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The flavodoxin of Rhodopseudomonas palustris CGA009
(Rp9F1d) supplies highly reducing equivalents to crucial en-
zymes such as hydrogenase, especially when the organism is
iron-restricted. By acquiring those electrons from photodriven
electron flow via the bifurcating electron transfer flavoprotein,
Rp9F1d provides solar power to vital metabolic processes. To
understand Rp9Fld’s ability to work with diverse partners, we
solved its crystal structure. We observed the canonical fla-
vodoxin (Fld) fold and features common to other long-chain
Flds but not all the surface loops thought to recognize part-
ner proteins. Moreover, some of the loops display alternative
structures and dynamics. To advance studies of protein—
protein associations and conformational consequences, we
assigned the '’F NMR signals of all five tyrosines (Tyrs). Our
electrochemical measurements show that incorporation of
3-'°F-Tyr in place of Tyr has only a modest effect on Rp9Fld’s
redox properties even though Tyrs flank the flavin on both
sides. Meanwhile, the 'F probes demonstrate the expected
paramagnetic effect, with signals from nearby Tyrs becoming
broadened beyond detection when the flavin semiquinone is
formed. However, the temperature dependencies of chemical
shifts and linewidths reveal dynamics affecting loops close to
the flavin and regions that bind to partners in a variety of
systems. These coincide with patterns of amino acid type
conservation but not retention of specific residues, arguing
against detailed specificity with respect to partners. We pro-
pose that the loops surrounding the flavin adopt altered con-
formations upon binding to partners and may even participate
actively in electron transfer.

From shortly after their initial description (1, 2) flavins were
recognized as remarkable on account of their ability to execute
one-electron (le) transfers, in contrast to the 2e redox activity
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of most other dyes known at the time (3). Indeed, the FMN-
containing protein flavodoxin (Fld) was so named based on
its ability to serve many of the roles played by ferredoxin (Fd),
a [Fey-S4] cluster-containing carrier of le equivalents at low
reduction midpoint potential (E°) (4, 5). Use of an organic
cofactor instead of Fe would have enabled early life to exploit
environments previously uninhabitable due to Fe scarcity.
Moreover, diminished reliance on Fe would have become
critical when more oxidizing conditions prevailed and made Fe
less bioavailable and toxic, by virtue of the Fenton chemistry
Fe catalyzes. Modern organisms continue to use Fld instead of
Fd under conditions of oxidative stress or Fe scarcity (6-11).
Indeed, Fld is prevalent in our pathogens, enabling them to
survive the hoarding used by hosts to deprive pathogens of Fe
(10, 12). Conversely, augmentation of plant genomes with Fld
genes has shown promise for increasing plants’ tolerance to
stress (13).

Flavodoxins comprise a diverse superfamily of 145 to 180
amino acid long proteins which use a noncovalently bound
FMN to mediate electron transfer. (The specialized Fld-like
ribonucleotide reductase—activating Nrdl (6, 14) and the more
distantly related WrbA classes display diverging reactivities and
are not discussed here (15).) Collectively, bacterial Flds service a
wide variety of partner proteins including Fd (Fld) NADP*
oxido-reductase (FNR, (16, 17)), nitrogenase (18—20), nitrite
reductase (21), biotin synthase (22, 23), methionine synthase
(24, 25), hydrogenase (26, 27), pyruvate formate lyase (28), py-
ruvate oxidoreductase and 2-oxoglutarate oxidoreductase (29),
cytochrome P450 (30), radical SAM enzymes (31), and likely
more. Thus, individual organisms have been found with as many
as 14 different Flds (10).

Based on the distributions of Fld and Fd in the tree of life,
Fld is inferred to have evolved later than Fd and gained
prominence following the rise in O, (10). However the smaller
diversity of Flds versus Fds suggests that individual Flds may
serve more partners. We infer that Fld binding should be less
selective than binding of Fd, although Fld’s binding motif must
be similar to that of Fd, since Fld must bind the same partners.
Flds are indeed found to conserve a negatively charged patch
surrounding the site where the xylene ring of the FMN
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Flavodoxin structure, dynamics, and reactivity

protrudes into solution (Fig. S1, B-D) (24, 32). This resembles
the negatively charged binding surface of Fd (33). However,
Flds, especially long-chain Flds, are distinguished by the
presence of several loops that surround the protruding flavin
and have been proposed to guide Fld’s association with partner
proteins (12, 34).

While the first protein named 'flavodoxin’ was isolated from
Clostridium (4) and is now known to be a short chain (SC) Fld,
a prior report of a protein named ’phytoflavin’ can now be
attributed to a long chain (LC) Fld (35). The SC and LC Flds
diverged early and are distinguished by the absence or pres-
ence of a ~20 residue long loop’ (LL) excursion from P strand
5 that buttresses the tyrosine 90 (Y90) which in turn stacks
against the si face of the flavin ((36) numbering of Rhodop-
seudomonas palustris will be the default throughout). Thus the
LL provides a flexible cowl (8, 36) that expands the protein’s
interactive surface surrounding the flavin.

The LL does not appear to confer stability, although it
strengthens affinity for FMN (36) and may protect the flavin
from oxidative stress (10). Due to its association with photo-
synthetic electron transfer to NADH (10, 18), its significant
sequence conservation, and its interactions with partner pro-
teins (24, 37), it is widely believed to mediate interactions with
partner proteins (34). Thus, it could play a role in selectivity,
location of the correct binding surface, and securing FId in a
productive pose for electron transfer. Nevertheless, in organ-
isms which possess only a single Fld, the Fld must interact with
several different partners, suggesting that adaptive loop(s)
would be a better binding strategy than a fixed surface. This is
the situation in the phototroph R. palustris CGA009 (38), so
we have overexpressed its sole Fld, Rp9Fld, to test the hy-
potheses that the LL will be flexible; other loops surrounding
the protruding flavin may also be flexible, but non-loop regions
distant from the flavin should not be.

To characterize local dynamics, we are developing *°F NMR
probes of individual side chains, especially residues in the
surface loops of Fld that may respond differently to different
partners (24). >N NMR relaxation has shown that surface
loops have lower backbone order parameters than the protein
as a whole (39) but '®N relaxation focuses on rapid motions in
the ps - ns time scale, whereas we want to investigate the LL’s
role in slower processes of binding to and detaching from large
partner protein complexes. For this, it is ideal to place *°F in
amino acid side chains believed to mediate the interactions
with partner or residues that trigger binding/release. Indeed,
NMR revealed two environments affecting the conserved Y90
flanking the flavin (40). However, those data also raised con-
cerns regarding the integrity of the protein. To provide better
F NMR coverage of the Fld while retaining the critical
conserved Tyrs and to assess the generality of our findings, we
have now applied the same methods to Fld from a different
strain of R. palustris. Using a combination of X-ray crystal-
lography and NMR spectroscopy, we confirm that the loops
surrounding the flavin access diverse conformations, setting
the stage for adaptive binding. Moreover, a role in partner
binding is supported by the analysis of >500 different Fld
sequences.
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Results
Crystal structure of Rp9FId preserves well-known Flid fold

To exploit availability of a fully sequenced genome, the Fld
from strain CGA009 of R. palustris (38) was employed (Rp9Fld
hereafter, = Uniprot ID Q6N7Y7). The Fld we studied previ-
ously was from strain 2.1.18 (Rp8Fld) and was also the sole Fld
in its genome, suggesting that binding surfaces of these two
Flds should be conserved. However, these two orthologous
Flds differ in 25% of their amino acids. Sixteen distinguishing
residues are similar, but 24 are not (Fig. S1A).

To assess the potential significance of the differences and
make sense of previous findings regarding multiple environ-
ments for conserved Y90 (40), we solved the crystal structure
of Rp9Fld. This revealed most of the differences between the
two Flds to be surface-exposed and predominantly on faces
not proposed to interact with partner proteins (Fig. S14, (41)).

We determined the structure of Rp9Fld at 2.1 A resolution
based on diffraction data collected at 100 K (data collection
and refinement statistics appear in Table 1). Rp9Fld displays
the signature flavodoxin fold, including the 5-stranded [ sheet
sandwiched between five « helices (Fig. 1); however, it has a
shorter loop from 59 to 60 than the corresponding loop from
64 to 74 in Rhodobacter capsulatus (2WC1) or Azotobacter
vinelandii (5K9B) (18, 42).

