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The three-dimensional structures of metal and non-metal enzymes that catalyze the same reaction are often
quite different, a clear indication of convergent evolution. However, there are interesting cases in which the
same scaffold supports both a metal and a non-metal catalyzed reaction. One of these is 3-deoxy-D-manno-
octulosonate 8-phosphate (KDO8P) synthase (KDO8PS), a bacterial enzyme that catalyzes the synthesis of
KDOS8P and inorganic phosphate (P;) from phosphoenolpyruvate (PEP), arabinose 5-phosphate (A5P), and
water. This reaction is one of the key steps in the biosynthesis of bacterial endotoxins. The evolutionary tree

:geDy(\)/;oprgs. of KDOS8PS is evenly divided between metal and non-metal forms, both having essentially identical
Metalloenzymes structures. Mutagenesis and crystallographic studies suggest that one or two residues at most determine
Mechanism whether or not KDOSPS requires a metal for function, a clear example of “minimalist evolution”. Quantum
QM/MM mechanical/molecular mechanical (QM/MM) simulations of both the enzymatic and non-enzymatic
Eotelrlt_iéﬂ energy surface synthesis of KDO8P have revealed the mechanism underlying the switch between metal and non-metal
volution

dependent catalysis. The principle emerging from these studies is that this conversion is possible in KDO8PS
because the metal is not involved in an activation process, but primarily contributes to orienting properly the

reactants to lower the activation energy, an action easily mimicked by amino acid side-chains.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

The role of metals in cellular physiology and enzyme action has
been an early focus of biochemical investigation: in a 1950 review on
the “Role of metal ions in enzyme systems” [1] Albert Lehninger
identified three functions for metals in enzymes: 1) the metal is the
actual catalytic center, 2) the metal functions as a binding group to
bring enzyme and substrates in fruitful juxtaposition, 3) the metal
antagonizes the effects (inhibitory or activating) of another metal in
an enzyme system. Lehninger also pointed out that in some
metalloenzymes the catalytic activity is inherently present already
in the metallic moiety alone. For example, functions of heme proteins
such as electron transfer or decomposition of hydrogen peroxide are
already present in simple iron salts. However, in other cases there are
no metal compounds that mimic the enzyme-catalyzed reaction.
Lehninger suggested that in the first case the enzyme amplifies the
intrinsic metal catalytic activity, while in the second case the metal
contributes to orient the substrates in the active site, but does not
have a direct catalytic role. In examples of the latter, the metal should
be disposable, and one might expect the emergence in evolution of
non-metallo enzymes that catalyze the same reaction.
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Many enzymes that catalyze the same or similar reactions with or
without metal are known. For example, fructose-biphosphate aldolase
is a metallo enzyme (Class II) in E. coli [2], but a non-metallo enzyme
(Class I) in higher eukaryotes [3-5]. Dehydrogenases are often
distinguished as belonging to the Long Chain Alcohol Dehydrogenase
superfamily, which typically uses zinc for catalysis, or the short chain
dehydrogenase/reductase (SDR) superfamily, which uses a catalytic
acid/base [6,7]. P-Lactamases can either use an active site serine to
form a covalent intermediate with the antibiotic, or one or two zinc
ions to activate a water molecule that attacks the 3-lactam ring [8,9].
In most cases, the three-dimensional structure of the metal and non-
metal enzymes that catalyze the same reaction are quite different, a
clear indication of convergent evolution to a common function.
However, there are interesting cases in which the same scaffold
supports both a metal and a non-metal catalyzed reaction. One of
these is the synthesis of 3-deoxy-D-manno-octulosonate 8-phosphate
(KDOS8P) and inorganic phosphate (P;) from phosphoenolpyruvate
(PEP), arabinose 5-phosphate (A5P), and water, catalyzed by KDO8P
synthase (KDOS8PS) (Fig. 1). This reaction is of significant biological
relevance, as KDOS8P is the phosphorylated precursor of KDO, an
essential component of the endotoxin of Gram negative bacteria [10].
We and others have determined several high resolution structures for
both metallo- and non-metallo forms of KDOSPS [11-15], but our
structure determination of one in particular, the metal dependent
Aquifex aeolicus (Aa.) enzyme, was instrumental in identifying the
binding site for PEP and A5P [14]. In the absence of substrates, or
when only PEP is bound, the divalent metal ion of Aa. KDOSPS is
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Fig. 1. KDO8P synthesis from PEP, A5P, and water. RS is the reactant state. Two stepwise mechanisms are shown requiring the formation of a transient carbanion (C_ION, upper path)
or a transient zwitterion (Z_ION, lower path). Both paths converge to a linear intermediate (INT) that breaks down into KDO8P and P;.

coordinated by the side chains of a cysteine (Cys11), a histidine
(His185), a glutamic acid (Glu222), an aspartic acid (Asp233), and by
a water molecule (Fig. 2A). Several metals (e.g., Cd**, Zn?*, Cu®™)
provide comparable levels of activity [16], which is completely lost by
treatment with chelators [17,18].

