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Abstract—During heme biosynthesis, coproporphyrinogen I1I oxidase catalyzes the conversion of two propionate substituents from
the highly reactive substrate coproporphyrinogen III into vinyl substituents, yielding protoporphyrinogen IX. Although the crystal
structure of this important enzyme has recently been reported, the reaction mechanism of this intriguing enzyme remains the subject
of intense speculation, as impairment of this enzyme has been shown to be the molecular cause behind hereditary coproporphyria.
We have performed DFT calculations on model systems in order to analyze several reaction mechanisms proposed for this enzyme.
The results afford a full description of the different proposals and allow the rejection of a direct electron abstraction from the pro-
tonated substrate by dioxygen. We found that O, addition to the (preferentially deprotonated) pyrrole substrate (yielding a hydro-
peroxide, which then abstracts a proton from the reactive propionate substituent) is compatible with the observed experimental
reaction rate, and that the reaction may then proceed through HO,™ elimination, followed by decarboxylation.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Deficient activities of the enzymes in the heme biosyn-
thetic pathway often lead to tissue accumulation and
excessive excretion of porphyrins or their precursors.
These products are not only useless, but also toxic,
and the ensuing diseases (collectively termed porphyrias)
can be neurological or photosensitive, depending on the
principal site of expression of the specific enzymatic de-
fect.! Hereditary coproporphyria is an autosomal dom-
inant porphyria due to decreased activity of
coproporphyrinogen III oxidase, the sixth enzyme in
the heme biosynthesis pathway. Symptoms include
abdominal pain, neuropsychiatric symptoms, and/or
cutaneous photosensitivity.? If diagnosed early, heredi-
tary coproporphyria can be treated with a high carbohy-
drate diet and i.v. administration of heme in the form of
heme arginate.’

Coproporphyrinogen III oxidase (E.C. 1.3.3.3.) cata-
lyzes the oxidative decarboxylation of propionic acid
side chains of rings A and B of coproporphyrinogen*’
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(Fig. 1) without using metals,® reducing agents, thiols,
prosthetic groups, organic cofactors, or modified amino
acids.’ The enzyme functions as a dimer in solution, and
both the human'® and yeast'' enzymes have been crys-
tallized and solved at good resolutions (2.0 A for the
yeast enzyme and 1.58 A for the human variant). How-
ever, the mechanism by which the propionate side chains
are converted to vinyl groups is presently poorly under-
stood. Two mechanisms have been proposed: in the
mechanism proposed by Arigoni,'® the reaction pro-
ceeds through a one-electron oxidation of the substrate
by oxygen, followed by H atom abstraction from the
propionate side chain by the superoxide anion thus
formed. Decarboxylation would then follow, with the
electron-deficient pyrrole acting as an electron sink
(Fig. 2A). In contrast, Lash!? has proposed that the
deprotonated form of the pyrrole ring would be able
to attack dioxygen, and the formed 2H-pyrrole peroxide
anion might abstract a proton from the propionate sub-
stituent, thereby allowing decarboxylation (Fig. 2B).

A large body of research on the applicability of density-
functional (DFT) methods to enzyme-catalyzed oxida-
tion reactions is available, usually on systems involving
transition metals,'*!'* and with explicit treatment of all
potential energy surfaces of the relevant multiplici-
ties.!>!® However, the reaction catalyzed by copropor-
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Figure 2. Proposed reaction mechanisms for coproporphyrinogen oxidase. (A) Arigoni model.'® (B) Lash model.'?

phyrinogen III oxidase has never been subjected to
quantum chemical treatments. In order to test the pro-
posed mechanisms, we carried out DFT calculations of
both reaction mechanisms on N-deprotonated and N-
protonated systems. Our calculations seem to favor the
Lash mechanism, identify the rate-limiting steps of the
different mechanistical proposals, and show that HO,~
release must occur before decarboxylation.

