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Abstract

Flavin cofactors impart remarkable catalytic diversity to enzymes, enabling them to participate in a broad array
of biological processes. The properties of flavins also provide proteins with a versatile redox sensor that can be
utilized for converting physiological signals such as cellular metabolism, light, and redox status into a unique
functional output. The control of protein functions by the flavin redox state is important for transcriptional
regulation, cell signaling pathways, and environmental adaptation. A significant number of proteins that have
flavin redox switches are found in the Per-Arnt-Sim (PAS) domain family and include flavoproteins that act as
photosensors and respond to changes in cellular redox conditions. Biochemical and structural studies of PAS
domain flavoproteins have revealed key insights into how flavin redox changes are propagated to the surface of
the protein and translated into a new functional output such as the binding of a target protein in a signaling
pathway. Mechanistic details of proteins unrelated to the PAS domain are also emerging and provide novel
examples of how the flavin redox state governs protein-membrane interactions in response to appropriate
stimuli. Analysis of different flavin switch proteins reveals shared mechanistic themes for the regulation of

protein structure and function by flavins. Antioxid. Redox Signal. 14, 1079-1091.

Introduction

FLAVOENZYMES ARE RECOGNIZED for catalyzing a variety of
reactions utilizing flavin mononucleotide (FMN) and fla-
vin adenine dinculeotide (FAD) as noncovalently or cova-
lently bound cofactors (18, 45). Flavins support one-electron
and two-electron transfer processes involving the N(1), C(4a),
and N(5) positions of the isoalloxazine ring system (18, 45).
The types of reactions catalyzed by flavoenzymes include
dehydrogenation, electron transfer, hydroxylation, dehalo-
genation, DNA repair, disulfide reduction, luminescence, and
histone demethylation (17, 45). These chemical transforma-
tions provide important outcomes in numerous biological
processes such as energy metabolism, amino acid metabolism,
DNA synthesis, fatty acid metabolism, cholesterol, neuroac-
tive compounds, chromatin remodeling, and bioremediation
of polychlorinated aromatics (45). In addition to supporting
diverse biochemical reactions, the flavin cofactor is sometimes
employed to regulate protein function. In this role, the flavin
redox state mediates protein interactions with other macro-
molecules such as effector/target proteins, membranes, and
nucleic acids. The regulation of these macromolecular inter-
actions by the flavin is important for various cellular pro-
cesses such as circadian clocks, phototropism, transcriptional
regulation, signal transduction, and cell motility (9, 15, 55).
The purpose of this review is to provide a survey of
mechanistic details that have emerged in recent years con-

cerning flavin-dependent regulation of proteins, also known
as flavin redox switches. In flavin redox switches, an input
signal changes the redox state of the bound flavin cofactor
which is then converted into a new functional output as
shown in Figure 1. The conversion of the input signal into a
functional output involves a conformational change that is
concomitant with a flavin redox change. Depending on the
physiological environment and signaling pathway, the redox
resting state of the flavin can be in the oxidized or reduced
form. Input signals that cause reduction of the flavin may
involve substrate binding and electron transfer to the flavin,
electron reduction of the flavin by a physiological donor, or
light-mediated reduction of the flavin. The reductive redox
change is then transmitted to other domains in the protein
to generate the desired functional output. The functional
change can then be reversed by oxidation of the flavin. For
some switches, strong evidence is available to show that they
are reversible, while other switches may not necessarily be
reversible.

This review highlights the proteins Vivid (VVD), NifL,
pyruvate oxidase (POX), and proline utilization A (PutA)
which are all flavin switch proteins with diverse functions and
regulatory roles. These proteins were chosen because re-
cent biochemical and structural studies of these flavin switch
proteins have provided novel details into how cofactor
reduction/modification leads to the propagation of confor-
mational and functional changes (50, 69, 83, 90). Two of the
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FIG. 1. Flavin redox switches. Various input signals can
deliver a redox change to the flavin cofactor that results in the
activation of a protein function. Examples of regulated output
functions include the binding of a target/effector protein in a
cell signaling cascade, membrane binding and intracellular
localization, and transcriptional regulation.

proteins, VVD and NifL, contain a flavin-binding Per Arnt Sim
(PAS) domain (64, 66). PAS domains are involved in numer-
ous signaling pathways that respond to light, energy, redox
status, and small molecules and besides flavin can bind dif-
ferent redox cofactors that include heme, 4Fe—4S clusters, and
4-hydroxycinnamic acid (26, 72). VVD is a light sensor protein
important for setting circadian rhythms and is a member of
the LOV (light, oxygen, and voltage) protein family which is
a subset of the larger PAS domain family (64, 90). NifL is not a
light sensor but rather responds to cellular redox status to
control nitrogenase production in response to environmental
oxygen (28). POX and PutA have structures unrelated to PAS
domains and respond to intracellular concentrations of sub-
strates that direct their movement from the cytosol to the
membrane (50). PutA is unique in that it switches from a DNA-
binding protein to a membrane-bound enzyme depending
on proline availability (85). A key mechanistic feature for
the flavin redox switch in the aforementioned proteins is the
hydrogen bond network that allows communication between
the N(1) and N(5) atoms of the flavin and the regulatory/
functional domains (29). Redox signal transmission is best
understood for the flavin PAS domain proteins due to bio-
chemical studies and new crystal structures of PAS domains in
the oxidized and light-reduced states (90).

Vivid (Light Sensor) Protein

Light-induced signaling is a fascinating phenomenon that
occurs in a wide range of organisms (36, 40). Proper responses
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to light are necessary for organisms to survive in changing
environmental conditions (36). The LOV (light, oxygen, and
voltage), BLUF (blue light sensing using flavin), and crypto-
chromes represent three different types of photoreceptors that
use flavin for capturing photoenergy and converting the light
signal into an output that regulates processes such as pho-
totropism and circadian rhythms (13, 31, 36, 53, 76). The focus
of this section is on LOV domain proteins, namely the fungal
Vivid (VVD) protein (16, 39). LOV domains utilize FMN or
FAD as the chromophore for photosensing (40). The LOV
domain family is a subset of the larger PAS domain family
that functions in a variety of signaling pathways in prokary-
otes and eukaryotes (72). Most members of the LOV protein
family have multidomain structures that, in addition to
the LOV domain, include serine/threonine kinase, histidine
kinase, phosphodiesterase, Kelch repeats, and DNA binding
domains (13). In multidomain LOV proteins such as photo-
tropins, the LOV domain serves to modulate the activity of the
functional domains or otherwise known as ‘output” domains
in response to light (15). The modular properties of LOV do-
mains enables LOV proteins to be involved in a variety of
light-mediated cell signaling pathways and biological pro-
cesses (13, 15). Interested readers are encouraged to read more
extensive reviews of the LOV family (13, 15).

