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ABSTRACT

Flavin-containing reductases are involved in a
wide variety of physiological reactions such as
photosynthesis, nitric oxide synthesis, and detoxi-
fication of foreign compounds, including thera-
peutic  drugs. Ferredoxin-NADP(H)-reductase
(FNR) is the prototypical enzyme of this family.
The fold of this protein is highly conserved and
occurs as one domain of several multidomain
enzymes such as the members of the diflavin re-
ductase family. The enzymes of this family have
emerged as fusion of a FNR and a flavodoxin.
Although the active sites of these enzymes are very
similar, different enzymes function in opposite
directions, that is, some reduce oxidized nicotina-
mide adenine dinucleotide phosphate (NADP™)
and some oxidize reduced nicotinamide adenine
dinucleotide phosphate (NADPH). In this work,
we analyze the protonation behavior of titratable
residues of these enzymes through electrostatic
calculations. We find that a highly conserved car-
boxylic acid in the active site shows a different ti-
tration behavior in different flavin reductases.
This residue is deprotonated in flavin reductases
present in plastids, but protonated in bacterial
counterparts and in diflavin reductases. The pro-
tonation state of the carboxylic acid may also
influence substrate binding. The physiological
substrate for plastidic enzymes is NADP™, but it is
NADPH for the other mentioned reductases. In
this article, we discuss the relevance of the envi-
ronment of this residue for its protonation and its
importance in catalysis. Our results allow to rein-
terpret and explain experimental data.
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INTRODUCTION

Flavin-containing enzymes catalyze a broad spectrum of biochemical
reactions involved in important metabolic routes such as oxidative phos-
phorylation. Their most remarkable feature is the ability to split electrons
between obligatory mono- and two-electron transporters, as a conse-
quence of the biochemical properties of their prosthetic group.1 Most fla-
voproteins contain either flavin mononucleotide (FMN) or flavin ade-
nine dinucleotide (FAD) as prosthetic group.!>2 However, a small num-
ber of them contain both cofactors and constitute the family of diflavin
reductases.3 Evolutionarily, diflavin reductases originate from a fusion of
two ancestral genes coding for a FMN-containing flavodoxin (Fld) and a
ferredoxin-NADP(H)-reductase (FNR).%> Members of this family are
cytochrome P450 reductases (CPR), the a -subunit of bacterial sulfite re-
ductase (SiR), methionine synthase reductase (MSR), nitric oxide syn-
thase (NOS), and the cytoplasmic novel reductase 1 (NR1).6

CPR, the most extensively characterized of these enzymes, is found
in the endoplasmic reticulum of most eukaryotic cells. It is an integral
component of the mono-oxygenase system transferring electrons from
NADPH to cytochromes P450 (CYPs) via the FAD and FMN cofac-
tors.® CYPs are involved in the synthesis of endogenous compounds
such as steroids, fatty acids and prostaglandins and in the detoxifica-
tion reactions of foreign compounds including therapeutic drugs. In
each catalytic cycle, CYPs must be restored to their reduced state by a
CPR.7 In addition to its normal physiological functions, CPRs play a
role in the reductive activation of many therapeutically important anti-
cancer agents.3 CPRs are also involved in detoxification metabolism of
Trypanosoma cruzi, the parasite responsible for the trypanosomiasis
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known as Chagas’ disease. T. cruzi is refractory to known
antiprotozoal agents, and overexpression of CPRs in T.
cruzi epimastigotes increases its resistance to the typical
chemotherapeutic agents.”

NOS is the enzyme responsible for NO production. Its
C-terminal domain belongs to the diflavin reductase fam-
ily.3 NO acts in key physiological processes including
neurotransmission, blood pressure regulation, and the
immune response. Deregulation of NO synthesis is asso-
ciated with diverse human pathologies including immune
diabetes, stroke, inflammatory bowel disease, rheumatoid
arthritis, hypertension, arteriosclerosis, and infection sus-
ceptibility.8

MSR is the enzyme responsible for reducing methio-
nine synthase. A large number of cancer cell lines are
unable to grow in medium in which methionine is
replaced by its precursor homocysteine. Thus, methio-
nine restriction has been considered as a potential cancer
therapeutic strategy.9

