PeerJ

With or without light: comparing the reaction mechanism of
dark-operative protochlorophyllide oxidoreductase with the
energetic requirements of the light-dependent
protochlorophyllide oxidoreductase

The addition of two electrons and two protons to the C,,=C;4 bond in protochlorophyllide is

catalyzed by a light-dependent enzyme relying on NADPH as electron donor, and by a light-
independent enzyme bearing a (Cys);Asp-ligated [4Fe-4S] cluster which is reduced by

cytoplasmic electron donors in an ATP-dependent manner and then functions as electron
donor to protochlorophyllide. The precise sequence of events occurring at the C,,=C, 4 bond
has not, however, been determined experimentally in the dark-operating enzyme. In this
paper, we present the computational investigation of the reaction mechanism of this enzyme
at the B3LYP/6-311+G(d,p)// B3LYP/6-31G(d) level of theory. The reaction mechanism
begins with single-electron reduction of the substrate by the (Cys);Asp-ligated [4Fe-4S],
yielding a negatively-charged intermediate. Depending on the rate of Fe-S cluster re-
reduction, the reaction either proceeds through double protonation of the single-electron-
reduced substrate, or by alternating proton/electron transfer The computed reaction barriers
suggest that Fe-S cluster re-reduction should be the rate-limiting stage of the process.
Additional comparisons of the energetic features of the intermediates with those of common
biochemical redox intermediates suggest a surprisingly simple explanation for the
mechanistic differences between the dark-catalyzed and light-dependent enzyme reaction

mechanisms.
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Introduction

All life on Earth depends on the availability ofdteeed forms of carbon. As the reduction of simple
carbon-containing molecules like @@ a strongly endergonic process, additional sssiaf energy are
needed to overcome this high thermodynamic hulibough several organisms (collectively known
as lithoautotrophs) are able to obtain that endrggn the conversion of inorganic substances, the
overwhelming majority of carbon reduction is penfi@d by photosynthetic organisms, which obtain the
necessary energy by capturing photons from visilg@t. These photons are used to excite
chromophores, which then become highly efficienu@ng species, ultimately providing both the low-
potential electrons needed to reduce carbon andTReused by cells as energy-transfer molecule. The
most abundant photosynthetic pigments, chlorophghs obtained from the tetrapyrrole protoporphyrin
IX through a series of reactions that includes ?Mgomplexation, methylation by an S-
adenosylmethionine-dependent methyltransferase sreelectron oxidation, yielding an highly-
unsaturated molecule, protochlorophyllide (PChlige)ich absorbs mainly in the low-energy region of
the spectrum and is therefore unable to drive theessary charge separation in the photosynthetic
reaction centers(Masuda & Fujita, 2008). Two défdgrenzymes are able to increase the saturation of
the PChlide ring and generate chlorophyllide (G¥lich pigment that absorbs light in higher-energy
regions of the spectrum: angiosperms contain an gemynsensitive light-dependent
protochlorophyllide oxidoreductase(Masuda & Takamiy004), whereas gimnosperms, algae and
cyanobacteria possess an oxygen sensitive, daratopg protochlorophyllide oxidoreductase(Fujita &
Bauer, 2003) evolutionarily related to nitrogenase.

The reaction mechanism of the light-dependent phdtwophyllide oxidoreductase has been
extensively studied through experimental(Heyes &tdty 2004; Heyes et al., 2009, 2011; Sytina et al.
2012)and computational(Heyes et al., 2009; Silva & Rani204.1) methods. In contrast, relatively little
is known about the precise sequence of eventsgghlece in the dark-operative protochlorophyllide

