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ABSTRACT: The ferredoxin (Fd) protein family is a structurally diverse group of iron—sulfur proteins that function as electron
carriers, linking biochemical pathways important for energy transduction, nutrient assimilation, and primary metabolism. While
considerable biochemical information about individual Fd protein electron carriers and their reactions has been acquired, we
cannot yet anticipate the proportion of electrons shuttled between different Fd-partner proteins within cells using biochemical
parameters that govern electron flow, such as holo-Fd concentration, midpoint potential (driving force), molecular interactions
(affinity and kinetics), conformational changes (allostery), and off-pathway electron leakage (chemical oxidation). Herein, we
describe functional and structural gaps in our Fd knowledge within the context of a sequence similarity network and phylogenetic
tree, and we propose a strategy for improving our understanding of Fd sequence—function relationships. We suggest comparing
the functions of divergent Fds within cells whose growth, or other measurable output, requires electron transfer between defined
electron donor and acceptor proteins. By comparing Fd-mediated electron transfer with biochemical parameters that govern
electron flow, we posit that models that anticipate energy flow across Fd interactomes can be built. This approach is expected to
transform our ability to anticipate Fd control over electron flow in cellular settings, an obstacle to the construction of synthetic

electron transfer pathways and rational optimization of existing energy-conserving pathways.

B ELECTRON FLOW AND METABOLISM

Metabolism arises from a complex network of biochemical
transformations that control the flux of carbon and energy from
nutrients into biomass. These networks are subject to stratified
layers of regulation that organisms use to dynamically maximize
the trade-off between metabolic flexibility and efficiency to suit
their environmental needs. Cells use two major strategies to
regulate carbon and electron fluxes. Cells switch on and off the
production of enzymes and redox proteins, and they use post-
translational reactions to tune the reaction fluxes controlled by
these biomolecules.”” The processes that control enzyme and
redox protein levels (transcription, translation, and degrada-
tion) all function on relatively long time scales (minutes to
hours). This strategy of controlling protein levels is energy
intensive, accounting for approximately two-thirds of cellular
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ATP consumption under exponential growth conditions.” Post-
translational reactions, in contrast, allow for more rapid tuning
of metabolic fluxes (microseconds to milliseconds) without
requiring high ATP costs.

Our understanding of microbial metabolism is now sufficient
to routinely direct carbon flow toward high-value chemicals
through static and dynamic manipulations of metabolic path-
ways,” albeit with variable carbon and energy efficiencies. Car-
bon flux through central metabolism can be modulated by
expressing non-native proteins that divert carbon to product syn-
thesis once biomass has accumulated™® or altering transcription
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Figure 1. Biological electron carriers that function as redox hubs in cells. (A) Comparison of the reduction potential ranges for small-molecule
and protein electron carriers. Diamonds indicate the range or values of observed midpoint reduction potentials. (B) Prevalence of small ferredoxins

in 74 bacteria, 10 archaea, and 8 eukaryotes. Ferredoxins were mined from representative annotated proteomes in the NCBI genome database.
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sulfur cluster binding moieties,

they typically have focused on alterations in carbon flux alone,

7

(i) respond to variations in pathway intermediates,

(i) decrease noise in enzyme concentrations,” and (iii) couple
growth rate to product synthesis.” Pathway efficiency can also

to:

rather than targeting both energy and carbon flux in tandem.
Genetic modifications that alter carbon metabolism can lead
to the accumulation of reduced or oxidized cofactors that cause

be tuned post-translationally by increasing local enzyme con-

global imbalances. In an effort to rebalance electron flow to

10—-13

centrations with engineered macromolecular interactions

avoid pathway-flux limitations arising from cofactor perturba-

and limiting fluxes at specific enzymes by engineering allosteric

responses and feedback control."*'*'> While pathway pro-

tions, several studies have examined whether the redox state of
electron-carrying cofactors can be tuned by modifying the levels

ductivity improvements have been achieved in many studies,
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16 17,18
of enzymes that produce ® and regenerate those cofactors.

However, these studies have not yet revealed simple and gener-
alizable approaches for controlling electron flux. In part, this
challenge exists because a small number of carriers often mediate
electron transfer between large numbers of partner proteins. In
Escherichia coli, the major electron carriers are the nicotinamide
adenine dinucleotides, NADH and NADPH, with these carriers
being involved in >100 metabolic reactions.”” In addition, the
terminal electron carrier for aerobic respiration (quinone Q8) is
involved in two dozen reactions.'” The large number of reactions
utilizing NADH allows E. coli to extract energy from diverse
catabolic reactions, and the more limited number of Q8 reactions
allows cells to rapidly adapt to the most prevalent terminal
electron acceptor to maximize NAD" regeneration.

In many organisms, energy flow is mediated to varying
extents by protein electron carriers (PECs), which display a
wide range of sequences, structures, and cofactors (Figure 1A).
Because PECs are genetically encoded, they can: (i) diversify
their numbers through gene duplication,20 (ii) tune their
reduction potentials and partner specificities through muta-
tion,”" (iii) increase their number of redox active sites through
duplication and fusion,”* (iv) insulate electron flow by cova-
lently coupling to partner proteins through fusion,” and
(v) develop conformational switching that links their control
over electron flow to environmental conditions.”* An additional
feature of PECs is their ability to rapidly tune their levels
through mutations that alter transcription, translation, and
degradation. Collectively, these features suggest that PEC
duplication and specialization represents a simple way to
redirect electron flow among defined sets of electron donors
and acceptors. In nature, there is evidence that the expression
of a non-native PEC can redirect electron flow. Cyanophages
express a PEC upon infection of their host cyanobacteria
that redirects electron flow as a means of increasing pig-
ment production, photosynthesis rates, and NADPH/NADP*
ratio.”>*® This redirection of electron flow is thought to
improve phage fitness by increasin§ the rate of deoxynucleotide
biosynthesis for phage replication.” There is also evidence that
mutations in a PEC can redirect electron flow and alter
metabolite production.”’

