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Plant-type ferredoxin-NADP(H) reductases (FNRs) are flavoenzymes
harboring one molecule of noncovalently bound flavin adenine dinucleo-
tide that catalyze reversible reactions between obligatory one-electron
carriers and obligatory two-electron carriers. A glutamate next to the C-
terminus is strictly conserved in FNR and has been proposed to function as
proton donor/acceptor during catalysis. However, experimental studies of
this proposed function led to contradicting conclusions about the role of this
glutamate in the catalytic mechanism. In the present work, we study the
titration behavior of the glutamate in the active site of FNR using theoretical
methods. Protonation probabilities for maize FNR were computed for the
reaction intermediates of the catalytic cycle by Poisson-Boltzmann
electrostatic calculations and Metropolis Monte Carlo titration. The titration
behavior of the highly conserved glutamate was found to vary depending
on the bound substrates NADP(H) and ferredoxin and also on the redox
states of these substrates and the flavin adenine dinucleotide. Our results
support the involvement of the glutamate in the FNR catalytic mechanism
not only as a proton donor but also as a key residue for stabilizing and
destabilizing reaction intermediates. On the basis of our findings, we
propose a model rationalizing the function of the glutamate in the reaction
cycle, which allows reinterpretation of previous experimental results.

© 2010 Elsevier Ltd. All rights reserved.
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Introduction

iron-sulfur protein ferredoxin (Fd) or flavin-mono-
nucleotide-containing flavodoxin and NADP(H):

Plant-type ferredoxin-NADP(H) reductases

(FNRs) constitute a family of monomeric enzymes
harboring one molecule of noncovalently bound
flavin adenine dinucleotide (FAD) as prosthetic
group. ™ FNRs were found in chloroplasts, non-
photosynthetic plastids, apicoplasts, cyanobacteria,
and phototrophic and heterotrophic bacteria.”” They
catalyze reversible electron transfer between the
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Abbreviations used: FNR, ferredoxin—-NADP(H)
reductase; FAD, flavin adenine dinucleotide; Fd,
ferredoxin; PDB, Protein Data Bank; MC, Monte Carlo.

2Fd (Fe’")+ NADP" + H"=2Fd (Fe’")+ NADPH (1)

In chloroplasts and cyanobacteria, FNR provides the
NADPH necessary for photosynthetic CO, assimi-
lation. Remarkably, FNR is able to transfer electrons
between one-electron carriers (Fd or flavodoxin) and
two-electron carriers (NADP" and NADPH) involv-
ing its redox cofactor FAD. The flavin can adopt
three different redox forms as the oxidized quinone
form (FAD), the one-electron reduced semiquinone
radical form (FADH"), and the fully reduced quinol
form (FADH,).°

The accepted mechanism of electron transfer from
reduced Fd to NADP™ follows a compulsory ordered
pathway involving the formation of a ternary
complex, with NADP" acting as the leading

0022-2836/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
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Fig. 1. Active site of FNR, including the isoalloxazine
ring of FADH,, the nicotinamide ring of NADP”, and the
side chains of Glu312 and Ser96. Intermediate VII of the
catalytic cycle (Fig. 4) is depicted. The figure was prepared
using the program VMD.!112

substrate.”® In both plant and bacterial FNRs, the
recognition of NADP" includes a sequence of steps
in which it is bound first in a nonproductive manner
through the 2’-P-AMP moiety.?1° Then, the bound
NADP" and the proximal regions of the protein
undergo structural rearrangements, leading to a
tightly bound NADP*.”'” The displacement of the
C-terminal tyrosine of FNR is suggested to be the
final step, which allows nicotinamide to approach
the flavin for hydride transfer. The movement of this
residue appears to be essential for catalysis.”"’
Eventually, electron transfer from reduced Fd to
FAD occurs, yielding FADH-. Oxidized Fd is
released from the complex. Thus, a second reduced
Fd can reduce FADH- to its quinol form. Only after
FADH, has been formed is NADP" converted into
NADPH via hydride transfer. The N-5 atom of the
flavin is in hydrogen-bond distance to a serine,
which in turn is in hydrogen-bond distance to the
carboxylate of a conserved glutamate (Fig. 1). Since
this glutamate residue is exposed to the solvent, it
has been proposed to be responsible for transferring
protons from the external medium to the buried N-5
atom of the isoalloxazine via the serine.'?

Evidence that the glutamate is involved in the
catalytic mechanism of FNR was obtained by
Kurisu et al., who found a significant difference
between the crystal structure of the Fd-bound FNR

and the crystal structure of the free FNR from maize:
In the structure of the FNR-Fd complex, Glu312 forms
a hydrogen bond with Ser96, while there is no
hydrogen bond in the structure of free FNR.'"* A
possible function of the glutamate as proton donor/
acceptor was previously investigated by Medina
et al.'® and Aliverti et al.'® However, both groups
drew contradictory conclusions about its role in the
mechanism. While Aliverti et al'® could not see
evidence for the function of Glu312 as proton donor/
acceptor in their enzymatic assays that do not involve
Fd, Medina et al."® speculated about the role of Glu312
as proton donor, especially in the presence of the
physiological electron transfer partner Fd.

