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Abstract: Despite intensive experimental and computational studies, some important features of the mechanism
of the photosynthetic C&Xixing enzyme, Rubisco, are still not understood. To complement our previous
investigation of the first catalytic step, the enolizatiomaibulose-1,5-bisphosphate (King et &ipchemistry

1998 44, 15414-15422), we present the first complete computational dissection of subsequent steps of the
carboxylation reaction that includes the roles of the central magnesium ion and modeled residues of the active
site. We investigated carboxylation, hydration, and@bond cleavage using the density functional method

and the B3LYP/6-31G(d) level to perform geometry optimizations. The energies were determined by B3LYP/
6-311+G(2d,p) single-point calculations. We modeled a fragment of the active site and substrate, taking into
account experimental findings that the residues coordinated to the Mg ion, especially the carbamylated Lys-
201, play critical roles in this reaction sequence. The carbamate appears to act as a general base, not only for
enolization but also for hydration of thketoacid formed by addition of CQand, as well, cleavage of the
C2—-C3 bond of the hydrate. We show that €©® added directly, without assistance of a Michaelis complex,

and that hydration of the resultafitketoacid occurs in a separate subsequent step with a discrete transition
state. We suggest that two conformations of the hydrgéen(iol), with different metal coordination, are
possible. The step with the highest activation energy during the carboxylation cycle is-@é&ahd cleavage.
Depending on the conformations of tgemdiol, different pathways are possible for this step. In either case,
special arrangements of the metal coordination result in bond breaking occurring at remarkably low activation
energies (between 28 and 37 kcal miplwhich might be reduced further in the enzyme environment.

Introduction to play a critical role as a proton-abstracting base in several

D-Ribulose-1,5-bisphosphate (RuBP) carboxylase-oxygenases'[epS of the catalytic cycfe?

(Rubisco, EC 4.1.1.39) catalyzes the fixation of £ Desp_ite it_s _unique positi(_)n in the (_evolutiqn of life, Rubisco_
photosynthesis. The minimum functional unit of the enzyme is S€ems inefficient because its catalytic rate is very slow and, in
a dimer of 56-55 kDa large subunits which bears two identical @ COmpetitive oxygenation reaction, it wastes carbon and
active sites at the interface between the subunits with residuesSNergy: * Many aspects of the enzyme’s complex structure and
of both subunits contributing to each active site. Some bacterial function suggest it is a compromise solution that enables quite
and dinoflagellate Rubiscos (form 1) consist of this dimer alone, difficult chemistry. The multistep reaction sequence (Scheme
often assembled into higher oligomers. The common form (form 1) involves as many as four enzyme-bound intermediates whose
1), encountered in plastids, cyanobacteria, and some bacteria,'nStab'“ty, gives rise to multiple side reactions that further
is a cubical tetramer of these dimers held together with COmMpromise efficiency. Therefore, one of the aims of current
tetrameric sets of 1218 kDa small subunits on two opposing resgarch_ls to enhance the performance o_f_Rublsco by genetic
faces of the cub&:® Rubisco is activated by carbamylation of ~€ngdineering, leading to more resource-efficient créps.

a specific Lys residue in the active site by a £@olecule Despite intensive experimental studies, key features of the
distinct from the substrate G@hat is fixed during carboxyla- ~ mechanism are still not entirely understood. For example, there
tion The carbamylated Lys residue not only completes the is uncertainty about whether the critical g@ddition to C2 of
binding site for the other cofactor, a Mg idriut also appears  the enediol of RUBP occurs as a discrete step or is concerted
with the hydration of the C3 carbonyl so formed (Schem@11).
The subsequent step, in which the-C bond is cleaved, has
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Scheme 1 Multistep Mechanism for the Carboxylation Reaction Catalyzed by R#biso

1. Enolization

of RuBP :
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a Shown are the key steps of carboxylation, hydration (see Scheme 2)-a@cti€avage (see Schemes 3 and 4) leading from the 2,3-enediolate
of RUBP to two molecules of 3-phosploeglycerate.

undertook computational studies on model systems for the structures were visualized to check that they connected reactant and
addition of CQ to enolized RuBP and the subsequent hydration product states. In complex cases, where several protonation and

and cleavage of the resultifigketoacid intermediate. In contrast ~ deprotonation steps were involved, we calculated intrinsic reaction
to recent studies of the “nonenzymatiéteaction pathwag2-1° coordinates. Following literature suggestiéfithe 6-311G-(2d,p) basis

we included the central metal ion and some residues of the activeSet Was used to calculate reliable energies.