Genomic sequencing has revealed that the number and
diversity of PECs can vary widely across species. In some cases,
there may be selective pressure for specific PECs, such as
evolutionary pressure for one-electron PECs that control the
stepwise reduction of monooxygenases, which can produce
deleterious radical oxygen species if too much electron flow
occurs in the absence of a bound substrate.”® In other cases, the
underlying cause of variation in PECs is not always clear,
because there is evidence that different types of PECs can
support similar reactions, such as the low-potential ferredoxin
(Fd) and flavodoxin (Fld) PECs that support electron transfer
to an overlapping set of partner proteins.”” During evolution,
changes in the relative numbers of Fds and Flds are thought to
have occurred as organisms adapted to niches with distinct
nutrient availabilities. For organisms adapted to iron-limited
conditions, there is evidence for an increased use of Flds and a
decreased use of Fds,” which require iron for synthesis of their
cofactor. In a comparison of other organisms, however, it is less
clear why there is variation in the types of PECs that are
present. In addition, PEC control over electron flow can be
hard to decipher in situ, because we cannot reliably anticipate
partner specificities and expression levels from sequence data
alone. These limitations make it challenging to predict electron
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flow through different PECs that have the potential to relay
redox in parallel or the effects of post-translational modifi-
cations on PEC coupling with partner proteins.’””'

B IRON-SULFUR PROTEIN ELECTRON CARRIERS

One of the most intensively studied families of PECs is the Fds,
which use a range of metalloclusters (2Fe2S, 3Fe4S, and
4Fe4S) to shuttle electrons.*” " Several lines of evidence
suggest that Fds constituted a critical redox innovation during
the early evolution of life.”>™*® The elements (Fe and S) in
these cofactors are plentiful in hydrothermal vents that mimic
the early biosphere,”>** Fe—S clusters spontaneously form
under anaerobic environmental conditions,”” and the highest
frequencies of Fe—S binding motifs are found in methanogens,
acetogens, and sulfate reducers, representing some of the earliest
metabolisms to emerge."”*' Fds have been implicated in 18
metabolic pathways and as redox partners for proteins that
catalyze >75 different reactions (Table 1).

To better understand the occurrence of Fd PECs within
extant microbes, we analyzed the frequency of the smallest
Fds (<200 residues in length) having cysteine motifs that
have been shown to bind 2Fe2S or 4Fe4S clusters. This
size cutoff was used to enrich for single-domain PECs and
minimize the inclusion of multidomain proteins that coordi-
nate Fe—S clusters. A sampling of 92 organisms from 18 phyla
(74 bacteria, 10 archaea, and 8 eukaryotes) reveals that $8% of
these organisms have five or more small Fds (Figure 1B), with
some organisms containing a mixture of Fd with different Fe—S
cluster binding motifs. This finding suggests that Fd paralogs
have evolved to function in parallel within individual microbes
to allow optimal partitioning of electron flow between different
partner proteins, similar to that observed in photosynthetic
organisrlls.42_44 However, the relative partner specificities of
these small microbial Fds are still not well understood, espe-
cially in organisms whose genomes encode large numbers of
family members. In addition, the relative steady-state levels of
Fds have not been established for a large fraction of the family
members, although there is evidence that Fds can accumulate
to levels as high as 10*—10° copies per cell™** and vary in
concentration as cells undergo the transitions between different
growth phases.”’ ™"

The relative efficiency by which a given Fd controls electron
flow between any given set of electron donor and acceptor
partner proteins depends on: (i) thermodynamic compatibility,
which is determined by the relative reduction potentials of
a Fd and its partner proteins, (ii) structural compatibility,
which controls partner binding affinities and electron tunneling,
(iii) cellular concentrations of a Fd and its partner proteins,
which determine the fraction bound, and (iv) binding-induced
conformational changes that influence the efficiency of electron
flow. Potentiometric titrations of recombinant Fds have shown
that clostridial-type Fds (typically containing two 4Fe4S clus-
ters and capable of carrying two electrons) and plant-type Fds
(containing one 2Fe2S cluster and capable of carrying one
electron) are best suited for conserving energy derived from
high-energy (low-potential) chemical reactions because they
display the lowest potentials.”"*° For each type of low-potential
Fd, structural diversification has been observed across spe-
cies (Figure 2A). This diversity has arisen during evolution
through terminal extensions, loop insertions, and mutations
that affect the number and types of Fe—S clusters coordinated.
A comparison of Fds from a single organism, Clostridium
acetobutylicum,”’ shows that Fd paralogs often retain the
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Table 1. List of Fd-Partner Proteins Organized by Metabolic Pathway”

cellular role

carbon fixation

N and S assimilation

photosynthesis

hydrogen metabolism

energy conservation

redox homeostasis

glycolysis

fermentation

amino acid metabolism

steroidogenesis
nucleotide metabolism

antibiotic synthesis

aromatic catabolism

porphyrin metabolism

Fd-partner protein (enzyme function)

formate dehydrogenase (reductive acetyl-CoA pathway)'*’

methylene-THF reductase (reductive acetyl-CoA pathway)'**

CO dehydrogenase (reductive acetyl-CoA pathway)'*'*°

formylmethanofuran oxidoreductase (reductive acetyl-CoA pathway)"'

2-ketoglutarate synthase (reverse TCA cycle)'>
y1s2183

pyruvate synthase (reverse TCA cycle
fumarate reductase (dicarboxylate-4-hydroxybutyrate cycle)'**
succinyl-CoA reductase (dicarboxylate-4-hydroxybutyrate cycle)'*®

glycine reductase (glycine synthase pathway)'**

oxalate oxidoreductase (reductive acetyl-CoA pathway)'>®
Fd:nitrite reductase (nitrite reduction)'*®

Fd:nitrate reductase (nitrate reduction)"*’

nitrogenase (N, fixation)®’

sulfite reductase (sulfite reduction)'>®"*’

photosystem I (photosynthesis)"***¢’

homodimeric type I reaction center (photosynthesis)'®*
[NiFe] hydrogenase (H, oxidation)'®>'**

