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410  executed with the FeV-cofactor included; Appendix S5). In total, 3,080 models were generated
411  with the FeMo-cofactor.

412

413

414  Figure 4. Structural and active-site pocket modelling of ancestral nitrogenases (a) Modeled D-
415  subunit protein structures of ancestral nitrogenases inferred from the highest-likelihood phylogeny
416  (Tree-1; Figure 2) aligned to an 4. vinelandii Nif structural template (PDB 3U7Q (Spatzal et al.,
417  2011)). (b) Example of a modeled active-site pocket for ancestral nitrogenase AncA-1. The 0.5-
418  A-resolution point field generated for pocket volume calculation is shown in pink.

419

420  For each of the 3,080 extant and ancestral D-subunit nitrogenase models, we calculated the volume
421  of'the active-site pocket (Figure 4b), a parameter previously used to classify the metal dependence
422  of extant uncharacterized nitrogenases (McGlynn et al., 2012). These pocket volume values are
423  plotted in Figure 5. Among modeled extant nitrogenases, mean pocket volumes are 1175.12 +
424 51.93 A® for Mo-nitrogenases, 1121.86 = 36.36 A> for V-nitrogenases, and 963.39 + 75.80 A3 for

425  Fe-nitrogenases.
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426

427  Figure 5. Extant and ancestral nitrogenase active-site pocket volumes. Pocket volumes calculated
428  for ancestral and representative extant nitrogenase D-subunit structures modeled with the FeMo-
429  cofactor. Each ancestral plot contains 110 volume calculations (ten model replicates per maximum
430  likelihood sequence plus one model for each of 100 Bayesian-sampled sequences) and each extant
431  plot contains 10 volume calculations (10 model replicates per extant sequence). Median values are
432  indicated by bars, mean values by points, the range (excluding outliers) by whiskers, and outliers
433 by crosses. Phylogeny coloring is as follows: Clfx, yellow; F-Mc, green; Mb-Mc, purple; Anf/Vnf,
434  red; Nif-1/-11, blue.

435

436  We observe less difference between mean pocket volumes of extant V-nitrogenases (1121.86 +
437  36.36 A%) and Nif-II Mo-nitrogenases (1141.13 + 46.30 A%) than between Nif-I (1209.11 + 30.79
438  A’)and Nif-Il Mo-nitrogenases. A statistical nonparametric test of volume median differences also
439  suggests greater similarity between V- and Nif-II Mo-nitrogenases than between Nif-I and Nif-1I

440  nitrogenases (Appendix S5). All V-nitrogenase and Nif-II Mo-nitrogenase volume values range
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441  between 1002.13 and 1220.63 A3, which problematically overlap with the volume ranges of AncB
442 (917.38-1256.25 A%), AncC (933.75-1269.50 A%), AncD (968.50-1272.75 A%), and AncE
443 (966.75-1225.25 A%) ancestral models, as well as ranges for uncharacterized Clfx (988.25—
444  1218.13 A3) and F-Mc (908.00-1277.75 A3) nitrogenases. The volume range of AncA models
445  (919.00-1191.13 A3) lies between the ranges of both V- (1020.75-1197.63 A%) and Fe-
446  nitrogenases (821.38-1177.00 A?). These same overall patterns are observed when comparing only
447  maximum likelihood ancestral models or Bayesian-sampled ancestral models, as well as alternate
448  modeling runs with the FeV-cofactor (Appendix S5). Greater similarities between V- and Nif-1I
449  Mo-nitrogenases than between Nif-I and Nif-II Mo-nitrogenases suggests that, contrary to
450  previous analyses (McGlynn et al., 2012), modeled pocket volume may be uninformative for
451  inferring ancestral metal dependence. At the very least, the overlap in volume ranges between
452  ancestors and extant isozymes of varying metal dependence in our analyses preclude the
453  unambiguous classification of ancestral metal dependence by these structural features.
454
455 3.5 Oldest ancestral nitrogenase active-site sequences resemble those of Mo-nitrogenases
456  We analyzed sequence features of both ancestral and extant nitrogenases to identify those
457  correlated with metal dependence. In particular, we focused on nitrogenase active-site sequences
458  for three reasons: (1) active-site residues are known to affect catalytic efficiency and substrate
459  specificity (Brigle et al., 1987; Christiansen, Cash, Seefeldt, & Dean, 2000; Fixen et al., 2016;
460  Kim, Newton, & Dean, 1995; Sarma et al., 2010; Z. Y. Yang, Moure, Dean, & Seefeldt, 2012) and
461  thus may be tuned to nitrogenase metal dependence (2) active-site sequence features have

