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Stereochemical and structural aspects for the carbon dioxide fixation followed by hydratisribaflose
1,5-bisphosphate catalyzed by Rubisco are analyzed by using two model substrates, hydroxypropanone and
3,4-dihydroxy-2-pentanone. The molecular mechanisms for the carboxylation, C3-hydration and C2-inversion
processes, are theoretically characterized and discussed with saddle points of index 1 representing transition
structures (TS) and relevant (molded) intermediates mirroring the experimentally proposed mechanism. Ab
initio SCF MO calculations at 3-21G and 6-31G** basis set levels of theory were used, while the correlation
energy is included at the MP2/6-31G** level. The mapping starts from TS1, the carboxylation transition
structure, which describes now the coupling of the carbon dioxide attack to the substrate C2-center in its
dienol form with a synchronous interconversion of the C3 hydroxyl into a ketone group. Thereafter, water
addition leads to gemdiol followed by another step of intramolecular hydrogen transfer coupled with the
C2—C3 bond breaking process. This TS breaks into one model mpBesphoglycerate product and an
intermediate. The configuration inversion at the C2-center is found to be possible via intramolecular hydrogen
transfer, as suggested by the corresponding TS relating the intermediate to the C2-inverted conformation.
The complete set of steps found gives a self-contained description of the carboxylation followed by hydrolysis
with proper stereochemistry. Comparisons between the transition state analogue: 2-casbalzinitol-1,5-
bisphosphate and TS1 show that both structures can be superposed with minimal root-mean-square deviation
for C-atoms. All other calculated stationary TSs share the gross conformational features of TS1, and
consequently, all molecular rearrangements detected in a vacuum can be accommodated without constraints
into the active site of Rubisco. Transition structures invariances with respect to level of theory and molecular

models are discussed.

1. Introduction investigated by u8.The substrate RuBP incorporates carbon
] ) ) dioxide at the C2-center and a water molecule at C3, leading,
Rubisco f-Ribulose-1,5-bisphosphate carboxylase/oxyge- via a c2-C3 bond breaking process, to two molecules of
nase, E.C. 4.1.1.39) catalyzes the initial step in Calvin's 3_phosphoe-glycerate. For this to be so, the fragment including
reductive pentose phosphate cycle, i.e., the photosynthetiche jngoing CQ must involve a configuration inversion at the
fixation of atmospheric CéXto the enzyme’s substrate;Ribu- C2-center. In brief, this system raises a rather complex
lose-1,5-bisphosphate (RuBP}. Most of the carbon found in  mechanistic problem. The theoretical issue in this paper is to
the biospherehas passed at one time or another through the fing whether there are minimal molecular models for which
active site of Rubisco. Molecular mechanisms have been ansition state structures can sustain this chemistry in a vacuum.
established over the years by using bioche_micall techniq_ues.|n a preceding lette}® we have shown that such an objective is
More recently, 3D data obtained from X-ray diffraction studies feasible, albeit the molecular model was minimal and no explicit
have been used to rationalize the molecular mechanism Ofenzyme elements were included. But with simple models, the
carboxylation and propose alternatives to the chemically based,gle of the enzyme can be understood from a perspective
ones’® different from the one obtained when all the system complexity
At the active site, there seems to be a large degree ofis included in the calculations.
“promiscuity” in the sense that there are a number of reactions |y earlier investigations, transition structures, characterized
catalyzed there. One of them is oxygenation of RuBP leading py saddle points of index 1, have been determined for enoliza-
to the process of photorespiration. The dioxygen attacks thetjon, the first step in carboxylation, for oxygenation, and for
same C2-center as carbon dioxide. It is to this type of variation self-inhibitory propertied?-8 All the calculated transition
in the mechanism that theoretical studies from our group have stryctures (TS) have a remarkable property. Their C-frameworks
focused on. The attention here is centered on the full carboxy- have a very small root-mean-square deviation when overlapped
lation reaction. The oxygenation mechanism has been recentlywith the crystal structure of CABP (2-carboxyarabinitol 1,5-
bisphosphate),a transition state analogue to the six-carbon
* To whom mail should be addressed intermediate in the carboxylation reaction catalyzed by Rubisco.
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The characterization of an enolization transition structure  The mechanistic pathway is checked by descending via the
(which could also be docked at the active site), involving an intrinsic reaction coordinate (IRC) of Fukditoward lower
intramolecular hydrogen transfer from C3 to the carbonyl energy stationary points. In so doing, the conformations of the
oxygen at C2> opened the possibility that several aspects corresponding intermediates (or another saddle point along an
related to the enolization reaction could be achieved via orthogonal direction to the IRC) may differ substantially from
intramolecular processes. This expectation was ratified in a studythat of the parent transition structure. As the real system is,
made to describe self-inhibition as a set of retro-enolization after all, in a sort of cavity (active site), the geometry change
processe& More recently, our study of oxygenation confirms of the ingoing and outgoing channels would stop at conforma-
this idea? In this paper, the intramolecular hydrogen transfer tions compatible with the size and shape of the active site,
hypothesis is further explored and applied to study the addition thereby generating not a family of transition structures but a
of CO, and HO on five- and three-carbon molecular models set of activated successor and precursor complexes. For this
representing RuBP. The promiscuity can then be understood inreason, it does not make sense to speak of activation energy
terms of families of transition structures having a shape without defining the context.
complementary to the active site of Rubisco. As an extension of Pauling’s lemm&° it can be stated