oxidoreductase (dPCHOR). The enzyme contains twopooents: a homodimeric L-protein which
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performs ATP-dependent electron transfer reminisoéthat observed in nitrogenase Fe protein(Fujita
& Bauer, 2000; Sarma et al., 2008), and a heteestetric component bearing the active site and a
(Cys)kAsp-ligated [4Fe-4S] cluster which accepts eledr@mom the L-protein and functions as the
electron donor to the protochlorophyllide substiBtécker et al., 2010; Muraki et al., 2010). The
peculiar ligation of the electron-transferring [4#8] cluster has been shown by site-directed
mutagenesis to be crucial to the enzyme activity@iet al., 2010), probably due to the loweringtsf
reduction potential below that of other [4Fe-4S]stérs.(Kondo et al., 2011; Takano et al., 20119 Th
crystallographic structure of APCHOR(Brocker et2010; Muraki et al., 2010) shows that the sulstra
binding site, while mostly lined by hydrophobic idkges, contains a single conserved aspartate eesidu
(Asp274) which is thought to be a proton-donor ttee reaction. Two protons and two electrons are
required (Fig. 1), which necessarily entails twpasate reduction events (as the [4Fe-4S] clustar is
one-electron donor) and the presence of a secartdrpdonor. Asp274 is unlikely to act as the dowfor
the second proton, as it cannot be reprotonatedaltiee absence of pathways linking it to the solve
The propionic acid side-chain present on the satest;; was therefore proposed as the second proton
donor(Muraki et al., 2010). The intricacies of mmtand electron transfer from dPChOR to its
protochlorophyllide substrate have, however, reetionaddressed by experimental methods. In this
report, we describe this reaction mechanism withliblp of density-functional methods. The results
allow the description of the sequence of the radofgrotonation events and also identify the fagtor
governing the stereochemical outcome of this enzgatalyzed reaction. Comparisons of the energetic
features of the intermediates with those of commimehemical redox intermediates suggest a simple

explanation for the differences observed in thé&-aatalyzed and light-dependent enzyme reactions.
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Figure 1: Comparison of the overall reaction me@ran of light-dependent (central pathway) and
dark-operative (bottom pathway) protochlorophyllideidoreductases. The rings have been labeled

according to the IUPAC nomenclature.(Moss, 1987)

Computational methods
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Coordinates of the active site were taken fromXhay structure (SAEK) determined by Muraki et
al.(Muraki et al., 2010). Since the substrate bigdiavity is almost completely lined with hydropimb
residues (which are generally uninteresting froraactional point of view) the computational model o
the active site could be thoroughly pruned, to ewhi a cost-effective computational model:
computations with a very simplified substrate ming#&methyl-2,5-dimethylidene-2,5-dihydro-1H-
pyrrol-3-yl)acetic acid, the proton-donating Asp2ahd the second-shell aminoacids Arg48 (which is
located close to the proton-donating Asp274) angd@-Leu410 backbone (which may establish a
single hydrogen bond to the propionic acid presenthe substrate) showed that neglect of the second
shell amino acids affects proton-transfer energieess than 2 kcal.mdl The reaction mechanism was

therefore studied using the complete natural satestthe water molecule bound to its Mg atom, &ed t
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only amino acid sidechain (Asp 274) able to intewith the substrate through hydrogen-bonds and/or
proton donation. To prevent unrealistic movementsthee simplified computational model, the
protochlorophyllide Mg atom and the Asp274 @nd G carbon atoms were constrained to their
crystallographic positions. Geometry optimizatiovere performed with the Firefly(Granovsky, 2013)
guantum chemistry package, which is partially basadthe GAMESS (US)(Schmidt et al., 1993)
source code, at the B3LYP(Lee, Yang, & Parr, 198&;ke, 1993; Hertwig & Koch, 1995) level with
the 6-31G(d) basis set, using autogenerated deedatoordinates(Baker, Kessi, & Delley, 1996).
Zero-point and thermal effects on the enthalpies/gnergies at 298 K were computed at the optimized
geometries using a scaling factor of 0.9804. Skpgli@t energies were computed with the triple-fzta
311G(d,p) basis set, augmented with a set of diffusictions on the oxygen, henceforth called 6-
311G(+)(d,p).

