f in Figure 1. This fact has been
imaginary frequency were done. Those TSs that describe substantiated by using the Intrinsic Reaction Coordinate @RC)
chemical interconversion processes would correspond to the

dard T h h be related with : I rocedure, which permits a displacement from a given TS,
standard TSs, whose changes may be related with experimental ollowing TV coordinates, to its corresponding associated

based molecular mechanisms. The hypothesis that intermoleculaginima. It is worth noticing the invariance of the TV compo-
effects will not change the nature of the TS, insofar as geometry ,ants petween the two model systems used (Figure 2a and b).

and reaction vector fluctuation are concerned, underlies the Normal mode animation 6FS1 shows the dominance of the
approach used here. hydrogen fluctuation: the hydrogen shifting from O3 to
The stationary points were located by optimizing the geom- 02(0,) fluctuating in antiphase with the O14BC2 distance.
etries at HF/3-21G and HF/6-31G** basis set levels; correlation The fluctuations are fully localized to this atom framework, and
energy has been included at the MP2/6-31G** level for the the imaginary frequency values show a remarkable invariance
smaller model. The Berny analytical gradient optimization to the theoretical level and system size, ranging from 530i to
routines were used for the optimizatién.The requested 635i cnt in all studied cases.
convergence on the density matrix was 1@tomic units; the Some distances are also included in Figure 2, which were
threshold value of maximum displacement was 0.0018 A, and obtained by using the different calculation levels. From the
that of maximum force was 0.00045 hartree/bohr. The nature reported data, very little differences, which depend on the
of each stationary point was established by calculating analyti- theoretical level used and system size can be appreciated:
cally and diagonalizing the Hessian matrix (force constant qualitatively, the geometric arrangement corresponds to the same
matrix). All calculations were carried out using the GAUSSIAN  structure; quantitatively, some minor variations (always less than
94 progrant® Supplementary vibrational and spectral analyses 0.3 A) can be found, mainly for the O1£P02(0;) and
were made with the AMPAC 5.0 packdgand the GaussView  01(0y)-C2 distances. Thus, for the model systems and com-
1.0 progrant? putational levels used, the same description is reached for this
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Figure 1. Schematic reaction pathways for the oxygenation obtained from ab initio calculations on a 3-C model. The atom numbering is also
included.
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Figure 2. TS1for the oxygenation step: (a) 3-C model; (b) 5-C model. Main distances are indicated (A), calculated at HF/6-31G**, HF/3-21G
(in parentheses), and MP2/6-31G** (in brackets). The arrows represent the major components of the TV.

oxygenation step at a molecular level: the process can be Following the minimum energy path, the passage trolgh
understood as concomitant oxygen addition/hydrogen transferwould ensure the population of the reactive intermediate
processes. which corresponds to a protonated hydroxyperoxide. As men-
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Figure 3. TS2for the hydration process: (a) 3-C model; (b) 5-C model. Main distances are indicated (A), calculated at HF/6-31G**, HF/3-21G
(in parentheses), and MP2/6-31G** (in brackets). The arrows represent the major components of the TV.

tioned above, it differs from the speciisproposed in Figure reached fromT'S2. This means that this TS is well associated

1 in the sense that no proton elimination is required in our with the corresponding chemical step. It is worth noticing again
theoretical approach. Recently, Hargelal® have suggested  the invariance of the TV components between the two model
that formation of CTBP, the novel &lependent side product systems used (Figures 3a and 3b). From the TV components,
generated by a site-directed mutant, verifies the identity of the four center character iRS2 is apparent: it corresponds to
Rubisco’s previously invoked oxygenation intermediate as a a concerted mechanism such that oxygen addition to C3 and
peroxy intermediate. The existence of the stable species identi-proton transfer to O3 are accomplished in a single step. This
fied in the theoretical modellX) is then in good agreement type of TS has been found earlier in related hydration reactions
with the experimental evidenééThe geometry, of course, must  of carbonyl compound® The TS2is more reactant-like in the

be deformed at the active site because no space is available t@ense that the transferred hydrogen is to the water oxygen than
geometrically relaxed reactants and intermediates. to O3.

Furthermore, th@S1 geometry can be overlapped fairly well Normal mode animation shows an almost fully localized
with CABP?22 so that surface complementarity is ensured fluctuation in the four center moiety, and the imaginary
between the protein active site and the activated complex of frequency values range from 1435i to 1858idm
the reaction catalyzed by Rubisco, as explained above. From the geometric data included in Figure 3, very little

3.2 Hydration TS. The carbonyl group of the protonated differences can be observed between the different theoretical
peroxide (1) at C3 appears to be open for nucleophilic attack. levels (less than 0.07 A), so that the invariance property can
Now, a water molecule located in the neighborhood of the again be extended to the geometric aspects.
coordination sphere (in the real system it is probably displaced 3.3 C2-C3 Bond Cleavage TSThe final transition structure
by dioxygen binding) may initiate such nucleophilic attack at TS3is depicted in Figure 4 and corresponds to a simultaneous
the C3-center as can be seen in the following si2prS2-13, C2—C3 and 01(Q)-02(0,) bond breaking process; in addition
see Figure 1). In the present approach, we go after a transitionthe hydrogen of the incoming water molecule is transferred to
structure because the reactants will never be in their equilibrium the protonated oxygen of the peroxide, and a new water
geometric configuration. Again, the active site will prevent such molecule is formed. Note that if a magnesium ion were present,
geometric relaxation. and all the TS features were not affected by the metal, the newly