VVD is a fungal protein from Neurospora that has been
shown to regulate carotenoid biosynthesis and to have a role in
modulating the circadian clock in response to blue light (64,
90). VVD is one of the smallest known LOV proteins (186
residues) as it lacks other functional or output domains (Fig. 2)
(13). VVD acts as a negative regulator of light response and is
required for certain physiological adaptations such as the
down regulation of carotenoid biosynthesis in response to
constant light exposure (90). VVD repression of light responses
involves attenuation of the white collar complex (WCC) that is
the main activator of light-regulated genes (9). WCC is com-
prised of white collar-1 (WC-1), the other main clock flavo-
protein that also contains a LOV domain and white collar-2
(WC-2) (9). The mechanism by which VVD interferes with
WCC is unclear as VVD lacks a nuclear localization signal and
is thought to reside mainly in the cytosol (9, 27). In contrast,
WC-1is localized in the nucleus where along with WC-2 forms
the WCC and binds to promoter regions of light responsive
genes to activate transcription (9). Thus, the regulation of
WCC and gene expression by VVD is thought to involve other
effector protein partners which will need to be identified to
understand how VVD participates in light sensing signal
transduction pathways in Neurospora (9).

Recent work by Crane’s group has captured X-ray crystal
structures of VVD in the dark (oxidized) and light (reduced)
states (90). These structures have provided exceptional in-
sights into the mechanism of signal transduction in VVD and
other related LOV domain blue-light sensors. For these
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structural studies, a truncated form of VVD that lacked
N-terminal residues 1-36 was used. The structures of both the
dark state and light state forms of VVD show it has a typical
PAS domain o/f topology with the isoalloxazine ring of the
FAD bound between two helices and three strands of the
core f} sheet (Fig. 3A) (90). In the dark state structure of VVD
(2 A resolution), residues 37-70 were observed to form a N-
terminal o-helix (helix Ax) and were part of a structure re-
ferred to as the N-terminal cap (Fig. 3A). This N-terminal cap
contacts the PAS f-sheet core and is thought to mediate VVD
interactions with protein targets in response to light-induced
signaling. Closer to the flavin, Cys108 was observed to be
positioned above the C(4a) atom on the si face of the FAD
which is a conserved residue in LOV domain proteins (90).
Spectroscopic data have shown that upon excitation of the
flavin with blue light, a cysteinyl-4a adduct is formed in LOV
domain proteins with a peak at 390nm (13, 31). The mecha-
nism for the adduct formation involves light-initiated de-
protonation of the cysteine thiol, followed by attack of the
cysteine thiolate on the C(4a) atom of the flavin ring (31, 91).
The result is that a covalently modified reduced flavin is
formed in the light state (see Fig. 3B). Interestingly, the sta-
bility of the cysteinyl-4a adduct varies among LOV domain
proteins with lifetimes ranging from 81 s (Avena sativa LOV2)
to 5h (VVD) (91). An extensive mechanistic study of VVD
concluded that the rate limiting step in reversing the cysteinyl-
4a adduct is deprotonation of the FAD N(5) atom (91).

The global conformational change induced by light re-
duction of the flavin is a substantial increase in the hydro-
dynamic volume of VVD that is primarily caused by increased
disorder of the N-terminal region (90). Flavin redox signals
that are emitted from the PAS domain induce conformational
changes at the N-terminal that are proposed to regulate the
monomer—dimer equilibrium of VVD and interactions with
other proteins (89, 90). A new study using time-resolved
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small-angle X-ray scattering revealed that dissociation of the
N-terminus from the PAS core is an important step in the
light-induced conversion of VVD to the dimeric form (33).
Figure 3B shows an alignment of the dark and light state
structures of VVD that reveals exquisite details of a hydrogen
bond pathway for communicating redox signals out of the
FAD active site to the N-terminal region (90). The first notable
difference between the dark and light state structures is
the orientation of GIn182 near the flavin. In the dark state, the
amide nitrogen of GIn182 forms a hydrogen bond with the
FAD N(5) atom (90). In the light state, the GIn182 side chain is
flipped relative to the dark state structure so that the GIn182
carbonyl is within hydrogen bonding distance of N(5)H
(Fig. 3B) (90). The second interaction that is impacted by
movement of GIn182 is with the backbone carbonyl of Ala72.
Ala72 is part of a hinge region (residues 68-72) that links the
N-terminal cap to the Af strand of the PAS core. In the dark
state, the carbonyls of Ala72 and GIn182 appear to have an
unfavorable contact (90). With the new orientation of GIn182
in the light state, however, a favorable hydrogen bond inter-
action is generated between the GIn182 amide and the back-
bone carbonyl of Ala72 (90). Thus, in the structure with the
covalently reduced flavin (i.e., light state) GIn182 mediates
a hydrogen bond pathway from the FAD N(5)H to Ala72.
Additionally, Cys71 forms a new hydrogen bond with the
backbone amide of Asp68 in the light state (Fig. 3B) (90).
The net effect of the reorganized hydrogen bonding in-
volving GIn182 and Cys71 is a closer positioning of the N-
terminal cap residues to the core PAS domain. This movement
toward the PAS core is proposed to alter the packing of helix
Ao on the surface and lead to the release of a N-terminal
peptide from VVD in the light state. The release of the N-
terminal peptide region in response to light primarily leads to
dimerization of VVD that may then allow VVD to engage
with target proteins or compete with the WC-1LOV domain

FIG. 3. The crystal structure |A
of VVD. (A) Ribbon diagram : A
of the VVD structure in the
dark state (oxidized) with
bound FAD cofactor (yellow).
The N-terminal cap is high-
lighted in yellow. The GIn182
side chain is shown in the ac-
tive site with the blue arrow
showing that upon light ex-
posure GIn182 flips to make a
hydrogen bond with Ala72
near the Af strand. The dashed
arrow (black) indicates the
proposed release of the N-
terminal region from VVD

N-terminal peptide release B

based on  hydrodynamic
studies of the light and dark
states. (B) Superposition of

VVD structures in the dark-oxidized state (yellow) and light-reduced state (teal). Shown for both structures are the FAD
cofactors, Afj strands and A« helices, and residues Cys108, GIn182, Ala72, Cys71, and Aps68. The covalent adduct between
C108 and the FAD C(4a) is only observed in the light state structure. Bridging hydrogen bonds are shown for GIn182 with the
backbone carbonyl of Ala72 and the FAD N(H)5 in the light state structure of VVD. Also shown for the light state structure is
the hydrogen bond between Cys71 and Asp68. The hydrogen bond network in the light state structure of VVD highlights the
redox signal transduction pathway from the FAD N5 to N-terminal domain. Structural models were generated using PyMol
and PDBs 2PD7 (dark state, oxidized) and 2PDR (light state, reduced). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article at www liebertonline.com/ars).
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(89, 90). Consistent with GIn182 having a critical role in signal
transmission, a GIn182Leu VVD mutant was shown to be
defective in conformational switching in response to light (90).
It should be noted that GIn182 is a highly conserved residue in
the LOV domain family (91). Thus, the hydrogen bond
pathway revealed for photoswitching in VVD is most likely a
shared feature in other LOV domain proteins.