Another diflavin reductase is NRI, which appears
widely expressed in human cancer cell lines and could
play a potential role in the (de)activation of drugs used
in cancer therapy.3 It binds FMN, FAD, and NADPH
cofactors and shares about 44% similarity with human
CPR, and its sequence arrangement indicates that NR1 is
structurally similar to CPR. NR1 supports the metabo-
lism of some antineoplastic agents, and it is thought to
be involved in methionine synthesis; however, its precise
biological role is unknown.3

FNRs from plants and those from bacteria (FPRs) are
monomeric enzymes harboring one molecule of FAD as
prosthetic group. FNR in chloroplasts and cyanobacteria
oxidize reduced ferredoxin (Fd) to provide the NADPH
necessary for CO, assimilation. In bacteria, FPRs reduce Fd
or Fld with electrons received from NADPH. The reaction
is the same as in plants but it occurs in the opposite direc-
tion. All FNRs and FPRs have a remarkably similar terti-
ary structure. The FNR domain of the diflavin reductases
resembles this structure. The active site around the FAD in
all flavin and diflavin reductases is structurally very similar
and contains three highly conserved residues: a cysteine, a
serine and a carboxylic acid. The latter is a glutamate in
FNRs and FPRs, whereas it is an aspartate in diflavin re-
ductases. The diflavin reductases and FPRs share the direc-
tion of the physiological reaction they catalyze and display
similar catalytic rates, but according to their tertiary struc-
ture, diflavin reductases are more related to FNRs, includ-
ing the binding mode of the cofactor (Fig. 1).

In this work, we find through electrostatic calculations
and analysis of protonation behavior of titratable residues
that a highly conserved carboxylic acid in the active site of
flavin and diflavin reductases is protonated in FPRs and
diflavin reductases but deprotonated in FNRs, at neutral
pH. The relevance of this residue in the catalytic mecha-
nism is discussed. Our results can explain previous experi-
mental data.

FNR domain
of CPR from rat

Figure 1

(A) Comparison of the FNR from maize, FPR from E. coli, and FNR
domain of CPR from rat liver. a-Helices are shown in purple, B-sheets
in green, and the rest of the protein in white. The FAD cofactor is
displayed in yellow. (B) Degree of exposition of the carboxylic acid and
positioning of the cofactor in the active site of CPR from rat, FNR
from maize, and FPR from E. coli. Proteins were superimposed, and the
carboxylic acid in the active site is highlighted: Asp675 from CPR in
magenta; Glu312 from FNR in gray; and Glu245 from FPR in blue.
Superposition was done using the program MultiProt!0 and the picture
was prepared using the program vMmD.!1

METHODS

Structures for electrostatic calculations

The enzymes used in this work were chosen on the
basis of a Dali searchl2 using the structure of CPR
from rat liver (PDB code: lamo) as starting point. The
reductases as ordered by similarities to the CPR from
rat liver are CPR from rat liver and yeast, NOS from
rat brain, human MSR, SiR from Escherichia coli, FNRs
from pea, spinach, paprika, Anabaena, maize (leaf
and root isoforms), Leptospira interrogans, Plasmodium
falciparum, an iron-sulfur flavoprotein benzoate-1,2-
dioxygenase reductase (BenC) from Acinetobacter sp.,
FPRs from E. coli, Azotobacter vinelandii, an iron-sulfur
flavoprotein phthalate dioxygenase reductase (PDR)
from P. cepacia, and FPRs from Pseudomona aeruginosa
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Table |

Protonation Energetics of the Carboxylic Acid in the Active Site of the FNR Domain of Flavin- and Di-Flavin-Reductases, Calculated

at pH 7 (kcal mol™?)