The Asp(Cys}ligated Fe-S cluster was optimized separatelhéreduced and oxidized forms, using
the SBKJC effective core potential and associateshset for Fe and 6-31G(d) for the other elements.
The G, and G carbon atoms of the coordinating amino acids werestrained to their crystallographic
positions to prevent unrealistic movements andajatwre the subtle influence of the conformation of
the cysteinyl sidechains on the redox potentiathef Fe-S cluster(Niu & Ichiye, 2009). Appropriate
broken-symmetry initial guesses of the Fe-S cludésrsity were generated using a combination of the
protocols of Szilagyi(Szilagyi & Winslow, 2006) ariéreco(Greco et al., 2010). Single-point energies
of the optimized geometries of the Fe-S clusterenaymputed using the all-electron s6-31G* basis
set(Swart et al., 2010) for Fe and 6-311G(2d,p) dibrother elements. Intra- and inter-molecular
dispersion effects were computed with the DFT-D3nfalism developed by Grimnet al(Grimme et
al., 2010). The activation energy of the one-etettransfer between the reduced Fe-S cluster and th
substrate was estimated by applying Marcus themrglectron transfer, as suggested by Blomberg and
Siegbahn(Blomberg & Siegbahn, 2003). Reorganizatioergies for the Fe-S cluster and substrate in
each oxidation state were computed using the neagometry for the product state (e.g. the oxidlize

state energy is computed at the reduced Fe-S clystenetry, etc.) and vice-versa. Activation eresgi
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were then computed by building appropriate Marcaralpolas using these reorganization energies, as

shown in Scheme 1.
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All energy values described in the text includevatbn effects §=10) computed using the
Polarizable Continuum Model(Tomasi & Persico, 198K¥nnucci & Tomasi, 1997; Cossi et al., 1998)
implemented in Fireflye=10 was chosen instead of the more comreef to model some of the
stabilization of the ionic forms of Asp274 and pmpc acid residues provided in the enzyme by
hydrogen bonding with the Gly409-Leu410 backbonedamEnergies computed at other dielectric
constants are shown in Table 1.Energies of reactiomolving addition ofn non-modeled solvent
protons were computed as :

AG= AGsolvated products AGsolvated reactants N AGsolvated H+

For the solvation free energy of HAGeoy, 1+, We used the value of -265.9 kcal fhobbtained by
converting the experimental value of -263.98 kcal-th (Tissandiert al(Tissandier et al., 1998)) to
the appropriate thermodynamic standard state caiovenas recommended by Kelbt al(Kelly,
Cramer, & Truhlar, 2006). To enable direct compari®f energies with a different number of non-

modeled solvent protons, theS& values were then converted to effecth@ at pH=7.0 :
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AG,, =AG-RTIn[H*]".
Energy differences between-electron containing species and the correspondird-electron-
containing analogues were converted to reductiderpials AE) through
AG=-n FAE

, wheren is the number of electrons added to the specié$as the Faraday constant (96485 C:Hol

Results and discussion

In the crystal structure, Asp274 lies in the propesition to yield an intermediate with the correct
stereochemistry only if it acts as proton dono€Cie Therefore, we began our investigations assuming
that Asp274 protonates;f£and the propionic acid sidechain protonates @/e also computed the
reaction energetic for the proton transfers leadinthe products with the wrong stereochemistries o

Ci7an d Gs.
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Proton-transfer events

The experimentally-obtained enzyme activity of dB&{Muraki et al., 2010) (50 nmol-mirmg?)

sets an upper limit of 19.3 kcal-rifdior the rate-determining step of its reaction naetsm, using the

_a6*
well-known Eyring equation,kcat:Lhe RT | where ket is the measured rate-constakg, is the

Boltzmann constanth is the Planck constant antiG* is the activation free energy. The initial
generation of a reaction intermediate from prot@amdfer from Asp274 to £z can therefore be ruled
out, as its energy lies 31.4 kcal-malbove the reactant state (Table 1). In contrastcomputed barrier
for the proton transfer from the propionic sidechi G (24.7 kcal-mot) agrees reasonably well with
the experimental value. The difference in compwgabilities between the ;& and Cig-protonated
isomers is more pronounced in the gas phase, vdhiotvs that the most important factor favoring the
Cis over the G isomer is of an electrostatic nature. Indeediaalgh both systems contain a positive
charge in the substrate aromatic ring and a negyaharge on a carboxylate group, the distance leetwe

these charges is much larger in the-iBomer/Asp274 carboxylate system.
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Table 1: Relative enthalpies (in kcal mplof all intermediates and transition states in teaction

mechanism of light-independent protochlorophyllidgidoreductase, computed at the B3LYP/6-