2. Results

Despite recent progress in the identification of amino
acids involved in catalysis and/or substrate binding to
coproporphyrinogen III oxidase,!”-'® the absence of a
three-dimensional structure of substrate-bound enzyme
precludes the study of the (proposed) initial substrate
deprotonation step due to the lack of knowledge regard-
ing the precise amino acid acting as base and of sur-
rounding amino acids which might modulate its pK,
(or that of the substrate). We have therefore performed
quantum chemical computations on both the Arigoni
and the Lash models, using either N-protonated or N-
deprotonated pyrrole substrates. The results show that
for the protonated substrate the reaction sequence aris-

ing from the Arigoni model is prohibitively expensive, in
contrast to the Lash mechanism. For the unprotonated
substrate the results seem to favor the Lash model (see
below).

2.1. Arigoni model

The identification of transition states for pure electron-
transfer reactions (i.e., electron transfers unaccompa-
nied by significant atom movement) is very challenging
due to the difficulty in constraining the orbital occupan-
cies along reaction coordinates without major nuclear
displacements. Therefore, we have calculated the activa-
tion energy of the one-electron transfer between the cop-
roporphyrinogen III substrate and O, by applying
Marcus theory for electron transfer, as suggested by
Blomberg and Siegbahn.!® The calculation of the activa-
tion energy of an electron-transfer reaction according to
Marcus theory requires the knowledge of the reaction
energy and of the reorganization energy of the system.
Enthalpies are used here instead of free energies because
for the reorganization energy it is not possible to deter-
mine the entropy effects. The reason for this is that in the
calculation of the reorganization energy the structures
do not correspond to equilibria, since for each part of
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the system, the reorganization energy was obtained
using the reactant’s structure for the product state,
and the product structure for the reactant state. The
intersection of the Marcus parabolas built using these
data yielded very small activation energies and con-
firmed the feasibility of the proposed electron transfer,
provided that the pyrrole substrate is deprotonated (Ta-
ble 1). The following step, however, is markedly slower,
as the transition step for H" abstraction by O, lies too
high in energy (Fig. 3).

The intermediate arising from H" removal by O, (inter-
mediate 3) is also involved in the alternative Lash mech-
anism (see below). This intermediate decarboxylates
readily upon extension of the C-COO~ bond to
2.29 A, yielding the final product. The transition state
for th1s step lies only 10.6 kcal mol ! above intermediate
3 and is not rate-limiting. The overall sequence has an
activation energy between 28.4 kcal mol™' (¢ =4) and
19.4 kcal mol™! (¢ = 78.3) (Fig. 4). It is possible that
the pyrrolyl radical formed from deprotonated substrate
may react in many unexpected ways and therefore leads
to the formation of novel species. However, no experi-
mental support for the generation of different reaction
products could be found in the literature, which leads
us to believe that those reactions are either too slow
(and therefore not competitive with protoporphyrinogen
IX formation) or that the pyrrolyl radical formation is
prevented by some feature of the enzyme active site.
We therefore elected not to pursue the study of those
possible reactions due to their presumed irrelevance
for the enzyme reaction mechanism.

2.2. Lash model

2.2.1. 1st step: O, addition to the pyrrole anion. In Lash’s
model, coproporphyrinogen III oxidation begins with
the addition of a (triplet) O, molecule to the (singlet)
substrate. Starting from the deprotonated substrate,
the minimum-energy crossing point between these two
potential energy surfaces (Fig. 5) lies only 8.2 kcal mol ™

above the reactant state. At the crossing point, the dif-
ference %radlents along the C-O bond is
28.5 kcal mol and there is a very strong
(77.45 cm™") spin— orblt coupling between both states,
yielding a very high transition probablhty between both
surfaces and at most a 2.5 kcal mol ™' increase in the
barrier due to the avoided crossing. This computed bar-
rier is consistent with the experimental value
(16 kcal mol™"), calculated from the values reported by

Figure 3. Structure of the transition step for H abstraction by O, (TS
2 in the Arigoni model). Relevant distances are shown (in A).

Medlock and Dailey® using the well-known Eyring
equation:

keat = ]“}I—T e’ATGTE, where k., is the measured rate constant,
kg is the Boltzmann constant, / is the Planck constant,
and AG* is the activation free energy.