462  previously been used to classify the metal dependence of extant uncharacterized nitrogenases
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463  (McGlynn et al., 2012) (3) ancestral active-site residues are reconstructed here with high statistical
464  support as compared to the total HDK sequence (see Section 3.3).
465
466  We first assessed the sensitivity of ancestral sequence variation to phylogenetic uncertainty and
467  ancestral statistical support. Overall, mean identities for ancestral sequences compared across
468  different nodes range from ~55 to 90%. Ancestral sequences inferred from the same node across
469  alternate phylogenies (Tree-1-5) have relatively high mean identities, ranging from ~93 to 95%
470  across the total HDK sequence and from ~96 to 100% within the active site. These high mean
471  identities suggest that topological differences among the alternate phylogenies used for ancestral
472  sequence inference do not contribute to a high degree of ancestral sequence variation. Identities
473  among sequences inferred from the same node also do not appear to be correlated with statistical
474  support. For example, though full AncA HDK sequences are reconstructed with the highest mean
475  statistical support (~0.89-0.91), they exhibit neither the lowest nor the highest mean identities as
476  compared with sequences inferred from other nodes (Appendix S3).
477
478  We next identified specific residues within the nitrogenase active site that are unique to particular
479  isozymes of known metal dependence in order to survey their occurrence in ancestral sequences.
480  We found that three active-site residues are unique to Mo-nitrogenases, six are unique to V-
481  nitrogenases, five are unique to Fe-nitrogenases, and six are unique to V- and Fe-nitrogenases
482  (Appendix S4). Surprisingly, most nitrogenase ancestors exhibit comparable numbers of residues
483  unique to either V-/Fe-nitrogenases or Mo-nitrogenases, and thus their occurrence does not appear
484  informative for inferring ancestral metal dependence (e.g., ancestral AncC sequences contain two

485  residues unique to V-/Fe-nitrogenases and two residues unique to Mo-nitrogenases). An exception
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486  is AncA sequences, which contain a preponderance of active-site residues that are unique to extant
487 V- and Fe-nitrogenases. One of the residues unique to V-nitrogenases, Thr-355, has recently been
488  suggested to interact directly with a proposed carbonate ligand only present in the FeV-cofactor
489  (D. Sippel & Einsle, 2017). This carbonate ligand lies within a protein loop that also contains Pro-
490 358, unique to V-nitrogenases, and Leu-360, unique to V- and Fe-nitrogenases. These Thr-355,
491  Pro-358, and Leu-360 residues are observed across all AncA sequences, reflecting specific
492  sequence resemblances that may be associated with V-dependence.
493
494  In addition to analyzing specific active-site residues, we compared the total active-site sequence
495  composition of 25 ancestral nitrogenases (inferred across Tree-1-5) and all 284 extant nitrogenase
496  sequences used for phylogenetic reconstruction. Our analysis shows clear distinctions between the
497  active-site compositions of extant Mo- versus V-/Fe-nitrogenases (Figure 6a). Specifically, the
498  mean identity between Vnf/Anf and Nif-I/Nif-1I is ~50%, as compared with the mean identity
499  between Vnf and Anf (~71%) and between Nif-I and Nif-II (~77%). The difference between
500  Vnf/Anfand Nif-I/Nif-II sequences is not seen as distinctly when comparing total HDK sequences
501  (Figure 6b), suggesting that the active-site sequence differences in particular may be better
502  indicators of metal dependence than whole sequence differences due to greater catalytic tuning
503  toward the cofactor.