In this work, we study the role of the glutamate in
the active site of FNR during catalysis. Protonation
probability calculations of all titratable residues in
free FNR and in its complexes with NADP(H) and Fd
indicate that the conserved glutamate is involved in
the enzymatic mechanism as proton donor/accep-
tor. We propose a model for the reaction mechanism
that is consistent with the data of Medina et al.'® and
Aliverti et al.'®

Results and Discussion

In this work, we study the enzymatic mechanism
of FNR, in particular the role of the conserved
glutamate in the active site as possible proton
donor/acceptor. The protonation and deprotona-
tion of Glu312 (maize leaf FNR amino acid
numbering is used throughout this work) in inter-
mediates of the catalytic cycle were incorporated
into the mechanism of Batie and Kamin according to
our calculations.” Glu312 could be responsible for
protonating the N-5 atom of the isoalloxazine ring of
the flavin via the bridging Ser96. Protein sequence
alignments for plant and bacterial FNRs showed
that Glu312 and Ser96 are conserved in all sequences
(Supporting Information). This strict conservation
indicates that both residues could play an important
role in the catalytic mechanism of the enzyme. An
alignment (Table 1) based on the crystal structures
available for different organisms showed that not
only the sequence position but also the three-
dimensional position of Glu312 and Ser96 are
conserved in bacterial and plastidic FNRs.

Table 1. Sequence alignment based on a structural superposition of FNRs showing the conserved serine and glutamate

in the reaction center

Organism Sequence alignment

R. capsulatus 59> --GKPIMRAYIASPAW- 254> ANSEPREFVVKAFVGEGI
A. vinelandii 46> --GRPLMRAYRIIASPNY- 242> RMGEPGDYLIERAFVEK - -
E. coli 44> ----RVQRAYEYVNSP- - 235> LRRRPGHMTABHYW- - - - -
Anabaena 70> NGKPEKLRLYBIASTRHG 291> DLKKAGRWHVETY- - - - - -
P. falciparum 63> ----RCARLYBISSSNN- 304> DEKKKKRVHVEVY- - - - - -
Maize root 84> PGAPQNVRLYBIASTRYG 304> QLKKNKQWHVEVY- - - - - -
Maize leaf 86> NGKPHKVRLYBIASSAIG 302> QLKRGDQWNVEVY- - - - - -
Spinach 86> NGKPHKLRLYBIASSALG 302> QLKKAEQWNVEIVY- - - - - -
Pea 80> NGKPHKLRLYBIASSAIG 296> TLKKAEQWNVEVY- - - - - -
Paprika 135> GKPHKLRLYEIASSALG 350> QLKKAEQWNVEIVY- - - - - -
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Fig. 2. Protonation probability curves of Glu312 in dependence of pH: (a) water and free FNR; (b) binary complex of
FNR with NADP(H); (c) ternary complex of FNR with NADP(H) and Fd,; and (d) ternary complex of FNR with NADP(H)
and Fd,eq. The error in protonation probability from different MC runs is less than 1%.

Titration behavior of Glu312

We calculated the protonation probability of all
titratable residues of free maize FNR and its
complexes with NADP(H) and Fd. Figure 2 shows
the protonation probability of Glu312 in FNR

calculated for different redox states. These curves
are referred to as titration curves from now on.

The protonation energy of an amino acid residue

inside a protein can be shifted compared to its value
in aqueous solution by several contributions: (i)
changes in solvation energy (AAGgyy); (ii) interac-

Table 2. Protonation energy AGrr 7 and its contributions: A AGgorm, AAGpack, and AGTRlyi“ter of Glu312 in different steps
of the reaction cycle, calculated at pH 7.0 (kcal/mol)

FNR complex AGrr 7 AAGgom AAGpaac AGrg,™e" Intermediate
FAD 2.8 2.2 0.7 0.6 I
FAD NADP* 49 2.2 2.8 0.7 I
FAD NADP* Fd,cq -25 -11.2 3.6 14 11T
FADH NADP" Fd,, 1.0 -11.2 7.1 14 v
FADH NADP* 5.3 2.2 3.2 0.7 \
FADH NADP* Fd,.q -13 -11.2 4.7 14 VI
FADH, NADP* Fd,, -1.0 -11.2 5.2 1.3 VII
FAD NADPH Fd,, -59 -11.2 0.2 14 Vllla
FADH, NADP* 4.7 -2.2 25 0.7 VIIIb
FAD NADPH 2.8 -2.2 0.7 0.7 X
FADH 3.1 -22 1.0 0.6 X
FADH, 2.5 -2.2 0.4 0.6 XI
FADH NADPH 3.1 2.2 1.0 0.6 XII
FADH, NADPH 2.5 -2.2 0.4 0.6 XIII
FAD NADP* Fd,, -0.3 -11.2 5.9 1.3 X1V
FADH, NADP" Fd, .4 -32 -11.2 29 14 XV

AGrg 7 is based on the Tanford—Roxby equation to approximate the titration curves of proteins.
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tion with permanent charges and dipoles of the
protein (AAGpack); and (iii) interaction with other
titratable residues (AGYx%). Table 2 lists the proton-
ation energy of Glu312 at pH 7.0 in different
intermediates, as well as the above listed contribu-
tions (the protonation energies of additional redox
states are given in Supporting Information). The
Roman numbering introduced in Table 2 is used to
identify the different intermediates throughout the
study. The titration curves of Glu312 in FNR with
FAD (I), FADH- (X), and FADH, (XI) are similar to
that of a free glutamate residue (Fig. 2a).

