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ABSTRACT: A study, using ab initio quantum chemical methods, of the first step in the reaction mechanism
of Rubisco, the enolization of the substrate, ribulose bisphosphate, is reported. This is the first such
study that takes into account the likely roles of critical features within the active site. On the basis of
molecular dynamics relaxation of the complex between activated enzyme and substrate using X-ray
crystallographic structures as starting coordinates, a 29-atom fragment that mimicked the active site was
constructed. States along a proposed reaction pathway were calculated using density functional theory
and Mgller-Plesset second-order perturbation theory. The results are consistent with the postulate that
the base that abstracts the C3 proton of ribulose bisphosphate is the metal-stabilized carbamate of Lys-
201 formed during the activation process. The calculations suggest that the active-site residue, Lys-175,
is charged before enolization commences and they indicate a possible means by which the enzyme directs
the incoming CQto attack the C2 carbon atom of the enediol, rather than the chemically very similar C3

atom.
p-Ribulose 1,5-bisphosphate (RuBRarboxylase/oxyge- OPOS* OPO,Z
nase (Rubisco) catalyzes the carboxylation or oxygenation CI)Hz (IDHz
of RuBP and the subsequent carbaarbon cleavage to form CB ™ H-A 2G-OH A
two molecules of 3-phospho-glycerate (PGA) (with Cg) B ule-oH = gy 3C
~— B-H 3C-OH
or one molecule of PGA and one molecule of 2-phospho- ] i
- - L H-C-OH H-C-OH
glycolate (with Q). The carboxylation reaction is the means & &
by which CQ is acquired during photosynthesis, but the P2 P2
OPO, OPO,4

competing oxygenation reaction opposes it, resulting in the
loss of both CQ and energy during the photorespiratory Ficure 1: Enolization of RuBP. A proton must be removed from
metabolism required to recycle the 2-phosphoglycolate (seethe C3 atom by a base (B), and an acid (A) must protonate the O2
refs1—3 for reviews). Extensive experimental investigations &©°™-

have revealed many details of the reaction mechanism. Theof enzymes that catalyze enolization, such as triosephosphate
reaction involves several steps, each of complexity compa-isomerase) and the enolase superfami)( It is not well

rable with that of many other complete enzymatic reactions established if an acidic group (A in Figure 1) is always
(4). The present study focuses on the initial step, the required; electrostatic stabilization of the intermediate enolate
enolization of RuBP (Figure 1). may sometimes be sufficient. However, an acidic group is

The conversion of the ketone form of RuBP to the enediol crucial to the Rubisco mechanism. The subsequent step in
form requires removal of the proton from the carbon atom the reaction is the addition of GQo the C2 atom. If the
a to the carbonyl group and protonation of the carbonyl O2 atom was left unprotonated (i.e., in the enolate form),
group. A specific active-site residue which acts as the CO, addition would be incorrectly directed to the C3 atom.
proton-abstracting base (B in Figure 1) is a typical feature The identities of the acidic and basic groups involved in
Rubisco-catalyzed enolization have not been established
experimentally.

Rubisco requires activation by carbamylation of the active-
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Committee Grant, and the ANU Supercomputer Facility. site residue Lys-201 before it is functional. Formation of
* Author to whom correspondence should be addressed (e-mail this carbamate completes the coordination site for the

Ji”iGrehady@"’!”“-e%“-a‘lWffamé. 2 |6249 041?- magnesium ion, and the binding of magnesium stabilizes the
§g;%sré;g{]tg;%o?%f%imggi'g; ggzﬁiifs; carbamate. All known Rubiscos require carbamylation (see

L Abbreviations: RuBPy-ribulose 1,5-bisphosphate; Rubisco, RuBP refs1—3for reviews). Crystallographic structures have been
carboxylase/oxygenase; CABP;carboxyarabinitol 1,5-bisphosphate;  obtained with spinach and cyanobacterial Rubiscos in their

3KCABP, 3-ketocarboxyarabinitol bisphosphate; XuBP, xylulose 1,5- ; ; ; ; ;
bisphosphate: PGA, 3-phospbeglycerate: DFT, density functional activated forms and cocrystallized with an intermediate

theory; MP2, Mgller-Plesset second-order perturbation theory; RHF, analqgue, 2carboxyarabinitol bispho_sphate (CABP)-
spin-restricted HartreeFock; MD, molecular dynamics. (Rubisco.M@".Lys-201-CQ.CABP; see Figure 2)7( 8). In
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FIGURE 2: Stereoview of the active site of Rubisco. Coordinates were taken from the 1.6 A X-ray crystal structur. of ref

these structures, the only group suitably positioned to abstractMETHODS

the C3 proton is an oxygen atom of the carbamate formed .

during activation. Consequently, the carbamate has been Programs. Calculations were run on a 20-node SGI Power
proposed to be the proton abstractérq, 8). However, it Challenge XL and a 13-node Fujitsu VF_’PSOO supercomputer.
is not clear that a carbamate group coordinated to a The AMBER 4.1 suite of programd4) with the OPLS force
magnesium ion would be sufficiently basic to abstract a field (15 was used for the molecular dynamics (MD)
proton from the C3 atom of RuBP. calculations. Gaussian 94&) was used for the quantum