PDB ID Enzyme Residue AGrg7 AAGgorm AAGyack AGiT‘}{f; pKtr7 In Figure 2
1am013 CPR, rat liver D675 -19 —-109 42 —-0.7 8.4 (A)
2bna14 CPR, yeast D689 —47 -77 03 14 104 (A)
118 NOS, rat brain D1393 ~30 ~77 0.8 02 9.2 (A)
Model FNR-domain CPR*® D675 —0.1 -9.1 3.0 —-2.1 71 (B)
12019 NOS, rat brain® D1393 06 -99 24 40 6.6 (B)
2qtl16 MSR, human® D695 -07 -13 04 21 75 (B)
1ddg!’ SiR, E. colf D597 0.9 —45 15 —02 6.4 (B)
1gq0'8 FNR, pea E306 08 -39 0.9 0.2 6.4 ()
1fnb19 FNR, spinach E312 09 —66 35 04 6.3 (C)
1smé FNR, paprika E360 2.2 -1.9 0.4 0.2 5.4 (C)
Tque 1 FNR, Anabaena E301 -22 —6.5 17 -09 8.6 (C)
1gaw?? FNR, maize E312 20 -22 0.2 0.4 5.6 ()
1jp923 FNR, maize root E314 19 —27 0.6 05 5.6 ()
2rc524 FNR, L. interrogans E312 30 -19 08 0.6 48 (c)
20k8%d FNR, P falciparum E314 2.1 —43 17 1.1 5.4 ()
1krh28 BenC, Acinetobacter sp.° E333 —58 -78 -03 —12 1.2 (D)
1fdr2? FPR, E. coli E245 —45 —90 0.7 0.2 103 (D)
1a8p28 FPR, A. vinelandii E252 —6.7 -107 1.1 —07 19 (D)
2pia2d PDR, B. cepacia® £223 —66 -102 15 -15 18 (D)
2qdx30 FPR, P aeruginosa E252 —68 -103 25 -26 120 (D)
2bgis! FPR, R. capsulatus E264 —6.4 ~102 0.9 —06 1.7 (D)
Model Mutant S457A CPR® D675 -70 -93 23 —42 121 (E)
Model Mutant C630A CPR? D675 ~34 ~95 43 —24 95 (E)

The meaning of the energy contributions is explained in the Methods section.
“Modeled based on lamo.

"ENR domain.

“Iron-sulfur flavoprotein.

and Rhodobacter capsulatus (see Table I for PDB codes).
Table I follows this order.

Hydrogens were placed using the HBUILD32 routine
of CHARMM.33 The energy of the resulting structures
was minimized keeping all nonhydrogen atoms at fixed
positions. For this optimization, all titratable groups
were in their standard protonation form, for example,
acids (aspartate, glutamate, and C-terminus) were depro-
tonated and bases (arginine, cysteine, histidine, lysine,
tyrosine, and resolved N-termini) were protonated. All
water molecules and sulfate ions were removed from the
structures after the modeling. If the N-terminus was not
resolved crystallographically, 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 it is highly flexible, well
solvated, and its charges are consequently well shielded.

Models of CPR

Based on the crystal structure of the CPR from rat liver
(PDB code lamo), three models were build: S457A and
C630A mutant CPRs and the FNR-domain from CPR. For
the S457A mutant CPR, the atom OG from the serine resi-
due 457 was deleted from the original file and the rest of
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the side chain was conserved. The same approach was used
to build the C630A mutant CPR: the atom SG from cyste-
ine residue 630 was deleted and the remaining side chain
was kept. To construct the model of the FNR domain of
CPR, the residues from the N-terminus up to the residue
244, as well as the FMN coordinates, were deleted.

Atomic partial charges

Partial charges of the flavin cofactors, FAD and FMN,
and iron-sulfur center of Fd domains were obtained as
described before.34 The iron-sulfur center of Fd and the
isoalloxazine ring of the flavins were included in oxidized
charge forms. We considered two charge forms for all argi-
nine, aspartate, glutamate, lysine, tyrosine, and non-iron
coordinating cysteine. The charges for the protonated form
of glutamate and aspartate and the deprotonated form of
lysine and arginine were symmetrized. Four charge forms
were used for the histidine side chain (doubly protonated,
¢ -protonated, & -protonated, and deprotonated).