We modeled our Fld in terms of two protomers per asym-
metric unit; chains A and B, because some loops of chain B

Table 1

X-ray diffraction data collection (in house) and refinement statistics
Wavelength (nm) 1.5406
Resolution range (A)* 24-2.17 (2.248-2.17)
Space group P1211

Unit cell (A) abc
Unit cell (°) a By
Total reflections®
Unique reflections®

46.6639 58.8915 60.9043
90105.494 90
131,196 (12,875)
16,966 (1672)

Multiplicity 7.7 (7.7)
Completeness (%)* 99.80 (99.76)
Mean I/sigma(l)* 22.72 (4.20)
Wilson B-factor 30.85

R-merge* 0.09818 (0.5687)
R-meas” 0.1055 (0.6112)
R-pim® 0.03776 (0.2208)
cC1/2* 0.983 (0.932)
ccH 0.996 (0.982)

16,947 (1668)
825 (78)

Reflections used in refinement”
Reflections used for R-free®

R-work® 0.2133 (0.2612)
R-free 0.2689 (0.3554)
CC(work)® 0.944 (0.876)
CClfree)* 0.907 (0.748)
Number of non-H atoms 2605
Macromolecules 2439
Ligands 62
Solvent 104
Protein residues 329
RMS(bonds) 0.008
RMS(angles) 091
Ramachandran favored (%) 95.22
Ramachandran allowed (%) 4.78
Ramachandran outliers (%) 0.00
Rotamer outliers (%) 0.40
Clashscore 8.57
Average B-factor 35.90
Macromolecules 35.90
Ligands 37.63
Solvent 34.95

“ Statistics for the highest-resolution shell are shown in parentheses.
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Figure 1. Ribbon structure of Rp9Fld, showing the opposing orienta-
tions of the two protomers and the interface between them. Panel (A)
shows complete ribbon diagrams of both protomers, with unresolved
backbone of protomer (B) indicated by dashed lines. The long N termini
include a resolved AARGSH peptide representing the LVPRGSH of the
thrombin cleavage motif that immediately precedes the natural N terminus
of Rp9FId in our construct. Panel (B) shows the interactions that bridge the
protomers, in this relatively polar interface. The B chain is shown on the
right. Figure was generated using Pymol (http://www.pymol.org).

have Cas displaced by as much as 4.0 A from their positions in
chain A (RMSD = 0.739 for all Ca) (Fig. 1). The two protomers
are oriented in opposite directions (the flavin appearing near
the top for one protomer when the flavin of the other appears
near the bottom, Fig. 14). The 726 A’ interface between
protomers constitutes some 10% of the surface area of one
protomer based on PDBePISA (43) and is stabilized by 12
hydrogen bonds involving primarily residues from helix 3.
Helix 3-mediated association between oppositely oriented
protomers is also observed between the two Fld domains in
dimeric flavodiiron proteins, where dimerization brings
together the FMN of one protomer with the diiron site of the
other, enabling electron transfer between them (Fig. S2,
Moorella, 1YCH and 4D02, (44, 45)). However, consistent with
the relatively small interface area shared by its two protomers,
Rp9Fld is a monomer in solution, based on size-exclusion
chromatographic elution as a single species with an effective
mass of 17.5 kDa +5%.

SASBMB
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Signatures of disorder in crystals at two temperatures

A second distinction between the two protomers in Rp9F1d’s
crystallographic unit cell is that stretches of chain B could not
be resolved whereas the same residues in chain A were well
ordered (Fig. 2A4). This indicates that position in the crystal
lattice plays a role. Disorder in the loop containing S146 of
chain B may reflect a clash between S146.B and E63.B in an
adjacent unit cell. Other unresolved regions in chain B adjoin
cavities in the reconstructed lattice, so we speculate that these
stretches populate multiple local conformations. Both phe-
nomena could reflect loops that are dynamic and/or adopt a
variety of conformations as part of crystallization. To distin-
guish between mobility versus static disorder as a basis for the

Figure 2. Structure and disordered regions of Rp9Fld. A, B-factors are
mapped onto a cartoon of the Fld structure with wide worms (2 A) pre-
senting regions with the highest B-factors (71 A?) and narrow worms (0.25)
representing regions with the lowest B-factors (19 A%). A red-green-blue scale
reinforces the same information with highest B-factors in red. Panel (B)
reproduces the same orientation used for the B chain in panel (A) but using
the A chain of the low-temperature structure instead to provide the com-
plete backbone and displaying the Tyr side chains colour-coded as in
spectra that follow. C, the ribbon topology of the A chain is shown via a
blue-to-red N-to-C rainbow in which gray is used to indicate residues that
are not resolved in the B chain at RT, residues 54, 86, 93 to 94, 117 to 125,
130 to 132, 141 to 148. The LL is indicated with a dashed oval and contains
Y121 and Y123. The loop containing Y90 is sometimes called the Y-loop,
while the loop containing Y53 in our case, but W in many others, is known
as the W-loop. These molecular graphics and those in later figures were
made using Chimera (88, 100). LL, long loop.
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low resolution of these loops, we used another crystal to
collect diffraction data at RT, with the understanding that at
this higher temperature, mobility would be greater due to
higher thermal energy.

The structure based on RT data was lower in resolution
overall (2.9 A) and included more unrefinable stretches than
the structure based on data collected at 100 K (Fig. 2, A and C).
All of these were still in chain B though, and the fully resolved
A chain of the RT structure overlayed well with the chain A
based on100 K data (RMSD = 0.447 A across 165 pairs for
chains A versus 1.718 A across 134 pairs for chains B). Thus,
we interpret the RT model as an additional perspective on the
same structure, but one in which local structure is more mo-
bile and/or more amenable to distortion by crystal packing
forces. In Figure 2C, regions of chain B that are unresolved at
RT are in gray. Most of the chain B residues that were disor-
dered at 100 K were also disordered in the RT data along with
numerous additional residues (exceptions are 56, 87-92, and
129). This temperature dependence suggests that causes of the
high B-factors and unrefined stretches include dynamics, not
just static disorder. The sections not resolved at RT are
interesting because three of them occurred in loops observed
to dock with the photosystem I protein in the cryo-EM
structure of a FldePSI complex (37) and/or to have altered
NMR chemical shifts upon binding to methionine synthetase
and FNR partner domains (24). Thus, the dynamics we observe
in our crystal structures could have functional significance.

Validation of "°F NMR probes of environment and dynamics

We used NMR spectroscopy to test for conformational
dynamics in solution. To compare regions of the protein that

Y53W

Y121F

Y123F

were different in the two monomers or at different tempera-
tures, we targeted Tyr side chains. Incorporation of 3-'°F-Tyr
enables observation of Tyr side chains via highly sensitive '°F
NMR, with essentially no spectral background. We accom-
plished this by producing Rp9Fld in bacterial growth medium
containing 3-'°F Tyr instead of Tyr, while inhibiting de novo
Tyr biosynthesis. Rp9Fld has a useful number of Tyr side
chains distributed in the regions of interest. Y121 and Y123
reside in a region that was unresolved by crystallographic data
obtained at RT; Y53 is immediately adjacent to the flavin on its
re face and Y90 is stacked against the flavin on its si face
(Fig. 2C). Y102 provides a valuable control, reporting on
integrity of the overall structure, as it is in the center of a helix
that is well resolved in the crystal structures obtained at both
temperatures and not close enough to be directly influenced by
the flavin.

The F NMR spectrum is fully resolved but displays six
strong resonances, although there are only five Tyrs (Fig. 3,
bottom spectrum). However, two of the resonances have in-
tegrals only half as large as those of the other signals (Table 2).
In the Rp8Fld, a pair of half-strength resonances was also
observed and was assigned to Y90 (40), so we determined
whether the same is true in this case.