In Figure 3 the hydratiom S2is depicted for both molecular ~ formed water molecule would remain within its coordination
models. It corresponds to a direct hydration of the carbonyl shell. If such were the case in the real situation, this mechanism
group. The related product3) is the equivalent to structure  would avoid solvatior-desolvation effects at the magnesium
Il in Scheme 1. This time, however, the peroxide is protonated ion. At variance with the commonly accepted mechanism, the
and forms a strong hydrogen bond with the O3 oxygen. Speciesreaction, without hydronium elimination, can be accomplished
I3 is agemdiol structure; this kind of functionality is known  simply as an intramolecular process.
to have a strong acid character that would facilitate a new The TV components describe the passage fi8nto the
intramolecular hydrogen rearrangement related to the carbon products, as shown by an IRC calculation frdi83, and are
carbon bond cleavage between C2 and C3 centers, as will beinvariant to the model size (Figures 4a and 4b) and theoretical
shown below. level. The geometric data differ by less than 0.16 A except for

The TV associated witfS2 is represented in Figure 3 as the MP2 results, which describe the hydrogen transfer between
vector displacements from the stationary geometry, as before.03 and O2(Q) as less developed (the hydrogen atom still
Following the IRC, the related intermediatdg, and I3, are remains very close to the O3 atom) and the QJHQ2(O,) bond
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Figure 4. TS3for the C2-C3 bond cleavage step: (a) 3-C model; (b) 5-C model. Main distances are indicated (&), calculated at HF/6-31G**,
HF/3-21G (in parentheses), and MP2/6-31G** (in brackets). The arrows represent the major components of the TV.
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Figure 5. Free energy profile for the oxygenation pathway (from the enediol onwards) for model systems: (a) 3-C model; (b) 5-C model. TSe
stands for the TS corresponding to the enolization step (not reported here; see text).

breaking as more advanced (forming a hydroxyde-like group). in vivo; this slow inactivation can be qualitatively understood
This difference is also reflected by a lower value for the in terms of stereochemically incorrect intramolecular retro-
imaginary frequency (1236i cm), whereas for the rest of  enolization processé8.Moreover, TSs for the hydrolytic step
calculation methods, the values range from 1615i to 1918tcm  that follows carboxylation and the inversion of configuration
of products at the C2-center were determifetf. Here, we

4. Final Remarks present a study, which complements and completes a previous

The catalytic mechanism for oxygenation reactions has been!etter?in which all TSs related to the oxygenatiehydrolysis
represented with the help of a set of transition structures Path areé characterized on model compounds that represent the
calculated with ab initio techniques. Intramolecular hydrogen €@l substrate of Rubisco; the TSs are fully consistent with
transfer is found to be an appropriate way to accomplish the present expenr_nental data r_;md have Fhe essential group elements
complex chemistry once the reactants are molded into the that intervene in the chemistry of this system.
geometries characteristic of the TSs. This self-consistency was As noted before, the carbon and oxygen frameT 8t for
also found for TSs calculated for carboxylation, for intramo- dioxygen addition, determined in a vacuum, can be overlayed
lecular hydrogen transfer leading to enolization, for self- with CABP bound to the active site of Rubisco as observed in
inhibitory pathways, and for oxygenatiéf1516.20.21.32.33he the X-ray structuré#22 This superposition demonstrates the
introduction of the intramolecular enolization mechariswas surface complementarity needed for the mechanism described
the key to obtaining a more economic mechanistic description. by using TSs calculated in a vacuum to have catalytic
The corresponding TSs also gave some clues in explaining thesignificance according to Pauling's lemr#fa3¢ We note that
slow inactivation of the enzyme observed in vitro, and possibly phosphate binding is critical to obtain a correct geometry for
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the substrate. A crystal structure of activated Rubisco with its the results are dependent on these factors. The energetic results
substrate obtained by Lundqvist and Schnétleshows a must be taken only as rough approximations, because a sound
significant difference at the phosphate binding site when evaluation of energetics must take into account the multiple
compared with the CABP complex. The crystal has no catalytic interactions between the substrate and the enzyme residues at
activity. In view of the stringent geometric constraints set up the active center: this will be the goal of future studies on the
by the transition structure, which geometrically overlays with whole process using the QM/MM methodology. At any rate,
CABP, one may conjecture that a fine-tuned substrate binding from the results given, one can see that about 20 kcal/mol is
is required for catalysis. needed to mold the enediol reactant. It is interesting to see how
Structura”y, all TSs share the gross conformational charac- the obtained tendencies are invariant to the model Size, although

teristics (see Figure 1) and therefore can be docked without stericthey are very dependent on the calculation level. In this respect,
hindrances at the Rubisco active site when the latter is correctlyOur best calculation, at MP2/6-31G**, shows a very smooth
activated. The interesting result is that both the oxygenation Profile once the enediol is deformed: only about 12 kcal/mol
and carboxylation chemistry, insofar as transition structures arewould be needed to get the highest energy TS in this case. It is
concerned, can be accomplished without the help of externalhere, then, where the active site residues may increase the
proton donoracceptor groups. Of course, such a reaction in catalytic efficiency by lowering the energies of the transition
vacuo is not achievable because of the large geometric deformastructures relative to the precursor and succesor complexes.
tion required and the too-large activation energies. One of the i
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