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Table S1. Data Collection and Refinement Statistics 

Dataset RppH-DapF RppHt-DapFm RppHt-RNA-DapFm 
Data collection    
    Beam line APS-24-ID-C APS-24-ID-C APS-24-ID-C 
    Wavelength 0.9793 0.9791 0.9791 
    Space group P 41212 C 2221 C 2221 

    lleC tinU    
        a, b, c (Å) 85.8, 85.8, 177.4 161.4, 192.3, 50.7 160.6, 192.0, 51.2 
    Resolution (Å) 85.81-3.06 (3.27-3.06) a 123.65-2.15 (2.21-2.15) 123.20-1.81 (1.85-1.81) 
    Rmerge

 b 0.155 (1.076) 0.049 (1.557) 0.037 (0.989) 
    C1/2 0.995 (0.691) 0.999 (0.331) 0.998 (0.402) 
    I/σ(I) 13.9 (1.8) 15.2 (1.0) 12.6 (1.0) 
    Completeness (%) 99.3 (98.9) 99.1 (96.5) 97.1 (81.0) 
    Redundancy 6.9 (7.3) 4.4 (4.3) 2.9 (2.4) 
    No. of unique reflections 13,057 (2,296) 43,134 (3,423) 70,344 (3,453) 
Refinement    
    Resolution (Å) 20-3.06 123.65-2.15 123.20-1.81  
    Rwork/Rfree (%) 18.7/26.4 21.3/23.4 19.9/22.0 

    smota fo .oN    
        Protein 3,440 3,440 3,444 

 85 - - ANR        
 882 27 8 retaW        

 8 2 31 noI        
    Average B factor (Å2     )
        Protein 98.7 66.8 48.0 

 0.15 - - ANR        
        Water 68.0 59.0 51.4 
        Ion 114.3 71.5 50.2 

    snoitaived .s.m.R    
        Bond lengths (Å) 0.009 0.008 0.008 
        Bond angles (°) 1.074 1.051 1.036 

    sisylana nardnahcamaR    
        Favored (%) 92.3 95.6 98.4 

 0 0 0 )%( sreiltuO        
    Estimated error c 0.45 0.32 0.26 
a Highest resolution shell (in Å) shown in parentheses.  
b Rmerge=∑ ∑ | ¯ ∑ ∑⁄ , where i (hkl) is the ith observation of 
reflection hkl and ¯(hkl) is the weighted average intensity for all i observations of reflection hkl.  
c Estimated coordinate error based on maximum likelihood was calculated by Phenix.refine. 

 



BS3 MW
RppH RppHt DapF

RppH
DapF

RppHt
DapF

250

100
80

50
40
30

25
20
15

10

1:1

2:2

A B

ml
0

100

200

4020

600

500

400

300

1201008060

A 28
0 (

m
AU

)

RppH

DapFm
RppH+
DapFm

150

60

0.0
100

0.8

0.6

0.4

0.2

500400300200 600
Time (s)

nm

DapF+RppH

0.0

0.6

0.4

0.2

100 500400300200 600
Time (s)

DapFm +RppHt

nm
D E

312.5
nM

156.0

39.0
20.0
10.0
5.0

KD =6.7 ± 2.6 nM KD =6.0 ± 2.4 nM 

312.5
nM

156.0

79.0

10.0
5.0

39.0

Protein
Surface Solution

KD 
(nM)

SE
(nM)