[FeFe] hydrogenase (H, reduction)'®®

bifurcating hydrogenase (energy conservation)'®

caffeoyl-CoA reductase—EtfAB complex (electron bifurcation)'®”

butanoyl-CoA dehydrogenase—EtfAB complex (electron bifurcation)'**
Fd:NAD" reductase (Rnf) (membrane potential generation)mg‘170
hydrogenase-heterodisulfide reductase (electron bifurcation)'”"
NADH-dependent Fd:NADP* oxidoreductase (electron confurcation)'”?
lactate dehydrogenase—EtfAB complex (electron confurcation)'”
Fd:NADP" reductase (redox transfer)'’*

Fd:coenzyme F,y, reductase (coenzyme F,y reduction)'””

Fd:plastoquinone reductase (cyclic electron flow)'”*'””
NADH dehydrogenase-like complex (cyclic electron flow)'”*'”
Ed:thioredoxin reductase (redox signaling)'*’
glyceraldehyde-3-phosphate:Fd oxidoreductase (glycolysis)'*"'**

pyruvate:Fd oxidoreductase (glycolysis)'®®
acetaldehyde:Fd oxidoreductase (ethanol production)'®*'®
2-ketobutyrate synthase (synthesis and catabolism)'*®

indolepyruvate Fd oxidoreductase (catabolism)"*”

2-ketoisovalerate Fd oxidoreductase (catabolism)'®®

glutamate synthase (glutamate synthesis)'**'*°

cytochrome p450 oxygenase (various hydroxylations)””'"!
cholesterol side chain cleavage (hormone synthesis)”’

xanthine dehydrogenase (purine metabolism)'*>'*

ribonucleotide reductase (dANTP synthesis)w4

mycinamicin-VIH-monooxygenaseb (mycinamicin reduction)'®®
1-deoxypentalenate monoxygenase (1-deoxypentalenate reduction)'”®

pentalenolactone synthaseb (pentalenolactone reduction)'®”

anthranilate dioxygenase (anthranilate catabolism)'”®

carbazole 1,9a-dioxygenase (carbazole catabolism)'®”
diphenylamine dioxygenase (diphenylamine catabolism)**’
phthalate 3,4-dioxygenase (phthalate catabolism)>”'

catechol 2,3-dioxygenase (catechol catabolism/enzyme repair)**>
6-hydoxynicotinate reductase (nicotinate catabolism)>*®

benzoyl-CoA reductase (benzoate catabolism)>**

heme oxygenase (phytochrome synthesis)>*®
15,16-dihydrobiliverdin:Fd oxidoreductase (phytochrome synthesis)>*®
phycoerythrobilin:Fd oxidoreductase (phytochrome synthesis)*%°
phycoerythrobilin synthase (phytochrome synthesis)*®

phytochromobilin:Fd oxidoreductase (phytochrome synthesis)>®”

phycocyanobilin:Fd oxidoreductase (phytochrome synthesis)*%®

dark protochlorophyllide oxidoreductase (chlorophyll synthesis)208

divinyl chlorophyllide a 8-vinyl-reductase (chlorophyll synthesis)>***""
protochlorophyllide reductase (chlorophyll synthesis)*'"

chlorophyllide a reductase (bacteriochlorophyll synthesis)*"*

7050

source

B
B

-B-~I -~ o~ Biv~ B o=l o~ v ~ B o= i~ Bl v S B o= Bl e |

W W W e <
[csBles Ml e oI < sl o] e Blle= Il o]

DOI: 10.1021/acs.biochem.6b00831
Biochemistry 2016, 55, 7047—7064


http://dx.doi.org/10.1021/acs.biochem.6b00831

Biochemistry

Table 1. continued

cellular role Fd-partner protein (enzyme function) source

hydroxy-chlorophyll(ide) a reductase (chlorophyll synthesis)*'> E
pheophorbide a oxygenase (chlorophyll degradation)*" E
red chlorophyll catabolite reductase (chlorophyll degradation)'? E

lipid synthesis aldehyde decarbonylase [alk(a/e)ne synthesis]*'* B
methyl-branched lipid @-hydroxylase” (lipid oxidation)'® B
acyl-ACP desaturases (fatty acid desaturation)?'¢7>' BE
acyl-lipid desaturases (glycerolipid desaturation)*'9~>*° BE
acyl-ACP acetylenase (terminal alkyne synthesis)*>’ B
geranylgeranyl reductase (membrane stabilization )" A

terpenoid synthesis 4-hydroxy-3-methylbut-2-enyl-PP synthase (isoprenoid synthesis)***>* BE
4-hydroxy-3-methylbut-2-enyl-PP reductase (isoprenoid synthesis)**" BE
spheroidene monooxygenaseb (spirilloxanthin synthesis)**> B
7-glutamyl-isopropylamide hydroxylase” (isopropylamine degradation)**® B
choline monooxygenase (osmolyte production)*** E

iron metabolism pulcherriminic acid synthase (pulcherriminic acid synthesis)**® B
bactrioferritin (iron mobilization)?*® B

cysteine desulfurase (iron—sulfur cluster biogenesis)**”>** BE

“For each partner protein, we indicate whether the partner is found in archaea (A), bacteria (B), eukaryotes (E), and viruses (V). Source annotations
were based on the MetaCyc database.'*® “These partner proteins are all examples of Fd-dependent cytochrome P450 monooxygenases.