In the E. coli enzyme (a non-metallo KDOSPS) an asparagine
(Asn26) replaces the metal binding cysteine and there is no metal ion;
however, the other metal binding residues of the Aa. enzyme are
conserved also in E. coli (His202, Glu239, and Asp250, respectively).
Fersht's group [19] was the first to propose that Cys11 of Aa. KDO8PS
is the key residue that determines whether a divalent metal is
required for catalysis, and successfully converted the non-metallo E.
coli enzyme into a metal-dependent form with the single N26C
substitution, or with the double M25P/N26C substitution, which also
introduced the proline present at position 10 in the Aa. enzyme.
Similar attempts by Shulami et al. [20] with the E. coli enzyme gave
comparable results. More recently, Cochrane et al. [15] converted the
non-metallo KDO8PS from Neisseria meningitidis into an obligate
metal-dependent form with the double substitution N23C/C246S,
which reproduces the combination of Cys11 and Ser232 of Aa.
KDOB8PS. In the latter the hydroxyl moiety of Ser232 is hydrogen
bonded to the sulfur of Cys11 and thus is likely to contribute to the
correct orientation of this residue. Conversion of the metal-dependent
Aa. or Aquifex pyrophilus KDOSPS into a metal independent form has
also been accomplished with either a single C11N (Fig. 2A) or a double
C11N/P10M substitution [20-22]. Thus, all the mutagenesis studies
suggest that one or two residues at most determine whether KDO8PS
requires a metal or not for function. As of this writing we know of 350
unique sequences of KDO8PS, of which 175 have a cysteine
corresponding to Cys11 of the Aa. enzyme, 173 have an asparagine,
and 2 have an aspartic acid. It is conceivable that after the initial
choice between [cysteine + metal] and asparagine additional se-
quence divergence occurred to maximize activity in the structural
background of the hundreds of slightly different KDO8PSs.

The fact that a switch between metal dependence and indepen-
dence could be accomplished with just a single amino acid
substitution represents a paradigmatic case of “minimalist engineer-

ing design”. A minimalist design approach has proven to be a very
successful strategy to either introduce completely new catalytic
activities in an existing scaffold, or to enhance latent “promiscuous”
activities [23]. It would be of great utility to know whether conversion
between metal and non-metal dependent catalysis is always possible,
and if possible, whether it can be achieved with minimal changes. In
this report we try to unravel the principles that made such conversion
possible in KDO8PS.

2. Computational methods
2.1. Potential energy surfaces

QM/MM simulations of the non-enzymatic reaction of PEP, A5P,
and water were carried out with Jaguar/Qsite (Jaguar, version 7.6,
Schrodinger, LLC, New York, NY, 2009). In these simulations the
reactants (PEP + A5P + a single water molecule with/without Zn%t/
acetamide present) were initially immersed in a box
(60 Ax60 Ax60A) of explicit SPC waters [24]. After an initial
geometry optimization, the system was equilibrated with a short
MD run for 40 ps under periodic boundary conditions and SHAKE [25]
constraints. At this point all the solvent molecules farther than 26 A
from C1%°P were discarded. Just A5P, PEP, the single water molecule
involved in the reaction, and the metal ion or the acetamide molecule
were treated quantum mechanically by DFT(B3LYP) [26-29] at the
lacvp™ level of theory (with added “+” diffuse function only for the
metal ion). In this basis set all atoms H through Ar are described with
6-31G* [30], while heavier atoms (e.g., Zn) are modeled using the
LANL2DZ effective core potentials basis set [31]; the MM region,
which consisted of all the other water molecules inside the sphere of
26 A radius, was treated using the OPLS2005 force field [32]. Water
molecules between 23 and 26 A from the sphere center were
restrained harmonically. Potential energy surfaces (PESs) were
constructed using QM/MM calculations on a two-dimensional grid
employing the forming C-O bond between the attacking water and
C2PFP and the C-C bond between C37F" and C1*°" as reaction
coordinates. Approximately 200 points were obtained for each PES by
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Fig. 2. Active site of metallo and non-metallo KDO8PS. A. Crystal structure of the active site of wild-type (metallo) and C11N (non-metallo) Aa. KDO8PS in a pre-RS state in which only
PEP is bound. The wild type and the C11N mutant are shown with solid and transparent atoms/bonds, respectively. The active site metal in the wild-type enzyme is shown as a light-
blue sphere. The water molecule (WAT) bound to the metal or hydrogen bonded to Asn11 is shown as a small red sphere. B,C. QM/MM optimized active sites of the wild-type (panel
B) and C11N (panel C) Aa. KDO8PS in the reactant state (PEP + A5P 4+ WAT). PEP is shown with cyan bonds, A5P with green bonds. The metal and its protein coordination are shown
as a light-blue sphere and dashed lines. Yellow dashed lines highlight key hydrogen bonds that stabilize the relative positions of the substrates. Note the new position of the water
molecule (WAT in panels B and C) displaced by the binding of A5P. There is a strong hydrogen bond between this water and the phosphate moiety of PEP, which is expected to favor
the formation of the hydroxide ion that attacks C2"F. Also, in the absence of metal the protonated form of His185 (one of the metal ligands) is strongly stabilized with respect to its

neutral counterpart (Panel C).

