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The oxygenation chemistry catalyzed byribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) is
theoretically characterized with transition structures (T-Ss) describing enolization, oxygen fixation, hydration,
and concerted ©0 and C2-C3 bond breaking. These T-Ss are obtained at HF/3-21G, HF/6-31G**, and
B3LYP/6-31G** levels of theory. Hydroxypropanone models the substrate embedded in the Mg coordination
shell including a model of the carbamylated lysine. The enolization transition vector describes the intramolecular
hydrogen transfer from C3 to the carbonyl oxygen (O2). The carbamylated lysine shows a striking catalytic
effect by modulating the dihedral angle of the fragment@2—C3—03. For the isolated hydroxypropanone,

the angle is ca—5°, decreasing to ca—60° in the Mg-embedded model. The torsion diminishes the
hydroxypropanone singletriplet energy gap and prompts the interaction wi@. In turn, an intersystem
crossing channel is opened along the reaction path. The lowest energy T-S for oxygen fixation is a spin
singlet with a hydroxyperoxy structure; the precursor describes activated oxygen (peroxide) hydrogen-bonded
to H—03. The best electronic description of the hydrogen shuttling in both transition structures is via homolytic
bond breaking/forming processes. For hydration, the transition structure leadgiedol at C3. The final

step is a concerted-@0 and C2-C3 bond rupture, represented by a six-center transition structure. It describes
the simultaneous hydrogen shuttling from onel®of the gemdiol (O3—H) to the hydrogenated oxygen of

the peroxy function to form water, and the bond ruptures. The resultant water molecule is directly located in
the first coordination shell of magnesium. The successor complex in this step represents the products of the
global chemistry. Once they leave, the Mg active site would be ready to go for a new catalytic run, which is
the hallmark of an enzyme. It is therefore most encouraging to find it as a result of the present model; thus,
one of the gas oxygen atoms is transformed into a solvent molecule and the other is incorporated in the
model glycolate moiety in agreement with experiment. The model correlates well with hydrogen and oxygen
isotope labeling experimental results. According to our model, no Michaelis complex is necessary as O
binds to form a precursor complex via intersystem crossing with the successor complex of the enolization
step.

Introduction to RuBP, yielding 3-PGA and 2-phosphoglycolate (2-PG). The

An enzyme usually selectively catalyzes a one-step chemicall2Uter is metabolized in the glycolate pathway, which produces
conversion process helped by a multistep molecular mechanismCQ2 and dissipates energy as heat. The net efficiency of the
related to substrate binding and product reldagubisco, photosynthesis is reduced by up to 50% for this photorespiratory
p-ribulose-1,5-bisphosphate carboxylase/oxygenase, is an excepPathway, depending upon the relative concentration of &@
tion as it cannot distinguish between oxygen and carbon dioxide O2>"** An improvement of the biomass production would
attack on to the substrateribulose-1,5-bisphosphate (RuBP); require photorespiration to be repressed as much as possible. It
moreover, it can catalyze self-inhibition reactiéné .Rubisco is understandable that a genetic redesign of Rubisco aiming at
is recognized to be one of the key enzymes in the carbon increasing the discrimination power between zQainst Q is
metabolism of plant8,because it catalyzes the initial step in still attracting much interest. A theoretical explanation of such
the photosynthetic C©fixation to RuBP, yielding two mol- mechanistic complexity, then, is not only an important issue in
ecules of 3-phosphp-glycerate (3-PGA). RuBP is then regen- biochemistry and theoretical physical chemistry but also a
erated in the Calvin cycle, and the fixed carbon is incorporated challenge that any theory on enzyme catalysis must confront.
into carbohydrates. Rubisco also catalyzes a competing oxy- The products of the oxygenation chemistry, 3-PGA and
genase react!on_of the su_bstrate_, thus leading to a _Ioss of energy_pGs.15 gre obtained via enolization of the substrate RUBP,
by photorespiration. In this reactions @stead of CQis added (o) 15wed by oxygen fixation at the C2 center (cf. Figure 1 for

t Visiting Iberdrola Professor. atom numbering). This would lead to an oxyperoxy intermediate,
*To whom correspondence should be addressed. to which a water molecule would be incorporated, forming a
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Figure 1. Reaction pathway for the oxygenation of RuBP catalized by Rubisco, extracted from Hartman and‘tdapeldapted by us in the
upper row. The second row represents the five-carbon T-Ss for the oxygenation chéhfistmy numbering is indicated.

gemdiol at the C3 center. Thereafter, the ©23 and G-O active site?123The conclusion reached at that point concerned
bonds must be broken and one oxygen atom frogrsi@uld the substrates: the enzyme must mold the reactants as much as
form a water molecule and the other remains fixed to C2 in a possible into the geometry of the saddle point. In this perspec-
carbonyl function. Rubisco is capable of catalyzing the whole tive, one of the factors prompting for catalysis would be

set of reactions one after anottel® at the same active site. determined by destabilizing the reactants so that the energy gap
RuBP and the corresponding product molecules are in the with the T-S is decreased.
singlet ground electronic state!” However, the gas substrate The theoretical study of enzyme catalyzed reactions is

enters the reaction in the spin triplet ground electronic state. In following three lines of development. One, illustrated by
absence of an external magnetic field gradient, the spin Kollman and co-workeé and Lightstone et af5was originated
projection along an arbitrary directionMg) is conserved.  inthe pioneering work by Warshel and LeVA#t2” A structure-
Rubisco has no magnetic centers so that onlyMige= 0 would function relationship is quantitatively determined by using the
participate in the chemistry. Therefore, the enzyme, somehow, system’s 3D structure to model a free energy along putative
has to help achieving an intersystem crossing. This is one of reaction pathways. A second line, followed in our group, focus
the issues addressed here. To add more complexity to theon the molecular mechanism by directly identifying T-Ss
mechanistic scenario, at the same active site, carbon dioxideobtained as saddle points of index one that are compatible with
binds at the C2 center, followed by a sequence of chemical stepsthe active site of the corresponding enzy?h&he transition
similar to those described above, including now a configuration structure approach is complementary to the methods using full
inversion at C2 center since the products are two 3-PGA.  structural information in molecular dynamics simulations. The