Recent high resolution structures of the LOV domain pro-
tein, YtvA, have provided additional insights into how light-
induced changes in hydrogen bonding lead to structural
rearrangements. YtvA is a photosensor from Bacillus subtilis
that is involved in the general stress response pathway (4).
In YtvA, a STAS (sulfate transporter and anti-sigma factor)
effector domain is connected to the C-terminal end of the
LOV domain via a linker o-helix. Structures of the dimeric
LOV domain of YtvA in the dark and light states indicate that
the a-helix linker moves away from the dimer interface in
response to light (48). The structures also reveal a unique 5°
rotation of the two monomers relative to each other (48). The
light-induced rotation is thought to be propagated through
the a-helix linker that extends out from the C-terminal end of
the LOV domain (48). How this rotation regulates the GTP
binding activity of the STAS domain remains to be elucidated.
The structures of both VVD and YtvA provide evidence that
signal transmission to either an N-terminal (e.g., VVD) or C-
terminal (e.g., YtvA) a-helix on the surface of the LOV coreis a
key part of the light-induced structural changes that impact
LOV domain interactions with effector modules.

NifL (Transcriptional Regulator of Nitrogen Fixation)

In diazotrophs such as Azotobacter vinelandii, the flavopro-
tein NifL represses the expression of the nitrogen fixation (nif)
genes by forming an inhibitory complex with NifA, the ¢°*
dependent transcriptional activator of the nif genes (28, 43).
The regulation of NifL-NifA interactions is multifaceted and
involves responses to redox conditions and nitrogen status
(43, 44). This review will focus on the redox regulation of
the NifL-NifA complex (Fig. 4A). In response to oxidative

FIG.4. Redoxregulation of NifL. (A) Cartoon showing the
general model for how NifL regulates NifA. Under reducing
conditions in which the FAD cofactor is reduced, NifL does
not form a stable complex with NifA, allowing nif gene ex-
pression to be activated by NifA. When oxygen levels rise,
the reduced FAD cofactor reacts quickly with molecular
oxygen to generate oxidized FAD, resulting in a conforma-
tional change that exposes the H- and GHKL-domains. These
domains provide a surface for binding NifA, resulting in the
formation of a NifL-NifA inhibitory complex that blocks
activation of the nif genes. (B) Ribbon diagram of the PAS1
FAD binding domain from NifL in the oxidized state. The
FAD cofactor is shown in yellow. The Af strand and the N-
terminal peptide are labeled with a black dashed arrow, indi-
cating the potential direction of a redox signal from the FAD
N(5) position. (C) The active site of the PAS1 domain from
NifL. Shown are the FAD cofactor and the hydrogen bond
network linking the FAD N(5) atom to Ser39 of the Af
strand. Structural diagrams were made with PyMol and
PDB 2G]J3 for the PAS1 domain structure of NifL. (For in-
terpretation of the references to color in this figure legend,
the reader is referred to the web version of this article at
www.liebertonline.com/ars).
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intracellular conditions, NifLL prevents unwanted production
of nitrogenase (molybdenum dependent) during periods of
aerobiosis by binding to NifA, thus acting as an anti-activator
protein (28, 43). Under reducing conditions, NifL. does not
form a complex with NifA, thereby allowing NifA to activate
the nif genes (28, 43). NifL contains a FAD-binding PAS do-
main that mediates the redox functional switching of NifL-
NifA interactions (65, 66). Unlike VVD, NifL is a multidomain
protein (519 residues) that contains two tandem PAS domains
at the N-terminus (residues 1-252) with one PAS domain
containing FAD (PAS1) and the second PAS domain (PAS2)
devoid of any cofactor (PAS2) (see Fig. 2) (65). The C-terminal
domain (residues 360-519) of NifLL is homologous to the
GHKL (gyrase, Hsp90, histidine kinase, MutL) superfamily
while the middle region of NifL (253-359) shares homology
with histidine kinase proteins that contain a HisKA domain
(H-domain) (65). Despite these similarities, the H (HisKA) and
C-terminal (GHKL) domains together do not exhibit histidine
kinase activity but do function to provide the interface for
binding to NifA (38, 65).

The physiological oxidant of NifL is molecular oxygen that
rapidly reacts with the reduced FAD cofactor in PASI to
produce H;O, (29). This allows NifL to respond quickly to
aerobic conditions and inhibit NifA. The physiological re-
ductant for NifL, however, is not clear. The reduction poten-
tial for NifL (-196mV, pH 7) is accessible to a number of
potential electron donors (41). In Klebsiella pneumoniae, the
respiratory quinone pool is thought to be a source of electron
donors for NifL (23, 73). In order for NifL to be reduced by the
quinone pool, NifL is proposed to shuttle between the mem-
brane and the cytoplasm in K. pneumoniae (73). In considering
the mechanism of redox switching in NifL, the focus has
been more on conformational changes that occur during the
transition from the reduced (noninhibitory) to the oxidized
(inhibitory) state. The general model for NifL redox switching
is that oxidation of the bound FAD cofactor in the PAS1 do-
main induces a conformational change that is propagated
out to the H-domain and C-terminal domains (65). Structural
changes in the H- and C-terminal domains then cause in-
creased NifL-NifA binding affinity leading to inhibition of
NifA (Fig. 4A) (38). The importance of the H-domain and
PAS2 domain in the redox functional switching of NifL were
recently shown by Dixon et al. (38, 65). First, mutating Arg306
in the H-domain generated a NifL. mutant that constitutively
bound NifA and was unresponsive to changes in the FAD
redox state (38). Second, they were able to generate mutants in
the PAS2 domain that locked NifL into a conformational state
that makes it a constitutive inhibitor of NifA (65). They also
engineered mutants in the PAS2 domain that locked NifL into
a noninhibitory conformation that could not form a stable
complex with NifA. Thus, the redox functional switching of
NifL can be abolished by mutating certain residues in either
the PAS2 or H-domains. These results indicate that the PAS2
and H-domains have a critical role in transducing redox sig-
nals from the PAS1 FAD domain and regulating NifL-NifA
interactions.