504
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506  Figure 6. Active-site and full HDK sequence comparisons between extant and ancestral
507 nitrogenases. (a) Active-site sequence identities of ancestral and extant nitrogenases. Active-site
508  residues include 30 amino acids positioned within 5 A of the active-site cofactor. (b) Total HDK
509  sequence identities of ancestral and extant nitrogenases. Percentage identity values have been
510  averaged within each field of comparison. All 25 maximum likelihood ancestors and 284 extant
511  sequences included in this study were used for sequence identity calculation. Phylogeny coloring
512 is as follows: Clfx, yellow; F-Mc, green; Mb-Mc, purple; Anf/Vnf, red; Nif-I/-I1, blue.

513

514  Because we observed active-site sequence distinctions between extant Vnf/Anf and Nif-I/Nif-II
515 nitrogenases, we compared active-site sequences of ancestral versus extant nitrogenases to provide
516  clues regarding ancestral metal dependence. Nearly all ancestral nitrogenases, including those
517  inferred for the oldest ancestral nodes, share greater active-site identity with Mo-nitrogenases than
518  with V-/Fe-only-nitrogenases (Figure 6a). Mean active-site sequence identities between AncB—
519  AncE and Anf/Vnf nitrogenases range between ~50 and 63%, whereas those between AncB—AncE

520  and Nif-I/Nif-II nitrogenases range between ~69 and 87%. An exception is AncA (ancestral to Vnf
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521  and Anf), which has higher mean identity to Anf/Vnf nitrogenases (~85%) than to Nif-I/Nif-II
522 nitrogenases (~51%). Because active-site sequence identity can reliably differentiate extant Mo-
523  from V-/Fe-nitrogenases, the resemblance of most ancestral active sites to those of Mo-
524  nitrogenases is suggestive of Mo-dependence.
525
526 4 DISCUSSION
527  Nitrogenase mediates the reduction of N> to NH3, a key step in nitrogen fixation (Anbar & Knoll,
528  2002; Canfield et al., 2010; Falkowski, 1997). The metal dependence of nitrogenase, which
529  impacts both catalytic properties (Eady, 1996; Harris, Yang, et al., 2018; Y. Hu et al., 2011; Lee
530 etal., 2018; Rebelein et al., 2018; Zheng et al., 2018) and ecological distribution (McRose, Zhang,
531  Kraepiel, & Morel, 2017; Zhang et al., 2016), suggests a potential role for marine geochemical
532 constraints on its evolution (Anbar & Knoll, 2002; Boyd, Hamilton, et al., 2011; Canfield et al.,
533  2010; Raymond et al., 2004). Thus, understanding ancestral nitrogenase metal dependence can
534 help resolve the early history of biological nitrogen fixation, and, in a broader sense, the impact
535  that ancient metal availabilities have had on the evolution of biologically essential metabolisms
536  over Earth history (Anbar & Knoll, 2002; Moore, Jelen, Giovannelli, Raanan, & Falkowski, 2017).
537  Previous phylogenetic work has established that Mo-, V-, and Fe-nitrogenases, though genetically
538  distinct, are evolutionarily homologous (Boyd, Anbar, et al., 2011; Boyd, Hamilton, et al., 2011;
539 Raymond et al.,, 2004). Most recent phylogenetic analyses also indicate that V- and Fe-
540  nitrogenases are derived from Mo-nitrogenases, the latter having originated following the gene
541  duplication event that produced nifE and nifN (Boyd, Anbar, et al., 2011). However, the precise