One aim of this study was to test whether this hypothesized Mechanical [spin-restricted HartreBock (RHF) and Maller
role for the carbamate is feasible energetically. This is the Pl€SSet second-order perturbation theory (MP2)] and density
first theoretical study of the reaction mechanism of Rubisco functional theory (DFT) calculations, with transition-state

in which the effects of critical active-site residues have been OPtimizations performed using the eigenvalue-following
modeled on the basis of X-ray structure coordinates. We &/90rithm (7). A number of different basis sets were used

have evaluated the proton-abstracting ability of the carbamatel© €xplore the requirements for representing negative charges

while it is coordinated to the magnesium ion. A suitable (diffuse functions) and H bonding (polarization functions on
active-site fragment has been constructed that contains g1¥drogen). Therefore, in addition to the 6-31G(d) basis set,
portion of the substrate, RuBP, the metal, and several protein6'31+G_(d) and 5-3£G(d,p) basis sets were used_. Electron
side chains that interact with these, including the lysyl correlation contrlbutlor_ws for sta_tes along the reaction pathway
carbamate. A proton-abstracting role is unprecedented forVere evaluated by single-point calculations at MP2 level
a protein carbamate. Therefore, our modeling included USing RHF geometries optimized with the 643%(d,p) basis
complementary studies with a metal-bound carbamate andSet @nd by DFT calculations with geometry optimization
with structurally similar metal-bound carboxylate groups. A USing the three-parameter hybrid functional (B3LYP) of
carboxylate group of a glutamate residue fulfils the analogous Beck_e (8) with the 6-31+G(d,p) b_aS|s set. The Hessian
proton-abstracting role in triosephosphate isomerasd e matrlxes_ were calculated analytlcally at the optimized
results suggest the Mg-coordinated carbamate group coulddeometries of all states to verify that the correct number of
be capable of functioning as the base in the enolization stepMadinary frequencies were present.
and that this group is more basic than an analogously Generation of the Initial Coordinates.Initial starting
coordinated carboxylate. coordinates from the 1.6 A X-ray crystal structure of acti-
Mutations at the Lys-175 position inactivate or seriously Vated Rubisco cocrystallized with CABP (RubiscoMbys-

impair enolization but have less serious effects on other 201-CQ.CABP complex) §) were used for a constrained

important role in the enolization of RuBP, and it was @analogue of the six-carbon carboxylated intermediate) and
suspected initially that Lys-175 might be the base that RUBP are minimal, making the substitution of the coordinates
abstracts the C3 proton9,( 10). However, subsequent Of RUBP for CABP relatively straightforward. Removal of
structural information precludes such an assignmehti(2). the CABP carboxyl moiety removes one of the magnesium
Lys-175 is quite remote from the position required for it to ligands. The ligation was restored by a water molecule
abstract the proton from the C3 atom. However, itis ideally Placed with the guidance of the Rubisco crystal structures
positioned to protonate O2 of the enolate and also C2 of the for complexes with xylulose 1,5-bisphosphate (XuBE)(
subsequendci-acid intermediate formed after €3 bond ~ and RuBP Z0).

cleavage13). We have investigated the role played by Lys-  To reproduce a complete active site and include all of the
175 in the enolization step by model calculations in which protein within 22 A of the magnesium ion, two large and

it is represented by both its cationic and neutral amino forms. two small subunits were included in the simulation [each
The calculations suggest that this residue could play two large subunit contained 467 residues and each small subunit
important roles. Its protonated form appears first to stabilize contained 123 residues, for a total of 1180 residues plus
the transition state for proton abstraction and second to actligands and magnesiums, giving a total of 12 143 atoms
as the acidic group (A in Figure 1) that protonates O2 of the (including united atoms)]. An approximately spherical
resultant enediolate. dynamics zone of radius 22 A was constructed encompassing
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one of the active sites, centered at the Mg ion, with atoms e Pl
assigned so that the dynamics zone boundary did not cross HCS OH HCS OH
secondary structure elements. Crystallographic water mol- 0"«.,.| 2““0: WH o’o.,,| 2_“‘0: aH
ecules (279) were included, as well as an additional 28 A ) ,Mg"\ En /Mg"\ E.n
cap of Monte Carlo water molecules (238). The geometry o /° 4- g'cf o, 0 - g-?3
of the magnesium coordination sphere and the binding ﬁ tl:—o' Hr ﬁ Cmox--Hr
orientation of the two phosphate groups of RuBP were i’ © WHN
maintained by half-harmonic potentials. The total number bn -
of atoms in the simulation was 13 694, of which 3 291 were y ?
in the dynamics zone. o (1)
An initial minimization of 50 steps using steepest descent

was conducted, followed by a further 500 steps using P 4
conjugate gradients. The temperature of the solvent and HC\O. OH; - "'C\O- OH, -
solute was set initially at 10 K and allowed to warm to 300 ‘ “ o H “, :’ I‘"‘cz‘ H
K under the influence of the heat bath. The temperature ) /Mg\.' A ) /Mg\' &
was maintained using the Berendsen coupling algorigti) ( O 4 igm ™ SN (l)— RrO™™=*H
with the time constant for the heat bath coupling equal to S | Hr ﬁ e
0.2 ps. After warming, MD was continued for 1 ns. The 5% P

.. +HN +HN
root mean square deviations of the backbone and heavy \ \
atoms from the crystal structure at this stage were 1.0 and Cha Cha
1.2 A, respectively. Six sample sets of coordinates were (IIT) aw)
then generated at 5 ps intervals. The two sets with the
smallest O2-C2—C3—03 dihedral angles were then used P NH
to produce starting coordinates for a 29-atom active-site HCS _ oH, HC 0 on, !
fragment. Calculations were performed with both sets at the o’a.,. ;'; H “o; | 2 \"" H
RHF level to check dependence on the initial coordinates: } /Mg\,' i M - g
the relative energies agreed to within 0.1 kcal/mol. o, 0 (I)- ;S-cs.,., 'o/ Ig\alo'é!"H