The titration curves of FNR with bound NADP"
(I, V, and VIII b; Fig. 2b) are shifted towards lower
pH values and, consequently, the protonation
energy of Glu312 at pH 7.0 becomes more positive.
Instead, the titration curves of FNR with bound
NADPH (V, XII, and XIII) are not significantly
shifted due to the neutrality of the nicotinamide
ring.

The titration curves of Glu312 in the ternary
complex (FNR, Fd, and NADP(H)) are shifted to
higher pH values compared to the titration curve of
the residue in solution (Fig. 2c), leading to more
negative values of protonation energies (Table 2).
Here, Glu312 is likely to be protonated (i.e., the
protonation energy in Table 2 is negative) even in
complexes with NADP™ (III, VI, VII, XIV, and XV),
with one exception—the redox state FADH-—
NADP"-Fd,y (IV). The complexes with NADPH
show very high deprotonation energies between 4.8
and 8.7 kcal/mol (see Supporting Information;
59 kcal/mol for intermediate VIIla). This large
shift is mainly caused by a change in AAGgom,
which can be explained by a conformational change
in Glu312 in comparison to the free FNR and
shielding due to Fd binding. Due to the strong
interaction with the [Fe2-S2] cluster, the deprotona-
tion energy of Glu312 is sensitive to the redox state
of Fd: Fd,.q (IlI, VI, and XV) stabilizes protonated
Glu312 even more (change in interaction energy,
—6.2 kcal/mol) than Fd (XIV, 1V, and VII; change
in interaction energy, —3.9 kcal/mol). In the ternary
complex (VIlla), the protonated form of Glu312 is
even more stabilized after the hydride transfer
because of the neutralization of the positive charge
of NADP". Interestingly, the relative order of the
titration curves of Glu312 in the presence of the three
forms of the flavin (FAD, FADH-, and FADH),) is the
same in FNR and all its complexes. The titration
curve of Glu312 in structures with the semiquinone
form is shifted towards lower pH values, and the
reduced form is shifted towards higher pH values
compared to the oxidized form. Considering that the
three forms of the flavin are electroneutral, this effect
can be attributed to the direction of higher multi-
poles of the isoalloxazine ring. The deprotonated
Glu312 stabilizes the charge distribution of the N-5
protonated semiquinone form. Figure 3 shows the
electrostatic potential of the isoalloxazine ring in the
three redox forms.

In summary, the titration curves of Glu312 in Fig. 2
are influenced by the binding of Fd and NADP(H),

Glu312

Glu312

_—— L —
-1 kTl/e 1 kT/e

Fig. 3. Electrostatic potential of the isoalloxazine ring
of the flavin in its three neutral redox forms (a) FAD, (b)
FADH: and (c) FADH,. The electrostatic potential is
mapped in the range of +1 kT/e onto the molecular
surface of the flavin according to the color bar. The
semiquinone form has a clear positive potential (blue)
interacting favorably with the deprotonated Glu312, while
the negative potential (red) is located at the opposite end
of the molecule. The other two redox forms have a
negative potential closer to Glu312. Therefore, the
semiquinone form is stabilized by FNR in intermediate
V of Fig. 4. The figure was prepared using various

programs. 17-19

as well as by the redox states of Fd, NADP(H), and
FAD. Fd binding has the largest effect due to the
desolvation of the active site.
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Proposed catalytic cycle of FNR

Based on our calculations, we included the
participation of Glu312 in a previously proposed
catalytic cycle.” Intermediates are referenced by
roman numbers, and reaction steps between the
intermediates are identified by arabic numbers, as
shown in Fig. 4. We discuss the cycle assuming that
the reactions would occur at pH 7.0.

Formation of the semiquinone of flavin

Following the model of Batie and Kamin, we
assume NADP+ to be the leading substrate in the
catalytic cycle.” According to our calculations,
Glu312 is deprotonated in the free enzyme (I).
Binding of NADP™ (II) does not alter the protonation
form of Glu312. Interaction of FAD-NADP™" with
Fd,eq (III) leads to the protonation of Glu312, as
indicated by the shifted titration curve of this
intermediate (Fig. 2c).

After the transfer of the electron from Fd to the
flavin (IV), the deprotonated Glu312 is favored by
—1.0 kcal/mol in the ternary complex. The depro-
tonation of Glu312 is remarkable because in all other
complexes with Fd, the glutamate is protonated.

Vil a

Taking into account that, in plant FNRs, the anionic
red flavin semiquinone is not observed and that the
flavin is not solvent accessible when Fd is bound,'*
the proton released from Glu312 could be respon-
sible for neutralizing the flavin. From the titration
calculations, we estimate that the free energy of the
proton transfer from Glu312 to the semiquinone of
the flavin is about —2.4 kcal/mol; thus, the proton
will be transferred from Glu312 to N-5 of the flavin.
Moreover, taking the geometric orientation of
Glu312, Ser96, and the flavin into account (Fig. 1),
a transfer via Ser96 seems to be likely.