542  trajectory of metal-binding evolution in the nitrogenase family is not completely known, and
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543  discrepancies between current phylogenetics-based models and the geochemical record of nitrogen
544  fixation remain (Stueken et al., 2015).
545
546  We used both phylogenetic reconstruction and ancestral sequence inference to explore these
547  outstanding questions of early nitrogenase evolution and metal dependence. Though the tree
548  reconstructions presented here are largely in congruence with previous phylogenetic analyses,
549  certain topological differences, particularly with regard to basal uncharacterized nitrogenases
550  lacking associated nifE and/or nifN genes, suggest important deviations from previous narratives
551  ofearly metal dependence (Boyd, Anbar, et al., 2011; Boyd, Hamilton, et al., 2011; Boyd & Peters,
552 2013; Raymond et al., 2004). The reconstruction of ancestral nitrogenase sequences in silico
553  provides the means to directly infer ancient metal-binding properties from molecular information.
554
555 4.1 Inferred metal dependence of ancestral nitrogenases
556  The active-site protein environment is known, in addition to the metal content of the cofactor, to
557  contribute to the variable catalytic properties of different nitrogenase isozymes (Brigle et al., 1987;
558  Christiansen et al., 2000; Fixen et al., 2016; Kim et al., 1995; Sarma et al., 2010; Z. Y. Yang et al.,
559  2012). We therefore explored active-site features of ancestral nitrogenases for correlations with
560 metal dependence.
561
562  We find that modeled active-site structural features are not informative for the inference of
563  ancestral metal dependence. Pocket volumes of modeled extant nitrogenases do not appear to be
564  strongly correlated with metal cofactor content. Problematically, the volume ranges of oldest

565 ancestors (as well as those of uncharacterized nitrogenases) overlap with both V- and Mo-
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566  nitrogenases (Figure 5). We acknowledge that these homology modeling results may not precisely
567  reflect true biological differences (for which a comprehensive analysis is not yet possible due the
568  limited availability of V- and Fe-nitrogenase structures). This is illustrated by the difference
569  between pocket volumes of published structures and those of homology models (e.g., 4. vinelandii
570  PDB 3U7Q NifD structure pocket volume =~ 994.750 and mean A. vinelandii NifD modeled
571  structure pocket volume = 1186.412). However, it is not surprising that active-site pocket volume
572 does not predict metal dependence, given the probable similar sizes and structures of the FeMo-,
573  FeV-, and FeFe-cofactors (Eady, 1996; Krahn et al., 2002; Daniel Sippel et al., 2018; Spatzal et
574  al., 2011). These findings contrast with a previous study by McGlynn and coworkers (2012) in
575  which pocket volume comparisons were used to classify the Mo-dependence of uncharacterized
576  nitrogenases. In this previous study, the volume means for Mo-nitrogenases were sufficiently
577  distinct from V- and Fe-nitrogenases as to provide unambiguous classification of Mo-dependence.
578  Our analyses differ from this previous study in several ways: (1) we incorporated V-nitrogenase
579  structural templates (D. Sippel & Einsle, 2017; Daniel Sippel et al., 2018) for homology modeling,
580 notavailable at the time of the previous study (2) we modeled 20 extant sequences of known metal
581  dependence rather than 12 (3) we used the same explicit parameters for both homology modeling
582  and pocket volume calculation across all sequences (4) we included modeling replicates for pocket
583  volume calculation. Thus, an expanded modeling analysis appears to reduce the efficacy of the
584  pocket volume parameter for inference of ancestral (and uncharacterized) nitrogenase metal
585  dependence.