There is little doubt that such a mechanistic complexity shown basic idea in our method is that a transition structure geometry
by Rubisco stands as a challenge to quantum theorists andand its transition vector is a property of the reactant system
physical chemists. A successful theoretical description should having key elements invariant to molecular perturbations
explain not only the chemistry catalyzed by the wild type but represented by the proteth?® A third approach that can
also the changes shown by a variety of mutants. In a largerintegrate these two lines of thinking has been developed by
perspective, solving the inevitability riddfe(e.g., once the  Williams and co-worke83where the Hessian can be diago-
RuBP-enzyme is activated, oxygenation or carboxylation cannot nalized and the nature of the saddle points can be established
be avoided if the corresponding gas substrate is at the activein the presence of the enzyme. The partitioning of the reactant
site) may possibly yield hints on general principles of enzyme system into a quantum and a classical subsystem was early
catalysis. proposed by one of 433 With appropriate internal coordi-

Pauling, in 1948, noted that the active site of an enzyme nates, the Hessian can be partitioned in different subsystem
should be complementary in shape to the activated complex of contributions®* This approach was used to justify the invariance
the reaction to be catalyz@dThe first theoretically determined  of the transition structure toward interactions with nonresonant
“activated complex” having a shape complementary to the active modes belonging to the medium (solvent and/or protein). Actual
site was identified for the hydride-transfer step in liver alcohol calculations became possible with the program GRAZE.
dehydrogenas®. An X-ray structure?? and the theoretical  Upon application of this method to Rubisco, the transition
transition structure in a vacuum were docked so that only the structure invariance in the carboxylation step has been docu-
transition structure (T-S) geometry, but not the reactants or the mented®® This result shows that studies of the kind reported
products, could be located without steric hindrances inside the by us have a bearing on the real system.



4728 J. Phys. Chem. A, Vol. 105, No. 19, 2001 Oliva et al.

The discovery of a minimal molecular model (MMM) of lytical gradient optimization routines were us€d°The density
RuBP sustaining the full chemistry in absence of the enzyme matrix converged to within 1® au; the threshold value of
provides a unique starting poifft3” For now, the introduction maximum displacement and maximum force were 0.0018 A and
of selected features from the enzyme can be used to sensd.00045 hartree/bohr. All calculations were carried out with the
differential effects that could be interpreted as catalytic effects. GAUSSIAN 94! and GAUSSIAN 982 programs. Supplemen-
RuBP has been modeled with a three-carbon &-&)and a tary vibration and spectral analysis is produced with the
five-carbon (5-C38-37-3%rame including the ketone group at C2 GaussView? package.
and the alcohol function at C3 at different levels of theory. Here,
the MMM is used to examine the differential effects produced Oxygenation Chemistry
by a model magnesium coordination sphere. A preliminary
report on enolization and oxygenation transition structures has ) o o
recently been published.Here we report a comparison with developgd folonvmg the pattern of ca_rbon dioxide f|xat|pn
different levels of electronic theory; besides HF/3-21G, full _meCha"'Sm- _As@e from the carbamylation step, the chemistry
characterizations with HF/6-31G** and B3LYP/6-31G** density S Portrayed in Figure 1. , .
functional approach are reported. The first conclusive work on the mechanism established that

one of the oxygen atoms (from molecular oxygen) @as

. incorporated to the carboxylic group of 2-P&hereby implying
Model, Theory, and Computations an O-O bond breaking. The second oxygen is lost to the
medium as a water molecule. Furthermore, from water mol-
ecules initially present at the active site, an oxygen atom is
fncorporated into 3-PGA. A first mechanistic scheme was

Experimentally, the oxygen fixation mechanism has been

Hydroxypropanone is the MMM of the substrate RuBP. The
model gave adequate qualitative answers in the sense that th

C-framework found in the T-Ss shares the geometric disposition proposeé involving a peroxide intermediate. This molecule