311+G(d,p)// B3LYP/6-31G(d) level of theory. ZPVEndh solvation effects at several dielectric

constantsd) are included. *) Wrong stereochemistry on theigeblorophyllide G; or G g atoms.
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Added electrons Proton on... Proton on... e =4 e=10 | £€=20 | £¢=78.36

0 Asp274 propionate 0.0 0.0 0.0 0.0

0 Asp274 Propionate ... C18§ 24.( 24.7 25/0 25.p
0 Asp274 C18 19.7 19.8 19.9 19.9
0 Asp274 ... C17 propionate 31.3 31.4 31,5 31.6
0 C17 propionate 26.3 25.3 25.0 24.7
1 Asp274 propionate -62.2 -67.4 -693 -70.Y
1 Asp274... C17 propionate -49.1 -53.8 -55|5 -56.8
1 C17 propionate -64.5 -70.5 -72.6 -74.2
1 Asp274 Propionate ... C18§ -53.8 -58/3 -60.0 -61,3
1 Asp274 C18 -68.5 -73.9 -75.9 -77.3
1 Asp274... C17 C18 -50.2 -55.1 -56.[7 -58.(
1 C17 Propionate .C18 -54.2 -59.7 -61.6 -63.0

1 C17 C18 -68.4 -75.6 -78.1 -79.9
1 C18* propionate -53.9 -59.6 -61.6 -63.1
1 Asp274 car* -51.9 -58.4 -60.7 -62.5
2 Asp274 propionate -101.5 -121j12 -128.1 -133/4
2 Asp274... C17 propionate 946  -11217 -119.0 -123.
2 C17 propionate -123.83 -142]1 -1486  -153/5
2 Asp274 Propionate ... C1§ -98.2 -116.4 -122.8 427
2 Asp274 C18 -119.2  -138.fy -145/5  -150.
2 C17 Propionate ... C18 -126.8 -1453 -151.7 -156.6
2 Asp274... C17 C18 -124.9  -143)7 -150.2 -155{1
2 C17 C18 -160.1 -179.1 -185/6 -190.5
2 C18* propionate -112.5 -130.b -136(7 -1414
2 Asp274 cir* -113.4 -132.9 -139/6 -144.8
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In the one-electron-reduced state, the excessispias expected, strongly delocalized across the
porphyrinn—system £0.1 spin each on rings B and £).25 on ring Ar0.30 on the C/E rings, and the
remaining spin on the methylene bridges). In thases the proton uptake becomes much more favorable
than before (by >15 kcal-mbylirrespective of the protonation site), due to fivenation of a neutral
protochlorophyllide/negative carboxylate intermeeljiaather than the charge-separated pair obsarved
the non-reduced state. Proton-transfer tg i€ predicted to occur with a very small barrier 2
kcal-mol', whereas the proton-transfer from Asp274 g l@s a larger barrier of 13.6 kcal.MoT his
difference in barriers seems to be correlated ¢optioton/protochlorophyllide distance observednia t
transition state (1.46 A for the Asp274,Qransfer vs. 1.31 A for the carboxylate sidech@in-
transfer). The transfer of an additional protorilte one-electron-reduced/singly-protonated sulestrat
may then occur with moderate barriers. The trarfsben the propionic side chain to£Js again faster
than that of Asp274 to C17 (10.8 kcal-thols. 18.9 kcal-md). The total barrier for the two
consecutive proton-transfer events at the onereleceduced is fully consistent with the experina¢nt
value, regardless of the precise sequence of thesmts (13.6 kcal-molfor Asp274-G; transfer
followed by propionic sidechainsgtransfer; 18.9 kcal mdlfor the sequence initiated with transfer to
Cig).