We assigned all the resonances by generating a series of
singly mutated fldA genes, to remove each Tyr one at a time
via single site substitutions (Fig. 3). For each position, we
converted the existing Tyr to a residue that commonly replaces
it among other LC Flds (Table S1). All the variant Flds were
well-behaved and one resonance disappeared altogether while
others barely shifted, permitting assignment of the absent
resonance to the Tyr that had been changed (Fig. 3). Both the

N\

wWT

N

Y53

132 133

140 141 142

139
*F chemical shift (ppm)

"434 35 136 137 -138

Figure 3. NMR spectrum assigned via replacements of individual Tyrs. In each spectrum, the location of a missing resonance is indicated with an
asterisk. The WT resonance at this position is thereby assigned to the residue that had been replaced in the variant. In the case of Y121, replacement with F
also caused a slight shift in the resonance of Y123. Spectra were processed with 50 ms Gaussian weighting to maximize signal-to-noise because the samples
of amino acid-substituted variants were more dilute (weaker signals) than those of WT Rp9FId. A ribbon structure is provided for reference, colored with a

blue-yellow-red rainbow (N- to C-terminus) to depict primary structure.
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Table 2
Chemical shifts, integrals, and line widths versus temperature

Flavodoxin structure, dynamics, and reactivity

Deconvoluted Temperature dependence
Chemical shift Integral area area versus of chemical shift rel.

Residue @ 25 °C (ppm) versus Y123 @ 6 °C Y123 @ 6 °C to unstructured Y. (ppb/°C)
Y53 -133.982 1.039 1.09 0
Y90a -137.381 0.525 0.53 -4
Y90b -139.424 0.379 0.35 7
Y90c -139.64 0.03 9
Y102 -138.545 1.038 1.05 2
Y121 -139.9 0.691 0.80 29
Y123 -135.967 1.00 1.0 2
Unstructured Y -138.223 0.183 0.16 -

“ Referenced to KF at -121 ppm.

half-strength resonances were absent from the YOOW variant,
along with a smaller sharp resonance near the upfield half-
strength resonance (resonances Y90 a, b, ¢ in Table 2). All
three were therefore assigned to Y90 and the fact that there are
several indicates that FIdA populates two dominant confor-
mations that affect Y90, plus a third minority conformation, at
least.

Because it is unusual to lose multiple signals at once upon
substitution of a single amino acid, we applied a second test of
these signal’s assignment to Y90. Y90 and Y53 are immediately
adjacent to the flavin ring based on our crystal structure, so
both should be paramagnetically relaxed when Fld adopts its
semiquinone state. In contrast, all other Tyr side chains are >
8.5 A away. Indeed, Figure 4 shows that formation of the
neutral semiquinone (NSQ) state made signals attributed to
both Y53 and Y90 invisible, presumably due to extreme line
broadening. The NSQ was formed by titration with dithionite,
as confirmed based on the sample turning blue. The fact that
none of the other resonances shifted significantly indicates that
flavin reduction did not change the structure in a way affecting
environments of Tyrs 102, 121, or 123. The linewidths of Tyrs
102, 121, or 123 were also unchanged. The fact that Y121’s
resonance retained the same breadth, and indeed remained
visible at all, indicates that its breadth reflects dynamics rather
than proximity to paramagnetic flavin. Therefore, based on
their insensitivities to flavin oxidation state, we can attribute

SQWT %* *

e

the different linewidths of Y102 and Y123 versus Y121 to
different dynamics instead.

The assigned resonance positions reveal interesting features.
Y53 displays a significant downfield shift relative to the other
resonances (Fig. 3), consistent with hydrogen bond donation
from the phenolic alcohol to the FMN phosphate. Addition-
ally, the resonances vary considerably in width at half-height
(Fig. 3), suggesting relaxation due to internal dynamics in
addition to overall tumbling of the FId. Thus, our '°F spectrum
reports on both residue-specific environments and dynamics
that vary over the protein.

Distinguishing slow- versus fast-exchange dynamics via
dependence on temperature

Multiple co-existing conformations can produce sharp
NMR lines if the conformations interconvert so slowly that
they behave like non-interconverting structures (slow-ex-
change limit) or if interconversion is so rapid that NMR per-
ceives a single average conformation and reports a single
chemical shift that is the population-weighted average of those
of the participating states (fast exchange limit). To test
whether the multiple sharp lines attributed to Y90 represent
alternative conformations that interconvert slowly on an NMR
timescale and whether any other lines might reflect multiple
conformations interconverting, we modulated the rate of
interconversion by lowering and raising the temperature.

3 SQ

1320 -1330 -1340 -1350 -136.0 -1370 -1380 -139.0 -1400 -1410 -142.0
®F chemical shift (ppm)

OX

Figure 4. Extreme paramagnetic broadening due to FMN semiquinone identifies resonances of residues nearby. The NMR spectrum of oxidized (OX)
Rp9FId in black is compared with that of the NSQ state (red spectrum) in which the starred resonances are so broad as to be unobservable, in almost the
entire population. A small fraction, on the order of 0.1, remains OX and its small signals can be seen in the red spectrum. The inset at right shows the two
samples, with the SQ’s blue color being so intense as to render the sample almost black. Spectra were processed with 50 ms Gaussian weighting to
maximize signal-to-noise and permit use of more dilute samples that facilitate quantitative reduction. NSQ, neutral semiquinone.
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Elevated temperature should accelerate exchange and cause
broadening and rapprochement of the lines if they correspond
to conformations exchanging slowly with one-another. How-
ever, lines broadened by intermediate exchange should
sharpen as averaging accelerates at higher temperatures.
Meanwhile a general sharpening is expected at higher tem-
peratures as the decreasing viscosity of water allows more
rapid molecular tumbling.

NMR spectra collected at temperatures ranging from 6 °C
to 55 °C are shown in Figure 5A. Even the relatively sharp
signals of Y102 and Y123 are broader at 6 °C than at 55 °C,
due to slowed molecular tumbling at lower temperature.
However, the resolved line of Y90a is visibly sharper at low
temperature, indicating slow exchange that accelerates and
contributes to the line width at higher temperatures. Indeed, at
55 °C, the widths at half-height of the Y90 signals exceeds
those of Y102 or Y123. Thus, Y90 exchanges among multiple
conformations, more rapidly at 55 °C (Fig. 5C). The 'a’ and b’
lines attributed to Y90 approach one-another as the temper-
ature is raised, from 2.2 ppm apart at 6 °C to 1.6 ppm apart at
55 °C (Fig. 5D, note the extra shallow slope of Y90a’s

A B

200 §
2%°C A \ A £
w5
£ B
- (,/
15°C 100 .:l‘lj .
. o

unstruct

439 140 -4 44 O
19F Chemical Shift (ppm)

-133

-134 136 -136 -137 -138

temperature dependence and the extra steep slopes of the
Y90b and Y90c resonances, as they converge). These obser-
vations confirm that Y90’s multiple conformations are in slow
exchange throughout the temperature we were able to
examine. Coalescence temperature is above what we can
explore, as protein aggregation occurs above 55 °C.

The resonance of Y121 also became broader and shifted as
the temperature was raised but in a lower temperature range
(Fig. 5, A and C). Indeed, Y121 broadened beyond resolution
by 35 °C. The chemical shift of Y121 also became less negative
at increasing temperatures, with a slope much too steep to be
explained by the temperature dependence of the reference
shift alone. This indicates that the unidentified signal of the
other conformation is at a less negative chemical shift.

Interestingly, the resonance of Y53 is slightly but repro-
ducibly split at 25 and 35 °C (Fig. 5), although the two con-
formations responsible are evidently in fast exchange at 55 °C
and the general broadening due to slow tumbling impedes
their resolution at 6 °C. Coalescence occurs near 45 °C. These
signatures of dynamics affecting Y53, Y90, and Y121 show that
three of the loops that were poorly defined in the B chain of

13,
a L
g |
£ o8
[} [ L
5-1343 o i
£
[
K4
o !
135 |
[ ] - '
-136 | o
[
. e Y53 37|
. .- Y123 ‘
Y90a [

o --e-- unstructured .o | .
/ e Y102 1% | T
- Y90b Foet

Y90c [ :

--e-Y121 -139 ¢

0. o [
e,

8.