586

587  Unlike structure-based analyses, we find that active-site sequence features reliably differentiate

588  Mo-nitrogenases and V-/Fe-nitrogenases. Regarding AncA (ancestral to V- and Fe-nitrogenases),
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589  we identified specific active-site residues that have previously been suggested to interact with a
590  proposed carbonate ligand unique to the FeV-cofactor. These residues form a 3>>TGGPRL?*%° loop
591  conserved only among V-nitrogenases and homologous to **>IGGLRP3® in A4. vinelandii NifD (D.
592  Sippel & Einsle, 2017). This substitution of Thr-355 for Ile-355, as well as the exchange of Leu
593  and Pro positions may permit the inclusion of the FeV-cofactor carbonate ligand by VnfD that is
594  not possible by the NifD protein (D. Sippel & Einsle, 2017). Thr-355 and Pro-358 are unique to
595  V-nitrogenases, and Leu-360 is unique to V- and Fe-nitrogenases. All AncA sequences conserve
596  the ¥*TGGPRL** residue loop capable of accommodating the FeV-cofactor. Furthermore, AncA
597  sequences generally exhibit greater numbers of residues unique to V-nitrogenases than those
598  unique to Fe-nitrogenases, and the mean identity of AncA active-site sequences is highest for V-
599  nitrogenases (Figure 6a). Together, these observations suggest that AncA is V-dependent.
600
601  Our comparisons of ancestral and extant sequence features indicate that the active-sites of oldest
602  nitrogenase ancestors (AncB—AncE) resemble those of extant Mo-nitrogenases more than V- or
603  Fe-nitrogenases (Figure 6a). This observation is particularly significant given that these same
604  patterns are not observed across the total HDK sequence (Figure 6b). Specifically, this
605  discrepancy supports the notion that the nitrogenase active-site has been tuned to the catalytic
606  properties of each metal cofactor over its evolutionary history (Harris, Yang, et al., 2018), and that
607  this tuning has manifested in active-site sequence differences that stand apart from baseline
608  phylogenetic distance. Though we are not able to identify specific residues that may functionally
609 relate to metal dependence (as with AncA), the resemblance of the early ancestral nitrogenase
610 active site to those of Mo-nitrogenases is highly suggestive of ancient Mo-dependence.

611
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612 4.2 A proposed model for the evolution of nitrogenase metal dependence over geologic time
613  Despite the lack of information provided by structural analyses, the active-site sequence features
614  of oldest ancestral nitrogenases (i.e., AncB—E) support the inference of early Mo-dependence. The
615  observation that ancestral AncC and AncD active sites in particular most resemble those of extant
616  Mo-nitrogenases is at odds with the phylogenetic distribution of nifE and nifN genes, which
617  suggest that early-branching uncharacterized Clfx and F-Mc taxa (for which AncC and AncD are
618 ancestral) are not capable of assembling the FeMo-cofactor. The placement of Clfx and F-Mc
619 clades in our analyses differs from previous phylogenetic reconstructions. For example, the
620  phylogenetic tree presented by Boyd and coworkers nests Clfx and F-Mc clades within Mo-
621  nitrogenases, which notably branch more recently than V-, Fe-, and Mb-Mc Mo-nitrogenases
622  (Boyd, Hamilton, et al., 2011). A subsequently published topology is more similar to the tree
623  presented here, though lacking in Clfx sequences (Boyd, Costas, Hamilton, Mus, & Peters, 2015;
624  Boyd & Peters, 2013). It is possible that the larger sequence dataset used here has refined the
625  placement of these uncharacterized clades, which is supported by our analyses with an expanded
626  outgroup that maintains the positions of Clfx and F-Mc sequences (Appendix S2). Given the well-
627  supported placement of these uncharacterized clades in our reconstruction, we find that the
628 presence of nifE and nifN genes decreases stepwise with divergence age within the
629  uncharacterized/V-/Fe-nitrogenase lineage: Mb-Mc taxa, most recently branched, have both
630  nifEN, most F-Mc taxa only have nifE, and CIfx taxa, earliest branched, have neither. One may
631  thus parsimoniously conclude that uncharacterized nitrogenase AncC—D ancestors similarly
632 lacked the genetic requirements for FeMo-cofactor synthesis.