A 4Feds

Prokaryotic-P450 Plant-root
Monocluster Hybrid-Zn binding :
Eukaryotic-ISC Eukaryotic-P450 Prokaryotic-ISC
Alvin-like Photosystem Nitrogenase-protecting  Hydrogenosomal Thioredoxin-like

caFd1_Q97M95 - -MAYKIT- - -DACVS-CGSCASECPVSAISQGD - - TQFVIDADTCIECGN- - - - CANVCBVGAPVQE - - - - - = = == = = = = = = == == == m = o eecmmmooooe
caFd2_Q97DF0 - -MPRRINK- -LDCVG-CGTCQRVCIVGCITQEKDRKRLIN- ESACYDCGA- - - - CQYACBKKCTSEH- - - - - = = = = = == < = = o m e e oo oo
caFd3_Q97D59 - -MKAFVDK--ETCIG-CGTCPATCP- ETFEMEDDGKAVASDAE TANDLKESAQDAAESCBVDATMYR - - - - - - - - - = = < < < = o e e e e o oo
caFd4_QI7MT6  --MSIKIDL--NKCVG-CQKCINICPGSLIDKNNDGKAYIKYPKDCWGCTA- - - - CLKECKFKATKYFLGADIGGNGSYMY -VSEKGEELEWHMINEDGKEKT ITTSRKESNKY - - - - - -
caFd5_Q97MW6 MGVATMVTDKYQKCIDACNRCSQACY - ECFKACLN- EPDVNARRTCISTLF - - - ECAQMC@MSSALMSMDAQFATDHCKLCSVICDKCAQECSMFQDPHCQKCANECRTCSNECRMMSGM

Figure 2. Ferredoxin structural diversity. (A) Comparison of 5SS Fd structures reveals the structural variability that occurs within each Fd category
and the structural differences between Fds from different categories. Images were generated using Chimera'** and the PDB entries listed in Table SI.
(B) Alignment of the five putative 4Fe4S Fds in C. acetobutylicum®' shows how Fds that share the same cysteine motifs (yellow) within a single
organism also vary in sequence because of insertions. The prolines thought to regulate stability are colored purple.'

cysteine residues critical for cofactor binding but vary in their different partner proteins is not always clear, especially in
sequence identity and length (Figure 2B). How this structural microbes that contain multiple Fd paralogs and partner pro-
diversity affects the ability of different Fds to couple with the teins. This issue becomes even more complex when you
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Table 2. Categories of Small, Low-Potential Fds”

motif
CX10-12C29-34CX5C
CXCX,CX,C

category
thioredoxin-like
hydrogenosomal
eukaryotic-P450
eukaryotic-ISC
prokaryotic-P450
prokaryotic-ISC
nitrogenase-protecting
a-proteobacterial
unclassified
CX,CX,CX,C plant-root
plant-leaf
CX,CX,CX;C clostridial
alvin-like
photosystem
nitrogenase
unclassified
monocluster
hybrid
hybrid-Zn binding

cluster PDB E° (mV)
2Fe2S yes not available
2Fe2S yes 350>
2Fe2S yes —274 to =267
2Fe2S yes —353 to —342°7%
2Fe2S yes —306 to —240>"**
2Fe2S yes —390 to —3447%7%
2Fe2S yes —262 to —220%3%%
2Fe2S no not available
2Fe2S no -3757°
2Fe2S yes —455 to —152'9%*"
2Fe2S yes —423 to —321*%*
4Fe4S/4Fe4S yes —420 to —390"19**
4Fe4S/4FedS yes —660 to —4317°%%%!
4Fe4S/4Fe4S yes —630 to —575>°*
4Fe4S/4Fe4S no not available
4Fe4S/4Fe4S no —506 to —400'"°
4Fe4S yes —453 to —280'%%*%
4Fe4S/3FedS yes —647 to —450'"
4Fe4S/3Fe4S yes —530 to —280°%*

“For each category, the cysteine motif and the Fe—S cluster coordinated by that motif are provided, as well as the availability of structural
information in the PDB. The CX;CX,CX,C and CX,CX,CX;C motifs represent the 2Fe2S Fds that form the large cluster within the SSN shown in
Figure 3; the CX,CX,CX;C motif represents the 4Fe4S Fds that cluster, and the CX}(_1,Cy9_3,CX;C motif represents the 2Fe2S thioredoxin-type
Fds. The midpoint potential range is also provided to illustrate the overlap between different Fd categories. The unclassified Fds represent a diverse
group of proteins that do not cluster tightly with other Fd categories in the sequence similarity network and phylogenetic tree.

consider that Fd-partner proteins undergo similar diversifica-
tion during evolution.

The physicochemical properties that control Fd reduction
potentials and interactions with partner proteins have been
extensively studied. Electrochemical studies have revealed that
different Fd topologies can support a broad range of reduction
potentials.”"** In addition, models have been developed to
predict Fd reduction potentials using structural data,” >
which allow for analysis of their thermodynamic compatibility
with different partner proteins. However, these models have
been successful with only a subset of PECs, the high-potential
iron—sulfur proteins,”” and simple models that can reliably
anticipate reduction potentials across all of the Fd groups have
not been reported. Crystallographic studies have also provided
atomic-resolution insight into the structures of many Fd and
Fd-partner proteins in isolation, and mutagenesis studies have
revealed the importance of Fd residues in docking to partners
and electron transfer.>® In a few cases, the molecular details
of Fd and Fd-partner complexes have even been reported,
including complexes made up of a Fd and Fd-NADP reductase
(ENR),””* Fd-thioredoxin reductase,®’ cytochromes P450 and
diiron oxygenases,”>"* Fe—Fe hydrogenase,” sulfite reduc-
tase,%” and bacterioferritin.°® These efforts have led to a detailed
understanding of the residue—residue contacts that mediate
binding of Fds to a small fraction of their partner proteins. This
type of structural information remains challenging to generate
for many partner proteins (Table 1) because of the transient
nature of Fd and partner protein interactions.

B SEQUENCE AND STRUCTURE RELATIONSHIPS OF
FERREDOXINS

One way to study how electron flow is controlled by Fds is to
study the evolutionary relationship of different Fds and their
partner proteins, as well as the biophysical changes that arose in
these proteins as organisms adapted to different ecological
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niches. Fd evolution was proposed to occur through a stepwise
process whereby ancestral ISC binding peptides evolved and
served as electron carriers for early energy-producing path-
ways;*%~7* peptide duplication followed by fusion led to the
evolution of the smallest modern Fd,>* and Fds with diverse
energy transduction roles evolved through subsequent diver-
sification.”” To combat the destabilizing effects of dioxygen on
4Fe4S clusters arising from the great oxygenation event, the
2Fe2S ferredoxins are thought to have evolved,”® which are
frequently more stable in oxygen.