Generation of the Acte-Site Fragment. The 29-atom g i/ 0‘\0/ 0™ i H

fragment (see Figure 3) was constructed by replacing the 4°=0c H clz—c')
Asp-203 and Glu-204 carboxylate groups by formate groups +HN N7 ¢
and the carbamylated Lys-201 residue bys8HCOO". The CHs b
substrate was replaced by C(2)HOC(3HH; that is, only :
the C2 and C3 carbon atoms were included. Several V) (V1)

constraints were applied to the fragment: (i) The O3 proton Ficure 3: States for the 29-atom fragment used to model the
was constrained to the same plane as the C2, C3, and OZnolization of RuBP with geometries optimized at the RHF/6-
atoms to mimic the hydrogen bond between the substrategtlrjglg‘gép)ﬂ')ervﬁ'{e('geﬁg\f;atgf'qh';et%%e L%Tdrl(-”)(ltlrgnz'rté?gnséfetg
and Hls.'294' ("). The M903_C3‘_9? dlhedra_l ’?‘”9'6 Was  carbamate H-bonded to the O2 atom [note that no energy minimum
constrained to 5(its value after the initial MD minimization)  \as found for the state with protonated carbamate associated with
to balance the torque imposed by the first constraint. (i) the C3 atom, i.e., the closest structural analogue to state I1)]; (IV)
The Mg—carbamate bond was constrained to be perpendicu-transition state structure for the reprotonation of the substrate on
lar to the Mg-substrate bonds. (iv) As detailed below, the 02; (V) substrate in enol form; (VI) enol form (i.e., analogous to

it fthe Ma ion. the f i dth t lecul state V) for fragment in the presence of an ammonium ion
positions of the Mg 1on, the formales, an € waler moleculie representing Lys-175, with protonated carbamate and ammonium

were frozen after an initial minimization. proton transferred to O2. Atoms representing the C2 and C3 atoms

To minimize the number of atoms in the calculation, we of RuBP are labeled.
modeled the ketone of RuBP as an aldehyde. This might
overestimate the stabilization of the enol form of the substrate for freezing out these variables was to isolate the electronic
(22). However, we have also omitted the phosphate groups.energy differences by removing possible perturbations arising
The presence of a phosphate group stabilizes the enolfrom random conformational energy changes. The effect of
tautomer due to the possibility of the hydroxyl proton these restraints on the magnesitligand distances was
hydrogen bonding with the bridge O atom of the phosphate checked by relaxing the restraints in calculations at the RHF/
group. This would compensate at least in part for the use 6-31G(d) level and found to affect the relative energies by
of the aldehyde. no more than 0.2 kcal/mol.

Calculation of the Reaction Path Statesnitially the The 29-atom fragment was optimized in the following
fragment geometry was partially minimized at the RHF/6- states (see Figure 3): (I) the ketone form of the substrate;
31G(d) level. The formate and water bond distances, angles(ll) the transition state associated with removal of the C3
and dihedrals were fixed at the values produced by the MD proton; (Ill) the protonated carbamate form with the proton
simulation. Geometric parameters for only the substrate H-bonded to O2 of the substrate; (V) the transition state
fragment, the carbamate fragment, and all of the magnesium associated with protonation of the enolate form of the
ligand distances were optimized, with the substrate fragmentsubstrate; and (V) the enol form of the substrate. Optimiza-
in the initial keto form. The resultant magnesitfiormate tion was successful for all of these states. It was not
and magnesiumwater distances were fixed at these opti- successful for the potential state where protonated carbamate
mized values for the rest of the calculations. The reasonwas coordinated to the C3 atom, that is, the potential
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Table 1: Relative Energies (kcal/mol) for the Five Reaction Path States of the 29-Atom Fragment (Figure 3) at Different Levels of Calculation
MP2/6-3HG(d,p)//

state RHF/6-31G(d) RHF/6-31G(d) RHF/6-31-G(d,p) B3LYP/6-3%G(d,p) RHF/6-31G(d,p)
| 0.0° 0.0° 0.0° 0.0¢ 0.0°

I 36.7 36.9 34.0 18.4 21.5

i 9.9 9.4 5.9 0.1

IV 13.6 13.3 8.9 -1.6 0.1

Vv 9.7 8.7 5.5 1.8

aZero energy in hartrees is1162.259160° Zero energy in hartrees is1162.300871¢ Zero energy in hartrees is1162.336163¢ Zero energy
in hartrees is—1168.065058¢ Zero energy in hartrees is1165.022582' The optimization of states Il and V at the B3LYP/6-8G(d,p) level
results in the same state that resembles state IV.

additional intermediate between intermediates | and Ill. In sufficient to check the effect of the charge of the ammonium
this case, either the optimization did not converge or the ion on the activation energy. In addition to these five states,
geometry moved directly to state Ill, suggesting that the a sixth state (VI; see Figure 3) was optimized in which the
energy barrier between this intermediate and state Il is ammonium ion proton H-bonded to O2 was moved to the
insignificant. 02 atom and H-bonded to the N atom.