Here, we report on TSs and intermediate species found in athat for a substrate system trapped at the active site of a given
pathway describing carboxylation of the dienol form and the enzyme, and a mechanism for an elementary step described with
hydrolysis of the carboxylated substrate in a vacuum. The the help of a TS, a necessary condition required to open a given
invariances of the transition structures to the level of electronic interconversion pathway would be the existence of surface
theory and the size of the molecular model are examined here.complementarity between the geometry associated with the TS
A discussion closes the paper. in a vacuum and the active site. This complementarity can be
. . checked via a geometric superposition of the calculated station-
2. Transition Structure Invariances, Methods and Models ary structures with transition state analogues and slow substrates

The transition structure, obtained as a stationary geometric\whose X-ray structure is known.
structure, occupies a central position in our analyses. Itis then | this study, a three-carbon model (hydroxypropanone) and
useful to give the antecedents on which we base our discussionsihe five-carbon model (3,4-dihydroxy-2-pentanone) at HF-
For simple diatom+ atom reactions, besides the activation (Hartree-Fock)/3-21G and HF/6-31G** basis set levels were
energy, Hinshelwood early noticed the need for “... some ysed. The correlation energy has been estimated at the MP2/
condition determining the point at which rearrangement takes g_31G** |evel of theory for the three-carbon model. All
place”** In contemporary chemistry those points are usually cajculations were carried out using the GAUSSIAN 94 pro-
represented by transition structures. With the development of gram51 Supplementary vibrational and spectral analyses are
analytical gradients and second derivatives of the energy with mage with Gaussview 1.0 packafelhe phosphate groups are
respect to geometric parameters, the identification of saddle not included, they are assumed to contribute in the (productive
points of index "2 is becoming a tool to help check for  angd nonproductive depending upon the protein) binding of the
different mechanistic proposa#%.2° substrate, as documented experimentally by X-ray stodis; 55

Theoretically, there has been a shift in the perception of the
nature of the transition state. This one ranges from the early 3 T4 Mapping the Whole Carboxylation Process
concept of an unstable molecular configuratfo® to the
present view of a molecule, albeit having finite lifetinf&s0 The overall reaction, carbon fixation catalyzed by Rubisco
that displays a well-defined geometry (sensed as a saddle poinfeading to the addition of C©and HO to RuBP to yield two
of index 1) whose quantum vibrational states must be populatedmolecules of 3-phosphoglycerate (PGA), involves a number
if the mechanism takes that pathway. The meaningful quantum of steps, some of them directly or indirectly characterized with
states are those having positive eigenvalues of the Hessian. Frongxperimental methods. After enolization, £@ddition at the
catalytic antibodie¥ 3% via the spectroscopy of the transition =~ C2-center, hydration at Cgemdiol intermediate at C3, bond

staté%37 to the construction of transition state analogfe¥, breaking C2-C3, and the inversion of configuration at C2 are
the idea of actually existing transition structdfeé*is becoming  the steps required to accomplish the chemtihe commonly
a natural hypothest$:46 accepted reaction steps for carboxylation of RtiEPare