site in our calculations to achieve a more realistic representation. All stationary points on the reaction path were optimized without
constraints to meet the convergence criteria of a maximum Step Size
Methods

of 0.0018 au and an RMS force of 0.0003 au. Unless indicated
Calculations were performed using the Gaussian?®@rogram otherwise, Mg-coordinated residues were fixed, and the substrate was

package. We used the density functional theory (DFT) approach to Optimized to more relaxed convergence criteria (maximum step size
include the effects of electron correlation. The B3LYP hybrid func- = 0.01 au, RMS force= 0.0017 au) during scans of the potential energy
tionaP* generally yields accurate propertis2* and we found in our surfaces (Figure 4).
previous studs? that the DFT calculations yielded results in close
agreement with those of the MP2 method. Especially in the large-scale
calculations required for this study, DFT calculations are far more ¢ ) : - ) !
efficient than conv_entional ab i_nit?o corr_elated methods. _ gtra&r;r;nKRNESt?:l;angAJCCFal?fg)sprg:hT%mZéllla? é]ér'\élh’el,)wl?:lg’sg;
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Figure 1. Active site of Rubisco according to the X-ray structure of activated spinach RuBidt¢® residues close to the Mg ion are shown
explicitly; for other residues only the backbone is drawn.

Scheme 2 Carboxylation and Hydration Reactions Starting at the Approach oft6@he Enediolate Form of RuBP

Carboxylation Hydration
— o} — o} -
O, 7 —
7C, c % o)
/0 & ¥ b4
Asp203 = I—bHO’ R I CatRg /O C,Ri o//<C2_R1
HzO\l\L \““l“i \ ! HZO M ¥ QH \_\C;RZ Hzo'M ..---Q\\\C,RZ Hgo\ l \\‘Q ‘\C3R2
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H'N~ H " cH H-N
CHy L 3 H—N‘CH L CHj -
{1) Approach of CO, to (2) Transition structure 3
enediolate form of RuBP (TS) of CO, addition (3) B ketoacid (4) TS - hydration
Ry:= Rubisco: -CH,-OPO4% +
fragment calculation: -H
Rg:= Rubisco: -CHOH-CH,0P0,2 (5a)
fragment calculation: -H

a Schematic representations for the structures obtained with the active site fragment model are showp£Rd). “1” indicates a first-order
transition state.

The active site fragment modelwas constructed in a manner To achieve a suitable representation of the electrostatics within the
analogous to that described in our previous study (see ref 25 for a active site and to reduce the number of heavy atoms in the calculation,
detailed description). The starting coordinates were taken from the 1.6 we replaced Asp-203 and Glu-204, whose carboxylate groups are
A crystal structure of spinach Rubigégsee Figure 1) and used fora  coordinated to the magnesium ion, with water molecules (see Figure 1
constrained molecular dynamics (MD) simulation. The cocrystallized and structurel in Scheme 2). As pointed out by Siegbahn and
2'-carboxyarabinitol 1,5-bisphosphate (CABP) ligand, an analogue of Blomberg?® it is crucial to model the charge distribution within the
the 8 ketoacid intermediate3( Scheme 2), was replaced by RuBP and active site by finding a balance between charged groups included and
water to reproduce the initial complex. We included the complete excluded from the fragment considered in the calculation. In test
environment within 22 A of the magnesium ion in the simulation. This calculations, we found that the repulsion due to close contact of two
included residues of two large and two small subunits of the enzyme negatively charged ligands overcompensated the attraction of the
and 279 water molecules present in the crystal structure. We added amagnesium ion. There is structural evidence that, even if not neutralized
further 238 water molecules within an approximately 28 A sphere. We by addition of protons, the overall charge on Asp-203 and Glu-204 is
constrained the geometry of the magnesium coordination sphere andreduced by the interaction with the Lys-175, Lys-177, and His-294
the binding orientation of the two phosphate groups of RuBP but residues’ Considering the partial covalent character of the bonds (see
allowed other atoms in the sphere to be flexible during the MD population analysis in Results) between the Mg ion and its ligands and
simulations (simulation time 1 ns, initial temperature 10 K, simulation the neglected interactions with the second coordination shell, we found
temperature 300 K, coupled to a heat bath with the time constant of an overall neutral complex to be the most suitable description for the
0.2 ps). The starting coordinates for the 29-fragment model were then active site of Rubisco. We would not expect structures or energies
constructed out of six sample sets generated at 5 ps simulation intervals

(28) Siegbahn, P. E. M.; Blomberg, M. R. Annu. Re. Phys. Chem.
(27) Andersson, 1J. Mol. Biol. 1996 259 160-174. 1999 50, 221—-249.