The negative charge of the then deprotonated
Glu312 destabilizes the complex with the negatively
charged Fd. Considering the different redox forms
of the iron—sulfur center of Fd and the flavin, and the
different protonation forms of Glu312, the electro-
static interaction energy with Fd changes from
—5.1 kcal/mol for intermediate III to 0.6 kcal/mol
for intermediate IV (Table 3), which means that the
FNR-Fd complex is 5.7 kcal/mol less stable.

Thus, we propose two functions of Glu312
deprotonation: First, the proton transfer from
Glu312 to the flavin allows a fast protonation of
the isoalloxazine ring, and, second, the proton
transfer from Glu312 to flavin helps to expel the

Fig. 4. Catalytic mechanism of
FNR. The protonation form of
Glu312 is indicated. The steps show
the electron and proton flow during
catalysis. (1) FNR-NADP" complex
formation (Glu312 remains deproto-
nated during this reaction). (2) Bind-
ing of Fd,.q and Glu312 protonation.
(3) Electron transfer from Fd,.q to
FAD, accompanied by proton transfer
from Glu312 to the cofactor. (4) Fd
release. (5) Second Fd,.4 binding and
Glu312 protonation. (6) Second elec-
tron transfer to FAD. (7a) Hydride
transfer from FADH, to NADP™. (8a)
Fdox release and Glu312 deprotona-
tion. (9) NADPH release from the
FNR-NADPH complex. (7b-8b) Al-
ternative hydride transfer where Fd,
dissociates before NADP* reduction.
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Table 3. Sum of interaction energies between the flavin, NADP(H), and Glu312 in FNR and the iron—sulfur center of Fd

for intermediates of the catalytic cycle

Interaction partner

Interaction energy (kcal/mol)

Intermediate FNR Fd Protonated Glu312 Deprotonated Glu312
I FAD NADP* Glu312 Fdyeq -5.1 1.1
v FADH- NADP" Glu312 Fdox -3.3 0.6
VI FADH: NADP" Glu312 Fdyeq -5.1 1.1
VIl FADH, NADP* Glu312 Fdo, 2.4 15
Vllla FAD NADPH Glu312 -1.3 2.6

0X

The interaction energies for the protonation form of Glu312 proposed in Fig. 4 are shown in boldface. The details of the calculations are
explained in Change in Interaction Energy between FNR and Fd.

negatively charged Fd, from the complex. The FNR
is now ready for reduction by a second Fd,eq.

FADH- is stabilized in order to minimize unwant-
ed side reactions, ensuring the catalytic function of
FNRs as switch between one-electron carriers and
two-electron carriers. As shown in Table 4, FADH: is
only stabilized by the deprotonated Glu312, and not
by a protonated Glu312 or by Ala in the E312A
mutant. Our protonation probability calculations
predict that Glu312 is deprotonated when Fd is not
bound. We can therefore suggest a third function for
Glu312, which is to stabilize the semiquinone state
in the complex without Fd.

Formation of the quinol state of flavin

Binding of the second Fd,.4 has a similar effect as
binding of the first Fd,.q (i.e., Glu312 is protonated
again (VI)). After the electron has been transferred to
the flavin cofactor (step 6), the deprotonation energy
of Glu312 decreases by 0.3 kcal/mol (VII), but
Glu312 remains protonated according to our calcula-
tions. Mechanistically, it also seems unlikely that
Glu312 transfers its proton to FADH:, since this
proton would have to be transferred to N-1 of the
isoalloxazine ring, which is about 11 A away from
the carboxylate of Glu312 (Fig. 1). Thus, Glu312
remains most likely protonated in this step. FADH-
may take up a proton from solution to protonate N-1
of the isoalloxazine ring, which seems possible based
on an inspection of the hydrogen-bond network.

Hydride transfer to NADP*

Considering the geometrical arrangement (Fig. 1),
it is plausible that the proton bound to N-5 of

Table 4. Change in electrostatic interaction energy
between the flavin in its different redox forms and
residue 312 in wild type (protonated and deprotonated)
and in E312A FNR forms

Interaction energy (kcal/mol)

FAD—FADH- FADH-—FADH,
Glu312-H 0.1 -0.1
Glu312™ -0.4 0.6
E312A 0.0 0.0

Calculations are based on the structure of intermediate V in Fig. 4.

FADH,, together with two electrons, is transferred
to NADP", and the proton bound to N-1 is released
to the solvent. The transfer may occur either as a
concerted transfer of one proton and two electrons,
or in a sequential manner. Our study investigates
only the end states of this reaction. The exact
mechanism of the hydride transfer that occurs over
a very short distance is not investigated. It is argued
that the release of Fd from FNR is a slow process,
while hydride transfer is considered to be fast.
Therefore, it is assumed that the hydride transfer
occurs in the ternary complex.* We took into
account the two possible reaction pathways for our
calculations to provide new insights into the order of
events between NADP" reduction and Fd release.

Our results indicate that Glu312 is deprotonated in
the binary complex of FNR and NADP" (VI-IIb), but
protonated in the ternary complex of FNR, NADPH,
and Fd (VIlla; Table 2). Calculations of the relative
interaction energy of Fd,, with FNR (Table 3) show
that Fd is bound more strongly to FNR in the
complex FADH,-NADP*-Fd, (VII) compared to
FAD-NADPH-Fd,, (VIIIa). This interaction energy
difference is the first indication that Fd dissociates
more likely after the hydride transfer (step 8a) than
before the hydride transfer (step 7b).