DapFm RppH 7.5 3.9

RppH DapF 9.3 0.9

RppHtDapFm 6.0 2.4

RppH DapFm 8.5 0.7
DapF RppHt 4.7 1.5

DapF RppH 6.7 2.6

C

Figure S1. Stoichiometry of the RppH-DapF complex. (A), BS3 crosslinking and SDS-polyacrylamide
gel electrophoresis of RppH-DapF complexes using His6-SUMO-tagged DapF and full-length or 
truncated forms of RppH. Double bands observed for crosslinked RppH likely correspond to species 
with different intramolecular crosslinks. (B), SEC analysis of the RppH-DapFm heterodimer (black line),
RppH (red line), and dimeric DapF (blue line). RppH was added in excess to DapF to ensure complex
formation. The RppH-DapFm peak at 80 mL corresponds to a complex with 1:1 stoichiometry, in 
contrast to the 2:2 stoichiometry of the wild-type RppH-DapF complex, which would elute at 70 mL. 
(C), Dissociation constants of RppH-DapF complexes, as determined by bio-layer interferometry (BLI). 
KD values are averages of several experiments in which the concentration of the protein in solution was
varied. SE, standard error. “Surface” and “solution” identify the immobilized protein and the protein in 
solution, respectively. (D-E), Association and dissociation curves for representative BLI experiments 
with RppH and DapF (D) or DapFm and RppHt (E). The first protein named in each panel title was 
immobilized. Concentrations of the protein in solution (in nM) are indicated next to each curve.
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Figure S2. Crystal structure of the RppH-DapF complex. (A), Crystal packing interactions in the crystal of
the dimeric RppH-DapF complex. Views show symmetry-related molecules located <4 Å from the base 
molecules RppH-1 (green) and DapF-1 (blue). The view on the left highlights dimerization of DapF-1 with 
DapF-2 (dark blue); in this view, the light blue and teal molecules have been omitted for clarity. The view 
on the right shows other molecules interacting with RppH-1 and DapF-1; in this view, the RppH-2 and 
DapF-2 molecules have been omitted for clarity. (B), All-atom superposition of the structure of the dimeric
RppH-DapF complex on the structure of the E. coli DapF-DapF dimer (magenta) (30). Note the similarity 
of DapF in the two structures and the small clockwise rotation of the C-terminal domains of DapF relative 
to the central regions of the N-terminal domains in the DapF-DapF complex (bottom panel). (C and D), 
Fragments of simulated annealing composite omit maps (blue mesh), calculated by PHENIX (24) and 
contoured at 1 σ level, with refined structural models for key regions of the structures. (C) shows the 
catalytic site of RppH bound to ppcpAGU RNA (both in violet) from the 1.8-Å resolution RppHt-
ppcpAGU-DapFm structure. Mg2+ cations and water molecules are depicted by green and red spheres, 
respectively. (D) shows the interface between RppH (in violet) and DapF (in orange) from the 2.1-Å 
resolution RppHt-DapFm structure.
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Escherichia coli                                          W   R      W Q  P Q G G     E        R E L  E E  G L     V         W   Y   P              G Q K Q  W  M I D D D G Y R P N V G I V I C N R Q G Q V M  A R  F G Q H S   F     I N P G  S A E Q A M Y    F   V   S R K D  R I L A S T R N  L R  K L  K R L V R W D T K P V C I     K  F
Nitrosospira sp.                                     W   R      W Q  P Q G G     E        R E L  E E  G L     V         W   Y   P              G Q K Q  W  M I D R N G Y R S N V G I I L L N S K N E V F  G K  I K Q D S   F     I K P G  S P E Q A M Y    T   V   H P W H  E I I G R T R H  L R  E V  D Q W I R R D W R G N Y K     I  Y
Nitrosomonas europaea                                     W   R      W Q  P Q G G     E        R E L  E E  G L     V         W   Y   P              G Q K Q  W  M I D R N G Y R A N V G I I L L N S Q N Q V F  G K  A R Q D S   F     I K S G  T P T E A M Y    A   T   Q P V H  E I L G R T R E  L R  D V  A C W T R R D W R K N Y R     I  F
Uliginosibacterium gangwonense                            W   R      W Q  P Q G G     E        R E L  E E  G L     V         W   Y   P              G Q K Q  W  M L D R D G Y R P N V G I V I I N A R N E V F  G K  I R E H S   F     I K Q G  T P E Q A M F    H   V   R P E Q  Q V V T R T R D  L R  D V  K H W I K R E W R S T Y R     I  F
Noviherbaspirillum massiliense                            W   R      W Q  P Q G G     E        R E L  E E  G L     V         W   Y   P              G Q K Q  W  M L D R E G F R P N V G I I L L N T N N E V W  G K  V R E H S   F     I K F G  T P E Q A M F    E   I   R A E H  K I L G R T R D  L R  E V  D R F I K R E I R G H Y R     I  F
Sulfuritalea hydrogenivorans                              W   R      W Q  P Q G G     E        R E L  E E  G L     V         W   Y   P              G Q K Q  W  M L D R E G F R P N V G I V L V N S R N E V F  G K  I R E H S   F     I K K G  T P E Q A M L    E   T   K P E H  R I I G R T R D  M R  E V  K H W I R R E W R S T Y K     I  F