constraining the two grid coordinates and minimizing the energy
with respect to the remaining parameters. Transition states (TSs)
were refined by the quadratic synchronous transit method (QST) [33-
35] utilizing two points of the surface on opposite sides of the TS. Total
enthalpies (H) at 1atm, 298.15K for the RS, TS, and PS were
calculated from the vibrational properties of the states as the sum of
the total internal energy U (U= QM/MM Energy + Zero Point
Energy + Ugans + Uror + Uyip) and the pV (pressure x volume) term. A
scaling factor of 0.9614 (as applicable to SCF calculations with B3LYP
and 6-31G* [36]) and an inclusion threshold of 10.0cm™! were
applied to vibrational frequencies prior to the calculation of
thermochemical properties. Reaction and activation enthalpies (AH,

AH*) were calculated as the differences H™>—H®S and H™—H®
between the total enthalpies at the various stationary points.

2.2. NBO analysis

Atomic charges and orbital delocalizations at the stationary points
of the PESs were calculated from a natural bond orbital (NBO) analysis
[37] of the wave function of the quantum atoms in the QM/MM
optimized geometries using the version of NBO 5.0 [38] implemented
inside Jaguar/Qsite. With regard to this analysis it is important to
recall that a 1-center lone pair (LP) NBO n,4 is composed of a single
normalized natural hybrid orbital (NHO) h,, while a 2-center bond
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(BD) NBO is a normalized linear combinations of two bonding NHOs
ha, hg, Qap=ashas+ aghg, with polarization coefficients a,, ag
satisfying a3 + a3 =1. A highly polar Q,z is identified as a lone pair
n, if 95% or more of the electron density is on a single center
(a2>0.95).

Delocalization analysis was also carried out with NBO 5.0 by
examining all possible interactions between donor Lewis-type NBOs
and acceptor non-Lewis NBOs, and estimating their energetic
importance by 2nd-order perturbation theory. Since these interac-
tions lead to donation of occupancy from the NBOs of the Lewis
structure into unoccupied non-Lewis orbitals they represent delocal-
ization corrections to the Oth-order natural Lewis structure. For each
donor NBO (i) and acceptor NBO (j), the 2e-stabilization energy E(2)
associated with delocalization is estimated as

E(2) = AEy = i (i)’ / (8—¢:)

where g; is the donor orbital occupancy, &; ¢; are diagonal elements
(orbital energies) and F(ij) is the off-diagonal NBO Fock matrix
element.

2.3. Geometry optimizations

QM/MM geometry optimizations of the reactant state (RS) and of
the intermediate (INT) in both metallo and non-metallo Aa. KDO8PS
were carried out as described previously [16,39].

3. Results and discussion
3.1. PES of the reaction of PEP with A5P and water

Traditional studies of KDO8PS have established that the conden-
sation of PEP and A5P occurs by an ordered mechanism in which PEP
binds before A5P, and P; is released before KDO8P [40-42]. The
condensation step leads to the formation of a linear intermediate (INT,
Fig. 1) [40,42-44]. Based on studies in which analogs of the
anticipated reaction intermediate were used as inhibitors, Baasov's
group [45-47] has proposed that KDO8PS forms the linear interme-
diate stepwise via a transient zwitterionic species (Z_ION in Fig. 1). On
the other hand, based on several structures of wild-type and mutant
Aa. KDO8PS [14,48,49], we have proposed that in metallo KDO8PS the
metal favors the deprotonation of a water molecule to form a
hydroxide ion that attacks C2PEP; the ensuing carbanion at C3PEP
(C_ION, Fig. 1) would then facilitate attack onto C1#°",

In trying to understand the role of metal in KDOSPS it is useful to
consider whether Lenhinger's principle [1] applies: if the catalytic
activity is already present in the metal alone, the enzyme will likely
act by amplifying that intrinsic activity. Synthesis of KDOSP was
reported by Baasov's group to occur in an aqueous solution at pH 5.0
with a t;, =5 h in the presence of Zn>+ by intramolecular reaction of
the double bond of the enolpyruvyl moiety with the aldehyde moiety
in a model compound synthesized by tethering an enolpyruvyl
functionality to the A5P C3-OH functionality [45].

In this reaction the metal was believed to act as a Lewis acid by
activating the aldehyde carbonyl. Unfortunately, non-enzymatic
synthesis of KDO8P in water from PEP and A5P, which is the exact
counterpart of the reaction occurring in the enzyme, has not been
studied, as this reaction is believed to be too slow or not to occur at all
in the absence of KDOSPS. However, we were able to explore this
reaction by quantum mechanical/molecular mechanical (QM/MM)
computational methods based on density functional theory (DFT)
[27,50]. The importance of comparing the enzymatic to the non-
enzymatic reaction occurring inside a box of water, as opposed to
using full DFT on a simpler truncated or model system in the gas-
phase, has been stressed repeatedly in several studies by Warshel's