10824 J. Am. Chem. Soc., Vol. 123, No. 44, 2001 Mauser et al.

.....

30.0
20.0 4
10.0 q
0.0

| + o N

Form Hl

Relative Energy [kcal mol-]

-10.0 4

Relative Energy [kcal mol™]

B o

0.9 1.0 1.1 1.2 13 1.4 15
distance O, - H [A]

Figure 3. Reaction pathways of the proton transfer from O-3 of (a)
thegemdiol | (+; dashed line) and (b) thgemdiol Il (¢; dotted line)
F|gure 2 Energy pI’OfI|e Of the RUbiSCO'CatalyZed CarbOxy|atIOI’l Of to the Carbamate group Of Lys 201 (Structuﬁm6a and 5b/6b in

the 2,3-enediolate of RuBP. The dotted line represents an isomerizationgcheme 3 and 4). The energies are relative tq3tketoacid 8), and

Of gemdlol fOI’m I (Sa) to form ” (Sb) Via the eStimated tl’ar‘ISition a” atoms were ﬂexible during the Surface scan.

state TSsab and subsequent-&C cleavage (pathway Il in Scheme
4). The energy according to the B3LYP/6-31G(2d,p)//6-31G(d)
results is relative to thg ketoacid 8) and corresponds to column 3 in
Table 1.

-20.0

-30.0
reaction coordinate

carbon of RUBP to form the transition structu®,(in which

the Mg-coordinated water is replaced by £Qonsistent with

the experimental observatiofig, stable noncovalent Michaelis
complex where the coordinated water molecule is supplanted
by carbon dioxide could not be calculated. Rather, in the
simulation, the reverse substitution (water for carbon dioxide)
was favored. After overcoming an activation barrier of 9 (7)

Table 1. Energy Differences (in kcal mot) and Bond Distances
for the Reaction Steps of the Rubisco-Catalyzed Carboxylation of
the 2,3-Enediolate of RuBP

B3LYP/

B3LYP/ 6-311+G(2d,p)// distance kcal mol?® (result for the 6-313G(2d,p) basis set; result for

complex 6-31(dy 6-31(d) C2-C3(A) the 6-31G(d) basis set is given in parentheses, see Table 1),

1 -1.9 —2.3 135 the 8 ketoacid 8) is formed as a stable intermediate, corre-

gc 8'8 g'é ig? sponding to the 3-keto~zarboxy-arabinitol-Rin the enzymatic

4 93 12.1 154 reaction.

5a —3.4 22 1.54 Addition of H,0. In the subsequent hydration step, the O

5b —4.4 -4.8 1.53 atom of the hydrogen-bonded water molecule of the outer

8a 24.8 28.0 2.40 coordination sphere is added to the positively polarized C3 atom

1gb _gg'g _2392'23 42'é)70 of RuBP, forming a second transition comple yhich is 12

(9) kcal mol?t (Table 1) higher in energy than tifeketoacid.
The hydration results in thgemdiol (5a). The attack of the
water molecule on C3 is supported by the carbamylated Lys-
201, which facilitates the abstraction of one protog,(Bcheme
2). Figure 3 (form 1) shows that thgemdiolate structure with

calculated with this complex to differ significantly from those that might the prOt_On remaining at the _Carbamate (corresponding to an
be obtained from calculations with a larger complex that included the ©3—H distance of ca. 1.4 A) is not stable; the proton transfer
outer coordination sphere of the Mg ion and carboxylate groups rather to the negatively charged O3 occurs spontaneously without
than water molecules. activation energy. The coordination to the magnesium ion and

The steric restraints of the environment were checked by modeling the close proximity of the neutralized carbamate avoids an
the resulting structures into the active site by replacing the analogous overcharged substrate in the transition structur&n analysis
atoms of the CABP ligand in the 1.6 A X-ray crystal structure of of the Mulliken charges (according to the 6-34&(2d,p) basis
activated Rubiscé! set) shows that the formal negative charge on O3 is reduced to

The starting point of our present calculations is the enediolate form —0 7 and is almost identical with the other coordinated oxygen
of RuBP. As prewousl?,5 only the C2 and QS carbon atqms of the atoms (Mg, +1.3; Lys-201 oxygens:0.7; Asp-203/ Glu-204-
sgbstrate are included; therefore, our starting species is ethene'l'z'coordinated oxygens;0.8; the latter are modeled as water; the
diol-2-ate. .

total charge on the fragment is zero).