of more complex modef?®:34:36:39:41 incorporates a water molecule, yielding another intermediate
On the basis of X-ray crystallographic data (particularly from  that suffers G-C bond breaking and a final dehydration to give
spinach);? a model mimicking the active site was constructed. the products (Figure 1).
Magnesium was included in the calculations, and its coordination  gayeral aspects of the oxygenation chemistry have to be taken
sphere was modeled by carbamate (carbamylated ammonia)inig account. They are as follows: (1) Lorimer's inevitability
representing the carbamylated Lys 201, two formates (Asp 203 hostylatd® indicated that the binding site of Rubisco, once
and Glu 204), a water molecule, and hydroxypropanone. One g.iyated for carboxylation, was also activated for oxygenation.
hydrogen atom in each model side chain is fixed in order to (2) How does the enzyme discriminate between, @6d G?
keep the coordination sphere around the magnesium center ag;s jssue was not clear, although, from the electronic viewpoint,
if it were in the protein. This is the only geometric constraint o previous workt55identified a possible source of intersystem
imposed to our model. In this way, the active-site residues adaptrossing which differs from the standard carbanion description.
their orientation and conformation to the changes of the reacting (3) A carboxyketone intermediate of the carboxylase reaction
substrates. was isolated, prompting the postulate of a corresponding
The strategy followed to obtain the T-S starts searching a peroxyketone intermediate in the oxygenase reaéfiéh(4)
saddle point directly in the quadratic zone of the energy Mutants at the position of Lys 38%(Lys 329 in theRhodo-
hypersurface. The exact characterization of such stationaryspirillum rubrumsequence) are nearly devoid of carboxylation
structure$*#* is achieved by using a simple algoritf##>4®  activity. Moreover, a novel @dependent side product was
The coordinates describing the system are separated into twqdentified for these mutant enzymes as 2-carboxytetritol 1,4-
sets: the control space, which is responsible for the unique pisphosphate (CTBP). This product seems to verify the forma-
negative eigenvalue in the respective force constant mdtrix, tion of a hydroperoxide intermediate. (5) Rubisco must stabilize
and the remaining coordinates, referred to as complementarythe peroxy intermediate for efficient cleavage of the-C3
space. The geometry optimizations are carried out alternatively agnd peroxyl G-O bonds. Such stabilization would avoid
on each subspace, one at a time, until the stationary structure isathways other than production of 3-PGA and 2-PG that
obtained. Examination of the T-Ss is achieved by the evaluation predominate with wild-type Rubisco. In mutant enzymes,
of the Hessian matrix; the number of negative eigenvalues however, the peroxide intermediate would be destabilized,
defines the type of saddle point (index). Once the stationary yielding hydrogen peroxide and CTBP.
points are obtained, the transition vector is related to the |t is obvious that the complexity described above cannot be
imaginary eigenvalue. This T-S conveys two types of informa- rationalized with a model missing all molecular features in the
tion. One yields, at zero order, very concisely the essentials of enzyme. Notwithstanding, the existence of the set of transition
the chemical process under stfdy® A second type of  gyryctures calculated with the 3-C and 5-C models nicely
information is given by a calculation of normal modes. correlates with the above mechanidfithe T-Ss for the 5-C
From the stationary T-Ss one can define precursor and model are reported in the second row of Figure 1. First, the
successor complexes. For hydrogen transfer, characteristic ofmolecular model sustains all the intramolecular redox chemistry
the reported T-Ss, the precursor geometry belongs to the saddlejia intramolecular hydrogen shuttling. Second, the structural
point except for the hydrogen that is optimized in the direction results can be compared to the work pioneered by Andersson,
of reactants. In other words, the substrate is molded into the Brandan, and Schneidér*2 The structural data confirm that the
geometry of the T-S. The successor has the T-S geometry,global geometry of the T-Ss is complementary in shape to the
except for the hydrogen optimized at the acceptor center. Theactive site of Rubisco. Thus, one knows, by construction, that
precursor and successor complexes can only exist at active site¢he geometry of the T-S is not determined by the protein
of enzymes as transient structures. structure. They are stationary species on their own. The question
The stationary points were located by optimizing the geom- now is to determine whether such species are robust when the
etry at HF/3-21G and HF/6-31G** basis sets and density model includes elements of the active site. If the answer is
functional theory calculations at B3LYP/6-31G**. Berny ana- positive, one may have a chance to gauge catalytic effects on
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Figure 2. T-Ss obtained for the three-carbon model in a coordination sphere of magnesium. Dashed lines represent bonds that are being broken/
formed or coordination interactions between the magnesium ion and its ligands. In the lower row, the structures are sketched with the orbitals
engaged in the electronic mechanism.
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Figure 3. T-S for the enolization step: Ts$(three-carbon model modeling the isolated reactéhasid T-S+S (model including the magnesium
coordination sphere). Some distances in angstroms, calculated at the HF/6-31G** level, are indicated. Dashed lines represent bonds that are being
broken/formed or coordination interactions between the magnesium ion and its ligands.

the MMM. This might be a way to detect fine-tuning catalytic The ligands to Mg define two hemispheres: one has
effects to be contrasted with structurally based mechanisms agpermanent protein residues, while the other coordinates the
well as those derived from kinetic measurements. As there areoxygen atoms from RuBP and eventually a water molecule. In
some contradictory views among these latter, the presentthe X-ray structure of 2-CABP, the distances in angstroms are
theoretical study may be useful in this respect by giving a fully 2.28 (Asp-203), 2.23 (Glu-204), and 2.36 (carbamylated Lys
independent description of the mechanism. 201); for the inhibitor in the X-ray structure they are 2.37 for
02—Mg and 2.36 for O3-Mg.*? In the transition structures a
meaningful difference between hemispheres appears to be the
The set of transition structures is portrayed in Figure 2. They case (cf. Figure 3), as the substrate’s oxygen atoms are at a
are calculated with the model including the magnesium coor- slightly larger distance than those of the side chains; conven-
dination sphere. Observe that they can be put in a one-to-onetionally, the former occupy the upper hemisphere while the
relation with those depicted in Figure 1. This result is remarkable protein side chains occupy the lower hemisphere. In view of
because it was believed that Mg and the other atoms in the the functionality changes from alcohol to ketone during catalysis,
coordination shell would impeach the hydrogen shuttling the large distance found in the T-S reflects the intermediate
characteristic of the isolated transition structures. nature of these atoms. The lower hemisphere is not only