Chitiniphilus shinanonensis                               W   R      W Q  P Q G G     E        R E L  E E  G L     V         W   Y   P              G Q K Q  W  M L D R D G Y R P N V G I I I L N Q H D Q V F  G K  V R E H S   F     I K Q G  S P E Q A M F    M   V   A P Q H  R I L G R T R D  L K  D V  T N W V R R E W R G T Y K     I  F
Methylobacillus glycogenes                                W   R      W Q  P Q G G     E        R E L  E E  G L     V         W   Y   P              G Q K Q  W  M I D R D G Y R P N V G I I L C N G R N Q V F  G K  I R E H S   F     I K H G  S P E Q A M Y    M   V   R P E H  K I L G R T R D  L R  D V  T N W I K R E W R G S Y K     I  F
Candidatus accumulibacter                        W   R      W Q  P Q G G     E        R E L  E E  G L     V         W   Y   P              G Q K Q  W  M L D R E G Y R P N V G I I L C N A K N E V F  G K  I R E H S   F     I K R G  S P E Q A M Y    H   V   S P E H  R I L G R T K D  L R  D V  T H W V K R E W R G S Y K     I  F
Succinatimonas hippei                                     W   R      W Q  P Q G G     E        R E L  E E  G L     V         W   Y   P              G Q K Q  W  M I D K D G F R P N V G I V I C N R K G Q V L  A R  I R Q N S   F     V D P G  T P T E A M Y    Y   L   R R E D  R L L A V S R Y  H R  R L  K R L I R W T E E P V C L     K  F
Tolumonas auensis                                         W   R      W Q  P Q G G     E        R E L  E E  G L     V         W   Y   P              G Q K Q  W  M I D G D G F R P N V G I V I C N R N G Q V L  A R  Y G Q H S   F     V D D G  T P E Q A M F    Y   I   K Q D D  T I L A T S R N  L K  R L  K R L I R W E S K P V C I     K  F
Aliagarivorans                                            W   R      W Q  P Q G G     E        R E L  E E  G L     V         W   Y   P              G Q K Q  W  M I D G D G Y R P N V G I V I C N Q R G Q V L  A R  Y G Q H S   F     V D E G  T A E Q A M Y    H   V   E P K D  K I L A S T R H  L R  K L  K R L V R W D S P P V C I     K  F
Salinivibrio sp.                                              W   R      W Q  P Q G G     E        R E L  E E  G L     V         W   Y   P              G Q K Q  W  M I D G D G Y R P N V G I V I C N G H G Q V L  A R  Y G Q H S   F     I D E G  S P E Q A M Y    Y   V   T K K D  R I L G T S R H  L R  K L  K R L V R W D S K P V C I     K  F
Vibrio caribbeanicus                                      W   R      W Q  P Q G G     E        R E L  E E  G L     V         W   Y   P              G Q K Q  W  M I D G E G Y R L N V G I V I C N S H G Q V F  A K  Y G Q H S   F     I D E G  T P E Q A M F    Y   V   T S S D  K V V A T S R H  L R  K L  K R L V R W D S K P V C I     K  F
Alteromonas naphthalenivorans                             W   R      W Q  P Q G G     E        R E L  E E  G L     V         W   Y   P              G Q K Q  W  V I D A D G F R A N V G I V I C N K M G Q I F  A R  Y G Q H S   F     I D E G  S A E Q A M Y    H   V   T P K D  T I L S V T R N  L R  K L  K R L I R Q G S N P V C I     K  F
Catenovulum agarivorans                                   W   R      W Q  P Q G G     E        R E L  E E  G L     V         W   Y   P              G Q K Q  W  M I D A D G Y R A N I G I V I C N R Q G Q V F  A R  F G Q H S   F     M D K G  S P E Q T M Y    F   V   R E K D  E I M Y Y T R N  H K  R L  K R L I R K D S S P V C I     K  F
Shewanella marina                                         W   R      W Q  P Q G G     E        R E L  E E  G L     V         W   Y   P              G Q K Q  W  M I D S D G F R A N V G I I I C N R Y G Q V M  A R  F G Q H S   F     V D D G  S A E E A M Y    Y   V   K P E H  Q I L T S T R S  L R  R L  K R L V R Q D S K P V C I     K  F
Pseudoalteromonas piscicida                               W   R      W Q  P Q G G     E        R E L  E E  G L     V         W   Y   P              G Q K Q  W  M I D A E G F R A N V G I V I C N N Q G Q V F  A R  Y G Q H S   F     I D Q G  T P E Q T M Y    H   V   R P E D  E I V A S S K H  L R  K L  K R L I R R D S S P V C I     K  F
Colwellia psychrerythraea                                 W   R      W Q  P Q G G     E        R E L  E E  G L     V         W   Y   P              G Q K Q  W  M I D A E G Y R A N V G I V I I N D M G Q V F  A R  Y G Q H S   Y     V D E G  T A E Q T M Y    H   V   K P E H  K I V A S T K H  L K  K L  K R Y I R H D S K P V C I     K  F
Methyloglobulus morosus                                   W   R      W Q  P Q G G     E        R E L  E E  G L     V         W   Y   P              G Q K Q  W  M I D S K G Y R P N V G I I L C N D E G R V F  A K  M G V D L   F     I N Q D  D P E T A M Y    W   T   E E G H  Q I L G R T R Y  L K  Q L  D R Y I R K N S T P L C I     I  Y