633
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634 At least two possible models might resolve this discrepancy: (1) The last common nitrogenase
635  ancestor represented in our tree was in fact hosted by an organism that possessed nifEN genes and
636  was able to synthesize the FeMo-cofactor. However, this capability was lost in both Clfx and F-
637  Mc taxa, but retained for all ancestors (AncA—E) as well as for Nif-I, Nif-II, and Mb-Mc taxa. The
638  resemblance of oldest ancestral active sites (AncB—E) to those of Mo-nitrogenases indicate ancient
639  FeMo-cofactor dependence, and the same resemblance of Clfx and F-Mc nitrogenases to Mo-
640  nitrogenases may be inherited from these ancestors. (2) The last common nitrogenase ancestor was
641  hosted by an organism that did not possess nifEN genes and was incapable of synthesizing the
642  FeMo-cofactor. The presence of nifEN genes increased stepwise through the uncharacterized/V-
643  /Fe-nitrogenase lineage, until the full FeMo-cofactor pathway was completed for AncB
644  nitrogenase at the earliest, but at least in Mb-Mc nitrogenases (nifEN genes may have been
645  transferred between ancestors of Mb-Mc, Nif-1, and Nif-II taxa). However, the resemblance of
646  ancestral nitrogenase sequences to those of extant Mo-nitrogenases may evidence a currently
647  unknown, alternative pathway for Mo-usage still present in extant Clfx and F-Mc taxa. This
648  alternative, and possibly unrefined pathway for Mo-usage, may represent a transition state between
649  ancient Mo-independence and full FeMo-cofactor usage.
650
651  We prefer the second model for several reasons:
652
653 (1) Itis challenging to envision a scenario in which the FeMo-cofactor biosynthetic pathway would
654  be lost in Clfx and F-Mc nitrogenases that appear to otherwise be capable of nitrogen fixation
655 (Dekas et al., 2009; Keppen et al., 1989; Kuznetsov et al., 2011; Mehta & Baross, 2006). Mo-

656  nitrogenases are far more efficient at reducing nitrogen than other isozymes (Eady, 1996; Harris
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657 et al., 2019; Harris, Yang, et al., 2018), and the majority of all extant nitrogenases are Mo-
658  dependent across both anoxic and oxic environments (Boyd et al., 2015; Mus, Colman, Peters, &
659 Boyd, 2019; Raymond et al., 2004). Even those organisms that have additional V- or Fe-
660  nitrogenases still retain and preferentially express Mo-nitrogenases (Boyd, Anbar, et al., 2011;
661  Boyd, Hamilton, et al., 2011; Dos Santos et al., 2012; Hamilton et al., 2011; Raymond et al., 2004).
662  Aside from Clfx and F-Mc clades, no other nitrogenases are known to lack associated nifEN genes.
663

664  (2) It has previously been proposed that early nitrogenases may have been capable of reducing
665  nitrogen prior to the origin of nifEN, and thus of the FeMo-cofactor (Boyd, Hamilton, et al., 2011;
666  Boyd & Peters, 2013; Mus et al., 2019; Soboh, Boyd, Zhao, Peters, & Rubio, 2010). Prior to the
667  evolution of Mo-usage, an ancient Mo-independent nitrogenase may have been capable of —
668  perhaps inefficiently — reducing nitrogen by a cofactor resembling the Fe-S-C cluster assembled
669 by NifB, which constitutes the biosynthetic precursor to the FeMo-cofactor (Boyd & Peters, 2013;
670  Mus et al., 2019; Soboh et al., 2010). Though our sequence analyses cannot assess ancestral
671 nitrogenase dependence for a NifB-cofactor, it is likely that the NifB-cofactor resembles the
672  structure and composition of the FeFe-cofactor, excepting homocitrate (Harris, Lukoyanov, et al.,
673  2018). The greater similarity of AncC-D active sites to those of Mo-nitrogenases than Fe-
674  nitrogenases likely suggests ancestral dependence on a cofactor incorporating Mo rather than only
675  Fe. It is possible that, lacking NifEN, an alternative pathway for Mo-usage may have acted as a
676  transition state between Mo-independence and full FeMo-cofactor usage. It is thus reasonable to
677  speculate that this transition state of Mo-usage may be exhibited by AncC—D ancestors for which
678  the lack of one or both nifEN genes might be parsimoniously inferred.