The reaction energy for the transfer of a hydride
between FADH, and NADP" is not favorable by
4.8 kcal/mol in solution.” The protein environment
lowers this reaction energy to permit a transfer of the
hydride to NADP®. Calculations show that the
hydride-transfer energy (Table 5) is lowered by
3.0 kcal/mol by the protein if Fd,y is bound and
Glu312 is protonated (step 7a). Instead, if Fd, is not
bound and Glu312 is deprotonated, the energy for
the hydride transfer is lowered by only 0.3 kcal/mol
(step 8b). If Fdoyx is not bound and Glu312 is
protonated, the hydride transfer reaction energy is
lowered by 2.2 kcal/mol. However, this possibility
seems unlikely, since 4.7 kcal/mol is required to
protonate Glu312 in this intermediate (Table 2).
Therefore, reduction of NADP" is highly unlikely
when Fd is released first. Both protonated Glu312
and bound Fd, (VIlla) are required for the enzyme
to fulfill its catalytic function (step 7a).

In step 8a, the negatively charged Fd is released
from the complex because the interaction energy of
NADPH and Fd,, is 2.0 kcal/mol lower than that
with NADP™. Interestingly, the effect of the neutral-
ization of the positive charge in the complex is
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Table 5. Shift in hydride transfer energies AGy- from FADH, to NADP" and its contributions

A Gi.ntr AGir\ter
Step FNR complex AAGy- AAGgom AAGpaac NADP/FAD Other residues Glu312
7a® Glu312", Fd,, 2.1 -10.2 7.3 0.7 -0.6 49
7a Glu312-H, Fd,, -3.0 -10.2 7.3 0.7 -0.6 -0.2
8b Glu312~ -0.3 -94 7.4 0.8 -0.5 14
8b* Glu312-H -2.2 -94 74 0.8 -0.5 -0.5

Energy shift is split into contributions caused by shifts in the intrinsic energy AGin (desolvation effects A AGgo, and interaction with
non-titrating groups of the protein AAGp,a) and energy shift due to interactions between titrating groups AGineer (change in the
interaction between FAD and NADP, change in the interaction between FAD/NADP and other titratable groups except for Glu312, and
change in the interaction between FAD/NADP and Glu312). All calculations are performed at pH 7.0. Energies are given in kilocalories

per mole.

# The protonation form of Glu312 differs from the one proposed in Fig. 4.

partially compensated for by the change in the dipole
of the flavin, leading to an overall decrease in
interaction energy of 1.1 kcal/mol (Table 3). Disso-
ciation of Fd leads to a deprotonated Glu312 (IX),
which helps to expel the formally three times
negatively charged NADPH (step 9). The catalytic
cycle is completed.

Discussion of previous experimental results

Calculations presented in this work support an
active role for Glu312 during the catalytic cycle of
FNR not only by stabilizing the semiquinone form of
FAD but also as proton donor/acceptor in catalytic
reactions.

Previous experimental results by Medina et al.'
and Aliverti et al.'® suggested the involvement of
Glu312 in the stabilization of the semiquinone state
of the enzyme, since photoreduction assays exhib-
ited no semiquinone form for the E312A mutant FNR
from Anabaena'® and the spinach mutant FNR
accumulated three times less FADH: relative to the
wild-type protein.'® The destabilization of semiqui-
none was also evident from the oxidase activity.
When the native FNR is incubated with NADPH
under aerobic conditions, a considerable amount of
superoxide radical is formed by a two-phase process
through a semiquinone intermediate state, while the
mutant protein only produces H,O, through a
single-phase reaction, avoiding the semiquinone
intermediate form.'> In the diaphorase reaction,
kinetic measurements can be made by using non-
physiological small electron acceptors. The Glu312
mutant FNRs showed that no k.,; decreased relative
to the wild-type enzyme when a two-electron
acceptor was used (such as dichlorophenolindophe-
nol or 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyl
tetrazolium chloride). However, when a one-
electron acceptor such as ferricyanide was used, the
relative k¢ decreased by about 60%,>'° since the
semiquinone intermediate must be formed. In the
electron transfer reaction involving FNR and small
artificial electron acceptors, Glu312 had no crucial
function as proton donor/acceptor. In these reac-
tions, Glu312 was deprotonated, since Fd is not
bound and, thus, the large desolvation effect due to
Fd binding, which leads to the protonation of
Glu312, is missing. The stabilization of the semiqui-

none by the deprotonated Glu312 can be rationalized
by the different electrostatic potentials of the flavin in
its redox form and its interaction with Glu312. The
semiquinone form needs to be stabilized in the free
FNR (i.e., when Fd is not bound). In this intermedi-
ate, Glu312 is negatively charged and can stabilize
the partially positively charged region around N-5 of
the isoalloxazine ring (Fig. 3).