Three Fd topologies have been observed, which can vary in
the number (one or two) and types (2Fe2S, 3Fe4S, or 4Fe4S)
of metalloclusters bound. These major groups include two
topologies that coordinate 2Fe2S clusters and one topology
that coordinates 4Fe4S and 3Fe4S clusters. Across each Fe—S
cluster type, Fds can be partitioned into additional categories
(Table 2) based on structural, functional, and phylogenetic
relationships. The 2Fe2S Fds have been classically differ-
entiated into nine categories, including the plant-leaf, plant-
root, hydrogenosomal, eukaryotic-P450, eukaryotic-ISC, pro-
karyotic-P450, prokaryotic-ISC, nitrogenase-protecting, and
thioredoxin-like types.”*™®" The 4Fe4S Fds have been sorted
into seven categories, including the clostridial, alvin-like, hybrid
3Fe4S/4Fe4S, hybrid-Zn binding, photosystem, nitrogenase,
and monocluster types.”*”>%~7*

To visualize how the classical Fd categories relate to one
another, we generated a Fd sequence similarity network (SSN).”®
Figure 3A shows a SSN that was built by analyzing 201 Fds
using the Enzyme Function Initiative-Enzyme Similarity Tool,
which considers only protein sequence data.”® The Fds used to
build this network (Table S1) were primarily chosen because
they had been characterized in some way, either biochemically,
phylogenetically, structurally, or through interactome mapping.
With this representation, each Fd is a node, connections are
made between Fds having pairwise sequence identity above a

DOI: 10.1021/acs.biochem.6b00831
Biochemistry 2016, 55, 7047—7064


http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.6b00831/suppl_file/bi6b00831_si_002.xlsx
http://dx.doi.org/10.1021/acs.biochem.6b00831

Biochemistry

Thioredoxin

4Fe4sS Categories 2Fe2S Categories

B Monocluster B Awin [] Eukaryotic-ISC B c-Proteobacterial [l Nitrogenase-protecting
[l Hybrid [l Nitrogenase || Eukaryotic-P450  [[] Hydrogenosomal [Jl] Thioredoxin-like

[l Hybrid-Zn binding  [Ji] Photosytem [} Prokaryotic-P450 [l Plant-Root

[ clostridial [ Prokaryotic-ISC  [[] Plant-Leaf

B

Figure 3. Ferredoxin evolutionary relationships. (A) Sequence similarity network illustrating the relationships of 201 Fd sequences. Fds are colored
by category. Unclassified family members that do not cluster with previously described categories are colored gray, and Fds with determined
structures are outlined in black. The network was created using the Enzyme Function Initiative-Enzyme Similarity Tool” and visualized using the
Organic layout in Cytoscape version 3.4."** This network was thresholded at an alignment score of 5, including only edges greater than 5. The worst
edges correspond to a median of 43.4% identity over an alignment length of 96 amino acids. (B) Phylogenetic tree built using the same Fd
sequences. A structure-based multiple-sequence alignment was first generated using the MATT algorithm®’ and available structural coordinates
(bold names). This alignment was then used as a rigid scaffold with the algorithm MUSCLE to map the relationships of Fd sequences lacking
structures.”® Gaps were added to sequences lacking structures to identify their best placement. Maximal parsimony UPGMA clustering was applied
to the expanded MSA to create a structure-anchored phylogenetic tree. Bootstrap percentages out of 100 trees are represented as blue circles ranging
in size representing 50—100% confidence.

threshold, and clusters arise on the basis of the number and many unclassified Fds with 2Fe2S or 4Fe4S cluster motifs. The
strength of connections formed between Fds.”® This repre- weak connectivity of these unclassified Fds can be more readily
sentation illustrates clear demarcations between several of the visualized by using a higher-alignment score thresholding value
Fd categories. The 2Fe2S, 4Fe4S, and thioredoxin-like Fds fall (Figure S1). Within the SSN, there is also a group that we des-
into three major clusters that contain subclusters corresponding ignate the a-proteobacterial Fds that cluster with the P450-type
to the 16 classical Fd categories. In addition, there are Fds that and ISC-type Fds but do not appear to not clearly segregate
do not clearly cluster with these classical 16 groups, including with either group.
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One benefit of the two-dimensional SSN representation is
that it displays subtle connections between different Fds that
can be hard to identify using a phylogenetic tree. For example,
the SSN shows that a majority of the 2Fe2S Fds fall into two
dense subclusters. The first major cluster includes the plant-
root and plant-leaf Fd categories, while the second dense
cluster includes the ISC, P450, and a-proteobacterial Fd
categories. On the periphery of these dense clusters of tightly
connected Fds are smaller clusters. Some of these smaller clusters
display weak connectivity to one or both of the major clus-
ters. For example, the hydrogenosomal Fd category is weakly
connected to the dense ISC/P450 cluster. The nitrogenase-
protecting Fd category, in contrast, shows connectivity to both
dense clusters. An additional benefit of the SSN is that it reveals
how the state of our Fd structural knowledge relates to sequence
diversity. Some categories such as plant-leaf Fds have had many
structures reported across their subcluster within the SSN, while
others such as eukaryotic-ISC, prokaryotic-ISC, nitrogenase, and
nitrogenase-protecting have been more sparsely sampled. Even
among the plant-root Fds, there is a subset of family members
that are only weakly connected to the major cluster that lack
structural information. These are bacterial Fds that interact with
dioxygenases.

To evaluate how the different Fds relate to one another, we
also generated a phylogenetic tree (Figure 3B). This tree was
built by combining structural”’ and sequence’ alignment
techniques to relate Fds with high levels of sequence diversity.
The tree reveals a clear demarcation of the three major clusters
observed in the SSN, which represent the 2Fe2S, 4Fe4S, and
thioredoxin-like Fd topologies. This tree also exposes overlaps
between several of the Fd categories. Proximal to the P450-type
2Fe2S groups (prokaryotic and eukaryotic) are the a-prote-
obacterial Fds, which are from organisms that are closely
related to the endosymbionts that formed the mitochondria. In
addition, the tree shows a number of additional Fds that do not
fall into the classical categories, whose branch tips are colored
gray. Many of these unclassified Fds are located at the junction
between different Fd categories and have small confidence
values, for example, between the nitrogenase-protecting and
hydrogenosomal Fds as well as between the photosystem and
plant Fds.