679
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680  (3) Given greater catalytic efficiency of Mo-nitrogenases, even an unrefined pathway for Mo-
681  usage may have been of selective advantage if Mo was transiently available prior to ~2.3-2.5 Ga
682  Earth surface oxygenation (Anbar et al., 2007; Anbar & Knoll, 2002; Canfield et al., 2010; Lyons
683 etal., 2014; Raymond et al., 2004). An early generalist behavior with regard to metal usage has
684  previously been proposed (Raymond et al., 2004); such limited and possibly non-specific Mo-
685  usage early in nitrogenase history would have provided an evolutionary pathway for increased Mo-
686  dependence via the addition of NifEN biosynthetic components.
687
688  (4) ~3.2-Ga nitrogen isotopic signatures have been interpreted to reflect ancient Mo-dependent
689 nitrogenase activity, due to similarities in isotopic fractionation by extant Mo-nitrogenases
690  (Stueken et al., 2015). However, this interpretation conflicts with age estimates of both nifEN (and
691  the FeMo-cofactor) (Boyd, Anbar, et al., 2011) and of earliest marine Mo availability (Anbar et
692 al., 2007; Lyons et al., 2014). It is possible that alternative Mo-usage in early nitrogenases may
693  have resulted in similar isotopic fractionations. Such possibilities may resolve this discrepancy and
694  remain to be tested.
695
696  The preferred model of an ancestral, alternative pathway for Mo-usage, mapped to our
697  phylogenetic reconstruction and inferred ancestors, is illustrated in Figure 7. In the first stage,
698  represented by AncD and extant CIfx nitrogenases, nitrogen fixation is achieved by a possible
699 alternative pathway for Mo-usage in the absence of NifEN, incorporating an unknown ‘“proto-
700  cofactor” (Figure 7a). Such unrefined Mo-usage is of advantage during transient Mo availabilities
701  prior to ~2.3-2.5 Ga Earth surface oxygenation (Anbar et al., 2007). In the second stage,

702  represented by AncC and extant F-Mc nitrogenases, a gene duplication event forms NifE, though
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703  potentially not sufficient for FeMo-cofactor synthesis (Figure 7b). Alternative Mo-usage may still
704 be possible. In the third stage, represented by AncB, AncE, and extant Mb-Mc nitrogenases, a
705  subsequent gene duplication event forms NifN (Figure 7¢). Together, NifE and NifN are capable
706  of synthesizing the FeMo-cofactor, resulting in canonical Mo-dependence. In the fourth stage,
707  gene duplication of nif results in, first, vaf, followed by anf (Figure 7d). These V- and Fe-
708  dependent enzymes rely on NifBEN biosynthetic components. Though the greater efficiency of
709  Mo-nitrogenase results in widespread diversification, V- and Fe-nitrogenases provide selective
710  advantage in microenvironments deficient in Mo. This model, built from the phylogenetic and
711  ancestral sequence inferences provided here, as well as from decades of previous geobiological
712 investigations of nitrogenase evolution, helps resolve outstanding questions regarding ancient
713 metal dependence, and, importantly, provides testable hypotheses for future investigations. Such
714 investigations may, for example, seek to clarify the nitrogen capability and metal dependence of
715  uncharacterized Clfx and F-Mc nitrogenases, as well as experimentally resurrect and characterize
716  ancestral nitrogenase sequences in the laboratory.

717
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719  Figure 7. Proposed model for the evolution of nitrogenase metal specificity from an ancestral,
720  alternative pathway for Mo-usage. Full description of stages (a)—(d) in the evolution of nitrogenase
721  metal dependence is provided in the main text (Section 4.2). Possible alternative pathway for
722  nitrogenase Mo-usage indicated in stages (a)—(b). Phase (a)—(d) are also mapped to analyzed
723 ancestors within the nitrogenase phylogeny. Presence of NifB, NifE, and NifN in represented taxa
724 indicated next to each clade of the phylogeny (F-Mc clade has only one species that harbors NifN).
725