Modeling of Lys-175.To investigate the possible effect Functional Role of the Carbamate Nitrogeithe necessity
of Lys-175 on the enolization reaction and on the whole for the carbamate structure, in particular the N atom, was
Rubisco reaction cycle, model calculations were undertakeninvestigated by comparison of the relative potential of
in which either an ammonium ion or a neutral ammonia methylcarbamate to abstract the C3 proton with other small-
molecule was added to the 29-atom fragment in the position molecule bases: the simpler parent carbamate,(\3O "),
of thee-amino group of Lys-175. In the most accurate X-ray carboxylate groups (propionate, acetate), and bicarbonate.
structure, the 1.6 A Rubisco.CABP structui®), (the C2 The basicity of the carbamates and the other bases was
carbon hasp® geometry (because of the attached carboxyl investigated with simpler magnesium-coordinated structures
group) rather thasp? as in the keto form of the substrate. containing three water molecules and two hydroxyl ions (in
This necessarily changes the orientation of the O2 atom positions occupied by the formates in the 29-atom fragment)
with respect to the-amino group of Lys-175. A recent as the other ligands. These were constructed with idealized
lower resolution structure (2.1 A) of a carbamylated octahedral symmetry and magnesiawater and magnesium
Rubisco.C&".RuBP complex Z0) might provide better  hydroxyl bond distances set at 2.1 A. In the geometry
guidance on the positioning of Lys-175 with respect to the optimizations, only the internal coordinates of the basic
substrate. However, to obtain this structure, RuBP was fragments were optimized (the orientation of the basic
soaked into crystals formed in the presence of the product,fragment to the hydrated magnesium was fixed), with the
PGA, displacing the product. In this structure, loop 6 is still coordinates of the magnesium and hydroxyl ions and water
in its retracted position, leaving the active site open to molecules frozen. The relative difference in the protonation
solvent. It has been conjectured that the active site shouldenergies of the fragments was then calculated at the MP2/
close when the substrate binds, especially before it is 6-31G(d) level.
enolized, to prevent water from misprotonating the enol form |, aqdition, new fragments analogous to the 29-atom
of RUBP. Perhaps, in this Rubisco’CRUBP complex, the  fragment were formed by replacing methylcarbamate by the
active site is held open by crystal forces or by the presenceapoye basic molecules. The geometries of these fragments
of the nonfunctional metal. If so, this structure may not give \yere reoptimized in states I, II, and Ill. An ammonium ion
an accurate picture of the active site during the enolization a5 then added as before to form states I, II, Ill, and VI.
process and may not be a reliable guide to the positioning The positions of the four ammonium protons and the proton
of the amino group. Consequently, in the absence of Specifithat originated on the C3 atom were optimized as in the
guidance, we positioned the nitrogen atom of the ammonium previous section. All of these calculations were performed
ion/ammonia molecule in a position 3.2 A from the O2 atom \ith the smaller basis set 6-31G(d), and then single-point

in the same plane as the 02, C2, and C3 atoms, with angnergies of the optimized structures were calculated using
approximately linear H bond, and such that the-@2— MP2 level theory.

H(N) angle was an ideal 109 Although long compared

with usual values for ©N heavy-atom distances in H bonds, RESULTS

the 3.2 A value is a reasonable compromise between the

values obtained from the MD simulation and from the  Energies on the Reaction Pathwayhe relative energies,
carbamylated Rubisco.€aRuBP structure. The initial  at different levels of theory, for the 29-atom fragment in the
coordinates consisted of the optimized 29-atom fragment five states along the reaction pathway (Figure 3) are
geometries plus the ammonium ion or ammonia molecule presented in Table 1. These results are without the am-
so placed. In the calculations, the positions of only the four monium ion; corresponding results for the fragment with the
or three protons of the ammonium ion or ammonia molecule, ammonium ion are given in Table 2. Relative energies at
respectively, plus the C3 proton being transferred were the RHF level in Table 1 display reasonable convergence
optimized. Calculations were performed for all five states with respect to basis set. The addition of diffuse functions
on the reaction pathway with the ammonium ion but only causes only small changes (columns 1 and 2). The addition
for states | and Il with the ammonia molecule, which was of a p orbital to the hydrogen atoms (column 3) had a larger
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Table 2: Relative Energies (kcal/mol) for the Reaction Path States
of the 29-Atom Fragment (Figure 3) plus an Ammonium lon to
Model Lys-173

Table 3: Comparison of Key Interatomic Distances (in A) in the
Transition State (ll) for Abstraction of the C3 Protonfjtbf
Substrate by the Free Oxygen Atom of the Carbamate Groy)# (O

MP2/6-3HG(d,p)// C3—H¢? Oc—Hr® Oc—C2
state RHF/6-3+G(d,p) B3LYP/6-3%G(d,p) RHF/6-3HG(d,p) without NH:/RHF 1.42 1.25 263
I 0.0° 0.0¢ 0.0¢ without NH;//DFT 1.38 1.32 2.66
I 30.8 15.0 17.4 with NH,"/RHF 1.36 1.33 2.63
1] -5.0 —13.5 —13.0 with NH,"/DFT 1.24 1.48 2.63
\Y 2.7 -5.4 -3.3 . - -
vie 217 246 206 aResults are given for the 29-atom fragment with and without

2 See methods for details of geometry parameters optimbzéero
energy in hartrees is-1218.986598¢ Zero energy in hartrees is
—1225.072098¢ Zero energy in hartrees i5s1221.862142¢ In state
VI the carbamate is protonated and the H-bonded proton of the
ammonium ion is transferred to O2 leaving an ammonia molecule.

21.5

: 207 i-'
174 ::‘.
': :::' 0.14 otfo
0.0 ¢ 10140 ]O.ID,*
-: c -3.3 :
+-13.0 5:
t . 226
@O an (I av) V) (VD

Ficure 4: Relative energies of the states shown in Figure 3 at the
single-point MP2/6-31G(d,p)//RHF/6-31G(d,p) level (see Tables 1
and 2): for the 29-atom fragment]l); for the 29-atom fragment
plus an ammonium ionl) or an ammonia moleculea] (state
only) modeling Lys-175. State VI has protonated carbamate,
protonated O2 atom, and deprotonated ammonium ion.

effect on the relative energies, lowering the activation energy

for removal of the proton from 37 to 34 kcal/mol.
Qualitatively, the results of the two methods used to

include the effect of electron correlation (MP2 and DFT)

agree. They indicate that inclusion of electron correlation t

is important, with all states being stabilized relative to state
I, especially the transition states. The activation energy for
the abstraction of the C3 proton is lowered {5 kcal/
mol. The DFT calculations show slightly larger electron

electron correlation and with and without the ammonium ion (Lys-
175) (see Tables 1 and 2). The RHF and DFT calculations were
performed using the 6-31G(d,p) basis set For definition of H and

Oc see Figure 3¢ Heavy atom positions were not optimized with the
ammonium ion present.

the O2 atom reduces the activation energy of enolization by
only a modest 0.8 kcal/mol from 21.5 to 20.7 kcal/mol.
However, when a positively charged ammonium ion is
H-bonded to the O2 atom, the activation energy is signifi-
cantly reduced by 4.1 kcal/mol to 17.4 kcal/mol.