In the case of a protonated pyrrole substrate, the mini-
mum-energy crossing point lies 16.9 kcal mol™' above
the reactant state. Its geometry is markedly different from
the corresponding structure in the deprotonated state: the
0O, molecule now lies much closer to the substrate C3. At
this crossing point the spin— orblt is almost equal to the
deprotonated case (77.35 cm ™! vs 77.45 cm™ 1), and so is
the difference of grad1ents along the C-O bond
(31 kcal mol_I/A) As in the deprotonated state, this
avoided crossmg increases the barrier by at most
2.6 kcal mol~'. The total electronlc barrier in this case is
16.9 + 2.6 = 19.5 kcal mol ! and therefore is slightly lar-
ger than the experimental value. The singlet triplet gap
at the computed minimum-energy crossing point is
0 kcal mol ™' at the B3LYP/6- 31G(d) level, ¢ = 4. Its value
increases slightly to 1.0 kcal mol ™! (protonated substrate)
and 1.4 kcal mol ! (deprotonated substrate) at the higher
B3LYP/6-311+G(2d,p) level (¢ = 4).

Table 1. Relative electronic energies (kcal mol ') of the reactants and products of the first step in the Arigoni model, calculated at the B3LYP/6-
311+G(2d,p)//B3LYP/6-31G(d) level, for the N-deprotonated pyrrole substrate

Gas phase e=4 e=20 £=1783
Energy  Reorganization Energy  Reorganization  Energy Reorganization Energy  Reorganization
energy energy energy energy
Pyrrole substrate + O, 0.0 18.7 0.0 18.8 0.0 18.9 0.0 18.9
Pyrrole radical + O,~  —36.7 16.3 —-10.5 9.5 -3.8 14.2 -2.5 14.1
Activation energy 8.1 <0.1 2.3 2.8

Activation energies are calculated relative to the reactant state (pyrrole substrate + O,). For the N-protonated pyrrole substrate, the reactions are
strongly endergonic (42.0 kcal mol ™! at & = 4; 36.0 kcal mol ™! at & = 20, 34.6 kcal mol ™! at & = 78.3).



P. J. Silva, M. J. Ramos | Bioorg. Med. Chem. 16 (2008) 2726-2733 2729

40

304

204

Reactants
=10

AG (kcal.mor”)

=20

=30

40 -

-50 -

Figure 4. Overall reaction energy profile of coproporphyrinogen oxidase (Arigoni model with deprotonated substrate) at the B3LYP/6-
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Figure 5. Structure of the minimum-energy crossing points between the singlet and triplet potential energy surfaces for Lash model (deprotonated
substrate, left; protonated substrate, right). Relevant distances are shown (in A).

2.2.2. Oxidative decarboxylation of pyrrole-peroxide (IN-
deprotonated pyrrole). The pyrrole peroxide anion (inter-
mediate 1) formed in the previous step may easily re-
move a proton from the propionate substituent. This
step (Fig. 6a—c) has an activation energy of
12.3 kcal mol ™! and is slightly endergonic
(4.4 kcal mol ™). Intermediate 2, formed in this reaction,
then has two possibilities to decay into the final reaction
product: it may decarboxylate first, and then shed a
hydroperoxide anion, or it may eliminate the hydroper-
oxide before losing CO,. CO, elimination as the first
step is strongly discouraged: the negative charge present
in the pyrrole system prevents the new negative charge
arising from COO™ conversion into CO, from being sta-
bilized by delocalization, which makes this step ender-
gonic by 32.7 kcal mol ! (Fig. 6d).

The search for a transition state for the hydroperoxide
removal from intermediate 2 revealed a first-order sad-
dle point (Fig. 6e) whose imaginary frequency corre-

sponds to a movement of hydroperoxide roughly
parallel to the pyrrole plane, accompanied by a methyl
substituent rotation. Since this saddle point does not
lie in the correct reaction coordinate, we added an expli-
cit water (H,O) molecule to our system in order to facil-
itate the search for the real transition state by stabilizing
the developing negative charge on the peroxide (as ac-
tive site amino acids are expected to do in the enzyme).
The new search proved successful: a transition state ly-
ing only 0.9 kcal mol™~" above its reactant state and with
the correct imaginary frequency was found at a pyrrole-
hydroperoxide distance of 1.872 A. HO,™ elimination is
strongly exergonic by 31.1 kcal mol~!. Decarboxylation
of the reaction product (intermediate 3) is exergonic by
6.9 kcal mol~! and occurs readily with an activation AG
of 10.6 kcal mol ",