group [51-53]. For this reason, the methods used in this study are
similar to those used in our QM/MM simulations of both metallo and
non-metallo KDO8PSs [16,39]. The PES for the non-enzymatic
condensation of PEP and A5P occurring inside a sphere of water
molecules of 26 A radius was defined by two reaction coordinates: the
formation of the bond between C37E” and C1”°F, and the formation of
the bond between the oxygen of water and C2PE (Fig. 3). PESs were
calculated in the absence or presence of Zn?", and in the latter case,
with Zn?" coordinated in the reactant state (RS) to the water
molecule that attacks C27E” or to the aldehyde carbonyl oxygen of
AS5P. In all cases the minimum energy path on the PES leads first to a
C3PEP_C1%P bond, and then to an OWAT-C2%-'°N hond, suggesting that
in the non-enzymatic condensation of PEP and A5P, Z_ION is formed
first (1st transition state, TS1), and then water reacts with it (2nd
transition state, TS2): in all cases, formation of Z_ION appears to be
the rate limiting step (Table 1).

Without metal the simulated reaction (Fig. 3A, PES) is exothermic
(AH= —11 kcal/mol) with an overall barrier on the minimum energy
path of ~24 kcal/mol (Table 1). The atomic charges of key atoms at the
stationary points of PES I, as derived from a NBO analysis [37] of the
wave function of the quantum atoms in the QM/MM optimized
geometries are shown in Table 2. Second order perturbation theory
analysis of the Fock matrix in NBO basis [37,54] reveals that formation
of a bond between C3"E” and C1#°F at TS1 is heralded by a strong
donation of orbital occupancy from a lone pair (LP) of C3" into an
antibond C14°P-017%" orbital (Table 3). A smaller donation of orbital
occupancy from the same LP into an antibond C2"EP-OPP®" orbital is
also present.

In the reaction corresponding to PES II (Fig. 3B) at the RS Zn?* is
coordinated only by the water molecule that attacks PEP, while at TS1
and TS2 it is coordinated also by the carboxylate moiety of PEP and the
carbonyl oxygen of A5P (Fig. 4). The overall reaction is endothermic
(AH =+ 32.0 kcal/mol) with a barrier of 35.0 kcal/mol (Table 1). NBO
analysis of the wave function, in comparison with that of PES |, reveals
a very different polarization of the electron density of a lone pair of
C3PEP at TS1, with preferential donation of orbital occupancy into an
antibond C2PEP-OPPEP orbital rather than into the antibond C14°P-
01”°F orbital (Table 3). There is also significant donation of orbital
occupancy from a P-O bond of the phosphate moiety of PEP into an
antibond O-H orbital of water and from LPs of 0WAT and 014°P into an
unoccupied LP* of the Zn?™ ion.

When Zn?" is coordinated only to the carbonyl oxygen of A5P
throughout the entire simulation (Fig. 3C, PES III), the reaction is
exothermic (AH= —14 kcal/mol) with a barrier of ~22 kcal/mol
(Table 1). Overall, the shape of the PES is somewhat unusual, with
an extended plateau corresponding to the progressive formation of
the C3PEP-C1#5P bond. Despite the lack of a clear saddle point in the
PES a transition state search and the vibrational analysis identify
unambiguously a single TS1, characterized by a rather large C37E" to
C1”%" distance (2.6 A) (Fig. 4). This is the only TS in which NBO
analysis of the wave function recognizes a clear double bond character
in the C2PEP-C3PEP bond, with significant orbital delocalization from
an LP of the bridging oxygen of PEP into one of the antibond (BD*)
counterparts of this double bond (Table 3). Some more modest
delocalizations of orbital occupancy from lone pairs of 014°F into
unoccupied LP*, BD*, and RY* orbitals of Zn®>" and C1%°F are also
detected.

The reaction corresponding to PES IV was studied to simulate the
effect of an asparagine side chain hydrogen bonded to the carbonyl
oxygen of A5P. The rationale for this investigation lies in the fact that
in the active site of non-metallo KDO8PSs an asparagine side chain
replaces the metal ion bound to a cysteine side chain (see above).
Furthermore, a hydrogen bond between the amine moiety of Asn11
and the carbonyl oxygen of A5P or the C4-OH of INT (which originates
from the carbonyl oxygen of A5P) was observed in two metal
independent forms of Aa. KDOS8PS carrying the C11N substitution [22].
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Fig. 3. PESs of the non-enzymatic condensation of PEP and A5P in water. The reactants (PEP + A5P + WAT with/without Zn?"/acetamide) were immersed in a sphere of explicit
waters of 26 A radius. A5P, PEP, the single water molecule involved in the reaction, and the metal ion or the acetamide molecule were treated quantum mechanically. All the other
water molecules were treated with a molecular mechanics force field. Each PES is defined by two reaction coordinates: formation of the bond between C3"%” and C1*°f, and
formation of the bond between the oxygen of water and C2"", A. PES I: no Zn?" or acetamide. B. PES II: at RS Zn?" is coordinated to the water molecule that attacks C2""; at TS1 and
TS2 Zn** is coordinated to the same water molecule and to A5P carbonyl oxygen. C. PES IIl: Zn?>* is coordinated to A5P carbonyl oxygen. D. PES IV: acetamide (mimicking an
asparagine side chain) is hydrogen bonded to A5P carbonyl oxygen. CC and CO distances are in A, QM/MM energies are in kcal/mol. Colors on the PESs and on the projected contours
below the PESs reflect QM/MM energy levels, as represented in the reference bar on the side.