726 4.3 Potential association of early nitrogen fixation with phototrophic metabolism

727  The relatively early-branching position of Clfx nitrogenases, hosted by strains in class Chloroflexi
728  (green non-sulfur bacteria), suggests that biological nitrogen fixation may have had early
729  associations with anoxygenic phototrophy. It has previously been proposed that biological nitrogen
730  fixation originated in hydrogenotrophic methanogens due to the basal positioning of Mb-Mc
731  (Methanobacteria and Methanococcus) or F-Mc (Firmicutes and Methanococcus) sequences in
732 phylogenetic analyses of catalytic (i.e., NifHDK) and biosynthetic (i.e., NifBEN) nitrogenase
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733 sequences (Boyd, Anbar, et al., 2011; Boyd, Hamilton, et al., 2011; Boyd & Peters, 2013;
734  Raymond et al., 2004). By contrast, in our phylogenetic reconstruction, Clfx NifHDK sequences
735  diverge earlier than both F-Mc and Mb-Mc sequences, with at least one represented strain having
736  been observed to fix nitrogen (Keppen et al., 1989; Kuznetsov et al., 2011). An early association
737  of biological nitrogen fixation with anoxygenic phototrophy would not be unexpected given the
738  well-studied homology between nitrogenases and dark-operative protochlorophyllide
739  oxidoreductases (Bch/ChlLNB), enzymes that catalyze part of the bacteriochlorophyll biosynthetic
740  pathway(Y. Hu & Ribbe, 2015; Moser & Brocker, 2011; Raymond et al., 2004). Furthermore,
741  Chloroflexi strains that possess uncharacterized Clfx nitrogenases also harbor BchLNB genes.
742 Though the phylogeny presented here may still be consistent with the origin of the full FeMo-
743 cofactor biosynthetic pathway (NifHDKBEN) in early methanogens (Boyd, Anbar, et al., 2011;
744 Boyd, Hamilton, et al., 2011; Boyd & Peters, 2013; Raymond et al., 2004), the basal position of
745  Clfx sequences may evidence an earlier metabolic context for biological nitrogen fixation prior to
746  the origin of the FeMo-cofactor. Future investigations of nitrogen fixation by other phototrophic
747  Chloroflexi strains and additional taxa that harbor basal uncharacterized nitrogenases may resolve
748  these aspects of nitrogenase origins.
749
750  CONCLUSION
751  We reconstructed the phylogenetic history of nitrogenase proteins, as well as inferred ancestral
752  nitrogenase sequences, in order to explore the evolutionary trajectory of nitrogenase metal
753  dependence. We find that, whereas modeled structural features of ancestral nitrogenases do not
754  offer conclusive indications of ancient metal usage, active-site sequence features of ancestors most

755  resemble those of extant Mo-nitrogenases. The absence of associated cofactor biosynthesis
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756  proteins, considered necessary for FeMo-cofactor assembly, in several early-branching
757  uncharacterized nitrogenase lineages evidences a possible alternative pathway for Mo-usage. We
758  speculate that this alternative pathway may have preceded the evolution of the FeMo-cofactor and
759  may today be present in extant uncharacterized nitrogenases, and we propose a model wherein
760  canonical Mo-usage evolved via the stepwise introduction of FeMo-cofactor biosynthetic
761  components following the divergence of more basal uncharacterized lineages. V-nitrogenases
762  subsequently diversified, followed by Fe-nitrogenases, in agreement with previous phylogenetic
763  inferences that Mo-dependence evolved first(Boyd, Hamilton, et al., 2011). This model helps to
764  reconcile phylogenetic and geobiological explanations of nitrogenase evolution(Anbar & Knoll,
765  2002; Boyd, Anbar, et al., 2011; Boyd, Hamilton, et al., 2011). Future studies, particularly those
766  that integrate experimental assessments of laboratory-resurrected ancestral nitrogenases, may
767  continue to refine our understanding of nitrogenase and environmental coevolution.
768
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