Transition Structures and Mechanism
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TABLE 1. Geometric Parameters® Calculated for the
Indicated T-Ss at the Calculation Level Shown

HF/3-21G HF/6-31G*  B3LYP
T-Sn TSrS T-Se TSrS T-SS
C3-03 1516 1469 1482 1418 1431
c2-C3 1353 1418 1.359 1432  1.428
C2-02 1308 1320 1276 1267 1298
H-C3 1901 1501 1.825 1478 1475
H-02 1508 1327 1470 1245 1308
H-03 1086 2010 1.073 2091  2.086
02-C2-C3-03 —4.83 -5854 —457 —64.34 —61.93
T-S TSwS TS« T5c8 T5:S
C2-01(0) 1529 1504 1458 1501  1.594
01(0)-02(0;)  1.507 1522 1421 1429 1405
H3-03 1.068 1.084 1.034 1072  1.040
H3—02(0y) 1466 1454 1471 1362  1.635
c2-C3 1.466 1432 1465 1454  1.464
C3-03 1306 1332 1281 1332 1.324
02-C2-C3-03 —20.44 —19.86 —23.00 —16.62 —11.43
TSy T-SyS TSy T-SyS T-SyS
C3-0(H:0) 1591 1570 1566 1535 1613
03-H1(H;0) 1402 1442 1342 1355 1404
H1(H,0)-O(H,0) ~ 1.129 1111 1121 1111 1122
C3-03 1366 1.391 1320 1.347 1361
c2-C3 1493 1499 1510 1511 1524
02-C2-C3-03 -73.06 —71.10 —71.74 —71.19 —69.67
T-Sox T-SeS T-S T-SeS T-SweS
c2-C3 1844 1828 1731 1711 1647
01(0)-02(0) 1799 1811 1810 1847  1.809
H1(H,0)—03 1527 1713 1575 1757 1500
H1(H,0)-02(0;) 1049 0993 1.009 00964  1.084
C2-01(0) 1330 1.302 1.305 1279 1323
C2-02 1401 1384 1369 1339  1.362
C3-03 1274 1294 1264 1282 1339
02-C2-C3-03 —39.74 —44.78 —39.90 —4559 -—48.24
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A), reflecting a dienol-like structure. This latter is found as a
successor complex. The precursor is unstable compared to the
C3—H bond so that an IRC-like (intrinsic reaction coordinate
of FukuP?) displacement from T-S leads to the correct reactant.

The Mg coordination sphere introduces important qualitative
changes in the transition structure. The basic feature, transfer
of the hydrogen from C3 to O2, is now neat. The global
conformation measured with the dihedral angleand the
transition vector presents significant changes. Frony —5°
in T-Sen down toa ~ —60° in T-Sei+S, one can sense the
importance of magnesium binding and carbamylated lysine
effects. This latter makes a hydrogen bond with the @3
hydroxyl group of the substrate.

The transition vector now describes the local fluctuation of
the hydrogen being transferred from C3 to O2; this result is
independent of the calculation level. The interaction of this
hydrogen with O3 is weaker than the one found for the isolated
system (the distance changes from 1.1 A in thegTe to 2.1
A'in the T-S,+S). This time O3 is engaged in interactions with
magnesium (the distance M@3 is~2.1 A). Furthermore, the
carbamate model oxygen atom OC interacts with O3 via
hydrogen bonding: the corresponding-93C distance is 2.5
2.7 A, and H-OC, 1.5-1.7 A.

The T-S+S provides a possible explanation for the role of
the Lys201 that, in our model, would be hydrogen-bonding
stabilization and modulation of the isolated T-S. This result
agrees with experimet#t®® in the sense that without this
interaction the qualitative nature of the saddle point changes.
But there is an important difference in what it has been
propose#€as a role for Lys 201, namely, a proton-abstracting
base along enolization.

A quantum chemical analysis of this step has been reported
by King et al®! There, an intermolecular process is proposed

aDistances are given in angstroms; dihedral angles are given in in which the metal-stabilized carbamate of Lys 201 acts also

degrees? B3LYP stands for B3LYP/6-31G**.

as the base that abstracts the C3 proton, while Lys 175 would
play the role of an acid. The role of Lys 175 looks somewhat

somewhat more crowded than the upper one but is fairly static puzzling, because it has also been proposed that it acts as a
(there would only be thermal atom fluctuations and not in- and base!® From Andersson’s structuféjt is apparent that the Lys
outfluxes of molecules). The local mechanistic action takes place 175 is an important element of the phosphate binding site. And,

at the upper hemisphere.

as shown by the work of Lundqvist and Schneitfesubtle

The time-dependent projection of transition vectors (normal changes at the phosphate binding site may lead to inactivation
mode animation) shows fluctuations equivalent to the isolated for reasons not directly related to its aeidase role in the
model with no steric hindrance to the incumbent hydrogen chemical steps. The fact that mutation of Lys 175 impairs
motion. From the structural side, the superposition of carbon enolization can be understood in part on the basis of the present
frames indicates a fairly good invariance with respect to the work and in part on the X-ray work on 2-CABfRubisco®? If
effects of the magnesium system. The transition vectors describethe substrate molding were not sufficient, the activation barrier
fairly localized systems even for the enolization step where the would increase rendering the enolization step highly unlikely.

carbamylated lysine plays a fundamental structural role.
Enolization. In Figure 3, the isolated Tesand that in the

Mg sphere (T-§+S) are depicted. In Table 1, geometric

parameters are listed for the three levels of theory used.