The fact that the structure of these stationary points for depicted in Figure 1.
Rubisco-related substrates could be overlayed with the structures Enolization is the first and, according to some authors, may
of the transition state analogue CABP is important. Bearing in be the rate-limiting step>2 From that TS one gets the
mind that the protein binds the substrate, which in its ground intermediatel, which is submitted to a C2-carboxylation via
state has a totally different structure compared to the TS, onean electrophilic attack of C&£to form Il . Hydration of this C3
may recognize the role of productive binding: molding of the ketone intermediatdl() leads to ayemdiol Il . Deprotonation
substrate so that its geometric fluctuations overlap those of the hydroxyl oxygen atom at the C3-center is assumed to
accessible to the TS. These configurations form sets of precursoiinitiate C2-C3 bond cleavage. Following this bond breaking
complexes wherefrom the transition state can be populated.process, one molecule of product, PGA, is formed together with
Surprisingly, these TSs, although calculated in the absence ofthe aci-acid speciesl{). A stereospecific protonation at the
the protein, have structures compatible with their active sites. C2-center is required to obtain the second PGA.
And this raises an important point. Are these TSs invariant in  Although there is general agreement on the sequence of the
shape to interactions with the protein at the active site? The major steps, at an electronic molecular level very little was
overlapping structures strongly suggest that such might be theknown of the detailed mechanism of catalysis. The stationary
case, but it does not prove it. That is the reason it is important points found with the three-C molecular model for the overall
to study TS invariances under different situations. In this paper process are depicted in Figure® They give an overview of
we play with the level of electronic theory and the size of the the global process, starting from the model substrate in its
molecular model and give examples where the model complexity enediol form, and ending up in the model products. The
is increased. enolization step was already studi€d.
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Figure 1. Proposed reaction pathway for the carboxylation of RuBP catalyzed by Rubisco extracted and modified from Hartman aid Harpel.

Enediol and CO, fixed
into the active center

Products fixed into
the active center

P1 AA TS4 Products

Figure 2. Schematic representation of the reaction pathways from the enediol to the final products. The geometries of stationary points along the
reactive channel are depicted. The method used has been described in previous reports from dbitégédtphe present study was done at
HF/3-21G and HF/6-31G** basis set levels, while correlation energy has been included at the MP2/6-31G** level. At each point, the Berny
analytical gradient optimization routines were used for the optimizadti6hThe requested convergence on the density matrix wa$ dfomic

units; the threshold value of maximum displacement was 0.0018 A and that of maximum force was 0.000 45 hartree/bohr. The nature of each
stationary point was established by calculating analytically and diagonalizing the Hessian matrix (force constant matrix).

Such a mechanism in vacuo is unlikely to happen due to the numbering is also indicated; the atoms belonging to, CO
enormous energy required to deform the substrate and mold itfragment are not numbered, and all other oxygens are recognized
into the geometry of the TS. The study of X-ray struct&péss® by their binding to a particular center. Some geometric details
shows that the substrate actually is molded into a structure are given in the figure and in Table la.
|00king very much like the structure of the carboxylation TS Compared to our previous|y reported Carboxy|ati0n 3|28§,17
in vacuo. As the model substrate contains only three carbonTs1 presents a concomitant hydrogen transfer between the
atoms, it is necessary to check whether a more realistic modelhydroxyl group at the C3-center toward one oxygen in the
would produce a similar mechanistic pathway. This is examined approaching carbon dioxide moiety. The carboxylatiE®l
in what fO"OWS; a simultaneous comparison with the five-carbon Coup|es the carbon dioxide attack to the C2-center of the
model is given so that one can appreciate structural invariancessybstrate in its dienol form with a synchronous interconversion
including the transition vectors. The more complex molecular of the C3 hydroxyl into a ketone group. This would result in a
model reproduces all aspects depicted in Figure 2. neutral acid intermediatd with a carbonyl function at C3,