Alternative Conformations of the gemDiol. Starting from
thegemdiol (54), there are two possible pathways to continue

Addition of CO . Structures on the reaction pathway during the reaction sequence (Schemes 3 and 4): (1) the carboxyl group
the carboxylation and hydration of RuBP are shown in Scheme attached to C2 is protonated by the enzyme environment or (2)
2; the corresponding energies are given in Figure 2 and Tablethe intermediate changes its conformation, rearranging the
1. The first step after enolization is the approach of carbon coordination to the magnesium ion. First, we will describe the
dioxide to the enediolate form of RuBR)( In this very weakly latter isomerization of thegemdiol. Starting from 5a, as
bound complex, C&is located in the outer coordination sphere indicated in Scheme 4 by the bidirectional arrows, the-C3
with a water molecule still remaining in the upper vertical bond rotates so that approaches the Mg ion. This results in
position of the octahedral magnesium complex. Following the both oxygen atoms bound to C3 becoming coordinated to the
normal mode, the carbon atom of g@oves toward the C2 metal. Concomitantly, the CSC2 bond rotates in the opposite

a2The complex numbering refers to Schemes 2 antiZ&ro-point
energies are includedReference energy:=1130.420284 au and
—1130.800571 au for the 6-31(d) and 6-31G(2d,p) basis sets,
respectively.

Results
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Scheme 3 Pathway | for the Cleavage of the €23 Bond Starting from thgemDiol (Form |) Resulting from the Hydration
Reactiorit

Cleavage of the C,-C; bond: Pathway |
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(9a) intermolecular
protonation of C, (Si
face)

(8a) TS /: intramolecular (10) d-product complex

protonation of O, and
cleavage of the C-C bond

a All structures marked with “1” are not local minima but are intermediately formed on the reaction path. The stereospecific pro@a)atfon (
C2 was not part of the calculations. However, the direction of the proton attack could be deduced from the last optimized 8&uectuhe pond
cleavage leading to the product comptEx

direction, freeing O2 from its metal coordination. The result is
the gemdiol form Il (5b), which the active site of the enzyme
should be able to accommodate without difficulties. The two
gemdiol forms are approximately equal in energy, form Il being
slightly more stable, 2 (1) kcal mot (Table 1). We estimated

The hydrogen-bond network within the active site may
provide appropriate acidic and basic groups (Figure 1). Structural
evidence is consistent with hydrogen bonding between the side
chains of Lys-334 (with the carboxyl group of CABP) and Lys-
175 (with 02)8272%We postulate a proton shift from protonated
the activation energy of the transition froba to 5b to be ca. Lys-334 to the noncoordinated carboxylate O atom and another
10 kcal mot? (O2 and O3 in syn position). Although, in the proton shift from 02 to Lys-175. The latter reverses the
enzyme, the energy for the isomerization might be higher due migration of a proton from Lys-175 to O2 that occurred during
to the rearrangement of the hydrogen-bond network required, the enolization step® This leads to7a (Scheme 3). Now the
it probably should still be significantly lower than the energy requirements for a low-energy cleavage of the-€3 bond
necessary for the cleavage of the-C bond. Therefore, we  are accomplished. Moving along the reaction coordinte
propose that both conformations of themdiol 5aand5b are (Figure 4a, Scheme 3) leads to the transition strucBaref
in equilibrium and suggest alternative routes for the@bond the bond cleavage which is further stabilized by the intramo-
cleavage starting from eithéa or 5b. lecular transfer of the @ proton to O2. We calculated the

Cleavage of the C2-C3 Bond—Pathway |. The steps from  activation energy for the cleavage of the-C bond in this
both gemdiol forms to the cleavage of the €Z3 bond are manner to be 30 (28) kcal mdl.
shown in Schemes 3 and 4; the corresponding energy profiles  cleavage of the C2-C3 Bond—Pathway II. The reaction
are plotted in Figure 4. In reaction pathway | (Scheme 3), the sequence is different for the second pathway for the cleavage
reaction sequence starts from tigemdiol 5a as a local — of the C2-C3 bond that involves the isomerized form Il of the

minimum at a C2-C3 distance of 1.54 _A (Table 1, Figure 4a). gemdiol (Scheme 4). Analogously to pathway 1, the O3 proton
When the C-C bond elongates to a distance between 1.8 and ; e f ;
9 : of gemdiol Il is first transferred to the carbamate, forming the

2.0 A t.hegemdiplate6abecomelrs energe'ticallly more favorable diolate 6b (Figure 3, form 1). In contrast to pathway |, the
and is intermediately formed without activation energy, the H = o5 1451 group is protonated intramolecularly by the hydrogen
proton mlgratlng_a_galn to the carbamate. However, this struct_ure bound to Q (7b). Both of these proton shifts occur when the
is not a local minimum on the energy surface, and relaxation C2—C3 bond distance is between 1.8 and 1.9 A on the reaction

of the C2-C3 bond leads back to thgemdiol 5a (compare . : :
Figure 3). In contrast, further elongation of the C bond results coordinate (Figure 4b) where the energy of the system increases

in a steady increase of the energy (reaction coordimpteless
general acid/base catalysis intervenes to assist Cleavage