In reactions of FNR that involve Fd, the catalytic
efficiency of FNR is largely impaired when Glu312 is
mutated to an alanine. The performance of E312A
mutants in the NADPH-dependent cytochrome c
reductase reaction was even worse with respect to the
wild-type FNR than in the diaphorase assay.'”'® This
reaction involves electron transfer from NADPH to
Fd catalyzed by FNR and, subsequently, to cyto-
chrome c. In another single-turnover experiment
following the electron transfer between FNR and Fd,
the mutant enzyme showed a significant decrease in
catalysis compared to the wild-type FNR." This
remarkably decreased activity of the mutant
proteins'>'® indicates that Glu312 plays an additional
role in catalysis besides stabilization of FADH- when
Fd is present; it functions as a proton donor/acceptor
once per catalytic cycle and destabilizes the FNR-Fd
complex once the electron is transferred.

It was concluded'® by single-turnover measure-
ments that Glu312 is important in catalyzing the
reductive half-reaction:

FNRoy + NADPH + H' =NADP" + FNRyeq (2)

This reaction occurs in two steps in wild-type FNRs:
formation of the charge-transfer complex [FNRyy —
NADPH]* and reduction of FAD by NADPH
through hydride transfer:”*

FNR, + NADPH = [FNR,, — NADPH]" (3)

[FNRoy — NADPH] +H* = [FNR,q — NADP"]
(4)

In the experiments, the first phase is faster than the
detection limits; therefore, only the rates of flavin
reduction were determined for mutant and wild-
type FNRs.">'° It was noted that the mutant protein
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performed the reaction shown in Eq. (4) with
significantly decreased efficiency. This finding can
be explained by considering the importance of
Glu312 in the hydride transfer process, as shown in
Table 5. This reaction would occur through steps 8b—
7b from the cycle in Fig. 4. Then, the crucial role of
Glu312, which is deprotonated, is to favor the
hydride transfer by stabilizing the positive charge
of NADP". Glu312’s function as proton donor/
acceptor is only manifested in the presence of Fd.

Aliverti et al. observed that the relative activity of
hydride transfer in the mutant protein is similar to
the activity assayed through steady-state measure-
ments with ferricyanide.'® They concluded that the
reductive half-reaction is therefore the one affected
by this mutation. Based on their findings, they ruled
out the involvement of Glu312 as proton donor/
acceptor.'® However, neither the diaphorase reac-
tion nor the half-reductive reaction represents the
physiological enzymatic cycle. The involvement of
Glu312 was not directly proven by Medina et al.'?
However, they concluded that Glu312 functions as a
proton donor/acceptor based on the lower electron
transfer activity displayed by the E312A mutant of
FNR, especially as observed in the experiments
where Fd is used as substrate.

It is important to realize that many experiments
investigating FNR activity involve non-physiologi-
cal electron donors or acceptors. Moreover, catalytic
reactions are often run in the opposite direction
compared to physiological reactions, and conclu-
sions drawn from these experiments may not
always be transferable to the physiological cycle.
From our calculations, we see that the binding of Fd
has a pronounced effect on the catalysis of FNR.
Results obtained from diaphorase reactions with
small redox-active molecules cannot mimic desolva-
tion effects due to Fd binding that seems to be
important for the physiological reaction.

Conclusion

The role of a highly conserved glutamate residue in
the active site of FNR was studied by continuum
electrostatic computations. Protonation probability
calculations were performed on different redox states
of maize FNR and its binary and ternary complexes
with Fd and NADP(H). The protonation energy of
Glu312 varied over 14.6 kcal/mol for the complexes
that we considered (Table 2; Supporting Informa-
tion). We found that the protonation of active-site
residues may change during catalysis not only due to
chemical reactions but also due to the binding of
reaction partners. The protonation energy of Glu312
is influenced by desolvation effects due to Fd binding
and by the redox states of NADP(H), Fd iron-sulfur
cluster, and flavin. The order of these influences
reflects their importance. By arrangement of the
complexes in the accepted catalytic cycle of FNR, the
changes in the protonation form of Glu312 allowed
us to propose an active role for this residue in the
catalytic mechanism. Based on our calculations, we

found the following functional roles for Glu312 in the
catalytic cycle (Fig. 4): First, upon reduction of FAD
to its semiquinone form by Fd, Glu312 deprotonates
(step 3). Considering the geometric arrangement, it is
likely that the proton is transferred from Glu312 via
Ser96 to N-5 of the deprotonated semiquinone form
of the flavin, allowing a fast protonation of the
isoalloxazine ring. Second, after this proton—electron
transfer, the deprotonated Glu312 destabilizes the
binding of the strongly negatively charged Fd,. and
therefore promotes its dissociation (step 4). Third, the
deprotonated Glu312 stabilizes the semiquinone state
of the complex without Fd (V), therefore preventing
side reactions of the radical before the second
reduction step can occur. Only because of this
property, can FNR function as a switch between
one-electron carriers and two-electron carriers.
Fourth, after the reduction of the semiquinone to
FADH,, the hydride transfer from FADH, to NADP+
is only energetically favorable if Glu312 is protonated
and Fd is bound (step 7a). Fifth, a deprotonated
Glu312 in the final reaction step helps to expel the
formally three times negatively charged NADPH
from the complex (step 9).

Our calculations allowed us to attribute functional
roles to Glu312, which was assumed to be mecha-
nistically important since the crystal structure of
FNR was solved."