. . 40 | .
°
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Temperature (°C)
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Temperature (°C)

Figure 5. Temperature dependence of NMR resonances identifying dynamic regions. A, '°F NMR spectra of '°F-Tyr Rp9Fid as a function of temperature.
Resonance assignments are provided on bottom spectrum, and the corresponding residues are shown in the ribbon structure of the A chain at 100 K, in
panel (B). C, comparison of temperature dependencies of line widths at half-height as a function of temperature, showing Y121’s resonance sharpening at
lower temperature (smaller line width), while resonances of Y102 and Y123 sharpen at elevated temperature, as for simple tumbling of a rigid protein.
Increased line widths at higher temperature identify Y121 and 90 as affected by slow dynamics at RT. Y90 clearly populates =2 conformations and Y53's
resonance is also seen to be split at intermediate temperatures. All three affected Ys occur in or adjacent to regions not structured in B chain at RT (Panel B).
D, comparison of temperature dependence of chemical shifts. The small sharp resonance near —136.8 ppm corresponds to unstructured '°F-Tyr in unfolded
protein and informs on the temperature dependence expected in the absence of conformational dynamics. The chemical shift of Y90a approaches that of
Y90b as the temperature increases. Y121's chemical shift also climbs steeply, indicating existence of a cryptic resonance at less negative chemical shift with
which the visible resonance will eventually merge. The temperature dependence was not extended to higher temperatures due to evidence of slow protein
aggregation at 55 °C, where data were collected in blocks so that only blocks completed before onset of significant denaturation/aggregation were pooled.
Spectra were processed using a 100 ms Gaussian to diminish its contribution to line widths.
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the crystal structures (bearing residues 54, 86, 93-94, and
117-125) are indeed affected by dynamics. The fact that it is
observed in solution exonerates crystal packing as the cause of
heterogeneity. These separate stretches of the peptide chain
are brought together by Fld’s fold, where they surround the
flavin head group and include the long loop (Fig. 2C).

Assessing possible functional perturbation of fluorinating Tyr
side chains

Although "”F NMR is highly perceptive of dynamics, its utility
is limited if it alters Fld’s functional properties. Principal among
these are the reduction midpoint potentials relating the oxidized
state to the NSQ state (E°ox/nsq), and the NSQ state to the
hydroquinone (HQ) state (E°nsq/nq)- To test for perturbation
of these, we employed direct electrochemistry. Rp9Fld was
immobilized on Toray carbon paper electrodes by entrapment
in a cross-linked conductive hydrogel of linear PEI functional-
ized with pyrene groups (pyrene-LPEI). Entrapment in a
hydrogel increases the amount of protein that can be immobi-
lized on an electrode (46), and incorporation of pyrene in the
polymer improves electrical contact with the electrode, while
preserving the protein’s natural structure (47). The pyrene
groups bind to the carbon surface via noncovalent pi—pi in-
teractions (48) and the amino groups of the polymer may
interact with the patch of negative surface charge with which Fld
binds to its natural partners. Thus, pyrene-LPEI has been shown
by Minteer’s group to promote direct electron transfer by redox
enzymes (46).

WT Rp9Fld, E-WT Rp9Fld, and F-YOOW-FId were
characterized by cyclic voltammetry (CV) and square wave
voltammetry (SWV) over a range of pHs (4.0-9.0). In each
case, results obtained with replicate electrodes were compared.
The CV of WT-Rp9Fld shows well-defined and reproducible
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Figure 6. Direct electrochemical characterization of Rp9Fld’'s 2 E°s.
Cyclic voltammogram of WT Rp9Fld immobilized in pyrene-LPEI on a carbon
paper electrode (blue) versus an electrode modified with only pyrene-LPEI
(gray) in pH 7.0 100 mM phosphate buffer versus NHE. E; and E, indicate
the potentials for the NSQ/HQ and OX/NSQ redox couples, respectively; cat
and an indicate the values detected in cathodic and anodic sweeps. The
scan rate was 5 mV s_'. NSQ, neutral semiquinone.
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cathodic and anodic waves, as expected (Fig. 6). The peak-to-
peak separation for the NSQ/HQ couple of about 58 mV
confirms the reversibility of the electron acquisition/release
process while the larger AE (98 mV) observed for the OX/NSQ
couple suggests that a quasi-reversible event is coupled to the
electron transfer as also reported in literature (42). We attri-
bute this to the protonation of N5 and rotation of peptide
backbone known to accompany the OX — NSQ reduction of
Fld (49). Each redox couple’s anodic and cathodic potential
values were averaged to yield E°s, which are compared with
literature values in Table S2. All values were further confirmed

by SWV data.

Our value of E”Nsqmq = —450 = 2 mV is very close to
the -434 mV obtained for Rp8FId (40), but our
E”ox/nsq = —186 * 4 mV is significantly higher than

the -241 mV obtained for Rp8Fld (E°’ is the E° at pH 7.0).
A. vinelandii Fld 11 has E°oxnsq = -187 mV and
E°Nnsqmq = -483 mV  when free in  solution, while
E°ox/nsq = —164 mV and E°nsq/mq = —454 were obtained for the
same F1d adsorbed to electrodes (42). The 20 to 30 mV elevation
of the E°s could reflect a slight perturbation of the protein’s
chemical microenvironment including desolvation of the
flavin and the surface chemistry of the electrode. The cationic
nature of the LPEI polymer is consistent with elevation of
E°ox/nsq of immobilized Rp9Fld versus free RpS8Fld (46) but is
larger than expected, so we suspect that the protein itself, in
addition to its state in the measurement, raises E°ox,nsq more
in Rp9Fld than in Rp8Fld. Indeed, the value for Rp9Fld
agrees much better with literature than did the Rp8Fld result
(Table S2).

Having confirmed the method, we assessed the effect of
replacing Tyr with 3-'"F-Tyr. E°\sq/mq Was 26 mV less negative
in fluorinated Fld than the natural version, and for E° 5x/nsq, the
change was 8 mV. These are similar in magnitude to the 17 mV
change produced by replacing Y90 with W (Fig. S3 and Table S2,
also see (50)), wherein W is present naturally at that position in
the LC Fld from Methylobacter locus PPC92239 (51), and many
SC Fld and Fld domains. Thus, such variations in E°s appear to
be within the functional spectrum.

Besides directly affecting redox tuning, the incorporation of
3-"F-Tyr could perturb proton equilibria, since fluorination
lowers the pK, of Tyr from 9.9 to 8.4 (52). This is not expected
to alter the energetics of converting OX to NSQ, which is an
electrostatically neutral event wherein the coupled proton is
acquired by the flavin itself. Ionization of Y90 at high pH could
affect E°nsq/mqy but Fig. S3 shows essentially superimposable
pH dependence for nonfluorinated Rp9Fld, the °F-Y version,
and 'F-Y Y90W-Rp9Fld. Thus, our electrochemical mea-
surements indicate no significant perturbation of Fld reactivity
due to incorporation of our 3-'°F-Tyr probes.

A basis for dynamics in the LL’s sequence?

Given that the heterogeneity evident in the crystal structure
and the conformational dynamics observed by NMR are in the
same region of the structure, surrounding the flavin and
flanked by the LL, we asked whether the amino acid sequence
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of the LL emphasizes small residues with fewer structural
constraints or residues less favored in persistent secondary

Long loop interactions with Fld’s partners

The LL contains several conserved aromatic residues and an

structure. Moreover, given that LC Flds are proposed to
employ the LL in binding to partners (36), this would subject
the LL to multiple evolutionary constraints in organisms such
as R. palustris that must use a single Fld for all partners.
Therefore, we compared amino acid conservation in the LL
with the conservation of amino acids elsewhere in the
sequence of LC-FId and looked for conserved flexible residues
(Fig. S4).

While loops have a tendency to be more variable than core
secondary structure (53), we found that the consensus
sequence for LL conserved several small flexible amino acids:
G, A, S, and P which together occurred 6 to 7 times (34, 1, 1
and 1 times, respectively) in this 21-amino acid stretch,
yielding 29 to 33% prevalence compared to an average prev-
alence of 23% in the entire sequence and an expectation of 28%
for proteins in general ((54), https://proteopedia.org/wiki/
index.php/Amino_acid_composition). The elevated abun-
dance of G, S, A, and P in the LL is consistent with enrichment
expected in loops (55). In contrast, aromatics occurred four
times in the LL, (2 F, 1Y, and 1 W, 18% prevalence) versus a
prevalence of 8.2% in the complete sequence, adjusted to an
expectation of 6.1% for loops (Fig. 74).