(reaction coordinatg).

rapidly. The length of the G2C3 bond in7b (2.0 A) is close

(29) Knight, S.; Andersson, |.; Brae, C.-I. J. Mol. Biol. 1990 215,

113-160.
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Scheme 4 Pathway Il for the Cleavage of the €Z3 Bond Starting from the Isomerization gémDiol Form | to Formll 2

Cleavage of the C,-C; bond: Pathway Il
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nation of the carboxy group the C-C bond protonation of C; (Si
(deprotonation of Oy) face)

aAs in Scheme 39b is shown to demonstrate the only possible direction for the stereospecific protonation of C2.

to that in the transition structure of the bond cleav@8beWe energy drops as the upper 3-PGA molecule moves away from
calculated the activation energy for pathway Il to be 37 (32) the magnesium ion. In the enzyme environment (Figure 1), this
kcal mol1. movement would lead directly to Lys-175. This residue is

Transition Structures for C —C Cleavage.A comparison therefore most likely to be responsible for the protonation of
of the highest occupied molecular orbitals (HOMOSs) given in C2 in pathway I, just as it is in pathway |. However, to react
Figure 5 shows the similarities between transition structures of as a proton donor, Lys-175 must be protonated, and pathway I
the two pathways. The highest MO coefficients are located lacks an explicit means by which this might be accomplished.
between the carbon atoms C2, C3, and CS, indicating that theTherefore, in pathway Il, Lys-175 would need to accept a proton
breaking of the C2C3 bond is concerted with the formation from the hydrogen-bond network (e.g., from Lys-334).
of a C2-CS double bond. Hereby, the €®S bond is Dissociation of Products.The catalytic cycle is completed
weakened, as indicated by the opposite sign of the wave with the dissociation of the two molecules 3-PGA to regenerate
function. The system is stabilized by the binding orbitals the active site. Although the X-ray structure of the product
between the hydrogen atoms bound tg &nd OS and the  comple®! indicates that only one 3-PGA molecule remains
oxygen atoms O2 andQrespectively. In reaction pathway |  coordinated to the metal, we modeled a product complex with
(Figure 4a), there is a sudden decrease of the energy on theéwo molecules of 3-PGA coordinated to the Mg ion to compare
reaction coordinate between 2.4 and 2.5 A, shortly after passingthe energies. We assume that structlife which has both
the transition structure. This is due to completion of the proton product molecules coordinated to the metal (Scheme 3), is
transfer from @ to O2. formed intermediately and provides an upper limit for the energy

Protonation of C2. The final step of the formation of the  of the reaction products (see Table 1 and Figure 2).
two molecules of 3-phospho-glycerate (3-PGA) is the proto-
nation of C2 leading to compleSa (Scheme 3). Structurally,  Discussion
protonated Lys-175 is ideally positioned to donate this proton,
and experimental evidence shows that deletion of its side Chainlat
cripples this stef? As the number of atoms in our current model
was restricted, we were not able to calculate the energy for this
protonation. However, calculations on an extended system

shoqud that the activa.tion energy for this step is Iikely to be required to direct attack of CQo C2: otherwise, C3 would be
negligible compared with that of carboxylation, hydration, or equally vulnerablé:®2532an issue that has not been addressed

cleavage of the €C bond. ) in other calculations of C@addition to the enedidk17-33His-
In the case of pathway I, the intramolecular proton transfer

is accomplished before the transition structure, and the system (31) Taylor, T. C.; Andersson, Biochemistry1997 36, 4041-4046.
(32) Harpel, M. R.; Larimer, F. W.; Hartman, F. @rotein Sci.1998
(30) Harpel, M. R.; Hartman, F. ®iochemistry1996 35, 13865-13870. 7, 730-738.