Hahella chejuensis                                        W   R      W Q  P Q G G     E        R E L  E E  G L     V         W   Y   P              G Q K Q  W  M I D A E G Y R P N V G I I L C N P Q G E V F  A R  I G Q D S   F     I K K D  S P E E A L F    K   V   P P E A  E I V A G T R G  L R  R L  K K M I R Y D S H P V C V     K  F
Marinomonas profundimaris                                 W   R      W Q  P Q G G     E        R E L  E E  G L     V         W   Y   P              G Q K Q  W  M I D A D G Y R P N V G I I L M N E R G Q L L  A R  V G Q N A   F     I K S D  T P E E A L F    K   V   D P H Q  E I V G K T R G  L R  R L  K R M L R H N S K P L C I     K  F
Pseudomonas sp.                                 W   R      W Q  P Q G G     E        R E L  E E  G L     V         W   Y   P              G Q K Q  W  M I D P D G F R P N V G I I L C N D V G Q V L  A R  I N Q E A   F     I N A R  T P E E A L F    N   V   E E Q D  R I L A C T R G  L R  R L  Q R L V R T N S Q P L C I     K  F
Pseudomonas saudimassiliensis                             W   R      W Q  P Q G G     E        R E L  E E  G L     V         W   Y   P              G Q K Q  W  M I D S D G F R P N V G I I L T N G L G Q V L  A R  I G Q E A   F     I Q R N  S P E Q A L F    H   V   M P E D  E I L A C T R G  L R  R L  Q R L I R S H S Q P V C V     K  F
Microbulbifer aggregans                                   W   R      W Q  P Q G G     E        R E L  E E  G L     V         W   Y   P              G Q K Q  W  M I D S D G F R P N V G I I L A N H R G E V L  A R  I G Q D S   F     I K H N  S P E D A L Y    G   I   S A S D  E I I S C T R G  L R  R L  R R M V R H N S H P V C V     K  F
Cobetia crustatorum                                       W   R      W Q  P Q G G     E        R E L  E E  G L     V         W   Y   P              G Q K Q  W  M I D A D G F R P N V G I I I A N C E G Q L L  A R  V G Q N A   F     I K P N  T P Q Q A L Y    E   I   K A E D  E I L A C T R G  L R  R L  R R M V R T H S R P I C I     K  F
Nitrosococcus halophilus                                  W   R      W Q  P Q G G     E        R E L  E E  G L     V         W   Y   P              G Q K Q  W  M I D R D G F R A N V G L I L C N E D D R V L  A R  A R E K A   F     I K E N  T T E E A V Y    A   V   S P E H  S I M G C T R G  L R  R L  N R Y I R Y G N K P L C I     I  Y
Methylophaga aminisulfidivorans                        W   R      W Q  P Q G G     E        R E L  E E  G L     V         W   Y   P              G Q K Q  W  . . . . . . . . . . . . . . . . . . . . . M L  A Q  A Q H D S   F     I K S H  T P E Q A A Y    T   V   L P E H  E L I A S T R G  L R  R L  K R Y L R Y G N K P L C I     R  F
Uncultured gamma proteobacterium                          W   R      W Q  P Q G G     E        R E L  E E  G L     V         W   Y   P              G Q K Q  W  M I D P E G Y R L N V G I V L C N D A G R V F  A R  I G M R S   F     M R S K  S P E E A M F    Y   T   L R R D  E V I G R T R G  L R  R L  E R Y I R R D S L P L C I     I  F
Thioalkalivibrio nitratireducens                          W   R      W Q  P Q G G     E        R E L  E E  G L     V         W   Y   P              G Q K Q  W  V I D C D G Y R P N V G I I L C N G E Q Q L F  G K  V G Q D A   F     I R Q D  A P E D A L F    R   T   L P E H  R I L G V T R N  L R  R L  S R M V R R R H R P V C V     R  F
Thioalkalivibrio sulfidiphilus                            W   R      W Q  P Q G G     E        R E L  E E  G L     V         W   Y   P              G Q K Q  W  M I D C D G Y R P N V G I I L S N Q E R R L F  A K  I G Q Q A   F     I R R D  S P L D A M Y    A   T   G P E H  E V I G K T R D  L R  R L  K H L I R R H S N P V C I     I  F
Endosymbiont sp.                        W   R      W Q  P Q G G     E        R E L  E E  G L     V         W   Y   P              G Q K Q  W  M I D A D G F R P N V G I I L V N D E N R L F  G R  V G Q N A   F     I K A D  T P R E A M F    E   V   R P E Q  K V L G E T S R  L R  R L  K R F I R R N A P V L C I     R  F
Thioflavicoccus mobilis                                   W   R      W Q  P Q G G     E        R E L  E E  G L     V         W   Y   P              G Q K Q  W  M I D S D G F R P N V G I I I C N D Q R R L F  G R  V G Q N A   F     I R S S  V P I E A M Y    E   V   M P C Q  E V L G Y T R R  L R  R L  K R F I R R H C G P I C I     I  F
Thiorhodococcus drewsii                                   W   R      W Q  P Q G G     E        R E L  E E  G L     V         W   Y   P              G Q K Q  W  M I D H D G F R P N V G I I L S N Q D R R L F  G R  V G Q N A   F     I N P N  T P E E A M F    E   V   Q E Q Q  T I L G F T R G  L R  H L  K R Y I R R H C G P T C I     I  F
Lamprocystis purpurea                                     W   R      W Q  P Q G G     E        R E L  E E  G L     V         W   Y   P              G Q K Q  W  M I D R D G F R P N V G I I L T N Q E R R L F  G R  V G Q N A   F     I N C D  T P A Q A M F    E   V   Q S Q H  T I L G C T Q G  L R  H L  K R Y I R R H C G P T C I     I  F