3.1. Carboxylation TS.In Figure 3, theTS1 for carboxy- which correlates with the 3-keto-CABP. As pointed out by
lation is depicted for the two molecular models used. The atom Jaworowski and Rose and Pierce et al., “one of the unique
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a

@ TABLE 1: Main Distances (A) Obtained by Using the
Different Calculation Levels and Molecular Models, for (A)
TS1, (B) TS2, (C) TS3, and (D) TS#

(@) TS1
C2-C(CO,) H3-01(CQ) H3-03 C2-C3
HF/3-21G 3C 1.960 1.214 1.221 1.387
HF/6-31G** 3C 1.959 1.204 1.185 1.391
MP2/6-31G** 3C 2.014 1.139 1.291 1.399
HF/3-21G 5C 1.941 1.237 1.216 1.397
HF/6-31G** 5C 1.825 1.338 1.099 1.419
(b) TS2
" \ ccoy H1(H,0)-03 O(H0)-C3 O(HO)-H1(H0) C3-03
1.185%,
(1220, HF/3-21G 3C 1.400 1.589 1.129 1.371
[1.291] 02(COy) HF/6-31G** 3C 1.338 1.554 1.121 1.349
H3 MP2/6-31G** 3C 1.382 1.620 1.135 1.336
A HF/3-21G 5C 1.406 1.548 1.136 1.384
[1.139] 01(CO,) HF/6-31G** 5C 1.336 1.535 1.125 1.361
(c) TS3
C2—-C3 H1(H0)-02 H1(H0)-03 C2-02 C3-03
HF/3-21G 3C 2.228 0.992 1.947 1565 1.265
HF/6-31G**3C  2.299 0.976 1.659 1557 1.238
MP2/6-31G**3C 2.033 1.040 1.817 1527 1.266
HF/3-21G 5C 2.282 1.034 1.581 1525 1.271
HF/6-31G** 5C  2.322 0.974 1.665 1560 1.240
(d) TS4
C2—-H 02—H C2-02
HF/3-21G 3C 1.357 1.129 1.616
HF/6-31G** 3C 1.319 1.097 1.599
MP2/6-31G** 3C 1.423 1.076 1.625
HF/3-21G 5C 1.375 1.129 1.615
HF/6-31G** 5C 1.319 1.097 1.598

a 3C stands for the hydroxypropanone, and 5C for the 3,4-dihidroxy-
2-pentanone molecular models. Atom label “H” in Table 1d corresponds
Figure 3. TSlfor the carboxylation step: (a) three-C model; (b) five-C  to the hydrogen atom being transferred from 02 to C2.
model. The arrows represent the major components of the transition
vector. Main distances are indicated, calculated at HF/6-31G**, HF/
3-21G (in parentheses), and MP2/6-31G** (in brackets). complex of the reaction catalyzed by the enzyme. This is just

Pauling’s lemmd?

features of the carboxylation reaction is that 3-keto-CABP is 3 o Hydration TS. In Figure 4 the hydratioS2is depicted
an intermediate that can be isolated and that it is st8b®”.  for hoth molecular models. In Table 1b some geometric data
This intermediate has been isolated by acid quenching and storedy e given. This type of TS is rendered possible thanks to the
at —80°C. This species has a finite lifetime (1 h) in solutin, dehydrogenation in the previous step of the hydroxyl group at
where it becomes decarboxylated at room temperature. Notec3, Note that, because the hydrogen bound to O3 has been
that by deprotonating the C3-hydroxyl group during carboxy- moved to the incoming C£n the previous step of our proposed
lation, the TS1 would lead directly to 3-keto-CABP if the  aiternative mechanism, there is no need for an external base to
molecular model had the phosphate groups. In our case, thegpstract now this hydrogen and prompt for hydration: hydration
carboxylate group at C2 is protonated. was made possible as soon as ;Ca&xdition took place.