Materials and Methods

Sequence alignment

FNR sequences from plant and bacterial FNR were
aligned with CLUSTAL W.?' The programs MultiProt*
and Staccato™ were used to obtain a reliable sequence
alignment of FNRs based on structural information.
Crystal structures of the FNRs from bacteria Rhodobacter
capsulatus, Azotobacter vinelandii, and Escherichia coli;**°
from cyanobacterium Anabaena;”” from protozoan Plasmo-
dium falciparum;*® and from plants spinach, pea, paprika,
and maize (leaf and root isoforms)!31429-31 were used
[Protein Data Bank (PDB) IDs 2bgi, 1a8p, 1fdr, 1que, 20k8,
1fnb, 1qg0, 1sm4, 1gaw, and 1jb9, respectively].

Structures for electrostatic calculations

All calculations were performed on maize FNR. We used
PDBID 1gaw (chain A) for the FNR alone and PDB ID 1gaq
(chains A and B) for the FNR-Fd complex."* Complexes
with NADP(H) were modeled based on the structure of the
mutant Y308S of pea FNR co-crystallized with NADP*
(PDB ID 14fy; chain A).*” The FNR structures of pea and
maize were superimposed by matching the coordinates of
the isoalloxazine ring using the Kabsch algorithm,?* and
the coordinates of NADP(H) were copied. In order to
remove unfavorable Lennard-Jones interactions between
nicotinamide and the protein, we energy minimized
Thr172, Glul73, Leu274, Val313, and the C-terminal
Tyr314 of FNR using a simulated annealing protocol.
Since the N-terminus was not resolved crystallographical-
ly, we blocked the first resolved residue by an acetate
group. The unresolved terminus should affect the titration
behavior of the rest of the protein only marginally because
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it is highly flexible and well solvated, and its charges are
consequently well shielded. Hydrogens were placed using
the HBUILD™ routine of CHARMM.?* The energy of the
resulting structures was minimized, keeping all non-
hydrogen atoms at fixed positions. For this optimization,
all titratable groups were in their standard protonation
form: acids (aspartate, glutamate, and C-terminus) were
deprotonated, and bases (arginine, cysteine, histidine,
lysine, tyrosine, and the N-terminus of Fd) were proton-
ated. All water molecules and sulfate ions were removed
from the structures after the modeling.

As a result of this structure preparation procedure, we
obtained four coordinate sets: one for FNR (including the
flavin), one of the complexes of FNR with NADP(H), one
for the complex for FNR with Fd, and one for the complex
of FNR with NADP(H) and Fd.

Atomic partial charges

Partial charges from the CHARMM?2?7 force field™ were
used for amino acid residues. For NADP(H), the parame-
terization by Pavelites et al. was used.”® Charges of the
isoalloxazine ring of the flavin were computed by the
RESP¥ method based on the results of DFT optimization
(B3LYP) with Gaussian 03,%® using a (6-311++g(2d,2p))
basis set for FAD, FADH-, FADH—- and FADH, (charges in
Supporting Information). Partial charges for the rest of the
molecule were taken from analogous atoms in the NADP(H)
parameterization. The iron-sulfur center of Fd and the side
chains of the coordinating cysteines were geometry opti-
mized with ADF**° using a TZ2P(+) basis set and VWN*'
and PW91*** exchange correlation functionals.** Charges
were fitted by a CHELPG-like procedure (charges in
Supporting Information).*>*® The quantum chemical calcu-
lations were performed in vacuum starting from geometries
obtained from the crystal structures. The coordinates of the
atoms linking the iron-sulfur cluster to the protein were
kept fixed similar to previous calculations.*” The non-
hydrogen atom RMSD of the optimized cluster compared to
the crystal structure is 0.16 A for the oxidized cluster and
0.18 A for the reduced cluster.

We considered two charge forms for all arginine,
aspartate, glutamate, lysine, tyrosine, and non-iron-
coordinating cysteine in FNR and Fd. The charges for
the protonated form of glutamate and aspartate and for
the deprotonated form of lysine and arginine were
symmetrized. The nicotinamide ring of NADP(H) and
the iron-sulfur center of Fd were represented by two
charge forms. Three charge forms were used for the
isoalloxazine ring of the flavin, and four charge forms
(doubly protonated, € protonated, & protonated, and
deprotonated) were used for the histidine side chain.

Theoretical framework for the computation of
protonation probabilities

Protonation probabilities were obtained by combining
Poisson-Boltzmann electrostatic calculations with Metrop-
olis Monte Carlo (MC) titrations. The underlying theory is
described in detail elsewhere.***® For multiprotic systems,
a pK, value often cannot be attributed to a single group.
Instead, a protonation probability curve can describe the
behavior of a group over the whole investigated pH range.
However, this curve can deviate substantially from a
Henderson-Hasselbalch curve. The theoretical framework
used here allows to compute average interaction energies
from the protonation probabilities obtained by the MC

proc:edure.“’48 The mean-field energy Grr° (jr, pH) of a

particular titratable site j in its protonation form k (p for
protonated and d for deprotonated) at a certain pH can be
described by its intrinsic energy Ginu(jx) and its average
interaction energy:*""

Niite Nform 1

Gf[R(]‘kva) = Gintr(jk) + Z Z Ginter(jka lm)p(lmupH) (5)