anionic motif (Fig. 7A). The Y121 we identified with an
exceptionally broad resonance is almost fully conserved (96.0%
as Y) and the next most abundant residue at that position is F
(3.1%) followed by H (0.9%) demonstrating conservation of an
aromatic group smaller than Trp. The position of Y123 is most
frequently held by F (77.2%) with Y next (12.9%) and then His
(7.6%) (Also see Fig. S4 for a color-coded multiple sequence
alignment (MSA)). Y123 is followed by a conserved pattern of
3 to 5 D/E/S residues that forms an anionic/polar stretch.
These add to a prominent halo of negative charge surrounding
the site at which the edge of the flavin protrudes into solvent
between Y53 and Y90 (Fig. S1). Thus the LL contributes to an
extensive anionic interaction surface mimicking that of Fd (37,
56-58) and presumably aiding in binding to Fd’s partners.
For a counter-test of LL contributions to Fld’s affinity and
selectivity for partner proteins, we extended our sequence
comparison to Flds that do not need to identify and capture
their partners: Fld sequences that occur within a larger protein
(consisting of an Fld domain fused to a second domain).
Selectivity is essentially assured by the linker uniting the two
domains, and the local concentration of each domain is so high
from the perspective of the other that a relatively weak
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Figure 7. Sequence conservation in the LL and Fld residues that interact with partner domains. A, sequence Logo for the long loop of Rp9FId showing
the relative abundances of the different amino acids found at each position and comparing the consensus identity with the identify in Rp9FId’s sequence.
Panel B, overlay of complexes of Fld with a partner protein or partner domain. All complexes were overlayed on Rp9Fld using their Fld domain only;
however, only the other domains, with which it interacts, are shown. These are as follows: wheat = complex with photosystem | based on cryoEM (6KIF (37));
mauve = cytochrome P450 domain of cytochrome P450-BM3 (1BVY (89)); red = the Fd NADP* reductase (FNR) domain of closed conformation NADPH
cytochrome p450 OxidoReductase (CYPOR) with NADP* bound (5URE (67)); burgundy = oxidized CYPOR FNR domain (1AMO (101)); blue-green = FprA, nitric
oxide reductase’s metallo-B-lactamase (MBL) domain (1YCH (45)); olive green = MBL domain of flavorubredoxin, another flavodiiron protein (4D02 (44)). The
Rp9FId template is shown in black and its FMN is in yellow. See Fig. S5 for compositions of the modular proteins. Panel (C) applies color-coding to the same
orientation of FId to identify residues found to interact with a partner protein in any of the complexes or based on NMR chemical shift changes upon
exposure to partner in solution (12, 24). Gray = non-interacting; yellow, amber, orange, red, pink, and purple indicated increasing frequency of interaction, see
Experimental procedures for details. A loop specific to Fld associated with nitrogenase is shown in blue. Panel (D) shows a second orientation of Rp9Fid,
from the partners’ perspective, facing towards the protruding flavin. In (C and D), Rp9FId’s flavin is in green, the LL is highlighted in lime green and thickened
in (D) to facilitate reference to the Logo in panel (A). LL, long loop.
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interaction can suffice to bring the two together for long
enough for electron transfer. Therefore, one expects that
evolutionary pressure to optimize selectivity and affinity by
other means would be diminished, and any residues in LL
selected for these functions in independent Fld would be less
strongly conserved in Fld domains.

We analyzed 147 members of the larger protein family iden-
tified with Rp9Fld’s amino acid sequence: IPR008254. Co-
alignment of the sequences of their FId domains with the above
set of 222 LC-Flds and 103 SC-Flds reveals that the Fld domains
possessed by members of IPR008254 all lack an LL (Fig. S5). This
is negative information but nonetheless suggests that the select-
able benefits of an LL are not needed by attached Fld domains.
This is consistent with a role for LL in partner binding and se-
lection, two challenges unique to independent Flds.

Since LL appears to occur only in independent Fld, whose
complexes with partners tend to be short-lived (57, 59), there is
relatively little structural information on the placement of LL
within complexes. However, the Fld residues in contact with
partner were identified by a cryo-EM structure of a cryo-trapped
complex of LC flavodoxin with photosystem I (37) and were
implied by NMR resonance shifts upon weak association with
nitrogenase in solution for Azotobacter chroococcum F1d ('NifF’)
(12) and more extensive resonance shifts observed for Escher-
ichia coli F1d’s associations with FNR or methionine synthase
(24). Figure 7B combines these with additional insights from
interactions formed by Fld domains in modular proteins, for
which crystal structures have been solved. Based on eight
studies, each Fld residue was color-coded by the number of
complexes in which it interacts with partner. Panels 7 C and D
show that the partner proteins bind to a shared surface of the Fld
protein, with the participant residues contributed mostly by
loops but also subtended by helices 1 and 5. These residues
surround the site of flavin exposure (Fig. 7D).

Discussion
Fid has dynamic loops, near the flavin

NMR and crystallography show that the LC Fld of
R palustris CGA009 explores considerable conformational
variation in the region that surrounds the isoalloxazine ring.
Residues in these surface loops adopt distinct conformations in
the two protomers in our crystals’ asymmetric unit; they are
unresolved in the B protomer, and ordering was dependent on
temperature, consistent with dynamic disorder. Although
residues in the loop containing Y53 and conserved G54 and
G56 are known to accommodate redox-coupled rotation of the
backbone at G54 that reverses a H-bond with the flavin N5
(60), our X-ray data collected at 100 K reveal heterogeneity in
the LL and the loop containing Y90 as well. The divergence
between the two protomers in our unit cell documents that
these loops can adapt to different partner protein interfaces.
This has previously only been observed for apo-FMN Flds (61).
However, in our case, the FMN density is well resolved.

NMR concurs, providing direct evidence of conformational
exchange affecting Tyr side chains in the same loops. We also
confirm the utility of 'F NMR in conjunction with the
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incorporation of 3-'’F-Tyr for characterizing these dynamics
without disrupting the functional redox reactions of Rp9Fld.
Having assigned the resonances of all five Tyrs and demon-
strated retention of LL signals even in the NSQ state, we are
now equipped to use "’F NMR to monitor side chains in-
teractions with partner proteins. The LL’s conserved anionic
motif and its retention in many independent Flds but not Fld
domains that are fused to their partners suggest evolutionary
pressure on the LL specifically when affinity and selectivity for
a partner are needed.

Loop dynamics are clarified by comparison of Fld from
different strains of R. palustris

Although Rp9FId is 75% identical to the Rp8Fld we charac-
terized before (40), comparison of the two resolves some puz-
zling behaviors seen in Rp8Fld and provides a more nuanced
view of the LL. Three of the four Tyrs shared by Rp9Fd and
Rp8Fld retain qualitatively the same temperature dependencies
in the two Flds, with Y90 in slow exchange but approaching
intermediate at 55 °C, Y121 in intermediate exchange, and Y102
in fast exchange, consistent with Y102’s surface-exposed side
chain that experiences a relatively constant environment. (We
rule out occupation of a single conformation because 3-F-Tyr
bears a single '°F that would occupy one of two positions if the
Tyr ring were immobile.) The lower coalescence temperature
for Y121 than for Y90 need not mean a different rate constant
for conformational change, as the separation between peaks
characterizing the participating conformations also governs the
rate sufficient to average the resonance frequencies. The lower
temperature coalescence of Y121 more likely indicates that the
slow exchange Y121 resonances are closer together than those
of Y90, and thus that the environments sampled are less
different for Y121.

In Rp8Fld, the two half-strength signals of Y90 could have
reflected the two orientations of the Tyr ring. However, the
three signals we observe in Rp9Fld can no longer be explained
by slow flipping of the Y90 ring alone and indicate that Y90
dwells in at least two different well-defined environments,
besides the two sampled via ring flips. This could result from
repositioning of the LL since it is very near Y90 (Fig. 2C),
although the 90s loop also displayed backbone dynamics (62).
Given that Y90’s signals approach intermediate exchange in a
physiologically relevant temperature range, we speculate that
transient unstacking of Y90 from the flavin may allow accel-
erated electron transfer and that such unmasking of the flavin
could be rendered responsive to partner binding by in-
teractions of the LL with both the partner and the 90s loop.

In Rp8Fld, only one of Y90’s resonances appeared sensitive
to flavin paramagnetism, raising big questions as to the nature
of the conformation in which Y90’s side chain appeared distant
from the flavin (40). Rp9Fld’s behavior is in much simpler
agreement with expectations, as formation of the semiquinone
state uniformly and almost quantitatively obliterates reso-
nances of all signals of both the two Tyrs that flank the flavin,
without affecting the other Tyr resonances. Thus, Rp9Fld
emerges as a case in which paramagnetism can be a highly
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selective means of identifying residues that come close to the
flavin. This system will provide a promising tool for mapping
out the Fld binding footprint on partner proteins (63).