The transition vector (relative atom displacement phases) of Furthermore, the substrate is not going to be overcharged during
TS1is represented in Figure 3 as vector displacements from turnover.
the stationary geometry. Inverting the global sign leads to a  The hydration inAw (see Figure 2) at the C3-center leads to
fluctuation that OverlapS the geometry of the activated reactants.this new transition Structuré',sz Corresponding to a concerted
Normal mode animation shows the dominance of the hydrogen mechanism such that oxygen addition and proton transfer to
fluctuation; a carbon dioxide moiety bending; the CFeC2 the carbonyl oxygen are accomplished in a single step. This
distance fluctuates in antiphase to the hydrogen in the @3  type of TS has early been found in related hydration of carbonyl
bridge. The fluctuations are fU”y localized to this atom Compound§.9 The four-center character is apparent inTIs2.
framework, which would explain the success of the smaller Thjs |atter is more reactant-like in the sense that the transferred
model. hydrogen is closer to the water oxygen than the C3-carbonyl

Following an IRC, the passage througs1 would ensure oxygen. Normal mode animation of this TS shows an almost
the population of the acid intermediafe This intermediate  fully localized fluctuation in the four-center species. A weak
has an interesting feature. The carbonyl functionality at C3 motion develops in the HO bond of the carboxyl group.
would open a channel to the hydration step. As el Interestingly, for most of the low frequencies (smaller than ca.
geometry can be overlapped with CABP, surface complemen-300 cntl) the local geometry of the transition structure
tarity is ensured between the protein active site and the activatedfluctuates as a whole.

(1.237)

01(COy)
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Figure 4. TS2for the hydration process: (a) three-C model; (b) five-C
model. The arrows represent the major components of the transition
vector. Main distances are indicated, calculated at HF/6-31G**, HF/
3-21G (in parentheses), and MP2/6-31G** (in brackets). Figure 5. TS3for the C2-C3 bond cleavage step: (a) three-C model;
(b) five-C model. The arrows represent the major components of the
The common experimental scheme (cf. Figure 1) and our transition vector. Main distances are indicated, calculated at HF/6-
theoretical steps are molecularly identical. One of the differences 31G™, HF/3-21G (in parentheses), and MP2/6-31G** (in brackets).

resides in the previous step: instead of ressorting to an external ) ) ]
base group to trap a proton, in the present view this could be corresponds to the CZC3 fluctuation and the stationary distance

accomplished by intramolecular hydrogen transfer. is around 2.3 A. The hydrogen is already very advanced in
TS2 leads directly to agemdiol intermediate (G), which ~ forming the protonated hydroxyl bound to C2. The carboxylic
would correspond to the hydrated 3-keto-CABP if our model acid moiety presents very small fluctuations.
system had the phosphate groups. Experimentally, such a type Following an intrinsic reaction coordinate procedtfen
of functionality has been used in connection with the mechanism intermediate AA, see Figure 2), related to specl¥sin Figure
of Rubisco®4536870The gemdiol has a strong acid character: 1, and a final product-like moleculé’(), are formed. In the
its deprotonation will be related to the breaking of the carbon  five-carbon model, the fragment made with the C3, C4, and
carbon bond between C2- and C3-centers. C5 atoms models the product, PGA, except for the fact that a
3.3. C2-C3 Bond Cleavage The carbor-carbon cleavage phosphate group is missing there. The fragment made with C1
has been a puzzling feature when coming to a theoretical C2-C(CQ,) has a diprotonated oxygen bound to C2 and the
explanation of the mechanism. TR&3, depicted in Figure 5,  stereochemistry around C2 is not yet the one found for the real
may offer one explanation to it. In Table 1¢c main distances are product. TheAA has a positive charge at the protonated
reported. In this model, the cleavage appears to be coupled withhydroxyl group and a negative charge develops at the adjacent
an intramolecular hydrogen transfer of a rather peculiar type. C2-center. Note that this species would prompt for an inversion
The hydroxyl group at C3 changes into a carbonyl and the at C2 under specific conditions by 1,2-hydrogen transfer from
hydrogen ends up forming a diprotonated oxygen (02) group, O2.
thereby breaking the C2C3 bond. 3.4. Configuration Inversion at the C2-Center.The TS4
The transition vector amplitudes of thisS3 resemble the is depicted in Figure 6; some distance values are given in Table
intramolecular hydrogen transfer mechani&tading from the 1d. The interconversion takes place at the-CR—C(CQO,)
substrate-like structure to the dienol structure. The imaginary fragment. Itis a 1,2 hydrogen migration related to an inversion
frequency ofTS3is much lower than the one corresponding to of the configuration at the C2-center. The imaginary frequency
previous transition structures. Actually, the dominant motion 1903i cnT?! corresponds to a large hydrogen fluctuation that is