We have gained some insight into the role of this asparagine side
chain in the enzymatic reaction, by computing the PES of the non-
enzymatic reaction in water when the amine moiety of the model
compound acetamide (which mimics an asparagine side chain) is
hydrogen bonded to the carbonyl oxygen of A5P (Fig. 3D, PES 1V,
Table 1). The simulated reaction is exothermic (AH= —11 kcal/mol)
with a first barrier of 16.9 kcal/mol corresponding to the formation of
a C-C bond between C3"EP and C14°P (TS1), and a second barrier of

Table 1
Calculated reaction and activation enthalpies (AH, AH, in kcal/mol) in the PESs shown
in Fig. 3.

Step[éll’: . Step 1+ Step 2
c3™P-C1

bond formation

Step 2:
OWAT_sz,ION

bond formation

AH? AH* AH AH* AH AH*
PES I 15.3 245 —263 0.8 -11.0 245
PES II 448 35.2 —129 11.2 319 352
PES IIl 5.4 217 —19.2 ~0 —13.8 21.7
PES IV 9.4 16.9 —206 5.0 —11.2 16.9

¢ Total enthalpies at the stationary points of the PESs (which represent only the QM/
MM energy) were calculated as described in the Computational methods section.

5.0 kcal/mol corresponding to the formation of a C-O bond between
water and Z_ION (TS2). In both TSs C1-0™" or C4-0%'°N are
hydrogen bonded to the amine moiety of acetamide (Fig. 4). An
important feature of TS1 is the orientation of the C2PEP-C3PEP bond
with respect to the C1*°P-C2*°" bond. These bonds are almost
perpendicular to each other at TS1 in PESs [, 11, and III, but perfectly co-
linear at TS1 in PES IV. NBO analysis of the wave function for TS1 in
PES IV reveals that this alignment causes an early formation of a
covalent bond between C3E” and C1#°" with a consequent loss of the
double bond between C1#°F and 01”°F. In return this lead to
significant donation of orbital occupancy from 01%°F into antibond
C3PEP_C1A5P OWAT_H1WAT ‘and N1AE-H1ACE orbitals (Table 3).

3.2. Role of divalent metals in the reaction of PEP with A5P and water

Altogether, the four PESs suggest that depending on which atom(s) it
coordinates the metal may have either an inhibiting or a stimulating
effect with respect to the reference reaction without metal. In the case in
which Zn?* appears to stimulate the 1st step of the reaction (PESIII), the
effect cannot be ascribed to its Lewis acidity and to a direct activation of
the carbonyl moiety of A5P, as the expected withdrawal of electrons
from the carbonyl oxygen of AS5P and the consequent polarization of the
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Table 2

Natural charges of key atoms at the stationary points of the PESs shown in Fig. 3.
PES I PES 11

RS1 TS1 TS1-RS1 RS2 TS2 TS2-RS2 RS1 TS1 TS1-RS1 RS2 TS2 TS2-RS2
(22EY 0.249 0.449 0.200 0.562 0.535 —0.027 0.192 0.398 0.206 0.581 0.536 —0.045
C3PEP —0.615 —0.625 —0.010 —0.574 —0.559 0.015 —0.492 —0.590 —0.098 —0.572 —0.556 0.016
OpPEP —0.831 —0.729 0.102 —0.666 —0.718 —0.052 —0.828 —0.760 0.068 —0.668 —0.745 —0.077
ClA=? 0.405 0.256 —0.149 0.115 0.090 —0.025 0.419 0.283 —0.136 0.094 0.061 —0.033
@A=? —0.644 —0.753 —0.109 —0.912 —0.910 0.002 —0.692 —0.856 —0.164 —1.027 —0.997 0.030
(Wi —0.016 0.011 0.027 0.038 0.041 0.003 —0.017 0.023 0.040 0.056 0.053 —0.003
oWAT —1.045 —1.057 —0.012 —1.065 —1.019 0.046 —1.226 —1.131 0.095 —1.101 —1.002 0.099
PES 11l PES IV
RS1 TS1 TS1-RS1 RS2 TS2 TS2-RS2 RS1 TS1 TS1-RS1 RS2 TS2 TS2-RS2