In the two-electron-reduced state, the barriertf@ Asp+Cy7 proton transfer (8.5 kcal-ml is
almost as low as the barrier for the proton trangfem the propionic sidechain to thegGtom (4.8
kcal-molY). Transfer of the second proton to the ring oceuitiout an enthalpic barrier in both cases,
yielding the chlorophyllide product with the depoated Asp274 and propionate sidechain.

Analysis of alternative protonation events was gieoformed, to ascertain the reasons behind the
observed stereochemical outcome. These computaionsed that proton transfer from the propionic
acid sidechain to 3 (yielding the wrong configuration in this carbaom) is less favorable than any of
the stereochemically correct proton transfers (Adp® G, and propionic acid to {g), even in our

simplified models which do not include the full ste constraints imposed by the hydrophobic
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aminoacids lining the active site. The differencesiectronic energies amounts to 11 kcal-hiolthe
one-electron-reduced state, and to 8.5 kcal'nablthe two-electron-reduced state. This interntedia
contains (especially at the one-electron-reducate)stain unfavorable steric interaction, as the gron
configuration at & pushes the propionate sidechain towards Asp2gui&i2). Protonation of g by
Asp274, which generates the wrong configuratiorCes is also less favorable by 16 kcal fhalt the
one-electron-reduced state, and by 9.5 kcal'rabkhe two-electron-reduced-state. This desiztitin
occurs in spite of the lack of sterical clashesabhee no favorable stabilizing interactions of the
carboxylate in Asp274 with the Mgcoordinating water are possible in this isomercdmtrast to the

correct isomer that arises when the carboxylatedawrn the propionic acid sidechain.
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Figure 2:Comparison of the structures bearing a si-protonated ¢=C;s bond at the one-electron-
reduced state. A) Bond protonated c;7 by Asp274(correct stereochemistr B) Bond protonated on
Ci7 by the propionic acid sidechai(wrong stereochemistry); )CBond protonated on 15 by the
propionic acid sidechairfcorrect stereochemistr D) Bond protonated on 15 by Asp274 (wrong

stereochemistry);
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Figure 3: Potential energy surfaces of proton dadt®n transfer events in licindependent PChOR,
computed at the B3LYP/811G(+)(d,p)// B3LYP/-31G(d)level of theory withe=10. The upper trac
represents the potential energy surface (PES) motladded electrons; middle trace: PES at the
electronreduced state; lower trace: PES at the-electronreduced stat The energetic distance

between the gential energy surfaces computed at different redacstates may be converted to re:

potentials, as described in the methods sectiordmudssed in the te
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Electron-transfer events

The ease of reduction of each intermediate may aslyecomputed by taking the difference of
energies between anyelectron containing species and the correspondifilyelectron-containing
analogues. It can easily be seen (Table 2, lastnmoo), that one-electron reduction of the reaction
intermediates depends strongly on the charge presemhe PChlide ring: species with negative or
neutral protochlorophyllide rings have an absolkgdox potential between 2.3 and 3.2 V, whereas
intermediates bearing one or more positive changes much more favorable absolute redox potentials
between 4.0 V and 4.5 V. In dark-operating PChQ# ¢lectron-donating species is an unusual
(CyskAsp-ligated [4Fe-4S] cluster, which has been assiga redox potential of 3.1 V in previous
computations(Takano et al.,, 2011). Since those ctatipns were performed without geometrical
constrains and with very truncated cysteine mo{®GH;) which do not allow the evaluation of the
influence of the sidechain geometry on the eleatrproperties of the clusters(Niu & Ichiye, 2009
performed additional optimizations of the Fe-S t@ususing ethanethiol as model for the cysteine
sidechains and appropriate constraining of theib@a atoms to their crystallographic positions. The
absolute redox potential of the electron-donati@gslAsp-ligated [4Fe-4S] cluster in PChOR is thus
computed to be 2.80 V, which implies that, in theence of significant interactions between cluaiet
substrate, all electron-uptake events by protoolployllide (except those from the 1-electron-reduced
substrate to the 2-electron reduced state and tinerii-electron-reduced &protonated substrate to the
corresponding 2-electron reduced state) should Hexmibdynamically favorable, as electrons
spontaneously move from the species with lower xgolatentials to the ones with higher potentials.
Additional single-point computations were then parfed in models including the separately-optimized
Fe-S clusters and reaction intermediates at thsstallographic positions to ascertain the mutual
influence of the Fe-S electronic distribution o ttedox potential of the reaction intermediatesl an