        1 1 0        1 2 0                  1 4 0        1 5 0        1 6 0        1 7 0                              

Escherichia coli                                       E F D  W  W    W         F K   V Y                                                        L L Q L V S G . D A E I N M Q T S S T P    G  R  V S Y  Y P V R Q V V S   R D   R R V M K E F A S V V M S L Q E N T P K P Q N A S A Y R R K . . . . . R G . .                 
Nitrosospira sp.                                 E F D  W  W    W         F K   V Y                                                        L L R L V G R . D C D V S L R T S V R P    A  R  N Q Y  V E L E S V V E   R Q   R Q A L T E L A R L L N R P L P . . . . . . . . . . . . . . . . . . . . . . .                 
Nitrosomonas europaea                                  E F D  W  W    W         F K   V Y                                                        L L R L L G R . D S D V S L E T C A H P    A  R  N Q Y  V E L E S V V E   R Q   R Q A L T E L S R L L . . . . . . . . . . . . . . . . . . . . . . . . . . . .                 
Uliginosibacterium gangwonense                         E F D  W  W    W         F K   V Y                                                        L L R L L S K . D T A I N L R A S G H P    A  R  T N F  V P L D S V I E   R G   K L A L N E L A D I L F . . . . . . . . . . . . . . . . . . . . . . . . . . .                 
Noviherbaspirillum massiliense                         E F D  W  W    W         F K   V Y                                                        L L R M V G R . D C D I N L R L T E H P    A  R  H D Y  V P L D V V I E   R D   R K A L Q E L S R F V T R P A Q Q N H G Q R H G A R Y L R Q . . . . . . . . .                 
Sulfuritalea hydrogenivorans                           E F D  W  W    W         F K   V Y                                                        L L R L V G R . D S D V C L R A S E H P    A  R  N S Y  I P L N N V I E   R G   E A A L I E L A R L L F . . . . . . . . . . . . . . . . . . . . . . . . . . .                 
Chitiniphilus shinanonensis                            E F D  W  W    W         F K   V Y                                                        L L R L V G R . D T D V C L R R S T H P    A  R  N A Y  A P L D A V I E   R G   E A A L S E L S R F L . . . . . . . . . . . . . . . . . . . . . . . . . . . .                 
Methylobacillus glycogenes                             E F D  W  W    W         F K   V Y                                                        L L R L V G R . D S D V S L R A T A H P    A  R  S D Y  V A M D S V I E   R D   R L A L K E L S S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                 
Candidatus accumulibacter                     E F D  W  W    W         F K   V Y                                                        L L R L A G R . D S D I S L R A C N H P    A  R  S H Y  I P L D A V I E   R G   E Q A L N E L A R Y L D A D H R R P R P P V A . . . . . . . . . . . . . . . .                 
Succinatimonas hippei                                  E F D  W  W    W         F K   V Y                                                        L L Y V P N D S Q M K I E F N R W G H P    D  L  V S Y  Y P V R Q V V A   R D   R R I L T E F A P A A L F G K S P V V E I K N Y H K T R R R . . . . . G G . .                 
Tolumonas auensis                                      E F D  W  W    W         F K   V Y                                                        L L R L D A A K E A C I Q F G C H G Q P    D  R  V S Y  Y P V R Q V V S   R E   R R V M K E F A A I A M . . . . . . . . . . . . . . . . . . . . . . . . . . .                 
Aliagarivorans                                         E F D  W  W    W         F K   V Y                                                        L L R L V G S . E D N I R F D R S G H P    D  R  V S F  Y P V R Q V V S   R E   R K A L K E F A A A A M . . . . . . . . . . . . . . . . . . . . . . . . . . .                 
Salinivibrio sp.                                           E F D  W  W    W         F K   V Y                                                        L L K L E C D . E S R V N V S R G G T P    G  R  V S Y  Y P V R Q V V A   R E   R R A M K E F A P L A M P F K E R K P R . . . . . . . . . . . . . . . . . . .                 
Vibrio caribbeanicus                                   E F D  W  W    W         F K   V Y                                                        L L R L D C D . E S N I N M Q R G K S P    G  R  V S Y  Y P V R Q V V S   R D   R R A M K E F A S V A M P F K Q R K T K G K R K R G . . . . . . . . . . . . .                 
Alteromonas naphthalenivorans                          E F D  W  W    W         F K   V Y                                                        L L Q L D C N . E R D V N V L K T G H P    D  R  V S Y  Y P I R N V V S   R D   R R V M K E F S P V V M A A Q Q R P Q Q R H N T S S Q K R . . . . . . . . . .                 
Catenovulum agarivorans                                E F D  W  W    W         F K   V Y                                                        L L R L K C H . E S E V N L M R S T H P    E  R  V S Y  Y P V R Q V V S   R D   R K V M K E F A P I A M P N R R P Q K D N K K R R . . . . . . . . . . . . . .                 
Shewanella marina                                      E F D  W  W    W         F K   V Y                                                        L L Q L K S Q . D S A V N L N S S G H P    D  R  V S Y  Y P V R Q V V S   R D   R K V M K E F A A T A L P F Q A K E P . . . . . . . . . . . . . . . . . . . .                 