Structural details into how redox signals are transmitted
out from the FAD cofactor in NifL were recently gained from a
1.04 A structure of the PAS1 domain (residues 1-140) solved
by Moffat’s group (29). The PAS1 domain of NifL is charac-
terized by the usual o/f fold of PAS domains (Fig. 4B) (29).
Because NifL reacts readily with molecular oxygen, it was of
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interest to determine potential access channels to the FAD.
Multiple solvent access channels were found with two water
molecules near the flavin, suggesting a feasible pathway for
molecular oxygen to enter the active site and react with the
C(4a) position of the reduced flavin and form a hydroperoxy
intermediate (29). Also, a Glu residue (Glu70) was positioned
on the si face of the isoalloxazine ring (Fig. 4C). The position of
Glu70 is similar to that observed for Cysl08 in the VVD
structure. Glu70 makes hydrogen bond contacts with an
active site water molecule and a nearby Ser39 residue (29). Glu
70 is suitably positioned to accept a proton from the FAD N(5)
and may also interact with the hydroperoxy intermediate (29).
Besides helping with the hydrolysis of the hydroperoxy in-
termediate, the water molecules contribute to a hydrogen
bond network that links the N(5) and C(4)O atoms of the
flavin with residues Ser39, Glu70, Asn102, Tyr110, and His133
(Fig. 4C) (29). This hydrogen bond network is proposed to be
critical for redox sensing in NifL by facilitating proton-
ation/deprotonation of the FAD N(5) (29). Based on these
structural observations, it was proposed that redox signals
from the flavin are transmitted to the surface of the PAS1
domain via Ser39 which resides on strand Ap (Figs. 4B and
4C). The redox signals then generate an altered structure on
the surface that perhaps involves changes in a N-terminal
peptide as observed for VVD (Fig. 4 B) (29). These changes are
then transmitted further to the H- and C-terminal (GHKL)
domains to influence NifL-NifA binding affinity. Most likely,
changes in the quaternary arrangement of the PAS2 domains
occur that transmit redox signals from the PAS1 flavin do-
main to the C-terminal domains of NifL. (65). It should be
noted that the regulation of NifL-NifA interactions does not
involve changes in oligomerization as NifL is a tetramer in
both the oxidized and reduced states (29).

Pyruvate Oxidase (Enzyme Activated
by Membrane Binding)

Pyruvate oxidase (POX) from Escherichia coli (EcCPOX) is by
far the most studied of the POX enzymes (1, 11, 22, 42, 50, 57—
59, 61-63, 77, 79). EcPOX contains FAD and thiamin pyro-
phosphate (TPP) and catalyzes the oxidative decarboxylation
of pyruvate to acetate and CO, (58, 59). POX has a homo-
tetrameric structure consisting of 62kDa subunits (572 resi-
dues), and when reduced, POX switches from a soluble
cytosolic protein to a peripheral membrane-bound ubiqui-
none oxidoreductase (22, 42, 63, 77). The physiological role of
POX in E. coli is to serve as an alternate system to the well
known TCA cycle enzyme, the pyruvate dehydrogenase
complex (PDHC) (1, 22). Expression of the POX encoding
gene, poxB, is regulated by the sigma factor RpoS that induces
the transcription of poxB in the early stages of the E. coli sta-
tionary growth phase (11). Thus, EcPOX is mostly expressed
during times of slow growth when microaerobic conditions
are prevalent (1, 11). Although PoxB-null strains showed that
POX provides a significant contribution to aerobic growth
efficiency, POX does not fully complement PDHC mutant
strains as determined by growth rate, growth yields, and
carbon conversion efficiencies as POX strains showed an ap-
proximate 20% decrease in growth efficiency compared to
PDHC expressing strains (1).

Members of the POX enzyme superfamily are distin-
guished by well-defined catalytic and structural differences
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even among prokaryotic enzymes (62). For example, POX
enzymes can be divided according to the natural electron
acceptor employed in the POX reaction cycle (62). Even
though EcPOX is called a pyruvate “oxidase”, it is well es-
tablished that the physiological electron acceptor is mem-
brane-bound ubiquinone-8 (10, 30, 42). Therefore, this enzyme
has been more accurately referred to as a pyruvate:quinone
oxidoreductase (PQO) (62). In contrast, other prokaryotic
POX enzymes readily use O, as the electron acceptor and are
thus true oxidases generating H,O, during every catalytic
cycle (62). One well-studied example is POX from Lactobacillus
plantarum (LpPOX) (49, 79). LpPOX not only differs from
EcPOX in oxygen reactivity, but also uses P; to produce
acetylphosphate (49). Very little is known about how these
aforementioned differences relate to the physiological and
regulatory functions of POX enzymes (62). According to a
recent phylogenetic survey of PQO type (e.g., ECPOX) and
POX type (e.g., LpPOX) enzymes, it appears that they are in-
terspersed in gram positive and gram negative bacteria line-
ages (62). In the same study, physiological experiments with
Corynebacterium glutamicum, a gram-positive aerobe expres-
sing a PQO type enzyme, suggested that this enzyme is reg-
ulated by carbon sources rather than growth phase as
observed for EcPOX (61, 62). The authors concluded that
the difference in the surrounding genetic makeup of the
C. glutamicum pqo gene compared to the poxB gene in E. coli
were most likely responsible for the regulational differences
(61, 62). With a paucity of literature on PQO type enzymes
from organisms other than E. coli, the remainder of this section
will focus on EcPOX.