vice-versa (Table 2). Irrespective of the redoxestaf the Fe-S cluster, the reaction intermediates
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become harder to reduce by 0.1-0.15 V in the aalgmmon-reduced, state, and by 0.25-0.4 V in the on
electron-reduced state. The electric dipoles ofrdaetion intermediates in turn lower the Fe-Stelus
redox potential (i.e. facilitate its oxidation) bymilar modest amounts (0.1-0.15 V), irrespectif/¢he
number of extra electrons present on the subsffaiese data also show that the oxidation statbeof t
Fe-S cluster barely affects the energetics of thestsate protonation reactions and, consequently,
should also barely affect their activation barriers

The electronic energies of the combined Fe-S dliastive site systems show that electron-transfer
from the reduced Fe-S cluster to the protochlorbgbyintermediates is thermodynamically favored in
almost all cases (Table 2), except for the rednabibthe one-electron-reducedéprotonated species ,
which is unfavorable by a few kcal.rffolFor this thermodynamically disfavored reductidapsno
activation energy could be computed through thecMsiformalism as the parabolas do not touch (see
Supporting Information), but comparisons with teerganization energies at lower dielectric constant
(at which this transfer becomes spontaneous) sudiggisthe barrier should not be too different from
the others. For the spontaneous steps the electrenrganization energies of the combined Fe-S
cluster/active site systems are quite low, yieldiatjvation energies below 4 kcal.npwhich entails
that) reduction will generally be much faster tliha protonation events, which were shown above to
have activation energies in excess of 10 kcal’'mBlectron transfer from the reduced Fe-S cluster
should therefore precede each protonation eveatigth only if the rate of re-reduction of the Fe-S
cluster by the ATP-dependent L-protein(Kondo et 2011) does not become limiting. Two possible
pathways emerge from this analysis, both arisingmfran initial one-electron transfer to the
protochlorophyllide. In one of them (Figure 4A);reduction of the Fe-S cluster is slower that ahy o
the proton-transfer events at the one-electronaedistate, which leads to the generation of a goubl
protonated intermediated, preferably through thgainprotonation at ¢, which has a lower overall
barrier (13.6 kcal.mdl)) than the double-protonation starting with thes @om (18.9 kcal.mdl, as
discussed earlier). After both protonations andtelure-reduction occurs, electron transfer is vetly

spontaneous and quite fast. In the second alteenéifigure 4B) re-reduction of the Fe-S clustemas
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rate-limiting and the second electron transferhe substrate may occur immediately after the first
protonation: in this instance, the reaction wkelly proceed through protonation ofg®y the propionic
acid substituent of the protochlorophyllide D-ririgljJowed by electron transfer and barrier-lesaisfar

of the second proton from Asp274 tq;CThis pathway affords a barrier below 10 kcal Thahd
reaction rates far in excess of those observedriemgetally, suggesting that Fe-S cluster re-reauncti

should indeed be the rate-limiting stage of thecess.
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Table 2: Relative enthalpies (in kcal Mpbf intermediates in the reaction mechanism ditligdependent protochlorophyllide oxidoreductase

in the presence of (independently optimized) (eAsp)-ligated [4Fe-4S] cluster.computed at the B3L6¢B11(+)G(d,p) — s6-31G* (Fe)— 6-

311G(2d,p) (non-Fe atoms in the Fe-S cluster)//\B316-31G(d) level of theory. Solvation effectsaflO are included.