As is clear from Figure 4, the energies of the enol (state
V) and keto (state 1) forms for the 29-atom fragment are
approximately equalXE = 1.8 kcal/mol). The introduction
of the ammonium ion stabilizes the enol form b0 kcal/
mol (state VI) compared with the keto form (state I). In
vacuo calculations of the enol and keto forms of the substrate
fragment at the MP2/6-32G(d,p)//RHF/6-3%G(d,p) level
indicate that the enol form is'10 kcal/mol less stable than
the keto form (not shown). This value is comparable with
the solution free energy difference for acetaldehyll& &

6.5 kcal/mol) and acetoneAG = 9.5 kcal/mol) @2).
Consequently, in addition to facilitating the interconversion
of the keto form to the enol form, in our active-site model
the enol form is stabilized by30 kcal/mol when Lys-175
is protonated or-10 kcal/mol when the amino group is not
included.

One concern with the results is the large stabilization of
the enol form. As the total free energy change of the overall
reaction catalyzed by Rubisco is estimated to{8or —12
kcal/mol 23), an intermediate of energy22 kcal/mol would
be trapped thermodynamically. However, our calculations
would overestimate the stability of state VI. These calcula-
tions were performed in vacuo. States with high charge
separation will be higher in energy than they would be in
he actual protein environment. Nevertheless, we expect the
qualitative trends of the results to be reliable.

One can see in Figure 4 that, for the 29-atom fragment
(without addition of ammonium ion, squares), the states lll,
IV, and V all have the same energy to within the accuracy

correlation effects than the MP2 calculations, especially for of the MP2 calculations. Also, we observe for these states
the transition states. This is not due to the fact that the that the carbamate oxygen and O2 atoms are only 2.6 A away
geometries were optimized, as DFT single-point calculations from each other. This structure fits the definition of a strong-
at the RHF geometries for the transition states (results notshort low-barrier hydrogen bond24). However, this
shown) also show a larger reduction in activation energy than structure disappears after the introduction of the ammonium

the MP2 calculations. [

on, which, in addition to stabilizing the enol form relative

Relative energy results for the highest level [MP2/6-31G- to the ketone form, stabilizes the enol form (VI) relative to
(d,p)//RHF/6-31G(d,p)] computations are shown graphically the enolate (l11).

in Figure 4. Lines with squares show the energies without

Transition-State GeometryKey interatomic distances in

the ammonium ion, and lines with circles are the energies the transition state for proton abstraction (state Il) are
with the ammonium ion. The relative energy of states | and presented in Table 3. For the 29-atom fragment (without
Il with a neutral ammonia molecule is also shown (triangles). NH4* ion), the RHF geometry is quite product-like, as shown
The presence of a neutral ammonia molecule H-bonded toby the short G-H bond length compared with the- bond



Enolization of Ribulose Bisphosphate by Rubisco Biochemistry, Vol. 37, No. 44, 19985419

Table 4: Differences in Protonation Energies for the Carboxyl difference in the relative energies betwee_n the methylf:ar-
Groups of Methylcarbamate, Carbamate, Propionate, Acetate, and bamate and carboxylatéase complexes is least; that is,

Bicarbonate When Coordinated to a Magnesium lon with Three additional stabilization by methylcarbamate of this state is
Water Molecules and Two Hydroxyl lons as the Other Ligands marginal. In summary: magnesium-coordinated methylcar-
(See Tex®) bamate is slightly more basic than carbamate, significantly
AE ‘ . AE more basic than propionate and acetate, and much more basic
basic species  (kcal/mol) basic species  (kcal/mol) than bicarbonate.

CH;NHCOO(H) 0.0 CH3;CH,COO(H) 4.5

NH,COO(H) 1.5 HOCOO(H) 10.6 DISCUSSION

CH:;COO(H) 3.2

aThe geometry of the basic ligand only has been optimized at the ~ Mg-Coordinated Lysyl Carbamate Is Capable of Enolizing
MP2/6-31G(d) level (see text).Protonation energies are relative to RuBP. The primary aim of this work was to assess

—337.9 keal/mol. predictions ¢, 7, 8) that the Mg-coordinated carbamate
formed by the carbamylation of Lys-201 during the activation
Table 5: Differences in the Energies of States II, Ill, and VI of Rubisco is capable of acting as the base that abstracts the
Relative to That of State | in the Fragment with an Ammonium lon, C3 proton. To do this, we calculated the energies of states
When Methylcarbamate Is Substituted by the Basic Fragments along a proposed reaction pathway, in which the non-Mg-
Carbamate, Propionate, Acetate, and Bicarbdnate coordinated carbamate O atom abstracts the C3 proton. The
(I1) activation (1 (V1) quantum mechanical motion of atoms has been shown to be
base energy (kcal/mol) _ (kcal/mol)  (kcal/mol) important in describing proton-transfer reactios)( Zero-
CH;NHCOO 0.0 0.0 0.0 point energies tend to lower the activation energy of a proton-
g:zggg 13 gg 2:; transfer reaction2(6), and the process of tunn_eling (a purely
CH:CH,COO" 11 18 20 quantum mechanical process) allows a reaction to occur when
HOCOO 25 4.6 8.0 classically there is not enough energy. Therefore, as we have