Proton Abstractions and Possible Reuse of the Carbamy-
ed Lys-201 as a BaseTo produce our model for the
enediolate of RuBP, ethene-1,2-diolate, from ethene-1,2-diol,
the finishing point of our previous study of the enolization of
RuBP?> O3 must be deprotonated. This deprotonation is
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= 350 twisted to achieve a low-energy addition of €@ e found the
E 30.0 Form o;,/ dihedral O2-C2—C3—02 in the transition structur2 to be
= 5*__2/R1 L ) —9.6°. This distortion can be explained by the rehybridization
8 2500 __\\\52\03,& ' & of C2 from sp to sp.
= 200 710, - We find that the carbamylated Lys-201 again plays a crucial
% 15.0 B role as a base during the subsequent reaction steps of hydration
i 10.0 - 30 keal mol and C-C cleavage. Therefore, after each proton abstraction step,
® ' the enzyme environment must remove the proton from the
£ 50 carbamate to recycle it back into its basic, unprotonated form
E 0.0 before the next proton abstraction can occur. Preliminary
50 combined quantum mechanical and molecular mechanical (QM/
100 MM) calculations indicate that the phosphate groups of RuBP
' 1.6 1.8 2.0 22 2.4 26 could act as sinks for protons. Both phosphates are fully ionized
distance C,-C [A] in solution at physiological pH_, but they may be at least partly
protonated when desolvated in the enzyme environment. The
— 300 phosphate oxygen atoms are connected to the carbamate by an
S Be0e extensive network of hydrogen borfd$2°which could provide
E 250 a conduit for transporting protons within the active site. More
§ 200 detqiled investigations of this possible channeling of protons
> 150 are in progress.
g Active Site Features Lower Activation Energies. The
S 10.0 results of our calculations show that the residues within the
o 5.0 active site, and especially the central metal, have an important
-% 00 impact on the activation energies of the transition structures
° : involved in the carboxylation reaction sequen2e4, 8a/8b).
o« -5.0 v Stabilization of the transition structures by these residues
100 becomes particularly evident when the energies we calculate
1.6 1.8 20 22 24 26 with our model are compared with those calculated in recent
distance C,-C, [A] studies of the analogous nonenzymatic reaction pathway. For

example, the activation energies we predict for the addition of
Figure 4. Reaction pathways for the cleavage of the-C; bond of CO;, and the subsequent hydration (9 (7) and 12 (9) kcalfol
(a) thegemdiol | and (b) thegemdiol Il . In the case of forn, the respectively) are less than half the analogous values calculated
sharp bend results from a crossing of the energy surfaces with afq, nonenzymatic systems [39 and 40 kcal mdf 56 and 66
_deprotonated carboxyl group and_ a protonat_e,datbm ()] and_ the kcal mol L or 20 and 60 kcal moF (20 kcal mot?
inverse arrangemeng). The energies are relative to ti&ketoacid3. ; . .
corresponds to free energy calculations on nonenzymatic model
systems; 60 kcal mol is estimated from the graphical
representation)}* Even when solvent effects were included in
a nonenzymatic model, the calculated activation energies for
these steps were still very large (25 and 42 kcal Thol
respectively):?

CO; and H,O Add Sequentially. Our proposed mechanism
has separate transition states for@@dition and HO addition,
separated by A ketoacid intermediate. We could not locate a
transition structure in which the carboxylation and hydration
reactions were concerted. This contradicts suggestions that
carboxylation and hydration might occur in the same transition
stat€ 1 but is in agreement with all other quantum mechanical
simulations of carboxylatio#?14-16.18:34 Simulations of the
analogous oxygenation reaction also haywea®d HO adding
sequentiallyt”18:33353The gemdiol 5a has no normal frequency
modes in which the C2CS bond extension leading to decar-
boxylation and the C30,, bond extension of dehydration are
coupled. The conjecture that G@ddition and hydration might
be concerted rests on the observation that, when the is¢fated
ketoacid (which is predominantly or exclusively in the unhy-

Figure 5. Highest occupied molecular orbitals of the transition drated ketone ford) is used as substrate, it reacts only slowly
structures for the C2C3 bond cleavage: (a) structuBa and (b)
structure8b. The positive wave function is represented by light gray (33) Oliva, M.; Safont, V. S.; And J.; Tapia, OJ. Phys. Chem. A
and the negative wave function by dark gray. In both cases a new double2001, 105 4726-4736. ) )

bond is formed between C2 and CS, while the former—OS (34) Moliner, V.; Andres, J.; Oliva, M.; Safont, V. S.; Tapia, heor.