Theoretical framework for the
computation of protonation probabilities

Protonation probabilities were obtained by combining
Poisson-Boltzmann electrostatic calculations with Me-
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tropolis Monte Carlo (MC) titrations. The underlying
theory is described in detail elsewhere. 336

For multiprotic systems, a pK, value can often not be
attributed to a single group.37’38 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-Hassel-
balch curve. The theoretical framework used here allows
to compute average interaction energies from the proto-
nation probabilities obtained by the MC procedure.35’36
The mean-field energy Grg (jpH) of a particular titrata-
ble 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 Gin.(jx) and its average interaction
energy, Ginger””’

Niite Ntorm,1

G'([]‘R(jk7 PH) = Gintr(jk) + Z Z Ginter(jka lm)p(lm; PH)
7 m
(1)

The average interaction energy is the sum over all pro-
tonation forms m of all other sites | weighted by the
probability p of form [, at a given pH, p(l,,pH) that we
obtain from a MC calculation. Here, the number of sites
of the system is given by N, and the number of proto-
nation forms of site [ is given by Niorm -

The averaging of this mean-field approach follows a
similar spirit as the calculation of protonation probabil-
ities based on the iterative scheme of Tanford and Roxby
(TR).41’42 Therefore, we call the pK, values calculated
based on the average interaction energies as Tanford-
Roxby-pK, values:

(GrrUp> PH) = Grg (ja, pH))-
(2)
However, pK,tr values are pH dependent. The free

energy to protonate a site at a given pH can be estimated
from this pK, rr by

1
K. i.pH) = — —
pKa1r(j, PH) RTIn10

GTR(jv pH) = RTIn 1O(pH - pKa,TR(j7 pH)) (3)

This energy is positive if the group is likely to be
deprotonated and 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 Gi,.(ji) of a form ji is composed
of three contributions:

GintrUk) = Gmodel(ik) + AG’Born (]k) + AGback (]k) (4)

The model energy Gpoaa(jx) represents the energy of
form j; inside a model compound in solution, which is
usually determined experimentally. The Born energy differ-
ence AGgom(jx) 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 j;. The background energy
difference AGy,a(jx) describes the interaction energy dif-
ference of form jj, 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

Nsite Nform,l

AG”iFnIf;H = Z Z (Ginter(jpv bn) — Gimer(id’ bn))

7o m
Xp(lm, PH).  (5)

Computation of protonation
probabilities and interaction energies

The electrostatic energies represented by the intrinsic
energies G, (jx) and the interaction energies Giper(jiolin)
were calculated by programs based on the MEAD pack-
age.36’43 The intrinsic energy values are calculated relative
to experimentally determined pK, values of appropriate
model reactions of monoprotic compounds in aqueous so-
lution.3> All residues of the types arginine, aspartate, glu-
tamate, lysine, tyrosine, and histidine were considered ti-
tratable. The energetic parameters for calculating the pro-
tonation were obtained from Poisson-Boltzmann
calculations. A dielectric constant of &, = 4 was assigned
to the interior of the protein. This value is used in many
studies and enables a reliable prediction of the titration
behavior of buried and active site residues.44=>1 The sol-
vent was modeled as a medium with a dielectric constant
of &, = 80. An ionic strength of I = 100 mM and a temper-
ature T = 300 K were used. An ion exclusion layer of 2 A
and a solvent probe radius of 1.4 A defined the excluded
volume of the protein. The electrostatic potential was cal-
culated using a grid of 131X131X131 points with two fo-
cusing steps at a resolution of 1.0 A and 0.2 A. The larger
grid was geometrically centered on the molecule or com-
plex, whereas the finer grid was geometrically centered on
the group of interest.

The probabilities of all protonation forms ji as a func-
tion of pH were calculated by a Metropolis MC algo-
rithm.>2 The pH was varied from 0 to 14 in steps of 0.2
pH units. For every pH step, the MC calculation con-
sisted of 100 equilibration scans and 10,000 production
scans at 7= 300 K. In one scan, each site of the protein
is touched once on average.