As mentioned above, EcPOX is a TPP-containing flavo-
protein that switches from a cytosolic protein to a membrane
bound protein upon reduction of its flavin cofactor in order to
reduce ubiquinone in the inner membrane (58, 59). The fact
that the reduced form of EcPOX binds the membrane and is
subsequently activated has been known for many years, but a
detailed mechanism has yet to be identified (63). Early studies
showed that when EcPOX was incubated with pyruvate, TPP,
Mg2+, and lipids or detergents, that the enzyme not only as-
sociated with lipids but its turnover number increased 25-fold
and the K, for pyruvate decreased by about 10-fold (14, 46,
59). A similar increase in activity was observed by limited
proteolysis of EcCPOX with a-chymotrypsin under reducing
conditions, suggesting a conformational change in the en-
zyme was responsible for the dramatic increase in activity
(57-59). The trigger for this apparent conformational change
was shown to be reduction of the FAD cofactor by pyruvate
(59). Interestingly, partially digested EcPOX was unable to
associate with lipids or detergents, indicating a membrane-
binding domain was removed during limited proteolysis (59).
Limited proteolysis of the reduced enzyme produces a 2.6-
kDa peptide referred to as the a-peptide that independently
associates with phospholipids, suggesting that this pep-
tide was the membrane-binding domain (56, 82). The same
conclusion was reached from in vivo work using an EcPOX
construct with a truncated C-terminus to mimic the proteo-
lytically cleaved enzyme (21). Site-directed mutagenesis of the
C-terminus also confirmed the peptide region was critical for
EcPOX lipid binding (20). After a decade of work firmly es-
tablishing the C-terminus as the membrane-binding domain
of EcPOX, the reversibility of ECPOX membrane binding was
later shown using surface plasmon resonance (SPR) (42).
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Furthermore, an electrochemical approach was used to mon-
itor the kinetics of ubiquinone reduction in a model lipid
bilayer, showing that membrane binding and ubiquinone
reduction kinetics shared a similar profile (42). This demon-
strated that only the membrane-bound enzyme could turn-
over with the lipid bound quinone pool (42).

Recently, structures of full-length EcPOX (1-572) and a
truncated form of EcPOX (1-549) that lacks the 23-residue
C-terminal peptide were solved (50). These structures have
shed atomic details (3 to 2.5 A respectively) on the long-
standing putative membrane-binding domain as well as on a
possible mechanism for how flavin reduction activates ECPOX
membrane binding and leads to catalytic enhancement (50).
The full-length structure of EcPOX corresponds to the less
active cytosolic form, while the structure of truncated EcPOX
most likely represents the activated membrane-bound form.
Figure 5A shows the monomeric structure of full-length
EcPOX. A major difference between the full-length and
truncated protein is the substantial increase in solvent expo-
sure of the flavin cofactor in the cleaved form of the enzyme
compared to the full-length enzyme (50). The increased sol-
vent exposure, as also suggested by the UV-visible flavin
spectrum of truncated EcPOX, may explain the 10-fold de-
crease in the K., for pyruvate with the activated form of the
enzyme (50, 57). The structures of the full-length and trun-
cated forms of EcPOX also provide a mechanistic rationale for
the 20-30-fold increase in activity seen with the activated form
of EcPOX (50). A key structural difference found between the
full-length and C-terminal truncated forms of ECPOX involves
active site residue Phe465 (50). In a structural alignment be-
tween full-length EcPOX and LpPOX, it was recognized that
Phe465 from EcPOX and the corresponding Phe479 residue in
LpPOX were oriented differently in reference to the flavin
cofactor (50). In LpPOX, Phe479 is turned more toward the
isoalloxazine ring of the flavin compared to EcPOX Phe465
(50). In the C-terminal truncated form of EcPOX, Phe465 is
positioned similarly to Phe479 in LpPOX with respect to the
flavin ring (50). Figure 5B shows an overlay of the full-length
and truncated EcPOX forms highlighting the different orien-
tations of Phe465. Intriguingly, LpPOX is known to be con-
stitutively active with inter-cofactor electron transfer rates
mimicking the lipid-activated form of ECPOX (400s ") (6, 74).
Thus, although TPP and FAD are only 7 A apart, the inter-
cofactor positioning of Phe465 in the C-terminal truncated
form of EcPOX appears to make electron transfer more effi-
cient between TPP and FAD (50). Therefore, the alignment
provides structural reasoning to support the higher catalytic
activity of LpPOX and the C-terminal truncated form of Ec-
POX relative to full-length EcPOX (50).

To summarize the activation mechanism of EcPOX, the TPP
cofactor of EcPOX is first reduced by pyruvate with subse-
quent electron transfer to the FAD cofactor. Reduction of the
flavin cofactor then triggers the release of the C-terminal
membrane binding domain, thereby opening up the active
site which allows for Phe465 to swing into a position that
facilities electron transfer from TPP to FAD in subsequent
catalytic cycles. This activated conformation of Phe465 in
EcPOX is thought to mimic Phe479 in LpPOX, explaining
similar turnover numbers between the activated form of Ec-
POX and the constitutively active LpPOX.

The new orientation of Phe465 in the C-terminal truncated
form of EcPOX is also proposed to have a role in regulating
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FIG. 5. EcPOX structure and alignment. (A) Full-length
structure of ECPOX monomer shown in cartoon, with TPP and
FAD shown as sticks, and Mg>" shown as a red sphere. FAD
and TPP are colored yellow and green, respectively. The resi-
dues that make up the C-terminal peptide (550-572) are col-
ored orange. The N and C-terminus are labeled N and C,
respectively. The dashed black arrow indicates the release of the
C-terminal peptide from the surface triggered by FAD re-
duction. (B) Overlay of the full-length (1-572) and C-terminal
truncated (1-549) structures of EcPOX. Coloring is the same as
in (A). The side chains for Y278 and F465 are shown in the
overlay as sticks and colored in light purple and bright pink for
the full-length and truncated structures, respectively. The side
chain for Y549 is also shown but is only seen in the full-length
structure. The structures were modeled using PyMol and PDB
accession codes 3EY9 (full-length structure) and 3EYA (trun-
cated structure). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version
of this article at www.liebertonline.com/ars).
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EcPOX membrane binding (50). In the full-length structure of
EcPOX, Tyr549 would interfere with the new position of
Phe465 based on an overlay of the full-length and truncated
EcPOX structures (Fig. 5B) (50). Thus, Tyr549 would need to
be displaced to avoid a steric clash with Phe465. This dis-
placement of Tyr549 apparently occurs in truncated EcPOX
since the electron density in this region of the protein is not
well defined (50). Because Tyr549 is adjacent to the membrane
binding C-terminal peptide (residues 550-572), it was sug-
gested that movement of Phe465 toward the flavin would
cause displacement of Tyr549 and subsequent release of the C-
terminal peptide (50). Another Tyr that could also have an
important role in transmitting redox signals is Tyr278 which
forms hydrogen bonds to both the N(5) atom and the ribityl
2'-OH group (Fig. 5B).