. . s Chem. Accl1999 101, 228-233.
z-interaction becomes antibinding. (35) Oliva, M.; Safont, V. S.; Ande J.; Tapia, OJ. Phys. Chem. A

1999 103 6009-6016. ,

294 might abstract the O3 proton, as suggested previéadly, zoé?éﬁggpz"g’_%; Oliva, M.; Safont, V. S.; AntseJ.Chem. Phys. Lett.
or the carbamate might be reused for this purgésis our (37) Pierce, J.; Andrews, T. J.; Lorimer, G. H.Biol. Chem1986 261,
calculations show, there is no need for the 2,3-enediol to be 10248-10256.

a)

Form | Form Il




10828 J. Am. Chem. Soc., Vol. 123, No. 44, 2001

(2% of thek s with CO, and RuBP as substratég)ndicating

Mauser et al.

structure where the nascent carboxyl of the lower 3-P-glycerate

that its rate of reaction is limited by a process not on the catalytic was protonated. The negatively charged carboxylate appears to

pathway. This rate limitation might be imposed by the need to
catalyze the hydration of thgketoacid, a process that the active
site would not normally be required to catalyze if £&ldition

and hydration were concerted. However, the sluggish rate with
which  ketoacid reacts is matched by an equally slow rate of
inhibition by its reduced analogue;-@arboxyarabinitol-p38
suggesting alternatively that the rate limitation results from slow
binding of these cumbersome molecules. Therefore, slow
processing of th@ ketoacid does not establish that it is not an
intermediate on the catalytic pathway.

When used as substrate, tfieketoacid partitions nearly
exclusively to products. Unless nonphysiological metals are
used, little or no release of G@rom it can be detecte¥l. The
enzymatic CQaddition is thus effectively irreversible. Reasons
for this are not apparent in our present calculations, nor in
previous calculations by othe¥&; 16 which suggest that subse-
quent steps have similar or higher activation energies. Unmod-
eled features of the active site must promote hydration ard C2
C3 bond cleavage so strongly that tfieketoacid is fully
committed kinetically to the forward pathway. Perhaps confor-
mational rearrangements in the protein, which “close” and
“open” the active site during each catalytic cyefmight favor
such commitment. It is not certain when closure occurs, but it

necessarily must happen between the binding of RuBP and thet

formation of thef ketoacid (represented 18).
Calculations for the nonenzymatic reaction suggested that
hydration of theS ketoacid 8) could involve a four-center

be the most suitable leaving group for the-C cleavage (see
8a and8b in Schemes 3 and 4). Our proposed pathway that
avoids hypervalent O2 is supported by a comparison of the
activation energiesAE.C) necessary for the bond breaking.
Previous (nonenzymatic) studies predicted 56 and 71 kcai'mol
(refs 15 and 16, respectively) for the cleavage with proton
transfer from @ to O2. Zhan et al? calculatedAE.CC including
solvent interactions for the same arrangement to be 41 kcal
mol~1. We foundAELCC = 30 (28) kcal mot? for pathway |
(Table 1).

On the other hand, protonation of the upper carboxylate is
essential for a low-energy CGZ3 bond cleavage (Figure 4).
In pathway |, the proton is supplied by the enzyme environment.
The hydrogen-bonded Lys-334°seems ideally positioned for
this task. The protonation leads to electron deficiency of the
central CS atom. The neighboring C2 atom becomes polarized
and induces a charge transfer from the lower part of the RuBP
to form a double C2CS bond {a, 8ain Figures 4 and 5).
This assists the heterolytic EZ3 bond cleavage and leads to
a significant negative charge on C2, which facilitates the final
protonation of C2 in the next step.

The alternative transition structuBb of pathway Il arises
from form Il of the gemdiol where both of the O atoms attached
o C3 are coordinated by the metal. In this case, the concerted
proton transfer from @ is destined to the uncoordinated OS
atom (Scheme 4). This transition structure is somewhat analo-
gous to that of alternative 2 suggested by Safont &8 although

transition structure where one proton of the substrate water iSia inclusion of the Mg ion and the carbamate model in our

directly transferred to O% By contrast, we found that the

calculation leads to differences in the identities of the protons

carbamylated Lys-201 is.better positioned to abstract 'ghe waterjnolved. As discussed above, the proton originally bound to
proton and then transfer it to the deprotonated O3, which is the 3 a5 abstracted before the carboxylation and therefore is not

stronger base (see energy plot of form | in Figure 2). Therefore
transfer of the proton to O3 via the carbamadg i more
favorable energetically.

Alternative Pathways for C2—C3 Bond Cleavage.Con-
sistent with predictions for the nonenzymatic reacfioH;*‘we
found that transition structures for cleavage of the-C3 bond
are coupled with an intramolecular proton transfer from O
However, the destination of the transferred proton differs
according to the conformation of tigemdiol (5a and5b).