RESULTS AND DISCUSSION

Since the first crystallographic structure of spinach
FNR was resolved, the conserved carboxylate residue (a
glutamate in FNRs and FPRs) in the active site was sug-
gested to be responsible for donating protons to FAD
during reduction through a conserved serine residue.!?
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Moreover, the conserved glutamate assumes a different
position in maize FNR when complexed with Fd suggest-
ing an active role in catalysis.22 The hypothesis that this
residue is acting as proton donor was investigated in two
experimental systems: FNR from Anabaena®3 and from
spinach®%; however, no definite conclusion could be
reached. Through electrostatic calculations on maize
FNR, we could show that this residue has an important
role throughout the whole catalytic cycle.34 It was noted,
from comparison of the crystal structure of spinach FNR
with the one from PDR,19 that the carboxylate in FNR
forms a hydrogen bond to a conserved serine, but it does
not in PDR, an iron-sulfur flavoprotein containing a
FNR-like domain.2? In this work, we studied the titra-
tion behavior of the conserved carboxylate in the active
site of all FNRs, FPRs, and diflavin reductases whose
crystallographic structure was resolved. Two iron—sulfur
flavoproteins, BenC and PDR, that are structurally very
similar to the flavin reductases were included. PDR is a
fusion protein of a Fd domain and a FNR domain; the
latter domain possesses FMN and not a FAD as pros-
thetic group. Its physiological substrate is NADH, which
reduces the FMN and then the Fd domain.2% BenC con-
tains a Fd domain and a FNR domain that binds a FAD
molecule. Its substrate is NADH, and it is involved in
aerobic biodegradation of aromatic compounds.2® In the
analysis, we concentrate particularly on the proton bind-
ing behavior of the highly conserved carboxylate in the
active site of the FNR domain.

Knowing the protonation of active site residues is cru-
cial for understanding the catalytic mechanism of
enzymes. We would like to emphasize that it is not possi-
ble to assign a pK, value to an individual site in mole-
cules like proteins that have strongly interacting titratable
groups. As explained in detail in a previous publica-
tion, 40 each site is associated to many microscopic pK,
values. At different pH values, different microstates dom-
inate the ensemble, and thus, different pK, values are rel-
evant for the titration behavior of the residues. For this
reason, the effective pK, value of a site is pH dependent.
For discussing enzymatic mechanisms, protonation ener-
gies are however more relevant than pK, values. For that
reason, we are normally discussing protonation energies
at pH 7, the physiological pH. A positive value indicates
that the group is deprotonated, and a negative value
indicates that the group is protonated. The magnitude of
the value shows how easy it is to protonate or deproto-
nate the site.

Influence of the conserved carboxylate
residue on the direction of the reaction
and on NADP((H) binding

Flavin reductases considered herein can be subdivided
in two groups. The first group includes enzymes whose
physiological function comprises the transfer of hydride
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from NADPH to the FAD (i.e. all diflavin reductases,
iron—sulfur flavoproteins, and FPRs). The second group
gathers all the enzymes whose physiological function is
to reduce NADP " with the electrons coming from Fd,.q
(i.e., FNRs). Another characteristic of the second group
is the high catalytic efficiency, which is required for the
photosynthetic metabolism. The subdivision of these two
groups correlates with the titration behavior of the con-
served carboxylate of the active site. In the first group,
this residue is protonated at pH 7, and in the second
group, this residue is deprotonated (Table 1).

Remarkably, the protonation energy of the acidic
residue in the active site of FPRs and iron—sulfur flavo-
proteins at pH 7 is always more negative than —4.5 kcal
mol !, whereas it is —3 kcal mol™' on average for the
equivalent residue in diflavin reductases. All these
enzymes catalyze the electron transfer from the NADPH
to the isoalloxazine ring as first step in their catalytic
reaction.

The second group includes all FNRs, where the proto-
nation energy at pH 7 of the glutamate in the active site
is on average 2 kcal mol™ !, and thus indicates that the
residue is deprotonated. All the enzymes in this second
group catalyze the electron transfer from reduced Fld or
Fd to the NADP™, that is, the opposite reaction than the
enzymes in the first group. An exception is the FNR
from Anabaena, which is able to catalyze reaction in both
directions depending on the cell where it is located. In
vegetative cells, that is, photosynthetically active, the
direction of the reaction corresponds to the one catalyzed
by plastidic FNRs, whereas in heterocysts, it is involved
in N, fixation, and the opposite direction is catalyzed.>?
In this FNR from Anabaena, the protonation energy of
the carboxylate is —2 kcal mol ™!, and thus, the residue is
protonated.