Lastly, structural details concerning conformational tran-
sitions that occur in the C-terminal peptide upon release from
EcPOX and membrane binding should be noted. In the full-
length structure of EcPOX (1-572 residues), the C-terminal
end (last 23 amino acids, residues 550-572) is secured to the
flavin active site domain by a number of electrostatic and
hydrogen bonding partners (50). Also, residues 550-564 form
a two-stranded antiparallel f-sheet. A synthetic C-terminal
peptide molecule was studied independently of EcPOX by
circular dichroism to define possible structural changes that
occur upon release from EcPOX and membrane binding. In
the absence of detergent, the peptide was found to adopt a
random secondary structure. In the presence of detergent,
the peptide molecule adopted an o-helix structure (50). The
data predicts that upon releasing from EcPOX, the C-terminal
peptide initially transitions into a partially random struc-
ture and then into an amphipathic a-helix once it binds the
membrane (50).

PutA Protein (Transcriptional Regulator
and Membrane-Bound Enzyme)

Proline utilization A (PutA) from E. coli (EcPutA) is a fla-
voprotein that functions as a transcriptional repressor and
a membrane-bound proline catabolic enzyme. Figure 6A
shows the enzymatic functions of EcPutA which are two-fold,
involving a proline dehydrogenase (PRODH) domain that
catalyzes the flavin-dependent oxidation of proline to A'-
pyrroline-5-carboxylate (P5C) and a P5C dehydrogenase
(P5CDH) domain that catalyzes the NAD"-dependent con-
version of y-glutamic acid semialdehyde (GSA) to glutamate
(2,47, 60). GSA is formed by the hydrolysis of P5C, a reaction
which is presumably nonenzymatic. The dual enzymatic ac-
tivities of EcPutA are shared among PutA proteins in gram-
negative bacteria and are referred to as bifunctional PutAs
(71). In certain gram-negative bacteria such as E. coli and
Salmonella typhimurium, PutA proteins also have a N-terminal
DNA binding domain that endows them with transcriptional
regulatory activity (71). In these bacteria, PutA represses ex-
pression of the putA and putP (high-affinity Na'-proline
transporter) genes under low proline conditions (85). PutA
repression of the put genes is relieved by increases in proline
levels with maximum put gene expression occurring under
poor nutrient conditions (85). Thus, PutAs with DNA binding
activity are trifunctional flavoproteins that act as sensors of
cellular metabolism by responding to fluctuations in proline
levels (Fig. 6B).


http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2010.3417&iName=master.img-004.jpg&w=239&h=453

1086

BECKER ET AL.

A Mem(red) Mem(ox)

FAD PRODH FADH,

QCOO- QCOO-
H;
Pro | PutA ‘I

PSC

I: H,0

NADH NAD*
+H  PS5CDH +H,0

+ proline

FIG. 6. Multiple functions and regulation of PutA. (A)
Reactions catalyzed by PutA. (B) Overall model of PutA
functional switching. In the absence of proline, the flavin
cofactor is oxidized and PutA accumulates on the DNA, re-
pressing expression of the put genes. The five PutA binding
sites are labeled as O1, O2, O3, O4, and O5. The black arrows
represent the f-strands of the RHH domain that binds the
DNA. When proline is available, the flavin cofactor is re-
duced by PutA, resulting in activation of PutA-membrane
binding. The change in intracellular location of PutA in re-
sponse to proline relieves repression of the put regulon.

EcPutA is a polypeptide of 1320 amino acids with the DNA-
binding, PRODH, and P5CDH domains localized to residues
2-43,261-612, and 650-1130, respectively (7, 37) (Fig. 7A). The
DNA-binding domain of EcPutA includes N-terminal resi-
dues 2-43 that form a dimer independently of the PutA
polypeptide (24, 34). X-ray crystal and NMR structures of the
N-terminal domain show it has a ribbon-helix-helix (RHH)
structure, making PutA a member of the RHH superfamily of
transcriptional regulators (25, 34). In RHH proteins, the f-
sheet recognizes the major groove of the DNA. The PRODH
domain forms a f,a-barrel active site which contains a non-
covalently bound FAD cofactor (35) (Fig. 7B). The full-length
structure of EcPutA has not been solved but recently a full-
length structure of a bifunctional PutA enzyme from Bra-
dyrhizobium japonicum was solved by Tanner’s group that
shows how the PRODH and P5CDH domains are arranged
(68). The structure provides evidence for substrate channeling
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FIG.7. Structural architecture of PutA. (A) Domain map of
PutA. (B) Structural model of the PRODH domain (residues
86-630) complexed with L-THFA. The model shows the /o
barrel structure with the bound FAD cofactor (yellow) and L-
THFA (green) in the active site. The dashed curve represents
residues that are not observed in the structure, including
Trp211 and Arg234. The dashed arrow indicates that redox
signals from the flavin result in conformational changes in a
disordered region outside the PRODH active site. The model
was made using Pymol and PDB 1TIW. (For interpretation of
the references to color in this figure legend, the reader is re-
ferred to the web version of this article at www liebertonline
.com/ars).

of the intermediate P5C/GSA between the PRODH and
P5CDH active sites that are separated by 40 A (68).

In the absence of proline, EcPutA resides in the cytoplasm
and acts as a transcriptional repressor of the put genes (7, 52).
PutA represses the put genes by binding to five operator sites
in the 419 bp intergenic control region from which the putP
and putA genes are transcribed in opposite directions (7, 51,
52, 85) (Fig. 6B). PutA recognizes a 5-GTTGCA-3" sequence
motif that is conserved in each operator site (85). Binding of
PutA to the operator sites most likely interferes with ¢”°-
dependent binding of E. coli RNA polymerase, thus blocking
transcription of the putA and putP genes. In the presence of
proline, PutA binds to the inner cytoplasmic membrane and
functions as an enzyme where it catalyzes the oxidation of
L-proline to glutamate (Fig. 6B) (8, 51, 84). Similar to EcPOX,
EcPutA association with the membrane is critical to complete
the reaction cycle as the reduced FAD formed in the PRODH
reductive half-reaction is converted back to oxidized FAD by
electron transfer to ubiquinone in the cytoplasmic membrane
(oxidative half-reaction) (Fig. 6A) (80).

The switching of EcPutA between DNA-binding and en-
zymatic functions necessitates a change in intracellular loca-
tion in response to proline. The ability of EcPutA to directly
respond to proline is dependent on the activity of the PRODH
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domain and the flavin redox state. Studies were performed to
determine whether changes in the flavin redox state impacted
EcPutA-DNA or EcPutA-membrane binding affinities. Ana-
lysis of EcPutA-DNA interactions by spectroelectrochemistry
and SPR under conditions in which the bound flavin cofactor
is reduced indicated no significant differences in EcPutA
DNA binding affinity relative to oxidized EcPutA (5, 86).
Thus, it was concluded that the intracellular location of
EcPutA is not caused by displacing EcPutA from the DNA.