Our phylogenetic analyses suggest areas where the Fd family
would benefit from additional structural investigation. Protein
structures have been reported for a majority of the classical Fd
categories, with the exception of the nitrogenase-type (4Fe4S)
and the a-proteobacterial (2Fe2S) Fds, whose topologies might
provide insight into their relationship with the eukaryotic and
prokaryotic ISC and P450 Fds. Our tree also illustrates why
there is a need to understand the structure and functions of the
unclassified Fds, which appear at junctions between clusters in
the SSN. Examples of unclassified Fds include Aquifex aeolicus
Fd1 (067065), Rhodobacter capsulatus Fd4 (DSARY?7), and C.
acetobutylicum Fd2 (Q97DFO0). The lack of structural infor-
mation for these proteins limits our ability to use structure-
based models to anticipate their thermodynamic compatibility

with potential partner proteins.’>”>°

B THE CHALLENGE OF PREDICTING FD FUNCTIONS

Although it is straightforward to relate newly discovered Fds
to existing categories through sequence relationships, their
physical properties do not always segregate across the dif-
ferent Fd categories, which limits our ability to predict their
in situ control of electron flow by studying their evolutionary
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relationships to characterized Fds. For example, measurements
of reduction potentials across different Fd groups have revealed
overlapping values (Table 2). In Arabidopsis thaliana, which
contains four 2Fe2S plant Fds,” the Fd midpoint potentials
range from —152 mV (atFd4, Q9FIA7) to —433 mV (atFd2,
P16972)."%'°" Studies of 4Fe4S Fds have also revealed wide-
ranging reduction potentials, from —280 to —650 mV,*1%?
which overlap with a subset of potentials observed in the plant
Fds. The full range of reduction potential across each Fd cat-
egory has not been established, and our ability to use protein
Langevin dipole calculations to estimate midpoint poten-
tials>>~>® remains limited. Further studies are needed to deter-
mine the full range of reduction potentials that can exist within
each Fd category, and models that can anticipate mid-
point potentials across all Fd groups are needed.

Biochemical studies have also revealed that Fd-partner
specificity can vary across a Fd category in a single organism,
which emphasizes the need to develop sequence—structure—
function insight that predicts electron flow through colo-
calized Fds. This challenge is best illustrated by Fd studies in
photosynthetic organisms. Interactome studies examining the
proteome-wide specificity of the six plant-type Fd paralogs in
the single-cell alga Chlamydomonas reinhardtii revealed a range
of specialization for these proteins, which all colocalize to the
chloroplast under normal growth conditions.*”** Some of these
Fds display orthogonal partner specificity, binding to
completely different sets of partner proteins, while others
display distinct but overlapping partner specificity profiles."”"*
Cellular and genetic studies in cyanobacteria have also revealed
a range of Fd-partner specificities.** For example, Synechocystis
sp. PCC 6803 contains nine Fds from three groups (four plant-
type, two bacterial type, and three 4Fe4S), while Anabaena
variabilis has a mixture of plant-type and 4Fe4S-nitrogenase
Fds.** In addition, analysis of the four plant-type Fds in A.
thaliana revealed diverse partner specificities, with patterns
of specificity similar to those of C. reinhardtii'*>'"V10>1%%
A. thaliana also has colocalized eukaryotic-P450 and eukaryotic-
ISC Fds within their mitochondria whose specificities have not
been well established.”’

Interactomes have not yet been reported for nonphotosyn-
thetic microbes, which can contain large numbers of small
proteins with Fe—S binding motifs (Figure 1B), although there
have been detailed molecular studies of numerous Fds and
Fd-partner proteins. These latter efforts have provided evidence
that partner specificity can vary across Fds, with some Fds
efficiently delivering electrons to many acceptor proteins, even
noncognate partner proteins, and others appearing more
restricted in their coupling.'”"'®™""" In the case of the
prokaryotic P450-type Fd (putidaredoxin, ppFdl, P00259),
which reduces P450cam,"*® structural studies have suggested a
mechanism for specificity with P450cam. Binding of putidar-
edoxin to P450cam induces a conformational change that
increases the access of bulk solvent to the active site.'”® Fd
conformational switching can also regulate partner binding. For
example, the nitrogenase-protecting Fd from Azotobacter
vinelandii (AvFd6, Q44501) undergoes a major conformational
shift upon oxidation, which triggers it to bind and inactivate
nitrogenase, yielding protection from dioxygen.”* Taken
together, these findings suggest that some Fds achieve
specificity for partner proteins by evolving inter- and intra-
molecular interactions that allow for allosteric regulation of
electron flow.
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Figure 4. Cellular assays for analyzing ferredoxin control over electron flow. (A) In cells with multiple Fds and Fd-partner proteins, it is challenging
to determine how each Fd controls electron flow between the various donor and acceptor proteins. (B) In contrast, electron flow mediated by a
single Fd can be analyzed in cells using a selection. Selections for Fd yield cell growth only when the Fd shuttles electrons to an acceptor protein
whose activity complements the defect of a bacterial auxotroph, such as a sulfide auxotroph that requires a Fd-dependent sulfite reductase (SIR) to
grow on a medium containing sulfate as the sulfur source.'"' A simple parameter for quantifying Fd control over electron flow in a selection is cycling
efficiency (CE), defined as the half-maximal growth rate observed over a range of Fd concentrations normalized to the Fd concentration that yields
half-maximal growth. (C) A screen for Fd electron transfer activity generates a measurable color output by using the Fd-dependent activity of an
oxygenase to convert a substrate to a colored product that can be visualized. Examples of substrates that can be used to report on oxygenase activities
in whole cells include biphenyl, dibenzofuran, toluene, 4-picoline, and benzylpyrrolidine.''>'"*''? In screens and selections, the acceptor/donor
protein activity ratio, e.g., the ratio of the color intensity generated by an acceptor protein to the consumption of the substrate by the donor protein,
can be used to calculate the efficiency of a three-component pathway over a range of growth and expression conditions. (D) When different Fds are
compared using a selection with the same donor and acceptor proteins, their CEs are expected to vary as illustrated with diamonds requiring
differential expression to achieve equivalent electron flow. (E) In cellular assays, one of the Fd-partner proteins can also be varied to study
sequence—structure—function relationships. (F) The specificity of a given Fd for a pair of partner proteins can be assayed using a selection by
comparing the CE of a Fd in the presence of one partner acceptor partner (diamond) vs two partner proteins (circle).