The isolated T-§ was early found by 4§55 and shown to

This would explain the inactivation induced by mutation of Lys
175 rather than its acid activity proposed by one group of
researchefs$ or its activity as a base by anothér.

The geometry results can be supplemented with electronic
analyses. The value of the dihedral angléndicates that the

be invariant with model size (compare with the corresponding 7z-bond of the 2,3-enediol is almost broken. This bond would
T-S in Figure 1) and electronic methodology with which it was have resulted from the dangling orbital (see Figure 2) left behind
calculated. The important amplitude in the transition vector gives by the hydrogen migration from C3, and a qrbital at C2. In
the displacement of the hydrogen that was bound to C3. Thethe reactant, this porbital is engaged with aporbital from

distance H-C3 is large, 1.81.9 A. In view of the transition

02, forming ar C2=02 bond. This bond must be broken first.

vector amplitudes, one may suspect in this case a first step, aln fact, the hydrogen shuttled from C3 in the TS would

1,2-hydrogen migration (from C3 to O3) continued by theck-S

break thes-bond in the carbonyl function G202, thereby

This vector is dominated by the hydrogen fluctuation between engaging a rotatedrporbital at O2 (orbital steering) to form a

03 and 02. The atomic frame ©Z2-C3-03 (the corre-

o bond with the hydrogen. This description would be fully

sponding dihedral angle will be referred to with the Greek letter consistent if all the bond breaking/forming were homolytic.

a) is almost planar, and the hydrogen stands roughly on the

same plane. The CG2C3 bond in the T-§is short (1.35-1.36

Methodologically, homolytic processes are badly described
at the Hartree Fock level of theory, independently of the orbital
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SCHEME 1: Relative Energies of the Indicated Speciés fundamental spin state is singlet) plus oxygen moleédg
(which is in a triplet state) and make a “thought experiment”.
The pair,20, + 1T-S+S, at long distance is in a global triplet
electronic state, while the reaction products are all spin singlet
states. It is obvious that an intersystem crossing should happen
and our problem is to detect when and how this process may
take place. Consider the simplest calculation level (HF/3-21G)
to make some comparisons.

Let us compare first the energy of T-S for oxygenation,
IT-Sx-S, and the corresponding oxygenation T-S in the triplet
state $T-Sox-S). This latter is well above the singlet (a difference
of about 40 kcal/mol has been found by means of a single point
IR N4 | S A G A calculation). We conclude that the intersystem crossing would

0, + 178, . .

take place before the system populates the singlet oxygenation
1.5, -5 + HyO transition structure.

The energy of the syste#T-SerS plus3O; is about 4 kcal/
mol above the'T-So-S plus a water molecule. This latter is
the energy reference in Scheme 1. The energiOafplus the
enolization T-S successor in its singlet electronic stéad|-

o successor) is located ca. 30 kcal/mol below the reference. For
_®Energies are relative t6T-S-S plus a water molecule, in  the same geometry, tR6, + 3enol-successor energy is located
kilocalories per mole, calculated at the HF/3-21G level. The generic gmy 17 kcal/mol below the reference. These two triplet mol-
a

parabolas are drawn as a reminder that each species has vibration 3 ) : .
modes that must be populated. The dashed line accounts for the cules {0, and®enol-successor) can interact along the reactive

K . . . 3
existence of the zero-point vibrational energy-fSo-S plus awater ~ Path and produce a molecular complex, s&y,---%enol-
molecule. successor. The spin space is now enlarged. Note that changes

of local orbital angular momentum are involved: theond
basis set. A highly correlated level of theory would give a more between C2 and C3 is almost broken, antlaond in the G-O
realistic description of the barriers and electronic distribution. System must also be broken to activate the system. Now, two
However, the system used here is too large to use multi- structures having triplet spin states can be decomposed into
configuration SCF complete active-space metH8d3ensity singlet, triplet, and quintet states. Then, froi@,---*enol-
functional theory-based calculations yield a clearer picture of successor, there is a finite probability to populate the singlet

E (kcal/mol)

404 o "T-S . -S + H,0

]02 + 3Enol-successol
.20

30, + 'Enol-successor

bond breaking/forming processes. states. The energy states of th#®4£--lenol-successor) are
Not surprisingly, the B3LYP results show large correlation €mbedded in those belonging to tR®4--*enol-successor). An .
effects. Since the dihedral~ —60° would break ther-bonding intersystem crossing that is assisted by local changes of orbital

pattern, a local diradical nature for this bond is a first hint on @ngular momentum would explain the spin conversion. It is
the nature of the electronic processes. The B3LYP/6-31G** apparent that this latter complex would correspond to a possible
enolization T-S yields a 72% of the charge at the transferred Precursor complex of the oxygenation T-S, leading to the final
hydrogen,—0.1 and—0.5 excess charge at C3 and O2 atoms, IT-Sx-S + 1H,0. This provides the structural reason for the
respectively. This would portray a homolytic process of bond Presence of théenol-successor complex. The anglenust be
breaking/forming instead of a proton transfer. in a vicinity of £90° rather than ©at the (putative) enediol (or