In contrast, the flavin redox state has been shown to have a
profound influence on EcPutA-membrane interactions. In
earlier work, proline was shown to induce EcPutA-membrane
binding (8, 80). Western blot analysis has shown that proline
shifts the intracellular location of EcPutA from the cytosol
to the membrane, consistent with membrane binding being
critical for activation of put gene expression (86). SPR studies
have provided kinetic details of this phenomenon showing
that oxidized PutA does not bind to immobilized E. coli polar
lipid vesicles. Upon reduction of the flavin with either proline
or dithionite, however, a tight EcCPutA-membrane complex is
formed, indicating that flavin reduction alone is sufficient to
induce EcPutA-lipid binding (83). Thus, the FAD redox state
governs the intracellular location of EcPutA, thereby enabling
EcPutA to undergo a switch from a transcriptional repres-
sor to a membrane-bound enzyme in response to proline.
Although EcPutA membrane binding is necessary to relieve
EcPutA repression of the put genes, membrane localization of
EcPutA in general is not sufficient to activate put gene ex-
pression. When EcPutA is fused to the membrane via LacY, it
can still repress put gene expression (86). This is consistent
with the model that protein-membrane localization does
not generally prevent proteins from binding chromosomal
DNA in bacteria (19). Thus, reduced EcPutA must be specif-
ically positioned on the membrane to prevent EcPutA-DNA
binding.

The flavin redox switch in EcPutA-membrane complexes
involves global conformational changes that significantly en-
hance EcPutA-membrane binding. A relative increase in the
overall hydrophobicity of EcPutA by proline was proposed to
lead to increased membrane binding (70). A proline-dependent
conformational change was also identified by limited prote-
olysis studies that coincides with proline activation of EcPutA—
membrane binding (8). Controlled potentiometric proteolysis
of EcPutA demonstrated a reversible conformational change
occurs near Arg234 with a redox potential that closely matches
the reduction potential of the bound FAD (-77 mV, pH 7.5) (88).
Intrinsic fluorescence studies of EcPutA also identified con-
formational changes that occur near Trp211 (87). Residues
Arg234 and Trp211 reside in a disordered region that is just
outside the PRODH active site (Fig. 7B). Thus, both limited
proteolysis and fluorescence studies identified a region near
the PRODH domain that undergoes a conformational change
in response to the redox state of the FAD cofactor. How this
disordered region contributes to enhanced EcPutA-membrane
binding is not known but may directly involve membrane
binding or interactions with another domain that is responsi-
ble for membrane binding.

Although the complete redox-dependent structural transi-
tion that occurs in the EcPutA polypeptide is not fully un-
derstood, molecular details of signal transmission from the
FAD cofactor are beginning to emerge. The initial structures
of the EcPutA PRODH domain were of the FAD in the oxi-
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dized state with competitive inhibitors such as L-tetrahydro-
2-furoic acid (L-THFA) bound in the active site (35, 81). These
structures revealed the importance of Arg555 and Arg556 in
substrate binding as both residues form ion pairs with the
carboxylate group of proline. In addition, Arg431 forms a
hydrogen bond with the FAD N(5) atom (3.1 A) (Fig. 8). Re-
cently, however, Tanner’s group has solved two structures of
the EcPutA PRODH domain in a reduced state which have
provided new insights into conformational changes in the
FAD and the surrounding residues relative to the THFA-
bound oxidized structure. In the first reduced structure, the
PRODH domain crystal form was reduced with dithionite
(83). In the second structure, N-propargylglycine (PPG) was
used to covalently modify the FAD (69). PPG irreversibly in-
activates EcPutA by generating a three carbon link between
active site residue K329 and the FAD N(5) atom. EcPutA in-
activated by PPG displays lipid binding properties similar to
proline-reduced EcPutA (69). In addition, limited proteolysis
of PPG-inactivated EcPutA indicated that the inactivated en-
zyme is locked into a conformation that resembles proline-
reduced EcPutA. Thus, it was proposed that PPG inactivated
EcPutA mimics the proline-reduced, membrane-bound form
of PutA (69).

Examination of both the dithionite-reduced and PPG-
inactivated PRODH domain structures revealed a significant
“butterfly” bend (22°-35°) of the isoalloxazine ring that was

FIG. 8. Structural differences between THFA-bound and
PPG inactivated PutA. THFA-bound (yellow) and PPG-
inactivated (teal) PRODH structures were aligned. Shown are
the bound FAD cofactors and key active site residues. THFA
is shown in green, and the three-carbon link between Lys329
and the FAD N5 is shown in purple for the PPG-inactivated
PRODH structure. Hydrogen bonds that are observed in both
structures are in green. Unique hydrogen bond interactions in
the THFA-bound structure are shown in black, and hydrogen
bond interactions that are only observed in the PPG-in-
activated structure are shown in red. Models were generated
using PyMol and the PDB codes for THFA-bound (1TIW) and
for the PPG-inactivate enzyme (3ITG). (For interpretation of
the references to color in this figure legend, the reader is re-
ferred to the web version of this article at www.liebertonline
.com/ars).
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not observed in the L-THFA bound structure (69, 83). Another
significant conformational change in the FAD cofactor was
the formation of a new hydrogen bond between the 2'-OH
ribityl group and the FAD N(1) position (69, 83). In crystal
structures of oxidized PRODH, the 2-OH ribityl group of
FAD hydrogen bonds to Arg556, thus, reduction of the FAD
causes the 2'-OH group to rotate 90° (83) (Fig. 8). Conforma-
tional changes were also observed for the ribityl 3’-OH and 4'-
OH groups.

Further analysis of the PPG-inactivated structure revealed
unique orientations of key active site residues relative to the
THFA-bound structure (83). Figure 8 shows an alignment of
the oxidized THFA-bound and PPG-inactivated structures.
Conformational changes involving Arg431 and Asp370 were
observed that potentially could be relevant to flavin signaling.
The distance between Arg431 and the FAD N(5) is increased
to 4.2 A in the PPG inactivated structure from 3.1 A observed
in the THFA-bound form (69). Thus, the Arg431-N(5) inter-
action is disrupted in the PPG structure, suggesting a poten-
tial role for Arg431 in mediating redox signals. Another
altered interaction in the PPG structure involves Asp370. In
the THFA-bound structure, Asp370 hydrogen bonds to
Arg431. In the PPG inactivated form, Asp370 is rotated
away from Arg431 and forms a new hydrogen bond to Glu372
that forms a water-mediated hydrogen bond with Glu373
(Fig. 8) (69). Asp370, Glu372, and Glu373 are part of a fiz—o3
loop that is on the surface of the PRODH domain. Based on
these observations, Asp370, Arg431, and FAD N(5) were
proposed to form an electrostatic network that communi-
cates redox signals to a distal membrane binding domain on
EcPutA (69).