2.2.3. Oxidative decarboxylation of pyrrole-peroxide (IN-
protonated pyrrole). In the case of O, adition to a N-pro-
tonated pyrrole substrate, gas-phase calculations predict
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Figure 6. Relevant structures after O, addition to N-deprotonated pyrrole. Relevant charges in italics. (a) intermediate 1; (b) transition state 1; (c)
intermediate 2; (d) inaccessible intermediate arising from CO, elimination from intermediate 2; (¢) saddle point found upon distension of the pyrrole-
peroxide bond. Imaginary frequency components are shown. Displacement vectors for a methyl group rotation have been omitted for clarity; (f)
transition state for peroxide removal from intermediate 2 in the presence of explicit water.

the formation an unusual spiro-intermediate (Fig. 7a).
Such an intermediate is highly unlikely in the enzyme-
catalyzed reaction, since the propionate group is ex-
pected to be kept in place through interactions with
the substrate-binding pocket present in the enzyme.
We therefore estimated the relative energy of the en-
zyme-bound intermediate by keeping the substrate pro-
pionate group in the protonated state (thereby
preventing the formation of the gas-phase spiro com-
pound) and found it to lie 25.5 kcal mol~' above the
reactant state. The transition state for proton removal
(Fig. 7b) from the progionate substituent lies at a lower
energy (21.6 kcal mol™ " above the initial reactants) than
the proposed intermediate 1, but markedly higher than
that of the deprotonated case discussed above and than
the experimental activation energy for the overall reac-

tion. As in the calculations with the deprotonated sub-
strate, CO, elimination from intermediate 2 is strongly
discouraged: instead, a concerted mechanism is ob-
served, whereby HO, ™~ elimination is accompanied by
decarboxylation. This concerted transition state
(Fig. 7c) lies only 8.3 kcal mol~! above intermediate 2,
so that it will not be rate-limiting.

3. Conclusions

Our calculations clearly show that the reaction mecha-
nism of coproporphyrinogen oxidase does not follow
Arigoni’s one-electron oxidation model with a proton-
ated substrate. On the other hand, and although oxygen
can be easily reduced to superoxide by N-deprotonated
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Figure 7. Relevant structures after O, addition to N-protonated
pyrrole. Relevant charges in italics. (a) gas-phase spiro intermediate;
(b) transition state 1; (c) transition state for concerted peroxide and
CO, removal from intermediate 2 in the presence of explicit water.

coproporphyrinogen, superoxide reacts with the copro-
porphyrinogen cationic radical far too slowly: its activa-
tion energy at the low dielectric value of 4 (commonly
used in calculations of enzyme-catalyzed reactions) is
quite high, at 28.3 kcal mol~'. This value decreases at
higher dielectric constants (to 20.8 kcal mol™" at & =20
and 19.4 kcal mol™! at ¢ =78.3) but it always remains
above the barrier computed for the Lash mechanism
in the same circumstances (13.5kcalmol™! at &=20
and 13.6 kcal mol~! at ¢ = 78.3). This difference is not,
however, enough to rule out the Arigoni mechanism
for the deprotonated substrate, as the small size of our
model system (due to the limited knowledge about the
substrate-binding mode) cannot capture the effect of
transition state stabilization by the active site amino
acid side chains. The similar energy of the MECP in
the Lash mechanism with a deprotonated substrate
(11.0 kcal mol ™! above reactants, ¢ = 4) versus that of
the Arigoni TS2 (17.8 kcalmol™' above reactants,
¢ =4) raises the possibility that the two mechanisms

intersect, with the pyrrolyl radical formed in the Arigoni
mechanism recombining with the superoxide anion,
yielding the 2H-pyrrole peroxide anion proposed by
Lash, and following the Lash mechanism thenceforth.

The alternative mechanism proposed by Lash affords a
potential energy surface (Fig. 8) consistent with the
experimental observations, especially if a suitable base
is present in the enzyme active site in order to deproto-
nate the reacting pyrrole ring. However, since the
pyrrole nitrogen has a very high pK,~ 15 and our
model did not attempt to capture the energetic cost
of the essential pyrrole deprotonation step, we cannot
at present discriminate between the N-protonated and
N-deprotonated versions of the Lash model. Solving
these additional questions must await the availability
of a substrate-bound structure of coproporphyrinogen
oxidase.