@ 0.213 0.314 0.101 0.572 0.540 —0.032 0.215 0.446 0.231 0.487 0.554 0.067
(@3REY —0.493 —0.560 —0.067 —0.574 —0.562 0.012 —0.500 —0.601 —0.101 —0.598 —0.570 0.028
OPPEP —0.851 —0.795 0.056 —0.644 —0.725 —0.081 —0.861 —0.731 0.130 —0.721 —0.729 —0.008
Ci? 0.435 0.379 —0.056 0.092 0.072 —0.020 0.426 0.236 —0.190 0.192 0.101 —0.091
@7F=? —0.661 —0.790 —0.129 —0.995 —0.983 0.012 —0.600 —0.803 —0.203 —0.851 —0.950 —0.099
= —0.040 —0.003 0.037 0.053 0.045 —0.008 —0.029 0.034 0.063 0.040 0.059 0.019
@ —1.087 —1.072 0.015 —1.077 —0.950 0.127 —1.078 —1.091 —0.013 —1.078 —0.962 0.116

Atomic charges of the RS and TS states were calculated from a Natural Bond Orbital (NBO) analysis of the wave function of the quantum atoms. RS2 is the stationary point between
TS1 and TS2, in which Z_ION is about to react with water. OP is the carbon-phosphate bridging oxygen of PEP. Changes in atomic charges between reactant and transition states are
shown in the columns labeled TS1-RS1 and TS2-RS2. Changes most relevant to the formation of TS1 and TS2 are in bold.

C173P_0*P bond (which would favor a nucleophilic attack of C37EP on
C1”°P) are very modest (Table 2). In general, the carbonyl moiety of A5P
becomes more negative and the bridging oxygen of PEP more positive at
the TS for the formation of the C3PEP-C1%5P bond (TS1) (consistent with
the predicted zwitterionic nature of Z_ION), and the oxygen of water
becomes more positive at the TS for the formation of the OWAT-22-'0N

Table 3

Most significant orbital delocalizations (from donor to acceptor) for key atoms at TS1 as
derived from a second order perturbation theory analysis of the Fock matrix in NBO

basis.

Donor NBO Acceptor NBO E(2) stabilization energy
(kcal/mol)

PES I
LP(1) C37FP BD*(2) 014%P-C1#5P 197.56
LP(1) C3PEP BD*(2) C2PFP-OPPEP 118.46
LP(2) 017 BD*(1) OWAT_H1WAT 16.93
LP(2) 01%F BD*(1) C145P-H1#%" 16.13
BD(2) 0AP-C1#5P LP(1) C3PEP 13.97
LP(1) 01%°F IRFE( 1) C1? 11.39
PES II
LP(1) C3PEP BD*(2) C2PEP-QPPEP 202.76
LP(1) C3PEP BD*(2) 014%P-C145P 175.85
BD(2) PPEP-OP2PEP BD*(1) OWAT_H2WAT 104.37
LP(2) QWAT LP*(6) Zn 42.64
LP(2) 01%°F LP*(6) Zn 28.81
PES Il
LP(2) OPPEP @) = 27.02
BD(2) C2PEP_C3PEP BD*(2) 014%P-C145P 17.40
LP(2) 01%F BD*(1) C145P-H1/%P 14.61
LP(1) 01%°F RY*(1) C14°P 10.71
LP(1) 01#°P LP*(6) Zn 7.88
PES IV
LP(3) 014°F BDAG) G Gk 42.88
BD(1) C3PEP_C1#5P BD*(2) C2PEP-QPPEP 28.24
LP(1) 012 BD*(1) N1ACE_H1ACE 14.55
LP(2) 014°F BDAGHICREEHKE 13.23
LP(1) 01%F RY*(1) C1#°P 10.55

LP, lone pair; BD, bond; RY, Rydberg; ACE, acetamide. The orbital number is in

wkn

parenthesis; a

next to the orbital type indicates an unfilled valence or extra-valence

orbital. OP is the carbon-phosphate bridging oxygen of PEP. OP2 is one of the oxygen
atoms of the phosphate moiety of PEP.

bond (TS2). This pattern is common to all simulations, regardless of the
presence of metal or of its coordination geometry.

Thus, the simulations suggest that other factors may play more
important roles in the energetics of the non-enzymatic condensation
of PEP and A5P in water. For example, at TS1 and TS2 of PESs I-II the
dihedral angle between the C2-C3 double bond and the C-O double
bond of the carboxylate moiety of PEP is significantly different from 0°
(Fig. 4). In contrast, at the TSs of PESs III-IV the C2-C3 double bond
and the C-0 double bond of the carboxylate moiety of PEP are almost
co-linear (Fig. 4). It has been theorized that the relative orientations of
the two planes in which the C-C and C-0 double bonds reside control
the reactivity of C3"E” toward C1”°?, with maximal activation when
the two plane are perpendicular [55]. Our results suggest instead that
maximal reactivity is achieved when the two planes are parallel. This
observation is of particular importance because also in the active site
of both metallo and non-metallo KDO8PSs the two planes are almost
parallel [14,15,22].

Another factor is the orientation of the C2PEP-C3PEP bond with
respect to the C1#°P-C24P bond. These bonds are almost perpendic-
ular to each other at the TS1 of PESs I, II, and III, but perfectly co-linear
at TS1 in PES IV. As we mentioned, NBO analysis of the wave function
for TS1 in PES IV reveals that this alignment causes an early formation
of a covalent bond between C3"E” and C1*°". Notably, co-linearity of
the C2PEP-C3PEP and C1#5P-C245P bonds is also observed in the active
site of both metallo and non-metallo KDOSPS [14,22] (see also Fig. 2).