Pseudoalteromonas piscicida                            E F D  W  W    W         F K   V Y                                                        L L K L R C K . D E D V D L L R T H H P    D  R  V S Y  Y P V R Q V V S   R D   R R V M K E F A P F A M P F G K R E P Q G Q K . . . . . . . . . . . . . . . .                 
Colwellia psychrerythraea                              E F D  W  W    W         F K   V Y                                                        L L K L T A A . E S S V D L L H S S H P    D  R  V S Y  Y P V R Q V V S   R D   R M V M K E F A N F A L P L . . . . . . . . . . . . . . . . . . . . . . . . .                 
Methyloglobulus morosus                                E F D  W  W    W         F K   V Y                                                        M L R L I S H . E S N V R F D H C P K P    G  R  V D Y  E P L K D V V Y   R K   Q R A M T E L G V I L T T D S V P V D A S G Y L A K C N G I S K Q K I N G A P                 
Hahella chejuensis                                     E F D  W  W    W         F K   V Y                                                        M L Q L L A D . E S E I C T N Y T D K P    G  R  V S Y  Y P L G Q V V S   R E   R R A M R E F A P V L F K R E E S . . . . . . . . . . . . . . . . . . . . . .                 
Marinomonas profundimaris                              E F D  W  W    W         F K   V Y                                                        L L S I R C P . D A S V C V D G T E C P    G  R  V S Y  Y P L G Q V V A   K D   R R A L K E L I S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                 
Pseudomonas sp.                             E F D  W  W    W         F K   V Y                                                        L L R L T G E . E S R V R M D V T G K P    G  R  V S Y  Y P L G Q V V T   R E   R R A L K E L A P R L L A . . . . . . . . . . . . . . . . . . . . . . . . . .                 
Pseudomonas saudimassiliensis                          E F D  W  W    W         F K   V Y                                                        L L R L A C E . D D R V C M T K T A K P    G  R  V S Y  Y P L G Q V V A   R D   R R A M K E L A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                 
Microbulbifer aggregans                                E F D  W  W    W         F K   V Y                                                        L L R M L S P . D A H V R V D G T D S P    G  Q  V S Y  Y P L G Q V V S   R E   R R A L R E L A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                 
Cobetia crustatorum                                    E F D  W  W    W         F K   V Y                                                        L L Q I R C Q . D S R V S V D K T P K P    G  R  V S Y  Y P L G Q V V A   R E   R R A L R E L A P R L Q R L . . . . . . . . . . . . . . . . . . . . . . . . .                 
Nitrosococcus halophilus                               E F D  W  W    W         F K   V Y                                                        L L R F M G E . E Q D F R L D V T D R P    Y  R  V N Y  Y P L R E I V Y   R K   Q R A L N E L A P L I F . . . . . . . . . . . . . . . . . . . . . . . . . . .                 
Methylophaga aminisulfidivorans                      E F D  W  W    W         F K   V Y                                                        L M R F T G K . E E D V K L N L H E K P    D  R  V D Y  T P V D E I V F   R R   E K A L H E F A P L L F . . . . . . . . . . . . . . . . . . . . . . . . . . .                 
Uncultured gamma proteobacterium                       E F D  W  W    W         F K   V Y                                                        L L R L K A R . E D R I R L D L G R R P    A  R  V E Y  Q P V R E V V Y   R E   R Q A L A E L G E L L I . . . . . . . . . . . . . . . . . . . . . . . . . . .                 
Thioalkalivibrio nitratireducens                       E F D  W  W    W         F K   V Y                                                        L L Q L T G T . D A D F R L D L G E P P    A  R  I D Y  R P V H E V V Y   R D   R R A L C E L V P L M F P E L A R D P G C P R T A A P R . . . . . . . R . . .                 
Thioalkalivibrio sulfidiphilus                         E F D  W  W    W         F K   V Y                                                        M L R L V G D . E T C V R L D S V Q P A    S  R  V D Y  R P M R E V V F   R H   R R A L R E L A P L L F P E G M P G Q Q . . R Q P R T R . . . . . . . S G A .                 
Endosymbiont sp.                     E F D  W  W    W         F K   V Y                                                        L L R V N C E . E S D F C L D R F D K P    D  R  V D Y  V P V K E V I Y   R R   E R A L E E L A P L L F . . . . . . . . . . . . . . . . . . . . . . . . . . .                 
Thioflavicoccus mobilis                                E F D  W  W    W         F K   V Y                                                        M L R V N C G . E Q A F C L D H S E K P    A  R  V K Y  Q P V R E V V Y   R H   Q K A L E E L A P L V Y P E G L P E R A . . D R S S . . . . . . . . . . . . .                 
Thiorhodococcus drewsii                                E F D  W  W    W         F K   V Y                                                        M L R V N C G . E E A F C L D H T D K P    A  R  V R Y  Q P L N E V V Y   R H   L Q A L E E L A P T L . . . . . . . . . . . . . . . . . . . . . . . . . . . .                 
Lamprocystis purpurea                                  E F D  W  W    W         F K   V Y                                                        M L R V D C G . E D A F C L D K T E K P    A  R  V R Y  Q P L H E V V Y   R R   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                 