For the transition structura arising from the form lgem
diol 5a where O3 and O2 are metal coordinated (pathway |,
Scheme 3), the C2C3 bond distance we calculate with the
B3LYP/6-31G(d) method (2.4 A, Table 1) is similar to that
estimated for the nonenzymatic transition structure with the HF/
6-31G(d,p) method (2.3 AY¥ However, a detailed analysis of
transition structure3a shows that the pathway for transfer of
the proton is hindered by the presence of an existing proton on
02. Coordination of O2 to the Mg ion makes it unlikely that
this O atom could become hypervalent in the transition structure,

transiently accommodating two protons, as suggested for the
nonenzymatic reaction. As an alternative, we suggest a pre-

liminary abstraction of the O2 proton by the enzyme. Lys-175
is appropriately positioned and unprotonated following transfer
of a proton to O2 during enolizatidi.Therefore, it is ideally
suited to accept a proton from O2, opening the path for transfer
of the Q, proton to O2. We were not able to find any transition

(38) Pierce, J.; Tolbert, N. E.; Barker, Riochemistryl98Q 19, 934—
942.

(39) Duff, A. P.; Andrews, T. J.; Curmi, P. M. Mol. Biol. 200Q 298
903-916.

(40) Tapia, O.; Andre, J.; Safont, V. S1. Phys. Cheni996 100, 8543
8550.

' present in this transition state. Neither is the second proton
derived from substrate water; it is transferred to the carbamate
before the C2C3 cleavage, increasing the electron density on
the newly formed lower carboxyl group and simultaneously
weakening the bond between,@nd its proton. Despite these
structural differences and the different calculation methods, the
C2—C3 bond distance estimated for the transition structure of
Safont et al3 (2.0 A) is the same as in our model b (Table

1). The activation energies computed by the two approaches
are also in astonishing agreement: between 30 and 44 kcal
mol~! for the model of Safont et & compared with 37 (32)
kcal mol! for pathway Il in our model (Table 1).

The choice between pathway | and pathway Il will be
influenced by the arrangement of acidic and basic groups within
the active site (see Figure 1). Pathway | would be favored by
the presence of an acidic group capable of protonating the
noncoordinated oxygen of the carboxylate group (e.g., proto-
nated Lys-334) and a proton donor close tp(@.g., protonated
His-327) to facilitate the proton transfer to O2. In contrast, a
repulsive interaction of the environment near the same car-
boxylate group (e.g., unprotonated Lys-334) might force the
rotations about the CS/C2 and C2/C3 axes necessary to bring
O into coordination with the metal and to stabilize the
carboxylate group by forming a hydrogen bond with-€H,,

(6b, 7b, Scheme 4). If protonated, Lys-334 seems ideally suited
for protonating the carboxylate group derived from the,CO
substrate in pathway |. Simultaneously, neutral Lys-175 could
be protonated by the O2 proton, reversing the movement of
this proton that occurred during enolizati®and preparing the
way for eventual transfer of this proton to C2. These coupled
proton movements conveda to 7a. A favorable environment
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for pathway Il, however, could result from a direct proton enediolate of RuBP without forming a Michaelis complex. We
transfer from protonated Lys-334 to neutral Lys-175. could not find any evidence that carboxylation was concerted
Stereospecific Protonation of C2In either case, the newly  with hydration; transition states for the two steps were discrete
protonated Lys-175 can then act as a proton donor to protonateand separated by fketoacid intermediate. The carbamylated
C2 stereospecifically, as proposed on the basis of structuralLys-201 plays an important role in the whole catalytic cycle.
analysi8! and mutagenesis dat&4! Therefore, both transition  In addition to its critical role in enolizatioff, it is important
structures meet the structural requirements of the enzyme. Infor stabilizing the addition of the substrate water and in
both pathways, the rearrangement of the charge distribution of facilitating the cleavage of the GZ3 bond of the substrate.
the intermediate and its surroundings supports the protonationThe enzyme might realize one of two alternatives for@
of C2 after passing the transition structur@s or 8b. As cleavage, starting from two conformations of the hydrajeoi
described above, C2 becomes negatively polarized after the bondliol that differ in the way they coordinate with the met&h(
to C3 is broken. The shift of the charge is likely to induce the and 5b). In either case, the activation energy for the bond
approach of Lys-175 to C2, facilitating the stereospecific breaking is remarkably low (2837 kcal/mot?) but still
protonation. As theReface of C2 is still sterically protected  sufficient to limit the overall catalytic rate at high GO
by close contact to C3, the protonation can only occur on the concentration.

Stface, leading tm-3-PGA. To perform the first-principle calculations, our model was
limited to a relatively small number of atoms, and questions
Conclusion about the roles of other active site residues in the reaction

. ) . . sequence remain. We will address these in a forthcoming QM/
We investigated Rubisco-catalyzed carboxylation computa- ;1w study.

tionally using an abbreviated model of the substrate and active
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