Altogether, the simulations of the non-enzymatic condensation of
PEP, A5P in water suggest that a metal ion or an asparagine side chain
do not stimulate directly the reaction by activating the carbonyl
oxygen of A5P during the formation of the C3PEP-C14°P bond.
Furthermore, neither the metal nor asparagine appear to be involved
in activating water prior to the formation of the 0WAT-C2%-'°N hond
(TS2), as the barrier at TS2 is not lowered by the presence of Zn>* or
acetamide in the simulations (Table 1). These simulations of the non-
enzymatic reaction are consistent with our QM/MM studies of wild-
type Cd®>" or Zn?>* Aa. KDOSPS, which suggest that also in the
condensed phase of the enzyme active site the metal is not involved in
water activation [16]. Instead it appears that a common role for the
metal or an asparagine side chain is to orient properly the substrates
in the enzyme active sites, in such a way that the more important
requirements for the stimulation of catalysis (e.g., co-linearity of the
carboxylate moiety of PEP with the C2PEP-C3PEP double bond, and of
this latter with the C1#5P-C2%°" bond) are met.
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PES IV

PES | PES Il

PES I

Fig. 4. Transition states in the non-enzymatic condensation of PEP and A5P in water. The relative positions of PEP, A5P, Z_ION, Zn?*, water, and acetamide at TS1 (top row) and TS2 (bottom
row) are shown for the PESs (I to IV, from left to right) of Fig. 3. PEP is shown with cyan bonds, A5P with green bonds, Z_ION with purple bonds, acetamide with white bonds. Zn?>* is shown
as a light-blue sphere. Hydrogen bonds are shown as yellow dashed lines. Zn?* coordination is shown as blue dashed lines. Red dashed lines represent the C3"*°~C145" bond (TS1) or the
OWAT_(2219N hond (TS2) and reflect a pure bond-stretching mode corresponding to the single imaginary frequency identified at TS1 and TS2. Distances in Angstroms are shown next to

each line.

This point of view is supported by computational studies of wild-
type Aa. KDO8PS and of its corresponding non-metallo C11N mutant
form, in which the active site geometries at the RS and INT states were
refined by QM/MM methods. Fig. 2B and C shows that at the RS, PEP
and A5P sit in the active site in almost identical positions in both the
metal and non-metal enzyme. It should be noted that in the QM/MM
optimized RS the water on the si side of C2P” (WAT in Fig. 2B and C) is
not bound to the metal or hydrogen bonded to Asn11, as in the pre-RS
state (Fig. 2A), when PEP is bound in the absence of A5P. This means
that upon entering the active site ASP displaces this water from its
original position such that the carbonyl oxygen of A5P directly
replaces the water oxygen in its coordination with the metal (Fig. 2B)
or in its hydrogen bond with the amine moiety of Asn11 (Fig. 2C). The
new position of the water molecule (shown in Fig. 2B and C) favors its
deprotonation by the phosphate moiety of PEP to form the hydroxide
ion that attacks C2%-°N, In this new position the C2"% to QWAT
distance shortens from ~3.7 to ~3.2 A and the angles made by the
C2PEP_OWAT axis with the C1PEP-C2PEP and C2PEP-C3PEP bonds (which
reflect the anticipated attack angle) change respectively from ~88°
and ~73° to ~90° and ~118°. It is worth noting that in several X-ray
structures of both metallo and non-metallo forms of Aa. KDOSPS
[14,22] there is a water molecule also on the re side of C27E?, which

potentially might lead to an anti addition of water and A5P to PEP.
While involvement of this water in the reaction has been ruled out by
QM/MM simulations of the non-metallo enzyme [39], conclusive
experimental or computational evidence that water attacks C2FEP
from the si side also in the metallo enzyme is still lacking.

The QM/MM optimized structures of metal- and non-metal
KDO8PS show remarkable similarity also in the INT state (Fig. 5A
and B), in which the active site metal or the amine moiety of Asn11
form a coordination or a hydrogen bond with C4-OH™'. A comparison
between the RS and INT states for both forms of the enzyme also
shows another important characteristic of this reaction: in both cases
the enzyme moves very little between the two states (Fig. 5). This is
quite in contrast with the large changes that occur in the solvent
surrounding the reactants when the non-enzymatic reaction is
simulated inside a sphere of water molecules (not shown). In fact,
when the structures of the QM/MM optimized RS and INT states were
used to determine the reorganization energy of the active site it was
found to be ~40 kcal/mol for both metallo and non-metallo
engineered form of Aa KDOSPS, as opposed to ~160 kcal/mol for the
reorganization of the solvent molecules that surround the reactants in
the absence of the enzyme [39]. This calculation is consistent with the
accumulated work of Warshel's group of almost two decades,
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Fig. 5. QM/MM optimized active sites of wild-type and C11N Aa. KDO8PS with the reaction intermediate INT bound. A, wild-type; B. C11N Aa. KDOS8PS. INT is shown with slate bonds.
The corresponding reactant states, as already shown in Fig. 2B and C, are superimposed and represented with transparent atoms/bonds. Note the almost complete absence of motion

in the protein between the RS and INT states.

suggesting that enzymes lower the activation energy by reorganizing
their active site along the reaction coordinates much less than the
corresponding reorganization of the solvent molecules when the
same reaction occurs without enzyme [51,53,56].