Added H"in H%h Relative energy Relative energy (with Fe-S redox | substrate redo substrate redox substrate redox
electrons (with reduced oxidized cluster) potential (V) potential (with potential (with potential (in the
cluster) reduced oxidized cluster) (V)| absence of cluster) (V
cluster) (V)

0 Asp274 | propgionate 0.00 0.00 2.70 2.78 2.81 2.92

0 Asp274 %8 20.34 19.98 2.69 3.90 3.91 4.06

0 C17 prc@hj)nate 25.36 25.25 2.70 3.95 3.97 4.15

1 Asp274 p&onate -64.05 -64.70 2.67 n.d n.d 2.33

1 Asp274 C18 -69.64 -70.17 2.68 2.47 2.49 281

1 C17 propionate -65.73 -66.24 2.68 2.83 2.85 3.11

1 C17 C18 -72.20 -72.14 2.70 4.22 4.25 4.49

2 Asp274 C18 -126.58 -127.57 2.66 n.a. n.a. n.a.

2 C17 propionate -131.10 -132.04 2.66 n.a. n.a. . ha

2 C17 C18 -169.60 -170.10 2.68 n.a. n.a. n.a.
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Figure 4. Schematic representation of the mostrEv@omputed reaction mechanisms. A) Slow Fe-S
cluster re-reduction . B) Fast re-redcution of BeeS cluster. Red arrows show the electron-transfer
steps. Relevant activation energies (in kcal‘thake shown for each reaction step. For simpliginly

the D ring of protochlorophyllide is represented.

Ener getic comparison to the light-dependent reaction
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Table 3: Absolute redox potentials (V) of releveedox pairs, computed at the B3LYP/6-311+G(d,p)//
B3LYP/6-31G(d) level of theory. Solvation effectsxda corrections for pH=7.0 are included.
“apoPChlide” and “apoChlide” refer to PChlide andhli@e devoid of M§". Despite ongoing

controversy,(Donald et al., 2008) the absolutetr@agotential of the standard hydrogen electrade i

water is usually taken as 4.43 V.(Reiss & Hell&383)

Redox half-reaction e=4 £=10 £=20 £=78.36
a) NADPH'+2é— NADPH 5.61 5.05 4.87 4.73
b) CgProtonated PChlide + 2 €1 H — Chlide 536 529 527 525
c) Fumaric acid + 2’ 2 H — succinic acid 497 498 498 498
d) PChlide + 2'e+ 2 H — Chlide 4903 494 494 494
e) apoPChlide + 2e 2 H — apoChlide 453 453 453 453
f) NADP"+2¢€é+1H — NADPH 4.57 4.42 4.37 4.33
g) PChlide + 2e+ 1 H — deprotonated Chlide 360 372 376 3.79
h) NADP + 2 €& — NADP 3.02 3.01 3.00 3.00

The moderate barriers computed for the reactiorham@sm raise an intriguing question: why does the
light-dependent enzyme require an external driviogce, as a quantum of light, to catalyze the
reduction of the G=C,g bond in PChlide by NADPH? We have therefore camgdhe energies and
redox potentials of several reaction intermeditagbose of other biochemical redox models (Table 3
Direct comparison of the redox potential of NADPFable 3, line f) to that of the two-proton, two-
electron conversion of PChlide to Chlide (Tabldérg d) shows that the PChlide reduction to Chhge
NADPH should be thermodynamically favored in theugrd state. Further analysis of the the computed
redox data shows that hydride transfer from NADHHble 3, line f) to PChlide to yield singly
protonated, two-electron reduced PChlide (Tabldir® g) is thermodynamically disfavored, which
entails that the spontaneity of the overall procasses from the addition of the second proton.
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Furthermore, the energetic barrier for the dirgatride transfer in the ground state has previobskn
shown to be very high (>30 kcal.n(Heyes et al., 2009; Silva & Ramos, 2(), even after accounting
for quantum tunneling effedSilva & Ramos, 201. Ground-state ydride transfefrom NADPH to the
substrate therefore may onbgcurif it precedes the protonation evetrideed, hydride transfer fro
NADPH to Ggprotonated PChlid(Figure 5) souldoroceed efficiently with aegligible barrier (1.0
kcal mol*) and very high exergonicity-33 kcal.mot'), but theactual feasibilityof this step depends on
the relative abundance of thes@protonated PChlide. Our computations on the -dependent PChOR,
above, showed that the initial protonation of tF1;=Ci5 bond by carboxylic acids (the most aci
amino acid side chains present in proteins) isntbeynamically expensi' by 20 kcal mof, which
means that the naturabundance of ig-protonated PChlide is very smal&¢® “® ™Ry The overall
barrier for the reduction d?Chlide to Chlide by NADPhwould therefore amount to at leethose 20
kcal mol* + the 1.0 kcal.ma! barrier for the hydride trasn’ when the initial PChlide protonation
performedby a carboxylic acid (like Asp or Glu) awould be everarger when weaker acids are u:
(like the Tyr or Lys residueactually present in the lig-dependent PChORctive sie(Wilks & Timko,
1995)). Reduction of PChlide by NADPH therefore has tog@éaan activation barrier to proceed