The result is that no double bond between C2 and C3 is found at enol-successor). Fl_uctua_tlons In a nelghborhood oD
in the T-S+S. It follows as a conclusion that the standard ensure a near zero singtefiplet electronic state energy gap

description of an enediol structure is not in agreement with the as we showed some time ago with dihydroxyethyl&tfé,

present model. Because ~ —6(°, the successor complex ~'€"€by increasing the spin state dimension. . .
derived from the T-§-S may open the intersystem crossing ~ OXygen Fixation Step.According to the above discussion,
channel by acting as reactant in the following step. This angle ©Xygenation reaction should be carried out in a singlet spin state.
is found in the 2-CABP-enzyme complex, and we assume that N the oxygenation pathway, one obtains the T-Ss for oxygen-
the role of the binding site including magnesium is to keep the ation, T-Sx and T-$-S, shown in Figure 4. Geometric
successor complex geometry around this value with some degred?arameters are listed in Table 1. A water molecule is displaced
of structural fluctuation. Thus, the idea that the enolization step Py 0xygen at Mg coordination shell and, for the time being, it
must follow a pathway with a large absolute value for this angle iS N0 longer considered in the present model.
becomes reasonable. The 2,3-enediol proposed in the literature Andrews and Loriméf have proposed that, at any given £0
is transformed into a 2,3-twisted diol, thereby preparing the C2 O, ratio, the fractional partitioning of RuBP between the
center to be attacked by,OThe same line of argument is valid  carboxylation and oxygenation pathways is dictated by the
for carboxylation. The inevitability axiom is understandable in reactivity of the enzyme-bound 2,3-enediol toward,@Gad O.
the present approach as it reflects an electronic effect localizedThe conditions required for intersystem crossing and the,T-S
in the activated substrate. strongly suggest not a 2,3-enediol but a 2,3-twisted diol. The
Oxygen Binding and Intersystem Crossing.The oxygen attack of CQ or O, is made onto the same C2 position of the
molecule has spin-forbidden interactions with singlet-state twisted diol.
molecules. One would expect that somehow RuBP substrate At variance with the enolization transition structure, the atoms
should prompt for an activation mechanism. Furthermore, it is in the coordination shell do not affect the geometry and
widely accepted that when Onteracts with the substrate, itis  transition vector of oxygen fixation. The carbon frames are very
already enolized at the active site. Then, we can take as startingsimilar in space orientation. There is a hydrogen exchange at
point (see Scheme 1) the T+ (whose lower energy the entrance channel from the hydroxyl group at C3 toward the
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Glu 204

T-Sox T-S,x-S

Figure 4. T-S for the oxygenation step: TsJthree-carbon model modeling the isolated react##&nd T-3«S (model including the magnesium
coordination sphere). Some distances in angstroms, calculated at the HF/6-31G** level, are indicated.

entering attacking molecule. A carbonyl group is prompted and  Therefore, cis-out-of-plane conformation of the -©22—
activated at C3. This results in a hydroxyperoxide moiety, C3—03 fragment and the position of the carbamylated lysine
H—O—0". At variance with the standard mechanism (cf. Figure 201 in the crowded Mg shell would prompt the attack of water
1), there is no need for an external base to abstract the hydrogerirom the same side as the,@id in the previous step. This
of the hydroxyl group at C3. The results show invariance of situation would prevent an attack from the other side assumed
the hydrogen exchanged between the C3-hydroxyl and the gasn other mechanism¥. The metal and its coordination sphere
reactant @ This exchange appears without any impediment play an important role here in directing the molecular traffic.
from Mg or any other coordinated residue. The T-S is associated Hydration Transition Structure. For hydration at the C3
with the incorporation of the corresponding gaseous molecule, center, one can see that the corresponding carbonyl group is
while the system has already suffered an intersystem crossingthere available when the oxygenation successor complex,
as discussed above. This species describes the formation of thenolded into the geometry enforced by the active site, becomes
new bond to C2 with concomitant hydrogen shift from O3 to populated. The T+§ and T-$,-S structures (Figure 5 and Table
one of the gaseous substrate oxygens QH-0O---C2). 1) are obtained for the oxygenation pathway. These hydration
From the simple electronic description, the previous transition T-Ss are four-member rings, corresponding to concerted mech-
structure left a dangling bond at C2 (see Figure 2). To form a anisms such that oxygen addition to C3 and hydrogen transfer
o bond with one of the oxygen atoms, tlebond must be to the carbonyl oxygen are accomplished in a single step. This
broken (orbital steering). This is actually done by the hydrogen type of transition structure has early been found in related
atom from O3-H. This hydrogen has a 2-fold effect on the hydration of carbonyl compound3.The T-Ss in Figure 5 are
reactivity. For one, it breaks the oxygeoxygen s-bond, similar with respect to geometrical parameters. Even more, the
thereby prompting the attack of the nonhydrogenated oxygeninclusion of the Mg coordination sphere does not prevent
on to the C2 dangling bond. For the other, the dangling bond hydrogen transfer from the incoming water molecule to O3. The

left behind at O3 is used to form the locatbond with the idea that the metal may prevent these types of intramolecular
dangling orbital at C3. hydrogen transfer is not granted.
Water Attack Process. The direction into which a water A difference can be sensed here in the way hydration is

molecule may attack C3 is determined by the stereochemistryviewed by other workers. The usual mechanistic propos-
of both enolization and oxygenation at the coordination shell alst>6%6166inyolve hydroxide ion attack on C3, with one of

of the metal. The upper hemisphere is filled with water and the the water hydrogen atoms sequestered either by His294 or by
substrate’s oxygen, the positions of which are in reasonable His327 prior to water oxygen addition to C3. This leads to an
agreement with the corresponding atoms in 2-CABP. After overcharged substrate and active-site residue. In the present
oxygen binding, one oxygen from-@D displaces the water  model, no additional electrostatic charges need to be ac-
molecule bound to Mg. This molecule moves away and the cumulated and separated on the active site due to the hydration
hydrogenated peroxy end {HD—O) will occupy its position step.