4. Methods

All calculations were performed at the Becke3LYP level
of theory.?®2? Autogenerated delocalized coordinates??
were used for geometry optimizations, using a med-
ium-sized basis set, 6-31G(d), since it is well known that
larger basis sets give very small additional corrections to
the geometries, and their use for this end is hence con-
sidered unnecessary from a computational point of
view.2#26 More accurate energies of the optimized
geometries were calculated with a triple-{ quality basis
set, 6-311+G(2d,p). Zero point (ZPE) and thermal ef-
fects (T'=298.15 K, P =1 bar) were evaluated using a
scaling factor of 0.9804 for the computed frequencies.

The structure of the minimum-energy crossing point
(MECP) between non-interacting singlet and triplet
states was located at the B3LYP/6-31G(d) level employ-
ing the methodology developed by Harvey et al.?” Since
MECP optimization in gas-phase yields very different
geometries from continuum MECP optimizations,?® we
performed this search with a PCM continuum model
(with ¢ = 4). State-averaged wavefunctions of the mini-
mum-energy crossing points were converged at the
CASSCF(12,8) level (deprotonated state) or the CASS-
CF(12,9) level (protonated state). The coupling between
the two states due to the spin—orbit coupling operator
was then computed exactly using the full Breit—Pauli
operator.?’ The singlet—triplet transition probability
(P) was estimated from the Landau—Zener formula®’:

P=1-¢?
& = mlH |’ /hv|Ag,|

where Hj; is the spin—orbit coupling matrix element be-
tween the electronic states and Ag;; is the difference of
the gradients calculated for the two states at the crossing
point. v is the velocity with which the system is passing
the crossing region, and in our case cannot be larger
than the 418 m s~ calculated from the kinetic theory
of gases. Actual values will be much smaller, and there-
fore our calculated singlet-triplet transition probabili-
ties (P) are over-estimated.
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Figure 8. Overall reaction energy profiles of the Lash model at the B3LYP/6-311+G(2d,p)//B3LYP/6-31G(d) level (¢ = 4). (—) N-deprotonated
substrate; (---) N-protonated substrate. All values except those for the minimum-energy crossing points include zero-point and vibrational
contributions. MECP values do not include the contribution due to the avoided crossing (estimated as, at most, 2.4 kcal mol ™).

As computational cost increases very steeply with model
size, ring A of the coproporphyrinogen III substrate was
modeled as 2,4,5-trimethylpyrrole-3-propionic acid. The
substitution of the remaining pyrrole rings by methyl
groups is not expected to alter the computational results
because these groups play no role in the crucial bond-
forming/breaking steps, and their remoteness from the
reactive portion of the molecule entails that their induc-
tive effects on electronic distribution in the pyrrole ring
should not be much different from those of the (much
more computationally amenable) methyl groups. Since
the binding mode of the substrate to the enzyme active
site is not known, environmental contributions to the
stationary points and transition states were computed
with the polarizable conductor model,?'"33 as imple-
mented in PcGamess,>* with a wide range of possible
dielectric constants (¢ =4, 20, and 78.3). Unless other-
wise noted, all energies mentioned in the text are com-
puted by applying the PCM model (¢=4) on gas-
phase optimized geometries. Dispersion and repulsion
effects were evaluated as described by Amovilli and
Mennucci.?® Atomic charge and spin density distribu-
tions were calculated with a Mulliken population analy-
sis*® based on symmetrically orthogonalized orbitals,?’
using the larger basis set. Except for PCM calculations
in steps involving paramagnetic species, which were per-
formed with Gamess-US (22nd February 2006 release),
all calculations were performed with the PcGamess soft-
ware package. Computed singlet—triplet gaps were cor-
rected following the procedure described by
Ovchinnikov and Labanowski.*®

Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.bmc.2008.01.008. Supplementary Material Available:
Geometries of the reactants, transition states, and prod-

ucts of all chemical reactions, as well as correlated orbi-
tals used in CASSCF calculations and spin—orbit
evaluation. Energetic profiles computed at different
dielectric constants. Relative energies of all intermedi-
ates described.
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