]#j m

The average interaction energy is the sum over all
protonation forms m of all other sites | weighted by the
probability p of form [, at a given pH p(l,,, pH) that we
obtain from an MC calculation. Here, the number of sites of
the system is given by N, and the number of protonation
forms of site | is given by Niorm . The averaging of this
mean-field approach follows a similar spirit as the
calculation of protonation probabilities based on the
Tanford-Roxby iterative scheme.’>®® Therefore, we call
the pK, values calculated based on the average interaction
energies Tanford-Roxby pK, values:

. 1 . . . .
pKarr(j,pH) = — RTIN10 (GTR (]P?pH) - GTR(]d’pH)) (6)

However, pK,r values are pH dependent. The free
energy to protonate a site at a given pH can be estimated
from this pK, rr by:

Grr(j, pH) = RTIn10(pH — pKa1r(j, pH)) (7)

This energy is positive if the group is likely to be
deprotonated and is negative if the group is likely to be
protonated. Thus, from this energy, it can be seen how
easily a group deprotonates or protonates at a given pH.

The intrinsic energy Gin(jix) of a form ji is composed of
three contributions:

Gintr(jk) = Gmodel (jk) +AGBorn (k) +AGback (k) (8)

The model energy Guodei(jx) represents the energy of
form ji inside a model compound in solution, which is
usually determined experimentally. The Born energy
difference AGgpom(ji) characterizes the energy difference
for polarizing the solvent around the protein and the
model compound when the site j is charged from zero to
its final charge in the protonation form ji. The background
energy difference AGp,ck(ji) describes the interaction
energy difference of form ji with the charges of atoms
not belonging to any site in the protein and in the model
compound. The average interaction energy difference at a
given pH is:

Niite Niorm,J
AG}FIS;H = Z (Ginter (jpa lm) - Ginter (jda lm))p(lnh PH)
! #j m

©)

Computation of protonation probabilities and interaction
energies

The electrostatic energies represented by the intrinsic
energies Gin(jx) and the interaction energies Ginter(ji, L)
were calculated by programs based on the MEAD

44,54 A
package. The intrinsic energy values are calculated
relative to experimentally determined pK, values of
appropriate model reactions of monoprotic compounds in
aqueous solution.*® For the semiquinone of FAD, we used a
pK, value of 85.° All residues of the types arginine,
aspartate, glutamate, lysine, tyrosine, and histidine were
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considered titratable. The following parameters were used
in all Poisson—Boltzmann calculations: a dielectric constant
of €,=4 was assigned to the interior of the protein; the
solvent was modeled as a medium with a dielectric constant
of £,=80, an ionic strength of =100 mM, and a temperature
of T=300 K. An ion exclusion layer of 2 A and a solvent
probe radius of 1.4 A were used to define the volume of the
protein. The electrostatic potential was calculated using a
grid of 131° Jpoints, with two focusing steps at resolutions of
1.0and 0.2 A. The larger grid was geometrically centered on
the molecule or complex, while the finer grid was
geometrically centered on the group of interest.

The probabilities of all protonation forms ji as a function
of pH were calculated by a Metropolis MC algorithm.*
pH was varied from 0 to 14 in steps of 0.2 pH unit. For
every pH step, the MC calculation consisted of 100
equilibration scans and 10,000 production scans at
T=300 K. In one scan, each site of the protein is touched
once on average.

Change in interaction energy between FNR and Fd

The change in interaction energy between FNR and Fd
upon a change in the protonation or redox state of the
isoalloxazine ring of the flavin, of the nicotinamide ring of
NADP(H), of the side chain of Glu312, and of the iron—
sulfur center of Fd was calculated as the sum of the
respective interaction energies Ginter(ji, In). The flavin was
included as oxidized (FAD), semiquinone (FADH'), or
reduced (FADH,); Fd was included as oxidized (Fd,,) or
reduced (Fd,cq); and NADP(H) was included as NADP* or
NADPH according to the proposed intermediates in the
catalytic cycle.

Hydride-transfer energy

The hydride transfer from FADH, to NADP" catalyzed
by FNR can be formally seen as a two-electron-two-
proton reduction of NADP" and a two-electron—two-
proton oxidation of FADH,. A reduction potential of E*' =
—323 mV for the first reaction, as well as a reduction
potential of E°’=—219 mV for the second reaction, is
measured at pH 7.0 in water (I=100 mM; calculated from
the CRC Handbook of Chemistry and Physics®®). The total
process:

FADH; + NADP*—FAD + NADPH + Ht  (10)

has therefore a reaction free energy of 4.8 kcal/mol in
water. The role of the protein is to lower this free-energy
difference to make the reaction possible. This effect is
calculated by separately transferring the isoalloxazine ring
of FADH, and FAD, as well as the nicotinamide ring of
NADP+ and NADPH, from water to the protein environ-
ment. The calculation of these transfer energies is
analogous to the calculation of relative protonation or
reduction energies. The transfer energy consists of a
difference in Born energy in water and in the protein,
and an interaction energy with all titratable groups in the
protein except for the flavin, NADP(H), and Glu312.
Electronic polarization effects that could be considered in a
self-consistent reaction field calculation have not been
included in this study. Since the protonation state of the
protein does not change upon the reaction, the titratable
groups are kept fixed in their most probable protonation
form. The interaction energies of the flavin, NADP(H), and
Glu312 are included separately to avoid double counting
of the contributions.
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