The FNRs that catalyze the reaction in the direction of
reducing Fd, as it is the case for FNR from maize root,
seem to have evolved from a leaf isoform being then
incorporated in metabolic pathways different from pho-
tosynthesis. A similar evolution is expected for the FNRs
from the parasites P. falciparum and L. interrogans, as the
FNR reaction in these organisms does not yield reducing
equivalents for carbon fixation but reduces Fd. However,
it is thought that these enzymes were incorporated from
plants as a result of a lateral gene transfer.”® The group-
ing of the flavin reductases according to the protonation
probability of the active site carboxylate agrees with the
classification for FNR and FPR proposed by Ceccarelli
et al.>®

It is plausible that evolution has tuned the protonation
probabilities of the carboxylate in the active site of flavin
reductases to recruit FNR to photosynthesis, which
requires high catalytic rates. Moreover in photosynthesis,
the catalyzed reaction occurs in the reverse direction
when compared with the reaction catalyzed by the other
related enzymes. We think that the glutamate is a key
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residue to achieve this reversion. In a previous study, we
found that a glutamate residue in the active site of FNR
changes its protonation state several times to accomplish-
ing key functions such as FAD semiquinone stabilization,
favoring complex formation with reduced Fd, and
hydride transfer from FADH, to NADP*.34 In addition
to these functions, the protonation of the carboxyl group
in the active site has a direct consequence for the cata-
lytic cycle of the enzymes. The negatively charged gluta-
mate of FNRs is in a proper position to interact with the
positive charge on the nicotinamide ring of the NADP ™.
It has been experimentally observed that the negative
charge on the glutamic acid in the active site of plastidic
FNR is necessary for proper binding of NADP'.>4 The
lack of charge on the equivalent residue in bacterial FPRs
and diflavin reductases may disfavor NADP" over
NADPH binding. In this way, the reductases would dis-
play higher affinity for its physiological substrate and,
consequently, higher enzyme efficiency.

Experimental evidence supporting our proposal was
obtained through differential spectroscopy. Hubbard
et al.>7 observed no peak at 510 nm in difference absorb-
ance spectra and thus concluded that the interaction of
the NADP™" with isoalloxazine ring of CPR is negligible.
They obtained a difference spectrum quite similar to that
for wild-type FNR from Anabaena when the nucleotide is
bound.>8 The peak at 510 nm in the difference spectra
appears when the nicotinamide moiety of NADP™ stacks
with the isoalloxazine ring of the flavin.”® Thus in CPR
and FNR from Anabaena, the stacking configuration of
the nicotinamide moiety of NADP™" and the isoalloxazine
ring is not favored, presumably due to the lack of the neg-
ative charge on the active site carboxylate. In the FNRs in
which the carboxylate is negatively charged according to
our calculations, the peak at 510 nm in the difference
spectra is observed, and thus, nicotinamide moiety of
NADP ™" stacks with the isoalloxazine ring.54’59 It is worth
mentioning that the FPR from R. capsulatus shows a peak
at 510 nm in the difference spectrum,60 even though our
calculations indicate that the active site glutamate is pro-
tonated and thus should behave like the FNR from Ana-
baena or CPR regarding the interaction with the oxidize
nucleotide. However, FPR from R. capsulatus has no aro-
matic residue stacking the isoalloxazine ring of the flavin
that needs to be displaced by the nicotinamide ring to
allow stacking. Hence, the active site geometry has less
restrictions to allow contract between the isoalloxazine
ring and the nicotinamide ring.

A mutation by which the active site glutamate of
Anabaena FNR was replaced by alanine does not influence
the NADP ™" binding.?3 According to our calculations, the
glutamate in this enzyme is likely to be protonated, and
thus, in agreement with our proposal, its mutation should
not strongly bind NADP™. However, in FNRs from plants,
the glutamate in the active site is negatively charged and
its replacement by alanine affects the NADP™ binding,>*

showing that the negative charge on the carboxylic acid in
the active site has an influence on the binding of NADP™.
The mutant enzyme exhibited a decrease of affinity for
NADP™ to one third of its value in the wild type.>4 The
lack of charge on the carboxylic acid in the diflavin reduc-
tases and FPRs does not favor the interaction with
NADP™, and thus, NADPH is more likely to be bound.
This behavior was also observed through the experimental
estimation of the inhibition constants of NADP " for mu-
tant and wild-type forms of CPR.61

Factors affecting the protonation behavior

Figure 1(B) depicts an example of the geometrical
arrangement of the carboxylate environment in each
group of enzymes. In the FNR, the glutamate is more
exposed to the solvent giving rise to a less negative
change in the solvation energy (AGge.,), as the environ-
ment with a higher dielectric constant (water) better sta-
bilizes the negative charge on the residue. In the case of
FPR and the diflavin reductases, the carboxylate is more
buried inside the protein leading to a more negative A
GBorn-