 

* * **** *

Figure S3. Sequence conservation of RppH and DapF. (A), RppH alignment. (B), DapF alignment. 
Identical residues present in 100% of γ- and β-proteobacterial sequences are shaded in red. Similar 
residues (D and E; S and T; N and Q; V, I, and L; R and K; F and Y) conserved in 70-99% or 50-69% 
of those sequences are shaded in orange or yellow, respectively. Residues at the RppH-DapF interface 
are identified by asterisks. The residues at this interface are less well conserved in orthologs from α- 
and ε-proteobacteria. E. coli is a γ-proteobacterial species.  Sequences were retrieved from JPred (43). 
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Escherichia coli                      F  K M  G  G N D F                       R   G  G  D Q  L  V            Y R I  N     E    C G N G A R  F                 V                                                                                  C                    . . M Q  S   H  L     M V V D A V T Q N V F F S P E L I R R L A D  H L  V  F   L  V  E P P Y D P E L D F H    F  A D G S  V A Q         A R F V R L K G L T N K R D I R  S
Succinatimonas hippei                 F  K M  G  G N D F                       R   G  G  D Q  L  V            Y R I  N     E    C G N G A R  F                 V                                                                                  C                    . . L K  S   H  L     M V V D G V T Q K I F F S P E L I K R L S D  H F  V  F   L  L  E P P Y D P E V D F H    F  A D G S  V Q M         V R F V V D H G L T N K R D I K  S
Colwellia psychrerythraea             F  K M  G  G N D F                       R   G  G  D Q  L  V            Y R I  N     E    C G N G A R  F                 V                                                                                  C                    . . V N  S   H  L     L V L D N V T Q N V F L S P E Q I T K F A N  N F  V  F   L  V  E P P Y D P D L D F H    Y  A D G S  V G Q         A K F V R M K G L C N K H K I K  S
Alteromonas naphthalenivorans         F  K M  G  G N D F                       R   G  G  D Q  L  V            Y R I  N     E    C G N G A R  F                 V                                                                                  C                    . . V Q  S   H  L     M V I D N V T Q N V F F S K E K I Q Q L A D  N F  I  F   L  M  E P P Y D P E Q D F H    F  A D G S  V E Q         A R F V K Q K G L I N R N K I V  S
Catenovulum agarivorans               F  K M  G  G N D F                       R   G  G  D Q  L  V            Y R I  N     E    C G N G A R  F                 V                                                                                  C                    . . I N  S   Q  L     M V L D N I T Q N V F L S N E Q V S K L A D  N F  V  F   L  V  E A P Y D P E I D F H    F  A D G S  V E Q         A R F V R L K G L I N K N R I A  S
Pseudoalteromonas piscicida           F  K M  G  G N D F                       R   G  G  D Q  L  V            Y R I  N     E    C G N G A R  F                 V                                                                                  C                    . . I N  S   H  L     V V I D N V T Q N V F L S R D Q I K K L A D  H F  I  F   L  M  E A P Y S P D L D F H    F  A D G N  V E Q         A R F V R M K G L T N K H K V C  S
Shewanella marina                     F  K M  G  G N D F                       R   G  G  D Q  L  V            Y R I  N     E    C G N G A R  F                 V                                                                                  C                    . . I Q  T   H  L     M V V D G V T Q N V F L S P E Q I R R L S D  N F  V  F   L  L  E P P Y D P D L D F H    F  A D G S  V E Q         A R F V R N K G L T N K Q K I R  S
Aliagarivorans                        F  K M  G  G N D F                       R   G  G  D Q  L  V            Y R I  N     E    C G N G A R  F                 V                                                                                  C                    . . V N  S   H  L     M V I D N V T Q N L F F N N D A I A R L A D  N R  I  F   M  V  E P P Y D P D L D F H    F  A D G S  V E Q         A R F V Q H Q G L T N K K R I A  S