01(COy)
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picture of the electronuclear events leading to the final products.
It explains the nature of the “promiscuity” in this system due
to the presence of transition structures having a similar geometric
shapesTS1 by deprotonating O3 vyields directly a carbonyl
function on C3 and a carboxylic acid function attached to the
carbon center (C2) derived from the incoming carbon dioxide.
1319 This TS avoids the creation of highly charged centers that might
. [1a23] strongly perturb the active sit&€ S2 represents the water attack
leading to thegemdiol in Il but with a carboxylic acid bound
at C2.TS3 produces simultaneously a €EZ3 bond breaking

02(C0,)

007 ! and a deprotonation on the oxygen O3_a_1nd a protona_tion of the
(1.129) hydroxyl group bound at C2. This transition structure is closely
[1.076] related to the intramolecular enolization TS reported previ-
03 ously?®
e The TS4 actually describes the inversion of configuration at
coz) .00 {(11?69196) C2 via an intramolecular hydrogen rearrangement. Obviously,
“li62s] to obtain this TS, one has selected a particular path from the

precedent intermediate. If the real substrate follows the steps
signaled by the TSs herein reported, there is a need for an
external control of this hydrogen trafficking. Note that this study
is not intended to prove that there is no need of the enzyme to
carry on the chemistry. Quite the contrary, it would help to
disentangle what is due to the enzyme and what might be due
to the actual reacting subsystem. C2-inversion clearly depends
on the enzyme surroundings. An alternative mechanism for the
C2—C3 bond breaking step and configuration inversion at C2
was suggested by a referee. The cleavage would be coupled
with a hydrogen transfer toICO,), leading to a product model
molecule and an enetriol intermediate. Preliminary calculations
suggest this hypothesis has much potential, the results will be
reported in due time. However, this possibility does not eliminate
the need for an enzyme action to explain the observed
stereoselectivity in products formation.

Figure 6. TS4for the C2-inversion step: (a) three-C model; (b) five-C The intramolecular proton reshuffling appears to be an
model. The arrows represent the major components of the transition alternative mechanism by which the carboxylation chemistry
vector. Main distances are indicated, calculated at HF/6-31G**, HF/ of Rubisco can be explained. As a similar result is obtained for
3-21G (in parentheses), and MP2/6-31G** (in brackets). the self-inhibitory chemistry8 and for the oxygenation chem-

. . . istry, %72 one may conclude that it is the special geometry of
antisymmetrically coupled to the carbeoxygen distance  the transition structures into which the substrate is molded that

fluctuation. As far as hydrogen transfer is concerned, the TS is opens such pathways. They are then unavoidable to a certain
retarded (O2H distance around 1.1 A and+C2 distance 1.32 extent.

A with a C2-02 distance of 1.6 A). With this transition
structure the full mechanism of carboxylatiehydration of
RuBP is covered.

Note that a similar TS could be obtained with no inversion
of configuration. During the bond cleavage step a stereospecific
protonation and inversion at C2 is required to form a stere-
ochemically correct product. Experimentally, there is no evi-
dence for the formation of-PGA by Rubiscd} suggesting that
this final step is highly specific. The present results lay down
the basis to explain the proposals of Andrews and Lofitner
but do not solve in itself this conundrum; the experiments show
that there is always inversion of configuration at C2. Thus, an
explanation for this selectivity must be found in the surface
complementarity between the active site of Rubisco and the
corresponding TS. Further studies with enlarged molecular
models are in progress in order to clarify this point. The
preliminary results point toward a specific role of the carbamy-
lated lysine 201.

A comparative normal-mode analysis between the three- and
five-carbon models showed that the transition vector is mostly
localized to the atoms undergoing interconversion. The imagi-
nary frequency changes little from one model to the other. The
change of basis set does not produce important geometric and
fluctuation pattern variations among the models and between
different basis sets.