2 The energies were calculated at the MP2/6-31G(d)//RHF/6-31G(d) omitted these effects from our calculations, the ‘?‘Ct'vatl'on
level of theory.” Energies for state Il are relative to 18.9 kcal/mol. ~€nergy of 17.4 kcal/mol may be deemed conservatively high.
¢Energies for state Il are relative t611.5 kcal/mol.¢ Energies for Our calculated activation energies for this proton abstraction
state VI are relative to-18.6 kcal/mol. support the predictions. The carbamylated lysine residue

could indeed be capable of functioning as the general base
length. When the ammonium ion is added, the transition- that facilitates the enolization of RuBP.
state geometry becomes more like that of the reactant. Another theoretical study of the enolization of RuBP
Furthermore, optimization of the transition state using DFT concluded that direct transfer of the C3 proton to O2 was
caused both the 29-atom fragment and the fragment with feasible 27). However, this study took no account of the
the ammonium ion to be more reactant-like. Thus, the metal or other active-site features. Such a direct transfer
transition-state geometry is more like that of the reactant mechanism has a high activation energy and would occur
when electron correlation is included or in the presence of just as readily with the C3 epimer, XuBP. Therefore, this
the ammonium ion, conditions which also produce lower mechanism fails to explain the very strong preference
transition-state energies and greater stabilization of the Rubisco has for RuBP as substrate compared with XuBP,
product state (Ill) relative to the reactant state (I). which reacts only very slowly and eventually causes decar-

Functional Role of Carbamate NitrogenProtonation  bamylation (9, 28).
energies relative to that of methylcarbamate are presented At all levels of theory, the rate-limiting step of the
in Table 4 for the bases (methylcarbamate, carbamate,enolization of RuBP is the initial abstraction of the proton
propionate, acetate, and bicarbonate) coordinated to afrom the C3 atom, that is, the transition from state | to state
hydrated magnesium ion. The differences in the energieslll. The activation energy for this step at the simplest level
of states Il, Ill, and VI relative to state | (in the fragment of theory, RHF/6-31G(d), is 36.7 kcal/mol, compared with
with ammonium ion) when methylcarbamate is substituted 3.7 kcal/mol for the abstraction of the proton from the
by the same bases are given in Table 5. Both sets of resultscarbamate in the protonation of O2, that is, transition from
show the magnitude of the additional stabilization for the state Ill to state V (Table 1). Using DFT, the activation
various states provided by the methylcarbamate nitrogenenergy for the abstraction of the C3 proton is only 18.4 kcal/
atom. mol, but there is no activation energy for the removal of the

The values in Table 4 show clearly that methylcarbamate proton from the carbamate. Therefore, we can expect that
and carbamate when simply coordinated to a hydrated active-site groups which stabilize the transition state associ-
magnesium ion are significantly more basic than the simple ated with the proton abstraction (state Il) will have the
carboxylates. The results in Table 5 indicate that although greatest effect on the enolization rate.
this stabilization difference is less for the reaction pathway = Mg-Coordinated Carbamate Is More Basic than Analo-
states with a realistic representation of the active-site gous Carboxylates.Such a general-base role is unprec-
magnesium coordination, methylcarbamate is still the most edented for a protein carbamate. Why is the carbamate used
basic. Compared with the corresponding states with thein this way? As no activity can occur until the carbamate is
carboxylate bases, states Il (i.e., the carbamate-protonatedormed, it has been suggested that this mechanism could
intermediate) and VI (i.e., the carbamate-protonated enol be a device for regulating the activity of Rubisco according
product) are at least 1-5L.7 kcal/mol more stable when the to the availability of CQ (29). It is certainly possible
base is methylcarbamate. For the transition state (ll), thethat Rubisco’s activity is regulated in this way in some
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OPO similar “solvation” energies is reasonable for the COO

C':H2 moiety among the forms compared. B

¢=0 HoN*-Lys-175 Role of Lys-175.Several mutants of thRodospirillum
Lys-201-NHCO, ~“HLE-OH rubrumenzyme have been constructed with substitutions at

] Lys-166 (the residue equivalent to Lys-175 in the spinach

H-C-OH enzyme) 10). When this residue was mutated to Cys or
QHa Gly, the enzyme had 0.3%.25 and 0.050.08% of the
OPO;, enolization activity of the wild-type enzyme, respectively,

as measured by enzyme-catalyzed transféidlahdioactivity
ﬂ from [3-°H]RuBP to the medium 34). In the enolase
2 structure 85), there is a Lys-396 residue that is positioned
QPOs similarly to Rubisco’s Lys-175 residue relative to the enol-
O (ate) that is formed. Mutation of this Lys residue to the
2G-0" "HgN*-Lys-175 sterically similar Met residue reduced the rate of enolization
Lys-201-NHCOH ~ 3C-OH to ~0.004% of that of wild-type enolaseq). The Gly

H-C-OH mutant of Rubisco was capable of catalyzing the hydrolysis
CH, of the carboxylated intermediate, 3-ketocarboxyarabinitol
OPO* bisphosphate (3KCABP), but had greatly reduced enolization

activity (9). The fact that the Gly mutant could be activated,
ﬂ bind CABP, and hydrolyze 3KCABP engenders confidence
that these mutants had not undergone large conformational
OPOZ changes. More irr_lportantly, this _poir_1ted to an important role
<|3H2 for Lys-175, specific to the enolization of RuBP.
|

Prior to the appearance of crystallographic structural
information, it had been argued that Lys-175 was the base
that abstracted the C3 proton of RuBP (B in Figure 1). This