when the system populates the successor complex related to The successor complex, molded into a tense conformation
T-Sox-S. In the successor complex, before hydration, the when compared to the fully geometry-optimized species in a
hydrogenated oxygen enters the coordination shell and thevacuum, can prompt for the next stage of the global chemistry.
displaced water molecule may approach the carbonyl function The related product (albeit geometrically deformed) is the
at C3. Then, in the hydration step, the water molecule enters equivalent to structure Ill in Figure 1. This time, however, the
from the same side as,Oln view of the subtle electronic  hydrogenated peroxide forms a strong hydrogen bond with the
processes leading to oxygenation, it is apparent that, for thecarbonyl oxygen at C3 (O3HOO 1.5-1.8 A). To vyield the
present model, the hydration cannot be simultaneous with final products, all elements are present since another T-S
oxygenation. This result was early derived from kinetic and becomes accessible via intramolecular hydrogen transfer.
isotope labeling studies for the carboxylation chemi&t®f.in C2—C3 and O—0O Bond Cleavage Step.The pathway
view of the present study, this conclusion may also apply to leading to the C2C3 bond breaking uses the molded successor
oxygenation. complex corresponding to theci-acid intermediate. The cor-
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T-Sp, T-Sp,-S

Figure 5. T-S for the hydration step within the oxygenation sequence:,  t&ree-carbon model modeling the isolated react&it&and T-$y-S
(model including the magnesium coordination sphere). Some distances in angstroms, calculated at the HF/6-31G** level, are indicated.

T-Sp T-Sp-S

Figure 6. T-S for the C2-C3 bond cleavage step within the oxygenation sequences {tFBee-carbon model modeling the isolated reactis)
and T-S-S (model including the magnesium coordination sphere). Some distances in angstroms, calculated at the HF/6-31G** level, are indicated.

responding transition structures are g-&8nd T-$-S (cf. Figure Mechanism: Experiment and Theory

6 and Table 1). The set of transition structures and precursor and successor
The C2-C3 bond breaks concomitantly with an intramo- complexes calculated with the magnesium coordinated system
lecular hydrogen transfer process in the reactive sequence. Thgjields a comprehensive mechanistic view. This view can be
carbon-carbon cleavage has been a puzzling feature when correlated with experimental experience available for the real
coming to a theoretical explanation of the mechanism. The final system. Only the most important aspects are highlighted.
bond-breaking (bk) transition structures FrSnd T-Si-S (1) Experimentally, Rubisco is capable of catalyzing a whole
(Figure 6) correspond to simultaneous-823 and G-O bond- set of reactions one after anoti&and many intermediates in
breaking processes. One of the hydrogen atoms of the waterthe Rubisco reaction are sufficiently stable that they can be
molecule from the previous step is transferred to the hy- isolated and later fed back to the enzyme, enabling the kinetic
drogenated oxygen of the peroxide, forming a new water study of individual steps. The kinetics can be interpreted as a
molecule. This water molecule can remain coordinated to the Theorell-Chance type in which oxygen adds to the enediol of
Mg?*. The energy used to dehydrate the metal is recovered atRuBP in a bimolecular fashion after abstraction of the C-3
this stage. Thus, one oxygen atom3@¥, is transformed into hydrogen of the sugar bisphosphate. The theoretical results agree
solvent as experimentally requirédland this water molecule  to a large extent, albeit some important changes must be
is formed as solvent coordinated to the metal. This simplifies considered. The T-Ss are concatenated by prectussmcessor
the commonly accepted mechanism by eliminating the hy- linking two different steps, thereby producing a sequentially
dronium ion intermediate. ordered description. The initial RuBP molding followed by
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enolization would prompt for all subsequent processes. This complex can be expected. The T-Ss clearly indicate that this
result depends on the carbamylated lysine in our model. The gas substrate can only bind via intersystem crossing with the
important thing is to realize that labeling isotope studies for activated (enolized) substrate RuBP. The kinetic mechanism of
the C3-H hydrogen transfer would give support to the present Rubisco was described as a modified Theorell-Chance mech-
conclusion (see point 3). Moreover, the present enolization anism, and the process is sequentially ordered: RuBP binds
mechanism differs from the common accepted view and still is first and oxygen then reacts by second-order kinetics with the
capable of a consistent description. activated intermediate without first forming a Michaelis com-
(2) It was determined that the substrate bound to the activatedplex®*6The agreement of the theoretical results with the kinetic
Rubisco has a definite orientati§hFor a real enzyme, this goes mechanism is then quite satisfactory.
without saying. The theoretical results for enolization and
oxygenation transition structure documents this point in a model Final Remarks
where the full enzyme is absent. This suggests that substrate
molding is one of the activating mechanisms. The transition
structures fit the active site without problem.