The roles of the 2-OH group and Arg431 in the proline
activation of EcPutA-membrane binding was tested by site-
directed mutagenesis and flavin analog studies. Disrupting
the hydrogen bonding interactions of the 2’-OH group and
Arg431 were shown to have severe consequences on PutA
membrane binding. Removal of hydrogen bond interactions
with the 2'-OH ribityl group by site-directed mutagenesis of
Argb556 or replacement of normal FAD with 2'-deoxy-FAD
significantly diminished the regulation of PutA-membrane
binding (83). The 2’-OH ribityl group was therefore proposed
to behave as a toggle switch between oxidized and reduced
FAD to control the membrane binding affinity of PutA (83).
Mutation of Arg431 to Met abolished the PutA-membrane
binding under reducing conditions, showing that Arg431 has
a critical role in the redox functional switching mechanism of
PutA (83). Future studies are now needed to examine whether
redox signals are further transmitted out of the flavin active
site via the residue Asp370 and the nearby Glu residues of the
f3-03 loop.

Another important study will be to identify residues
involved in membrane binding. Amino acid sequence align-
ment of various PutA family members reveals that trifunc-
tional PutAs are generally longer polypeptides (1273-1320
residues) than bifunctional PutA proteins that lack DNA-
binding activity such as PutA from B. japonicum (999 residues)
(32). Besides the additional N-terminal residues encoding the
RHH domain, trifunctional PutAs have 150-190 extra resi-
dues at the C-terminus relative to most bifunctional PutAs.
This conserved C-terminal extension in trifunctional PutAs
implies that the C-terminus may have an important functional
role such as membrane binding (86).
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Conclusion

The proteins highlighted in this review provide various
mechanistic details of how flavin switches can govern protein
function and intracellular location. By examining the archi-
tecture of these different flavin switch proteins, it is evident
that hydrogen bond networks that link the flavin N(5) to the
surface of the protein is a common theme. Hydrogen bond
networks are important in flavin redox chemistry for medi-
ating the uptake and release of protons in the active site,
particularly at the flavin N(5). For flavin switch proteins, the
internal hydrogen bond rearrangements and electrostatic
networks are also critical for transmitting redox signals out of
the flavin active site (29). The hydrogen bond pathway re-
sponsible for propagating redox signals to the surface of the
protein is especially apparent for VVD, YtvA, and NifL, which
share a PAS domain fold. Previously, it was proposed that
PAS domain proteins share a common mechanism for trans-
mitting flavin redox signals (29). A similar hydrogen bond
network has also been observed for the BLUF domain protein,
AppA, which is a FAD sensor protein from Rhodobacter
sphaeroides involved in regulating photosynthesis genes (3,
40). Important hydrogen bonding residues are also evident in
the active sites of ECPOX and EcPutA. In EcPutA, a pair of Glu
residues appears to be optimally positioned to relay signals
from the FAD N(5) to the protein surface, while EcPOX has a
Tyr residue (Tyr278) that bridges the FAD N(5) and the ribityl
2'-OH group. Interestingly, the FAD ribityl 2'-OH group in
EcPutA has been proposed to act as redox toggle switch for
controlling EcPutA-membrane binding. The redox regulation
of EcPOX may also feature a steric clash between two active
site residues (Phe465 and Y549) that contributes to the signal
transduction pathway and results in release of the C-terminal
membrane binding peptide. For VVD, YtvA, Nifl, and
EcPOX, redox input signals induce a structural change that
causes release of a peptide region that subsequently engages
other proteins or in the case of ECPOX binds to the membrane.
The redox-induced structural changes that occur on the sur-
face of EcPutA are not yet known but most likely involve
exposure of a membrane binding domain.

Other proteins that undergo a flavin redox switch will
continue to appear. The PAS domain family provides nu-
merous examples of flavin-based sensors and provides the
opportunity to explore how the PAS flavin binding domain
can be used in diverse signaling pathways. A well-known
example is the membrane-localized Aer PAS domain protein
which utilizes a flavin to sense oxygen gradients (55, 78).
Another example is AxDGC2 (DGC2 protein from Acetobacter
xylinum) that synthesizes the signaling molecule cyclic di-
GMP (54). AxDGC2 contains a PAS flavin domain and two
catalytic domains with diguanylate cyclase (GGDF domain)
and cyclic di-GMP phosphodiesterase (EAL domain) activities
(54). Oxidation of the FAD in the PAS domain increases the
activity of the GGDF domain, leading to higher cyclic di-GMP
levels and increased cellulose synthesis in response to oxygen
(54). Recently, the structure of a multidomain PAS protein
(MmoS) from Methylococcus capsulatus was reported (75).
MmoS regulates the expression of soluble methane mono-
oxygenase depending on the levels of copper in the cell. It will
be interesting to see how this PAS FAD domain senses copper
and propagates the signal to other effector domains. Other
flavoproteins unrelated to the PAS family are also potential
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flavin redox switch proteins. These include the quinone re-
ductase in yeast that is associated with the 20S proteosome and
recruits Yap4, and the apoptotic-inducing factor that mediates
protein—protein interactions and changes intracellular location
(12, 67). Unraveling the mechanistic details of how flavin re-
dox signals are converted into novel functional outputs will
continue to be a fascinating area of research.
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BLUF =blue light sensing using flavin
FAD = flavin adenine dinucleotide
FMN = flavin mononucleotide
GHKL = gyrase
GSA =1y-glutamic acid semialdehyde
Hsp90 = histidine kinase, MutL
LOV =light, oxygen, and voltage
NAD™" =nicotinamide adenine dinucleotide
P5C = Al-pyrroline-5-carboxylate
P5CDH =P5C dehydrogenase
PAS = Per-Arnt-Sim
PDHC = pyruvate dehydrogenase complex
POX = pyruvate oxidase
PPG = N-propargylglycine
PQO = pyruvate:quinone oxidoreductase
PRODH = proline dehydrogenase
Put = proline utilization
RHH = ribbon-helix-helix
THFA = tetrahydro-2-furoic acid
TPP = thiamin pyrophosphate
VVD =vivid
WCC = white collar complex
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