The improved spectra of Rp9Fld also reveal a subtle but
unambiguous splitting of Y53’s resonance consistent with slow
exchange dynamics in the 50s loop that has been documented
in NMR relaxation studies of backbone (39, 62) but was not
seen in the 'F NMR signals of side chains. This signature of
multiple conformations is particularly interesting given that
Y53’s side chain H-bonds with the phosphate of FMN, while
the backbone of the 50s loop provides redox-coupled H-
bonding to the flavin N5 from the amide of residue 55 when
the flavin is oxidized but to the carbonyl of G54 when the
flavin is reduced (60).

Finally, we get richer insight into dynamics in the LL, thanks
to presence of a second probe in the form of Y123. While
Y121’s side chain is in intermediate exchange at 25 °C, that of
Y123 appears to be in fast exchange (see regarding Y102,
above). This is consistent with our crystal structures based on
greater constraint of the Y121 side chain and more different
environments on the two sides of Y121’s ring. Based on the A
chain in our structure, the side chain of Y121 is more buried
than that of Y123 (side chain SASA of 8.95 A for Y121 versus
13.46 A for the side chain of Y123), suggesting that side chain
rotation will be slower and chemical shift averaging less
efficient.

Interactions with partners

FNR (Fd-NADP™ reductase) uses electrons from NADPH to
reduce Fd or LC Fld; reduced Fld in turn reduces methionine
synthase (24) (Fig. S5). Changes in NMR chemical shifts
identified Fld residues affected by binding to each of these
partners, showing that both interact via the face from where
Fld’s flavin protrudes, including the loops that surround the
flavin (Fig. 7B) (24). The two partners’ footprints are not
identical, but they overlap considerably (24).

E. coli’s LC Fld also reduces pyruvate formate lyase acti-
vating enzyme but only binds to it when FMN-replete (64).
Since acquisition of FMN rigidifies Fld’s core and loops sur-
rounding the FMN (39, 61), this indicates that partner binding
requires some preformed loop structure and implicates the
protruding flavin itself as a contributor.

FId also supplies low-E° electrons to nitrogenase, and
titration of Azotobacter croococcum’s LC Fld with V-utilizing
nitrogenase’s Fe protein identified three responsive residues
via chemical shift changes (12). All surround the flavin, but
two fall within the loop that is absent from our crystal struc-
ture (blue in Fig. 7, B and C). Indeed, our MSA reveals that the
longer loop noted in A. vinelandii and R. capsulatus is asso-
ciated specifically with organisms that fix N, (18) (black box in
Fig. S4). This supports a role for surface loops as agents of
partner selectivity.

Independent Fld may be evolved to not form long-lived
associations with partners precisely because slow detachment
from a source partner would also diminish the rate at which
acquired electrons could be delivered to their destination
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partner. Besides the cryotrapping employed as part of cryo-EM
(37), connections between Fld domains in modular proteins
serve as natural cross-links enabling crystal structures of
complexes. These all involve SC Flds (8) but nevertheless
reveal that much of the surface on which the LL lies is not used
to interface with partners. By masking this surface, the LL
could ’steer’ partners to productive surfaces instead and/or it
could enlarge the binding surface. To imagine how the LL
might augment a productive interaction or impede an un-
productive one, we looked at interactions of Fld domains in
their larger multidomain proteins.

A prevalent combination is fusion of a domain related to
FNR (containing FAD) behind an Fld domain (containing
FMN) in the so-called diflavin reductases (65, 66) exemplified
by the NADPH:cytochrome p450 oxido reductases (CYPORSs,
Fig. S5) (67). CYPOR’s "closed" conformation brings the FNR
and Fld domains together to favor electron transfer from FAD
to FMN (red and burgundy in Figs. 7B and S6); however, an
“open” form is required to enable FMN to reduce the P450
heme (68). In the self-sufficient P450-BM3, the cytochrome
p450 domain is appended to the N terminus of the CYPOR to
produce a modular enzyme with the domain sequence n-P450-
FId-FNR-c (69). Removal of the FNR domain enabled deter-
mination of a crystal structure modeling Fld—P450 interactions
(purple in Fig. 7B, (69)). (Note that in dimers of P450-BM3, the
Fld domain of one monomer may reduce the cytochrome of
the other (70).) Similarly, in the paralogous human methionine
synthase reductase, the Fld domain reduces a corrin-
containing methionine synthase (24) (Fig. S5). These three
representative structures position the flavin of the FNR
domain or the heme of the P450 domain close to the flavin of
Fld (Fig. S6).

Flavodiiron proteins are a different modular combination
that fuses a Fld domain to a preceding metallo-p-lactamase-
like (MBL) domain, where a diiron site metabolizes O, or NO
(71, 72) (Fig. S5). The interface between the Fld and MBL
domains is seen to occur between protomers of the dimer,
associating the Fld domain of one protomer with the MBL
domain of the other. Figure 7B also includes the complex of
Fld with photosystem I (6KIF). All are overlayed by super-
imposing their bound Fld domains, and Figure 7, B—D show
that the different partners all bind to the face of Fld from
where the flavin protrudes. Additionally, the partners all pre-
sent their own redox cofactor at the surface or only slightly
buried, so that the donor and acceptor cofactors are brought
together (Fig. S6).

Regarding the LL, it is striking that only the early portion of
the LL, bearing Y123 and Y1221, interacts with partners. That
portion is near the flavin and increases the size of the binding
interface but does not seem to justify conservation of such a
large loop. We speculate that the later portion of the LL may
steer Fld into productive orientations by masking a large
portion of the Fld surface whose association with partner
would place Fld’s flavin further away from partner cofactors.
Indeed, the LL would impede formation of the dimers
observed in the SC Flds of Methanosarcina acetovorans and
Dosidicus gigas (4AHEQ and 5WID, Fig. S2). Meanwhile, the
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early portion of the LL contributes to the anionic halo believed
to attract Fld to partners (37, 57, 58).

Given the conservation of aromatic residues in the LL, we
wondered if they could play a role in electron transfer, in effect
providing a conductive interface (57, 64, 73). If so, they might
be enriched in the regions that interface with partners. The 56
residues found to interact with partners includes five aromatics
(Fig. S7A), compared to expectation of 4.6 based on the
prevalence of Y, F, and W overall (https://proteopedia.org/
wiki/index.php/Amino_acid_composition) and 3.4 after
correction for their expected prevalence in loops (55). Thus,
the level of conservation we observe on these surface loops
(Fig. S7B) supports a role for aromaticity, which we propose to
be mediation of electron transfer. By extension, the aromatics
at positions 121 and 123 of the LL may do the same. They are
folded inward in our crystal structure, but we propose that the
dynamics we have documented enables them to present
themselves in the interface upon partner binding.

Concluding remarks

Although the LL is structured in the A protomer of our
crystal structure, our NMR evidence indicates that it and the
two loops containing Y53 and Y90 could adopt different
conformations as part of binding with partner protein. All
three are exposed on surfaces that interface with partners of
Fld, and Y53 and Y90 protect the flavin from solvent in the
absence of partner but could unmask it upon partner binding.
Indeed, the LL has two conserved motifs that argue for a
contribution to function. We speculate that the LL contributes
to binding affinity by enlarging the binding interface, while also
buttressing Y90. Interactions with partner could reposition the
LL, effectively freeing Y90 to interact with the partner and
unmasking the flavin. With the F-Tyr resonances assigned,
we look forward to titrating Rp9Fld with its candidate partners,
to learn whether Y121 and Y123 are indeed responsive,
interacting with partners and possibly even enhancing electron
transfer.