B CELLULAR APPROACHES FOR ANALYZING FDS partner proteins and introducing electron transfer pathways
into these strains that generate an easy-to-measure output when
a given Fd transfers electrons between a pair of donor and
acceptor proteins (Figure 4B,C). To quantify and compare Fd
control over electron flow in these cellular assays, electron
donor and acceptor proteins with activities that can be easily
monitored must be chosen. In addition, Fd expression will
need to be placed under control of a ligand-inducible promoter
so that cellular measurements can be performed with Fds
expressed at different steady-state levels. These aspects of the
proposed assays will allow for calculations of linear pathway
efficiency (LPE), defined as the ratio of acceptor/donor oxido-
reductase activities. Fd and partner protein concentrations are

Hard-won physical data generated using purified Fds pro-
vides detailed insight into their physicochemical properties and
ability to deliver electrons to specific partner proteins in
isolation. However, biophysical studies alone are limited in their
ability to estimate Fd control over electron flow to a given
partner protein under the complex conditions within cells
where Fds interact with multiple donor and acceptor proteins
and are subject to competing reactions that can cause leakage of
electrons from a given energy transduction pathway. In vitro
biochemical studies are also limited in their ability to estimate
the percentage of reduced Fds that shuttle electrons between
their partner proteins (pathway efficiency) versus off-pathway

chemical reactions (electron leakage) in situ. Furthermore, in expected to affect the flux through pathways, i.e., output per cell
vitro studies are inherently limited by the rate at which they can per time. To allow for comparisons of divergent Fds in a given
generate biochemical data on partner specificity for large pathway, we propose calculating the coupling efficiency (CE)
numbers of Fds, whose numbers have exploded with genomic of ferredoxins, defined as the half-maximal activity through
data, and their ability to anticipate how Fds function in syn- the pathway when donors and acceptors are constitutively
thetic electron transfer pathways. expressed normalized to the Fd concentration that yields half-
To improve our understanding of Fd sequence—function maximal activity. In cases in which a Fd couples well with a
relationships, we propose a new concept. Efforts should be given pair of donor and acceptor proteins, then CE will be large
made to measure and compare how divergent Fds mediate because a low Fd concentration should yield half-maximal
electron transfer between defined sets of partner proteins activity through the pathway (Figure 4D). In contrast, a Fd that
within the context of the cellular milieu. Specifically, we pro- couples poorly to the same pair of partner proteins will require
pose measuring how Fds with similar reduction potentials differ a higher cellular concentration for half-maximal activity and will
in their ability to support energy flow through simple electron display a smaller CE. Provided that the Fds being compared
transfer pathways when present at identical cellular concen- have similar midpoint potentials, Fds are expected to yield a
trations. Currently, this type of measurement is hard to make similar maximal output in cellular assays. This approach should
because cells often express multiple PECs and partner proteins also be useful for comparing the activity of Fd-partner protein

in parallel (Figure 4A), whose individual contributions to homologues with divergent sequences (Figure 4E).
electron flow can be hard to quantify. To allow cellular analysis Fd-dependent cellular assays have been reported, although
of Fd, we propose creating cells with a minimal set of PECs and these assays have not yet been used to quantify how divergent
7055 DOI: 10.1021/acs.biochem.6b00831
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Fds differ in their cellular behaviors. The first cellular assays to
incorporate Fds were aerobic screens for oxygenases, tripartite
systems typically consisting of a FNR electron donor, a Fd, and
either a cytochrome P450 monooxygenase or a dioxygenase
acceptor."“~""? With some of these cellular assays, Fd-dependent
oxygenase activity can be measured through colorimetric detec-
tion of the product,'>"**"'7!*? 4 strategy that is compatible with
high-throughput screening. More recently, a cellular assay was
described that can be used to select for Fds that shuttle
electrons between a donor and acceptor protein in E. coli. For
this assay, an E. coli sulfide auxotroph was built by deleting the
gene encoding sulfite reductase (SIR), an NADPH-dependent
enzyme, such that the strain could no longer grow on minimal
medium that contains sulfate as the only sulfur source.''""*’
The growth defect could be complemented by a tripartite
system that consists of a Fd electron donor (FNR), a Fd, and a
Fd-dependent SIR from plants. Unlike the Fd-dependent oxy-
genase screens, which require aerobic conditions to analyze
Eds,""*~"" this sulfide auxotroph is compatible with Fd analysis
under both aerobic and anaerobic conditions.'"!

Because Fds support biological reactions that are often essen-
tial for growth (amino acid biosynthesis, nitrogen assimilation,
C and N fixation, glycolysis, and respiration), we posit that
additional growth selections for Fd activity can be built by
deleting different genes encoding essential metabolic enzymes
in bacteria and rescuing cellular growth defects by expressing
Fd-dependent partner proteins (Table 1). There are several
challenges to diversifying cellular selections for Fds. First, genes
encoding oxidoreductases must be chromosomally disrupted to
create microbial strains that have specialized nutrient require-
ments. Second, non-native Fd-dependent oxidoreductases need
to be expressed as functional enzymes in these mutant strains.
In some cases, these challenges may be straightforward to
overcome. For example, an E. coli glutamate auxotroph could be
created by replacing the native NADPH-dependent glutamate
synthase with a Fd-dependent glutamine oxoglutarate amino-
transferase (GOGAT), which are found in plants and cya-
nobacteria.'”" In fact, Synechocystis sp. PCC 6803 GOGAT
has been previously expressed as a functional protein within
E. colij*** suggesting that this GOGAT could be used to rescue
the growth defects in an E. coli strain having mutations in the
native glutamate synthase. With other Fd acceptor proteins, it
may be more challenging to build cellular assays that report
on their coupling to Fds. This challenge could arise with
Fd-dependent oxidoreductases that require specialized protein
machinery for cofactor maturation that is not present in non-
native hosts, such as CO dehydrogenases and nitrogenases.