An important finding resulting from the comparison
between the structures of wild-type CPR from rat and of
mutant forms complexed to NADP" revealed a noticea-
ble mobility of the Fld-domain.>” Even a higher mobility
of the Fld-domain was noticed when the SiR from E. coli
was crystallized and the Fld-domain remained unre-
solved.17 This conformational flexibility of the Fld
domain may be an essential part of the catalytic mecha-
nism. It was suggested that these conformational changes
could tune the redox properties of the flavins by altering
the environment of the isoalloxazine rings to meet the
needs of the individual catalytic steps.®17 To evaluate
the influence of the Fld domain on the titration proper-
ties of the aspartic acid in the active site of CPR from
rat, we modeled the FNR domain for the protein in the
absence of the Fld domain by removing the residues
from the N-terminus up to residue 244. We calculated
the protonation probabilities of this model and of some
other diflavin reductases, for which only the FNR
domain was crystallographically resolved. Deletion of the
Fld domain leads to an increase of the protonation
energy such that the residue titrates in the neutral pH
range (Table I). From these calculations, we concluded
that the Fld domain lowers the protonation energy of the
carboxylate by about 1.8 kcal mol ™' at pH 7.

Figure 2(B) shows the titration curves of the active site
carboxylates in the FNR domains of the diflavin reduc-
tases in the absence of the Fld domain. The shift of these
curves to the left in relation to those in Figure 2(A)
shows that the protonation probability of the aspartate in
the active sites is lower indicating the influence of the
Fld domain in burying the carboxylate. Interestingly, the
titration curves are still considerably shifted toward
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higher pH when compared with free aspartate. The car-
boxylate in diflavin reductases is always an aspartate. In
solution, the aspartate as model compound has a pK, of
4.0 leading to a protonation energy of 4.1 kcal mol ' at
pH 7. Thus, the active site of diflavin reductases without
the Fld domain lowers the protonation energy by at least
3.2 kcal mol™ at that pH which favors its protonation.
The position of the Fld domain strongly influences the
catalytic cycle by forcing the acidic residue to behave in
certain steps as proton donor as we already suggested for
the glutamate in FNR from maize.34
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Proteins with residues that show a highly shifted titra-
tion behavior are rare, but not unheard of. For instance,
the residues Asp96 and Aspll5 in bacteriorhodopsin
titrate only when bacteriorhodopsin unfolds at about pH
11-12.62 Other proteins with residues displaying unusual
titration behavior are for instance the photosynthetic
reaction center®3 or cytochrome ¢ oxidase.64 Usually,
residues that are functionally relevant show such a shifted
titration behavior. Therefore our findings support an
involvement of this highly conserved carboxylate in the
mechanism of the flavin reductases.
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Effect of mutations on the catalytic
mechanism of CPR: Comparison with
experimental results

Shen et al.,®! have studied the role of Ser457, Asp675,
and Cys630 in CPR from rat. These residues were chosen
based on their proximity to the isoalloxazine ring of
FAD. It was concluded that these three residues are im-
portant for the hydride transfer from NADPH to FAD
during catalysis. Cys630 would function in addition as a
proton donor/acceptor to the FAD. Substitutions of resi-
dues Ser457, Asp675, and Cys630 produced large
decreases in k.,; with no significant changes in K, NAPPH
indicating that these mutations affect only catalysis but
not cofactor binding.

The pH dependence of k., was also studied in Ref. 61:
wild-type k., displayed pK, values of 6.9 and 9.6. The
S$457A mutant displayed the same acidic pK, (6.8), but
the pK, of the basic group was not seen in the tested pH
range. Notably, the acidic pK, value of 6.9 was not elimi-
nated by mutation of Asp675. Therefore, it was suggested
that some group other than Asp675 is responsible for
this pK,. However, in the mutants of Asp675, the basic
pK, value was shifted to values >10. The substitution of
Cys630 did not eliminate the acidic pK, value but shifted
it to 7.8, indicating that although Cys630 is not the ion-
izable group, it influences the pK, value of residue
responsible for the pH dependence of k., at acidic pH.
The Cys630 mutant exhibited the same behavior as the
mutants of Asp675 and Ser457 in the basic limb of the
pH profile displaying a shift to higher pKa.61 In general,
an increase of the basic pK, and a decreased catalytic
activity were observed in all mutants. Shen et al. sug-
gested that the shift may arise from a change in the rate-
limiting step from the pH-dependent step to the hydride
transfer step. As a candidate responsible for the acidic
pK,, the N1 atom of FAD was proposed. The origin of
the basic pK, was not clarified.