reasonatd rates in the electronic ground st
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Figure 5: The transition state for the hydride ¢fan from NADPH to Gs-protonated PChlide.

Highlighted distances in angstrom.

More exotic pathways for ground-state reductiorP@hlide by NADPH may also be excluded from
consideration: for example, a two-electron tranffem NADPH to PChlide followed by energetically
favorable H transfer is also unfeasible, as the E° of the NAINADPH?** pair (Table 3, line a) lies
even farther above the PChlide substrate. On ther dtand, two-electron transfer from a hypothetical
(deprotonated) NADPspecies (Table 3, line h), to PChlide (Table B¢ Id), might be very favorable
but is ruled out by the extreme difficulty of defmoating NADPH: indeed, the difference of energies
between NADPH and NADPin water (337.2 kcal.md) is far higher than computed for even
moderately weak acids (e.g. the difference betwsenol and phenoxide(Silva, 2009) is only 299.2

kcal.mol%), which implies an extremely high pKa for the NABProton.

Tha preceding analysis explains the need for arrext energetic event for the reduction of
protochlorophyllide by NADPH. Incidentaly, our coamative analysis also showed that the two-
electron/two-proton reduction of the double bondPi@hlide, (Table 3, line d) is approximatley as
favorable as the comparable reduction of the tygic&€ double bond found in fumaric acid (Table 3,
line c), whereas the absence of lipn from PChlide disfavors this reduction procg&able 3, line e),
which may explain why Mg becomes inserted into the porphyrin ring befor bduction of the

C17=Cysg bond.

Conclusions

We have analyzed the proton and electron transfents in light-independent protochlorophyllide

oxidoreductase. The reaction mechanism begins suitgle-electron reduction of the substrate by the
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(CyskAsp-ligated [4Fe-4S] yielding a negatively-chargetkrmediate which, depending on the rate of
Fe-S cluster re-reduction, either receives two getbefore the final reduction event or receives a
proton from the propionic side chain present orgrid, is reduced by a second electron and then
abstracts a proton from Asp274 in a barrier-lesegss. The energetic barrier of the second aligenat
lies well below the experimental values, which gig that the rate-limiting stép vivo is most likely

to reside in the ATP-dependent re-reduction(Kondal.ge 2011) of the (CysAsp-ligated [4Fe-4S] by
the L-protein, or in the reduction of the L-protdig cytoplasmic electron donors, which we have not

attempted to address.

This mechanism is made possible due to the lowxrgudential of the electron-donating (Cy&3p-
ligated 4Fe-4S cluster. In the light-dependent PRhtis low-potential cluster is absent, and NADPH
(which has a higher redox potential) is used asetbetron donor. All possibilities of electron/higk
transfer from NADPH to PChlide were shown by oumeaotations to be highly disfavored, clearly
showing the reason behind the requirement for antgum of light in the NADPH-dependent
protochlorophyllide oxidoreductase, as it providédee energy needed to overcome this
thermodynamically disfavored process by genera@ingiore easily reducible state of the PChlide

substrate.(Silva & Ramos, 2011)

Supporting Information: Geometries and energies of every molecule destribe
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