Experimental procedures
Purification of Rp9FId and incorporation of "°F-Tyr

The expression system employed a synthetic gene for
Rp9Fld (GenScript) using codons optimized for E. coli and the
amino acid sequence of flavodoxin from R. palustris strain
CGAO009 (Rpa9Fld). It was provided in the commercial vector
pET28b(+). Primers encoding four of the five desired amino
acid substitutions were designed using NEB Base Changer
software (See Table S1) and ordered from Eurofinn Genomics.
They were employed along with the WT-FIld bearing parent
plasmid as template in PCR utilizing Q5 High Fidelity DNA
polymerase from New England Biolabs. The fifth mutant gene
(encoding the YOOW substitution) was synthesized and cloned
into pET28b(+) by GenScript. The WT and mutant plasmids
were transformed into competent NiCo21(DE3) E. coli cells for
protein production (New England Biolabs C2529H) and NEB
10-beta competent E. coli (High Efficiency, Catalog# C3019H)
for plasmid propagation.
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For protein expression, an initial 10 ml overnight culture of
plasmid-bearing E. coli strain Nico21DE3 was incubated at 37
°C and used to inoculate 1 1 of terrific broth (TB) medium
containing 50 pg/ml and 0.09 pM kanamycin for selection. The
culture was agitated at 250 RPM at 37 °C until the optical
density reached the range of 0.6 to 0.8. The temperature was
then lowered to 21 °C, and protein expression was induced by
the addition of IPTG to 0.5 mM. Following 18 h of post-
induction incubation, the cells were harvested by centrifuga-
tion, resuspended in PBS pH (137 mM NaCl, 2.7 mM KCl,
10 mM K,PO,, and 1.8 mM KPO,) and pooled before pelleting
again for preservation at —80 °C until use.

To obtain purified protein, frozen cells were thawed and
suspended in a binding buffer consisting of 20 mM Tris—HCI,
300 mM KCl, and 10 mM imidazole at pH 7.4, which was
augmented with FMN monosodium salt (1 mM, Cayman
chemicals, catalog #18167), Benzonase nuclease (1 pl from
Millipore sigma # 71205-3), and recombinant lysozyme (1 pl,
Millipore sigma #: 71110-4). Cell lysis was achieved through
sonication, employing a pulse mode with 5 s on and 30 s off for
a total of 30 cycles, while maintaining a cold environment with
ice. The resulting cell lysate was loaded onto a 5 ml His-Trap
column (Cytiva, Histrap HP, catalog: 17524802), pre-
equilibrated with 20 mM Tris and 300 mM KCI at pH 7.5,
using the AKTA GO FPLC system. The column was washed
with 20 column volumes of the binding buffer supplemented
with 20 mM imidazole. Finally, the target protein was eluted
from the column using 250 mM imidazole in 20 mM Tris—
HCl, 300 mM KCI, plus 250 mM imidazole, pH 7.4. The
eluted protein was concentrated and subjected to buffer ex-
change by gel filtration over a DG-10 column equilibrated with
20 mM bis-tris propane buffer with 200 mM KCI at pH 7.5.
The Hiss tag was not removed. A typical yield from 1 1 of
culture was 48 mg protein from a 11 culture.

Fluorination for NMR experiments involved use of initial
growth in TB, before transfer of the cells into defined medium
(74) withholding Tyr and providing Phe, Trp, and *°F-Tyr, as
described by Varner et al. (40). Preparation of fluorinated
protein was also as per Varner et al. and above, except that
sonication was used to lyse cells. Thus we obtained a purified
protein yield of 22 mg of '’F-WT-FId from a 1 | initial culture
of TB medium.

Flavin content and protein concentration were determined
as per literature (40) and using the Pierce 660 nm method (#
22660) versus bovine serum albumin standard, respectively
(75). The flavin stoichiometry was determined to be 1.15 +0.3
EMN per Rp9Fld monomer, and optical spectra of the WT, the
fluorinated WT, and variants employed for signal assignment
are provided as Fig. S8. To optimize purity of the protein, for
crystallography, we employed gel filtration chromatography on
a Cytiva Superdex 200 Increase 10/300 Gl column (column
pressure: 2 Mpa, flow rate: 0.5 ml/min, volume of each elution
fraction: 0.5 ml). Fractions corresponding to the protein peak
were pooled and concentrated, prior to use in crystallization
experiments. Gel filtration chromatography was used as above,
in conjunction with a mass-calibration (Biorad gel filtration
standard, # 1511901) to determine the effective mass of
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Rp9Fld. A single symmetric elution band was obtained yielding
a value of 17.5 kDa +5% for Rp9Fld concentrations up to
1 mM. Thus, Rp9Fld is >95% monomeric in solution at the
0.55 mM concentration used for SEC.

Crystallization of Rp9FId

Rp9Fld was crystallized using the hanging drop vapor
diffusion method using 8 to 12 mg/ml protein stock solution in
20 mM bis-tris propane buffer, pH 7.5, with 200 mM KCL
Preliminary success was achieved using the Hampton screen
(HR2-139) within 96-well sitting vapor diffusion setups. We
then refined the concentrations of magnesium formate (0.2 M)
and PEG 3350 (20%), along with the addition of an additive
(Hampton Research HR2-464), and varied the temperature
(4-22 °C). The mother liquor contained 0.3 to 0.6 M mag-
nesium formate with 15 to 20% PEG 3350. Flower-shaped
crystal clusters emerged after 2 weeks at 14 °C. These were
utilized to generate ’seed-crystals’ using Hampton Research’s
Seed Bead Kit (HR2-320). Diffraction quality and crystal
morphology were optimized by iterative cycles of micro
seeding and screening of crystallization conditions. Several
morphologies of crystals were obtained and checked to identify
crystals with the best diffraction quality in combination with
the lowest mosaicity. This process resulted in the final use of
0.4 M magnesium formate pH 7.5 and 19% PEG 3350, wherein
we note that the best crystal morphology was obtained upon
supplementation with cadmium chloride at 20 mM. Final
crystallization drops contained 1 pl of protein solution and
0.8 pl of 2x crystallization solution with 0.2 ul of micro seed
solution (1:1000 dilution).

When data were collected in capillaries at room tempera-
ture, radiation damage was observed in the form of decreased
I/o(I) and elevation of Ry, We were nevertheless able to
collect a room temperature data set including diffraction to
2.9 A resolution. To obtain a deposition-quality structure,
single plate-like crystals were exposed briefly to 35% W/V PEG
3350 in mother liquor solution to provide cryoprotection,
before exposure to a stream of liquid N,. Data were then
collected at 100 K, yielding diffraction to 2.1 A.

X-ray data collection and structure refinement

X-ray data were collected by using a Rigaku HighFlux
HomeLab source equipped with a MicroMax-007 HF X-ray
generator and Osmic VariMax optics. Diffraction images were
captured using an EIGER R 4M hybrid photon-counting de-
tector. The data were integrated using the CrysAlisPro soft-
ware suite (Rigaku) and then reduced and scaled using
AIMLESS (76) from the CCP4 suite (77). Initial phases for
each structure were obtained by molecular replacement using
1CZN (flavodoxin from Anacystis nidulans, 43% identical, 98%
coverage) as a starting model in Phaser (78) in the Phenix suite
(79). The model was iteratively refined including manual
model building using the Phenix refinement module (80) and
the Coot molecular graphic program (81), respectively. Solvent
atoms were added at last step of model building and refine-
ment cycle. These were added only when reasonable 2Fo-Fc
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density and at least one hydrogen bond to a donor was present.
Occupancies and thermal parameters of the solvent were
refined in alternating cycles.

The final model was checked and validated with Molprobity
(82). Buried surface area and solvent accessible area calcula-
tions were done using PISA software (43) and the EPPIC
(Evolutionary Protein-Protein Interface Classifier) server (83).
High resolution images were generated using Pymol (http://
www.pymol.org). Statistics of diffraction data processing and
the converged refinement statistics for datasets along with R,
Rireer and other validation measures are given in Table 1, and
the final structure coordinates and structure factor amplitudes
were deposited in the RCSB Protein Data Bank with the
accession code 8SNZ. For completeness, the structure ob-
tained from data collected at room temperature was also
deposited, as 8V2Y.

NMR spectroscopy

NMR samples were prepared in a 20 mM bis-tris propane
buffer supplemented with 200 mM KCI at a pH of 7.5. 10 to
15% v/v D,O was present to provide a frequency lock signal for
instrumental stability. To permit quantitative formation of the
NSQ state of Rp9Fld, a 2 mM Fld sample was equilibrated in
an inert atmosphere of N, inside a glove box (Bell Technolo-
gies). After stepwise reduction with dithionite to produce the
neutral blue semiquinone (inset, Fig. 4), the sample was
carefully transferred to an NMR tube, which was then sealed
with a septum stopper before removal from the glove box.
Immediately upon removal, the septum was secured with
parafilm and the sample was transferred to the spectrometer.
Data collection was complete in 2 h after which the sample
remained blue. Only several days later was a color change to
green/yellow visible at the top of the tube. Thus, the sample
remained fully in the NSQ state during NMR data collection.