According to our proposal, Asp675 could be responsi-
ble for the basic pK, value of the pH dependence of k.
To investigate this possibility, we studied the influence of
Cys630 and Ser457 on the titration behavior of Asp675.
As shown in Table I, the S457A mutant form of CPR
remarkably lowers the protonation energy of the aspar-
tate at pH 7 by about 5 kcal mol™' leading to a more
stable protonation of the site. Also, the mutation on the
C630A lowers the protonation energy of the aspartate by
almost 2 kcal mol~' at pH 7. The energy contribution
responsible for the change is AGp,q (Table I). The fact
that mutations on the C630A or S457A do not affect
cofactor binding (NADP" or NADPH) to CPRO! could
be rationalized on the basis of the carboxylic acid’s
charge, in which the residue is always protonated for the
different forms of the enzyme. Thus, our results are in
full agreement with the experimental data in Ref 61. The
catalytic model proposed in Ref. 61 suggests that Cys630
acts as proton donor.

Nevertheless, the experimental results therein do not
rule out that Asp675 is responsible for the basic pK,
value of 9.6 and that the other two residues influence its
titration behavior by shifting the protonation energy to
even higher values. Most likely, because the hypothesis
that an aspartate could have a pK, of about 9.5 is coun-
terintuitive, the authors proposed a model, in which the
cysteine residue is able to deprotonate and then to act as
a proton donor. However, our results fit perfectly to their
data and suggest not only that Asp675 would be proto-
nated because of its low protonation energy but also how
the cysteine and serine residues influence its titration
behavior. Instead, according to our calculations, Cys630
does not titrate in the analyzed pH range, neither for
wild-type CPR nor for S475A CPR model. At pH 7, the
energy required to deprotonate Cys630 is —18.3 kcal
mol ™ for native enzyme and —17.3 kcal mol™' for the
S475A mutant form. Such a low protonation energy for
Cys630 is caused by the hydrophobic environment
around the cysteine when it is buried in the protein.
Hence, according to our results, Asp675 can act as a pro-
ton donor in CPR and thus has an important function
during the catalytic cycle.

CONCLUSION

When studying a protein system at molecular level, it is
often believed that aminoacid residues behave like their
free version aminoacids in aqueous solution. Thus, it is
common to assume that carboxylic residues in a protein
are negatively charged and basic residues are positively
charged. This work shows that aminoacids in proteins can
have a quite different titration behavior from free aminoa-
cids, even in structurally related polypeptides. Through
electrostatic calculations, we determined a particular fea-
ture that completely distinguishes two groups of enzymes,
which at first glance, look structurally alike. The different
degrees of solvent exposure of the carboxylic acid in the
active site of flavin and diflavin reductases lead to different
titration properties of this residue. In bacterial FPRs and
diflavin reductases, the active site carboxylic acid is buried
in the protein, which indicates that this residue is proto-
nated at pH 7. On the other hand, in plastidic FNRs the
active site carboxylic acid is exposed to the solvent and is
deprotonated at neutral pH.

All enzymes investigated in this study catalyze the
same reaction, but the direction of the physiological reac-
tion depends on the metabolic route that the protein is
part of. Bacterial FPRs and diflavin reductases take up
electrons from NADPH, whereas plastidic FNRs transfer
electrons from reduced Fd to NADP™. A negatively car-
boxylic acid present in FNRs may help positioning
NADP" appropriately for transferring the hydride from
the flavin ring of the enzyme to NADP™. Hence, the neg-
ative charge on the glutamic acid residue in FNRs favors
NADP* binding. The lack of charge on the equivalent
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residue in FPRs and diflavin reductases disfavors NADP™*
over NADPH binding. It is plausible that the protonation
behavior of this active site carboxylic acid is a feature
tuned by evolution to recruit these enzymes into different
metabolic pathways.
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