We posit that a range of cellular assays can be developed for
studying Fds in cells. These approaches should be useful for
measuring: (i) how Fds with divergent sequences differ in their
LPE and CE, (ii) how much CE can vary among Fds with
similar reduction potentials but divergent sequences, and (iii)
how cellular growth conditions affect LPE and CE. To quantify
CEs of various PECs, the product of the three-component,
linear electron transfer pathway will need to be measured, i.e.,
the colorimetric changes or growth rates of the cells, and these
values will need to be normalized to the concentration of holo-
Fd in cells, which could be analyzed by measuring the
amplitudes of the signature spectra of the 2Fe2S- and 4Fe4S-
type Fd in cellular lysates."””~"** The LPE of synthetic path-
ways could also be determined in cases in which the input and
output of the linear pathway can be quantified. Measurements
of electron inputs into three-component pathways will necessitate
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the use of analytical methods that examine time-dependent
changes in the substrate being used as an electron source.
When electrons are derived from a chemical that is provided at
defined concentrations within growth medium, e.g., by using
2-oxoglutarate:Fd oxidoreductase (OGOR) and 2-oxoglutarate
as a source of electrons,'*® changes in the concentration of that
chemical can be used to estimate the electron flow into the
donor. The values obtained from electron input and output can
then be combined to calculate LPE.

Fd cycling efficiency is expected to vary with the linear
redox pathway being studied. In theory, all of the electrons used
to reduce a given Fd could be used by the Fd to reduce an
acceptor protein such that LPE approaches a value of 1. How-
ever, Fds often participate in transient interactions with partner
proteins, and losses are expected to arise from off-target
pathway oxidation arising from dioxygen reduction. Addition of
branches to linear pathways could be useful for studying
partitioning of electron flow to a set of electron acceptors. By
analyzing CE and LPE through pathways having one or more
competing electron acceptor proteins, cellular assays can be
used to quantify the proportion of electrons that flow to
different partner proteins within a cellular context. For example,
the linear pathway shown in Figure 4B could be used to analyze
Fd control over electron flow in the presence and absence
of a second electron acceptor protein like GOGAT (Figure 4F).
In cases in which a Fd couples strongly to SIR but not to
GOGAT, the Fd concentration required for half-maximal com-
plementation will be similar in the absence and presence of
GOGAT. However, in cases in which a Fd couples more
strongly to GOGAT than SIR, the Fd concentration required
for half-maximal growth will increase in the presence of
GOGAT, provided that Fd-partner proteins are expressed at
levels that allow for detection of their differences in affinities.

By studying CE and LPE, we posit that insight can be
gleaned that will allow us to begin anticipating the propor-
tion of electrons that different Fds can deliver across the Fd
interactome in natural and engineered microbes. The strategy
outlined for studying Fd sequence—structure—function rela-
tionships should be applicable to other families of PECs, like
flavodoxins, because these PECs can display low reduction
potentials and substitute for Fds in electron shuttling.””"'*°~"**
Understanding the functional overlap and competition between
Flds and various Fds in particular cell reactions and circum-
stances could yield a more global appreciation of the con-
tributions of specific PECs in cellular electron fluxes. In
addition, assays that report on PEC cycling efficiencies can be
used to compare the time-dependent characteristics of Fds and
Flds (e.g,, lifetimes, stabilities to oxidants, and degradation) by
producing PECs for a defined period of time and assessing their
coupling to partner proteins after stopping their synthesis.

B SYNTHETIC ENERGY-CONSERVING PATHWAYS

Our ability to control the expression of metabolic enzymes and
carbon flux is poised to make great strides as our ability to
design regulatory networks continues to improve, with tools
now available for microbial design automation.'”” Redox
synthetic biology, in contrast, faces a major bottleneck, namely
our inability to anticipate or optimize electron flow between
redox proteins within microbes and the effects of introducing
non-natural proteins on redox homeostasis. This bottleneck will
continue to impede our ability to construct energy-conserving
pathways in cells that prevent global redox imbalances, which
can be a significant problem in certain metabolic engineering
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applications. While there have been reports of successful construc-
tion of non-native electron transfer pathways in cells,'' "' %73
as well as visual probes for 2Fe2S clusters and PEC reduction
states,"”’~"*" our understanding of electron flow mediated by
PECs remains more limited. We propose that the cellular assays
described herein will be useful for providing a more
quantitative, comprehensive approach for future electron flow
design efforts. By identifying Fd and Fd-partner pairs that
insulate electron flow from the natural redox machinery in cells
(orthogonal redox proteins), researchers can identify biological
parts that can be used to rationally optimize existing energy-
conserving pathways to maximize product yields. Additionally,
the identification of mutations that alter the proportion of
electrons that a given Fd delivers to its native partner proteins
could be used to improve product yields, as has been reported
for C. reinhardtii Fd, which yields improved H, photo-
production rates when mutations that alter electron pro-
portioning to FNR and hydrogenase are incorporated.”” The
sites targeted for mutations in this previous study were iden-
tified by examining the nuclear magnetic resonance chemical
shift perturbation of a Fd upon complex formation with each
partner protein, a low-throughput approach, and identifying
residues that are uniquely important to the interaction with one
partner.”” Improvements in metabolic yields could also be
achieved b}r using Fds in synthetic extracellular electron transfer
pathways'*' or by implementing Fds in metabolic transistor-
like control processes, which have been shown to permit fine
control over metabolic fluxes.'® By extending these studies from
Fds to other PECs, such as Flds, we can begin to develop rules
for understanding what controls the proportion of electrons
that are transferred between different metabolic pathways and
derive improved electron-flux maps (electron fluxome).
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