In two separate studies [16,22], we have provided experimental
evidence confirming the QM/MM simulations. For example, the
structure of the Cu®?™ substituted form of Aa. KDOSPS shows the
C4-0OH of the product KDOSP (which originates from the carbonyl
oxygen of A5P) coordinated to the active site metal [16]. The
structures of two metal independent forms of Aa. KDO8PS carrying
the C11N substitution show either the carbonyl oxygen of A5P or the
C4-0H of INT hydrogen bonded to the amine moiety of the side chain
of Asn11 [22]. As shown in Fig. 2A, this amine moiety occupies the
same position in the active site of metal-independent KDO8PSs as the
metal ion in metal-dependent KDO8PSs. Thus, in different experi-
mental structures of the metal and of the engineered non-metal forms
of Aa. KDOS8PS, at three different stages of catalysis (RS, INT, and
KDO8P) the carbonyl oxygen of the A5P functionality appears to be
either coordinated to the active site metal, or hydrogen bonded to
Asn11 (which is the same result obtained by the QM/MM simula-
tions). These observations help rationalize why removal of the active
site metal from metallo KDO8PS [17,20,57], or replacement of Asn11
with other types of residues in non-metallo KDO8PS [57] are so
deleterious for function: most likely these changes disturb the correct
alignment of A5P and water with respect to PEP, which is so critical for

lowering the activation energy of the reaction. It should be noticed
however, that the catalytically active conformation of A5P described
here must be a transient one: in fact, direct binding of the A5P carbonyl
to the active site metal has not been observed yet in metallo KDO8PSs,
and in the engineered metal-independent forms of KDOSPS, in addition
to the favorable conformation, A5P is often observed (for example, in
different active sites of the same tetrameric enzyme) in conformations
that are not likely to directly precede the reaction, as the si face instead
of the re face of the aldehyde is presented to PEP [22], contrary to the
established stereochemistry of the reaction [42,43].

4. Conclusions

As of this writing, we have computed a complete PES of the
reaction in the active site of KDO8PS only for the non-metallo enzyme
[39], and it turned out to be similar to that computed for the same
reaction inside a sphere of water molecules, without enzyme and with
added acetamide (Figs. 3D and 4). The non-enzymatic reaction is
predicted to be clearly step-wise (Figs. 3-4, Table 1) with formation of
a transient oxocarbenium ion (Z_ION, lower path in Fig. 1), while the
enzymatic reaction is predicted to have at least a partial character of a
concerted reaction between PEP, A5P, and water [39]. In both cases,
formation of the C3PEP-C1%°" bond represents the bottleneck of the
reaction. Altogether, these results confirm the original proposals and
experimental work of Baasov's group [20,45,47].
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QM/MM studies of this reaction either in solution, with key
chemical groups mimicking the catalytic side chains, or with a
complete simulation of the non-metallo enzyme active site suggest
that a role equivalent to that of the metal is performed by an
asparagine side chain that in the non-metallo form of the enzyme
replaces the combination cysteine 4+ metal. While a complete simu-
lation of the reaction in the metallo enzyme is not available yet, the
QM/MM optimized geometries of the RS and INT states for both
enzyme forms suggest that the active site metal or the amine moiety
of Asn11 stimulate the reaction by positioning A5P and water in a
similar way (Fig. 2B,C) with respect to PEP in both metallo and non-
metallo KDOSPSs.

The evolution of almost identical metal dependent and metal-
independent forms of KDO8PS was possible because the metal does
not appear to be directly involved in an activation process, but
primarily contributes to stabilize the relative positions and con-
formations of the reactants that allow for the lowest activation
energy. Thus, if a general conclusion can be drawn from these
studies, it would be that, following Lehninger's original suggestion,
attempts to convert metallo-enzymes to non-metallo forms or vice
versa should focus on clarifying whether the metal has a direct
activating role or just contributes to orient the substrates in the
active site. The accumulated results from mutagenesis, crystallo-
graphic and computational studies of KDOS8PS suggest that a
minimalist strategy to achieve this conversion is more likely to
succeed in the latter case.

Abbreviations

KDO8P  3-deoxy-D-manno-octulosonate 8-phosphate

KDOS8PS 3-deoxy-D-manno-octulosonate 8-phosphate synthase
PEP phosphoenolpyruvate

A5P arabinose 5-phosphate

ACE acetamide

C_ION  carbanion intermediate
Z_ION  zwitterion intermediate
INT tetrahedral intermediate
RS reactant state

PS product state

TS transition state

DFT density functional theory
QM quantum mechanics
MM molecular mechanics
MD molecular dynamics

PES potential energy surface
NBO natural bond orbital

LP lone pair

BD bond

RY Rydberg

ps picoseconds
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