"F NMR spectra were recorded using a Varian Unity/Inova
400 MHz spectrometer, at a constant room temperature of 25
°C or a Bruker NEO 400 MHz spectrometer with SMART
probe. 30 ppm wide scans centered at -134.7 ppm were
collected following a 10 ps 90° excitation pulse with data
collected for 0.27 s followed by a 1.5 s delay for recovery be-
tween scans. Spectra shown represent averaging of 1024 to
4096 scans, for samples of 0.4 to 2 mM Rp9Fld. The above
recovery delay was based on our measured T relaxation times,
of which the longest was 620 ms. Data were processed using
VnmrJ, Topspin, and Mnova software, depending on the data
source and the analysis to follow. Baseline artifacts from
distortion of early time points were eliminated by removing
the first five data points and replacing them with backward
linear prediction based on 256 complex points that followed,
modeling the FID in terms of 32 coefficients. Gaussian line
broadening dropping to 50% at 100 ms was employed to
optimize signal to noise without broadening out reproducible
splitting (See figure captions). Baseline correction was repeated
multiple times and resulting peak shapes and integrals
compared to identify values that were robust to processing
parameters. Moreover, the spectra collected as a function of
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temperature were also simulated by Lorentzian deconvolutions
(Vnmr]) to yield a self-consistent set of peak areas, positions,
and widths, for comparison with those measured directly from
the spectra.

Bioelectrode preparation and electrochemical experiments

Ethylene glycol diglycidyl ether (EGDGE) was purchased
from Polysciences Inc. All other chemicals were purchased
from Sigma Aldrich and used as received without further
purification. All water used in bioelectrochemical experi-
ments was filtered using an Ultrapure MilliQ system.
Pyrene-LPEI was previously synthetized using the reported
procedure (46). Stock solutions of protein (WT Rp9Fld Fld,
YF-Y WT Rp9Fld, and F-Y YOOW-Rp9Fld) 10 mg mL™,
pyrene-LPEI 10 mg mL™', and 13 vol% EGDGE were pre-
pared in water. The crosslinked hydrogel was prepared by
gently mixing 70 pl of pyrene-LPEI, 30 ul of protein, and
finally 4.5 ul of EDGDE. Toray carbon paper electrodes were
cut into 2 ¢cm x 0.5 cm stripes and dipped into melted
paraffin wax that was successively cooled down and solidi-
fied to delimit an electroactive surface area of 0.25 cm?
(0.5 cm x 0.5 cm) at one end. A total volume of 30 pl of
the polymeric mixture containing each protein were drop-
coated on the exposed electroactive area of the electrodes;
three successive depositions of 10 pl aliquots of the mixture
were carried out followed by 20 to 30 min of drying to
allow the crosslinking process to occur. Control experiments
containing pyrene-LPEI without protein were made by
mixing the same amount of polymer and EDGDE with
water and depositing the same amount of mixture volume
on the surface of the electrodes. After the last deposition,
the electrodes were cured under anoxic conditions overnight
to allow stabilization of the polymer matrix. Preparation of
the electrodes as described as well as electrochemical mea-
surements have been carried out inside of a glove box under
an inert atmosphere of Ar/H, (2.8-3.2%) with less than
3 ppm O, at room temperature. Bioelectrodes have been
tested by CV and SWV with a CH Instruments 1033
potentiostat. CVs were performed at 5 mV s'. A three-
electrode set up was used with a SCE reference electrode,
a platinum mesh counter electrode, and Toray carbon paper
working electrodes. The waxed end was used as an elec-
trochemical connection point for an alligator clip of
stainless-steel wire. Electrodes were tested in 5 ml of sodium
phosphate buffer (100 mM) at different pHs. Potentials have
been recalculated with respect to a normal hydrogen elec-
trode reference electrode. Data were elaborated with Origin
2023b software (www.originlab.com).

Amino acid sequence analysis

To compare the degree of conservation in the LL with
overall conservation in Fld, we constructed an MSA of LC Fld
sequences from uniref50 and compared it with an analogous
MSA of uniref50’s SC Fld sequences, because only the former
will contain the LL. LC-FId sequences were gathered using EFI
(84, 85) and an AST of 35 based on the interpro family
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IPR010086, encompassing Rp9Fld and NifF from R. capsulatus
2WC1 (18). SC-FId sequences were similarly obtained based
on IPR010087, the interpro family containing the Flds of
Desulfovibrio vulgaris (3FX2, 1J8Q), Megasphaera elsdenii
(2FZ5 (86)), and Lactobacillus (3EDO). Sequences were gath-
ered from the Ref50 database, where sequences are grouped
into nodes uniting sequences at least 50% identical over at least
80% of the longest sequence in the node (the so-called 'seed
sequence’ of that node). Nodes from the ref50 protein database
were used to limit the number of sequences considered
without altering the structure of the relationships among them
(85)." In each of LC- and SC-Flds, MSAs were curated to
eliminate a few sequences that were incomplete or contained
an insert affecting 1% or fewer of the sequences. The separately
aligned LC- and SC-FId sequence sets were combined and
coaligned to localize the LL and highlight shared motifs. After
culling three more LC-Fld sequences based on this expanded
perspective, the LC-FId sequence set consisted of 222 se-
quences (trimmed from 237) and the set of SC-Flds comprised
103 sequences (trimmed from 106). After co-alignment to
obtain a single numbering system applicable to both, the two
groups were separated and the quality of residue conservation
within each was compared, without further modification of the
MSAs (Fig. S5).

Sequence Logos were generated by Seq2Logo (87) using the
p-weighted Kullback-Leibler method without clustering, based
on our alignment of 222 LC Flds. For Fig. S8, the Logo is based
on our 222 aligned LC Flds but includes all positions docu-
mented to interact with partners for SC Flds and Fld domains
as well (8 complexes).

To learn what aspects of Fld could be most important for
orienting Fld versus selection or affinity for appropriate
partners, we compared the sequences of independent Flds
with Fld domains that are fused to a partner and thus
assured of a locally high concentration. We used the Pfam
family PF00258, which subsumes the two interpro families
listed above and additionally incorporates multidomain en-
zymes in which a domain has high homology with Fld. Pfam
family PF00258 is represented by 274 reviewed sequences
(75 k total sequences as of Aug 2023 which have been
incorporated into IPR008254 representing 444 reviewed se-
quences, 133 k total as of Aug 2023). We selected enzymes
containing an Fld domain plus an additional domain using
sequence length cut-offs of 350 to 450 with an alignment
score threshold of 104. An MSA of these sequences along
with those of LC and SC Flds caused the larger modular
proteins to all align on the basis of their Fld domains. For
the modular proteins, we deleted sequence stretches repre-
senting the other domains and advanced using the portion
of each sequence that represents the Fld domain. Thus we
collected 156 Fld domain sequences which we culled to 147
ranging from 144 to 202 residues long. To permit direct

* LC-FId IPRO10086 had 9,269 seq in Uniprot, 2894 in Uniref90 and 314 in
Uniref50 (fragments were excluded) as of July 2023. SC-FId IPRO10087
had 4827 sequences in Uniprot, 1766 in Uniref90 and 136 IDs in Uniref50,
as of July 2023.
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comparison with available crystal structures, we augmented
this set with the Fld domain sequences corresponding to
pdb files 1BVY, 1E5D, 4H2D, 1YKG, and 1AMO.

To map residues involved in partner binding onto the
structure of Rp9Fld, residues were colored according to the
frequency with which they were reported to interact with
partner protein or domain, in structures of complexes with
partners, where possible. Color coding indicates the fre-
quency with which each residue interacts with partner,
based on crystal structures of complexes listed in the
caption, changes in NMR chemical shifts upon titration with
partner (12, 24), or cryo-EM structure of complex (37). For
each instance in which a residue interacted with partner
(distance of 3.5 A or less) or listed as interacting by author,
the residue acquired a 'point’ since there were five structures
of SC Fld but only three of LC Fld; instances observed for
LL residues were possible in only ~ one-third of cases, so
they were accorded 3 points each. The sum of points ob-
tained by each residue which then determined its color as
follows: 0 = gray, 1 = yellow, 2=gold, 3 = orange, 4 = red, 5
or 6 = pink, 7 = purple. Information was only available for
one diazotroph, so responsive residues in the loop unique to
that case were shown in pink and that loop is in blue.

Data availability

Data are either in this manuscript, in the Supporting in-
formation or deposited in the PDB as 8SNZ and 8V2Y.
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