The present theoretical study correlates to a very reasonable

extent with the kinetic and structural information of Rubisco’s

. . catalytic mechanism. The concatenated elementary steps can
(3) Rubisco catalyzes the appearance of solvent tritium at g yiewed as mediated by a set of intramolecular hydrogen

C3 of RuBP?® This was interpreted as a proof of the enediol 5 rangements, with the absence of direct atidse catalysis

(or enediolate) intermediate and also as evidence t_hat the C3by active-site side chains. According to the proposed intra-
proton has to move to a place where exchange with solvent ,j6cjar mechanism, the coordination shell residues are left,
hydrogen is possible. The theoretical results agree with this 4t the end of the catalytic cycle, as they were at the beginning,

hydrogen motion, although from the present side, there is aithqut conventional acidbase catalysis and without any traffic
twisted diol instead of a enediol. The oxygenation reaction om outside into the active site. Once the loop 6 (spinach

requires a triplet state to activate oxygen as discussed here, an tructure) is opehthe products may diffuse toward the solution,
this is achieved with the help of the carbamylated lysine. The o active site is left in the same state as it was, and a new
standard carbanion theory requires an external general acid an%atalytic cycle can take place.

base catalyst to get around with the proton traffic. The molding
theory advanced here has a wider scope in the sense that %
general explanation can be obtained including the source of
intersystem crossing. If the enolization step were the rate-
limiting step, from the transition vector of Te$S, one would
conclude that there was a deuterium isotope effect in the global
kinetics.

The quantum calculations have introduced some important
atures of the active site but not all the residues thought to
intervene during catalysis. These residues may be supporting
substrate binding and its productive molding. These two latter
factors are also fundamental for the theoretical representation
of catalysis. The protein is there to bind the substrates. However,
) ) ) the substrate must be molded so that the nuclei would fluctuate
~ (4) Indirect evidence seems to prove the existence of & peroxy around the geometry space defined by the transition structures.
intermediate in the oxygenation proc&&§? The theoretical The idea is based upon the geometry invariance of a given T-S
identification of the hydroxyperoxy structure in the transition i interactions with the surroundings. The comparison of
structure of oxygenation and the corresponding successorgepmetry between the stationary structure with and without
complex fully agree with this hypothesis. magnesium for the processes of oxygenation, hydration, and
(5) The oxygenation products are 3-PGA and 2/P@.No final C—C and O-O bond breaking clearly suggests geometry
configuration inversion at C2 is needed in this case (2-PG lacksinvariance. The electronic structure and T-Ss geometry are
asymmetric carbons) as was the case in carboxylation. Theproperties of the reactive subsystem elicited as stationary saddle
T-Su-S offers a clear explanation to this process. The processpoints of index one. The partial exception seems to be the
appears to be linked to the fate of the oxygen atoms from the enolization step. Here, the active-site model carbamylated Lys
gaseous oxygen. This has been experimentally establisifed 201 residue plays a fundamental role in contributing to a
and the theoretical results fully agree with them. geometry deformation that would prompt the interaction of
(6) Site-directed mutant species have been used to investigatoxygen with the enolization successor structure. This is a
possible roles for active-site residues. The absence of thetheoretical landmark for the unusual catalytic properties of this
carbamylated Lys 201 prevents enolization and formation of a system. Enolization is an intramolecular redox process, and in
six-carbon intermediate in the RuBP carboxylation chemistry. the present context it is also a mechanism to electronically
In view of the key role played by the carbamate in the present activate the C2 center together with the C3 center. The
model, the theoretical results give further support to the intersystem crossing is assisted by the successor complex
paramount catalytic role played by this residue. On the other geometry around the GZC3 axis. In turn, this provides a
hand, mutation of Lys 175 severely impairs enolization and binding site for the’O,.
carboxylation?" mutation of Lys 334 reduces the GO, The structural information gathered for the transition-state
specificity of the enzymé The results can be interpreted now analogue, CABP, at the active site clearly suggests that the
from the present point of view. Substrate molding is one key molecular events can take place in the way derived from the
element. The molding critically depends on precise substrate theoretical study. The fact that this enzyme can catalyze so many
binding. Any mutated residue that affects the result of substrate chemical steps can be traced to the relative invariance of the
molding may modify either or both activities. For instance, the carbon framework found of the transition structures controlling

role of isoleucine 164 and asparagine 1Rl ubrun) studied the chemistry. The stationary geometry of each one of the
by Chme et al’®"" can also be interpreted from the substrate different T-Ss differs among each other but they are all lying
molding perspective. within the configuration space allowed by the active site. Such

Another important result concerns the nature of the oxygen is also the case for the elementary steps calculated for self-
protein complex. OxygeRO,, due to its spin state, does not inhibition.4
interact strongly with any portion of the protein. To do this,a  The substrate molding has also an important catalytic
second triplet state is required. Therefore, no standard Michaelisconsequence: a role of the transferred hydrogen atom appears
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to be a way to induce orbital steering. As the electronic structure
must change from carbonyl to alcohol, for instance, or from
C2—C3 n-bond to brokenr-bond, the orbital structure must
be changed. The processes are facilitated by the proximity of
the donor-acceptor groups in the molded conformation of
reactants. In fact, these changes of orbital angular momentu
(L) together with the expanded spin space (S) produced by
torsion of 02-C2—C3—-03 dihedral suggest that it is the+

S = J angular momentum which actually controls the inter-
system crossing process. To change spin, the system use
changes in orbital angular momentum. One of the main factors
involved in catalysis appears to be the ability of transforming
protein—substrate binding energy into a driving force molding
the substrate into a geometric space characteristic of the
transition structure of model reactions in a vacuum.
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