The Born-Oppenheimer free energy values for the calculated
transition structures, relative to the enediol deformed in a
geometry compatible with the active site, are presented in Figure
7 for the different molecular models and theoretical levels of
calculation. As one can expect, the results are dependent on
these factors. Among the TSs reported, it seemsTB&tand/
or TS4 will be those with the highest energy, if we do not take
into account the possible role of the TS for the intramolecular
enolization. Such high energy barriers correspond to the process
in vacuo. There are many ways the protein may modulate this
profile.”374 An enzymatically meaningful evaluation of energet-
ics must take into account the multiple interactions between
the substrate and the enzyme residues at the active center, as

If the present set of transition structures were those to be follows from Tommos and Babcock in a recent work on oxygen
found in the real system, they would provide an alternative to evolution chemistry in Photosystem /fi: this is the goal of
the standard scheme (cf. Figure 1). It yields a more simplified future studies using QM/MM methodology.

4. Discussion
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Figure 7. Free energy profile for the carboxylation pathway for model Lys 201

systems: (@) three-carbon model; (b) five-carbon model.

To what extent the arguments given above concerning TS
invariances are wishful thinking or, on the contrary, express
something meaningful is a key problem warranting the working
hypothesis used in this and related works. To get a better insight
on this problem of invariance, let us analyze the Hessian. In a
neighborhood of the stationary geomepfy= (p1°, ..., pn?) for
a set ofm nuclei, the Hessian can be cast, for the sake of
analysis, in an internal coordinate set and the system ordered
S0 as to be possible to describe the matrix as a partitioned matrix
H:76

Glu 204

Asp 203

H H H CABP as experimentally determined into the active center
cCc "'CA cpP

H= HAC HAA HAP Figure 8. Comparison between five-C moddiS1, an enlarged

H H H molecular model that includes the magnesium coordination sphere
pC "'PA TTPP (TS1—Mg), and the experimentally determined CABP strucfuvain

. . distances are indicated for the two latter. The geometric data for the
where CC stands for the degrees of freedom included in the thirg structure has been obtained from Protein Data Bank, entry number
minimal (core) molecular model, AA may be the active site gRruUC.

elements from the protein, and PP is the symbol for the

remaining enzyme. The couplings between the subspaces ar&he equivalent to th&S1 was determined at a HF/3-21G level
represented by the rectangular matrieks, Hcp, etc. In this of theory as a saddle point of index T§1—Mg). This choice
paper, studies of different sizes of the minimal molecular model was made because a comparison can be made with the CABP
and level of theory are examined in great detail. Magnesium structure at the active sifen Figure 8 theTS1 and theTS1—

and residues of the coordination shell belong to the AA Mg are depicted. CABP is also included. From the reported
subspace. To substantiate the arguments concerning TS invariresults (compare the geometric parameters in Figure 8 with the
ances, a step beyond has been taken along the computation patsame parameters in Figure 3b) the invariance of the geometry
by using the five-C model and a model of the magnesium can be sensed. The transition vector components remain also
coordination sphere found at the active center of Rubisco. This invariant between these transition structures. Furthermore, it is
includes the magnesium cation itself, a carbamylated ammoniaapparent that the spatial thread of the C-framework of the three
that models carbamylated Lys 201, and two formiates, repre- structures presented superpose fairly well. The idea of the
senting Asp 202 and Glu 204. These groups make up the AA invariance in transition vector amplitudes and geometry (not
subspace and its coupling with the CC subspace discussed herghe energy) when a comparison is made between the minimal
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molecular system in vacuo and those models incorporating the

Oliva et al.

(35) Gouverneur, V. E.; Houk, K. N.; Pascual-Teresa, B.; Beno, B.;

residues found at the active site is reinforced by these results.Janda, K. D.; Lerner, R. ASciencel993 262, 204.

Furthermore, preliminary calculatioiof the Hessian contain-
ing a substantial part of the enzyme using semiempirical MO
methods of the kind QM/MM including the PP subspace and
couplings with the AA and CC subspaces show again this
remarkable property. The transition vector remains almost
invariant despite the couplings.
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