ﬁ—OH HoN-Lys-175
Lys-201-NHCO,H C|3—OH

H=C-OH was based in part on the Lys-175 counterpaRirmrubrum
g'l;'?o . Rubisco (Lys-166) displaying the unusually low{gof 7.9
3

in its arylation by trinitrobenzenesulfonatd87j. This K,
FIGURE 5: Proposed mechanism for the enolization of RuBP. The is close to that of an essential base wiy,p= 7.5 observed
carbamate group of Lys-201 is the base (B in Figure 1) that in the pH dependence of the deuterium isotope effect with
deprotonates the C3 atom, while the amino group of Lys-175 13.2H|RyBP @8). However, the remoteness of Lys-175 from
't?]';'ta g)rloféigtlgse fhghggegéjolﬁn(t't\ei?]ollza}é%raéng).then acts as the acid C3 precludes its identification as this essential base. Indeeq,
rather than being the base, Lys-175 may be the essential acid
organisms. When Rubisco’s activity is measured in vitro that was detected in the same experiment witkaqf 7.9—
after pre-equilibration with the same G€oncentration used  8.3. Although only the unprotonated form of Lys-175 would
during the activity assay, it shows a clear sigmoidal responsebe reactive in the arylation reaction, this does not prevent
to CO, concentration that reflects the dual involvement of its conjugate acid being the form that is active in the
CQO; as both cofactor and substrag®), However, in higher  enolization of RuBP. The essential base withka pf 7.5
plants, Rubisco regulation is quite complex and the influence may be the carbamate itself and/or other residues involved
of CO, concentration on activity is masked by another in proton abstractions later in the reaction sequence.
mechanism that involves the release of inhibitors, or of RuBP  Crystallographic studies have shown thatdkemino atom
from the uncarbamylated form of the active site, catalyzed of Lys-175 is situated near O2 of RuBP, in a position where
by another chloroplast protein, Rubisco activa3&—33). it could polarize the carbonyl group and perhaps protonate
Our present calculations provide support for an alternative O2 (11). In our calculations with the active-site model, a
view that the carbamate is essential to Rubisco’s mechanisrmeutral amino group does not significantly lower the activa-
(see Figure 5) because it performs a role that could nottion energy of enolization, whereas a positively charged
be duplicated by any other group normally found in amino group does. This suggests that, if Lys-175 was
proteins. initially positively charged, it would significantly stabilize
Comparison of the basicity of methylcarbamate with that the transition state for proton abstraction. This would explain
of other basic fragments, when coordinated to*Mguggests ~ why mutations at residue 175 cause such large reductions
that carbamylated lysine would be4 kcal/mol more basic  in the enolization rate.
than glutamate or aspartate (Table 4). This difference was In the active-site model calculations, the lowest energy
reduced when the basic fragments were incorporated intostate is state VI in which a proton from Lys-175 has
the larger system. In this case, the difference reduced toprotonated the O2 atom to complete the enolization process.
1.5—2 kcal/mol (see calculations for states Ill and VI in Table The next step in the reaction is the addition of Q0 the
5). Nevertheless, this is still a significant difference in energy C2 atom. It has been suggestel) {hat this is facilitated
that would effectively reduce the enolization rate by more by the removal of the proton on O3. However, if O2 is
than an order of magnitude and seriously impair the overall unprotonated, the deprotonation of O3 would be energetically
rate of catalytic throughput. We note that our argument disfavored and C®would prefer to attack C3 rather than
equates relative protonation energies with relative basicities,C2. This alternative carboxylation has not been observed
that is, enthalpies with free energies. This assumption of with Rubisco. Therefore, we suggest that Lys-175 is the
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acidic group (A in Figure 1) that protonates O2 and thus  Consequences of the Proposed Enolization Mechanism for
plays an important role in directing G@ttack to C2. This Subsequent Catalytic Step®ur suggested mechanism for
postulated role requires that Lys-175 be in the protonated enolization leaves Lys-175 unprotonated, the substrate fully
form at the commencement of the reaction (see Figure 5).enolized, and the carbamate protonated. It is important to
However, protonation of O2 to form the enediol does not consider the consequences of these finishing conditions on
by itself direct CQ attack toward C2. Deprotonation of O3 subsequent catalytic steps. One potential problem is pre-
is also required (see later). sented by the protonated state of the carbamaliously

Our suggestion that Lys-175 is positively charged at the it cannot be used again for proton abstraction later in the
start of the reaction is consistent with the available mutagen-reaction sequence. Two further protons need to be abstracted
esis data. In the tw®. rubrumRubisco mutants Lys was  to enable the reaction to complete. The first must come from
replaced by a smaller residue, Gly or Cgl). Therefore, 03 to allow CQ to attack at C2. His-294 seems ideally
one might expect the resultant void to be occupied by water. positioned to carry out this taskk@). Second, a water
The activity of the Gly mutant is lower than that of the Cys molecule must be deprotonated so that the resultant hydrox-
mutant. This may be a result of the greater main-chain ide ion can attack C3 to hydrate the 3-ketoacid produced by
flexibility allowed by Gly and consequent local conforma- carboxylation at C2. Whether this attack occurs in concert
tional changes. The water replacing the amino side chainwith CO, attack or subsequentl39) would be an interesting
would still be able to hydrogen bond with the O2 atom, and topic for a future computational study. In any event, another
thus these two mutants would correspond to our fragment histidyl residue, His-327, is well positioned to deprotonate
with NHs. The difference in the effective activation free the water molecule20). Because of their proximity, it is
energy, inferred from the reductions in the rates;-&5— unlikely that His-294 and His-327 could be both protonated
4.5 kcal/mol for these two mutants. We can compare this at the same time. However, both are in contact with other
difference with the activation energy differences in our residues that could distribute the charge. €3 cleavage
calculations. The experimental change in activation free of thegemdiol form of the carboxylated intermediate would
energy does correspond approximately to the difference inthen be initiated by the negative charge on O3.
activation energy between NHand NH;, which is 3.3 kcal/
mol in our calculations (Figure 4).

We can apply the same analysis to the enolase mBént (
When Lys is mutated to Met, the change in the effective
activation free energy suggested by the rate reductierbis
kcal/mol 36). The replacement of the positively charged
amino group by an apolar Met side chain is chemically
analogous to the removal of the hHcompletely. The
difference between our calculated activation energy with
NH4t and the simple 29-atom fragment without NHor
NH;s is 4.1 kcal/mol (Figure 4).

The substitutions for Lys would be expected to cause local

The neutral state of Lys-175 after enolization presents
another potential difficulty because this residue has been
shown by mutagenesis to mediate the protonation of C2 of
the three-carboaci-acid intermediate produced from carbons
1 and 2 and the COmolecule {3). Although Lys-175
obviously participates in this protonation reaction, it may
not be the ultimate source of the proton. For example,
because the C2 atom of ttei-acid is now very basic,
movement of the proton attached to O2 via Lys-175 to C2
would be favorable thermodynamically. The positions of
the heavy atoms seem well suited for such a shuttle. A
; : . g A computational study of this step in vacuo, without taking
g?rt';cgn::l:igﬂzl,sng%i?;“ggz Itnhgsglt\:\(/)c?ultg tt?ee :)I('Lnég,:hortlo active_—site resit_dues in_to account, indicated that O2 was likely
) ’ . to be involved in trafficking this protordQ). Although the
increase the free energy changes beyond those estimated bE{arbama'[e roton that was derived from C3 is the ultimate
our calculations. Thus, we consider that there is good cid in this gh ttle. that particular proton would travel onl
agreement between the data for the Rubisco and enolasé' 'f ! '02 uTh' it P Ildub P h w ubl 'Vk Y
mutants and our calculations regarding the likely effect of \?vsithagt?Serva.tionse:ﬁalt \i,\sl(c))?opicelaebxeﬁ i?\n?heea Cg' ;otgﬁpcl;lg
protonated Lys on the enolization rate. The performance of RUBP does not appear in productsl), Thus, neither the

the mutants can be divided into two categotiésthe
protonated amino group is replaced by something polar SuChprotonated state of the carbamate nor the unprotona_ted_state
: of Lys-175 that results from the proposed enolization

as water or NH, enolization is reduced 462000-fold; if . . R
it is replaced by something apolar, a 25000-fold reduction mechanism appears to present insuperable difficulties to

0CCUrS. subsequent catalytic steps.

A recent review 4) presented a mechanism in which Lys-  Involvement of His-294 in Enolizationlf, as we and
175 is neutral at the start of the reaction. Our calculations others R0) suggest, the role of the side chain of His-294 is
enable an assessment of some of the steps of this mechanisnio accept the proton from O3 of the enediol in the step
In particular, the mechanism involves a step in which a immediately following enolization, then it is not obvious that
proton moves from O2 of the enediol to Lys-175. In that this residue should have a direct role in enolization itself.
mechanism, the carbamate is deprotonated at this stage oNevertheless, mutation of His-294 severely impairs both
the reaction and, thus, unable to hydrogen bond with the enolization and overall catalysig4, 43). It has recently
negatively charged O2 as it does in our model calculations. been proposed that His-294 might assist enolization by
This step, except for the protonation state of the carbamate,hydrogen bonding to the protonated form of carbamylated
is equivalent to moving from state VI to state Ill. Our Lys-201, effectively increasing the basicity of the carbamate
calculations indicate that such a step would be very unfavor- (43). This possibility is not excluded by our calculations
able energetically, and the deprotonated carbamate wouldand might be an interesting topic for future study. Thus,
make it even more so. Therefore, we consider that this aspecthe functions of His-294 and Lys-175 would combine to
of the mechanism proposed by Cleland et 4).i§¢ improb- produce the particular enediolate tautomer required to direct
able. CQ;, attack to C2 rather than to C3.
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Reliability of the Actie-Site Model. For the purposes of

the current study of the first reaction step of Rubisco, we
have carried out high-level quantum chemical calculations
on a limited fragment centered around the active-site Mg
atom. However, the overall mechanism is very complex,
and the active site has many ionizable groups and also
contains water molecules. Ideally we would like to be able
to model the reaction steps using a full description of the
enzyme environment, including solvent. Methods to under-
take such studies on enzyme reactions using either hybrid ;g

19.
20.

quantum mechanics/molecular mechanics treatmddjo¢
full guantum mechanical models using linear scaliag) (

have been reported and applied recently to simple systems,
including by us 46, 47). However, such applications require

a detailed knowledge of the ionization states of active-site
groups, as well as the locations of the bound water molecules, 5,
which need to be obtained from experiment and comple-
mented by preliminary simulations. For Rubisco, this level

of definition is not yet available, but some of the necessary 23.

issues have been addressed in the current study.

Conclusion. Our calculations suggest a mechanism (Fig-

16.

17.

21.

ure 5) by which Rubisco catalyzes the enolization of RuBP o4

that is consistent with all experimental evidence available.

The carbamate formed during the activation of Rubisco acts 25.

as the base in Figure 1 and deprotonates the C3 atom. The
developing charge on the carbonyl O atom is first stabilized
by the positively charged Lys-175 residue and then proto-
nated by it. Thus, Lys-175 plays the role of the acid in
Figure 1. In this respect, our proposed mechanism for RuBP

enolization differs from that described by Cleland et 4), (

who proposed that the proton is directly transferred from

C3 to O2 by the lysyl carbamate alone.
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