Tolumonas auensis                     F  K M  G  G N D F                       R   G  G  D Q  L  V            Y R I  N     E    C G N G A R  F                 V                                                                                  C                    . . I Q  S   H  L     V V V D G V T Q K V F F N A E T L K R L G D  H F  I  F   L  L  E P P Y D P D L D F H    F  A D G S  V Q Q         A R F V R L K G L T N K D R I A  S
Vibrio caribbeanicus     F  K M  G  G N D F                       R   G  G  D Q  L  V            Y R I  N     E    C G N G A R  F                 V                                                                                  C                    . . . H  S   H  L     V V V D C I T Q N V F F S P D L I R R L A D  N T  I  F   L  I  E A P Y D P E T D F H    F  S D G G  V E Q         A R F V R M K G L T N K Y R I S  S
Salinivibrio sp.                  F  K M  G  G N D F                       R   G  G  D Q  L  V            Y R I  N     E    C G N G A R  F                 V                                                                                  C                    . . I Q  A   H  L     M V V D C V T Q N A F F S P D L I R R L A D  H R  I  F   L  V  E P P Y D P E T D F H    F  P D A S  V A Q         A R F V R M K G L T N K Y Q V N  S
Methyloglobulus morosus           F  K M  G  G N D F                       R   G  G  D Q  L  V            Y R I  N     E    C G N G A R  F                 V                                                                                  C                    . . I N  T   H  L     V V I D A I N Q A V L L S P E Q I R F M A D  H F  V  F   L  L  E K P E S P N A D F K    F  A D G G  V S Q         A R F V R E K G L F S G D E I T  D
Methylophaga aminisulfidivorans       F  K M  G  G N D F                       R   G  G  D Q  L  V            Y R I  N     E    C G N G A R  F                 V                                                                                  C                    M P L K  S   H  L     I V I N A I Q Q K V E L T T E Q I R F M A D  H F  I  C   L  L  E K A S S S D V D F R    F  A D G G  V S Q         A R Y V R D Y G L T T K D T I A  E
Nitrosomonas europaea                 F  K M  G  G N D F                       R   G  G  D Q  L  V            Y R I  N     E    C G N G A R  F                 V                                                                                  C                    . . L K  T   H  L     I V I D A I N Q S V S L D P A T I R R W A D  H F  I  F   L  V  E K P G E . S G D F R    F  A D G G  V E Q         A R F V R D H D L T R K N T I R  E
Methylobacillus glycogenes            F  K M  G  G N D F                       R   G  G  D Q  L  V            Y R I  N     E    C G N G A R  F                 V                                                                                  C                    . . L K  T   Q  I     I V I D G Y T T P V T L D S A T I A R M A D  H F  V  F   L  L  E R P T V G D A D F R    F  A D G G  V E Q         V R F V H D Q G L T Q Q S E I R  E
Nitrosospira sp.              F  K M  G  G N D F                       R   G  G  D Q  L  V            Y R I  N     E    C G N G A R  F                 V                                                                                  C                    . . I K  S   H  L     V V I D G V S Q S V S L S T E Q L Q R L A D  H F  V  C   V  L  E T A E G . D A D Y R    F  A D G G  V E Q         V R Y V H D R G M T S K R E I R  E
Uliginosibacterium gangwonense        F  K M  G  G N D F                       R   G  G  D Q  L  V            Y R I  N     E    C G N G A R  F                 V                                                                                  C                    . . L Q  T   Q  L     V V I D A I N Q P V H M N A A L A R Q L G D  R F  V  C   L  I  E R P S Q P D V D F R    F  C E G S  V E Q         A R F V V D K G L T R K H A I R  E
Chitiniphilus shinanonensis           F  K M  G  G N D F                       R   G  G  D Q  L  V            Y R I  N     E    C G N G A R  F                 V                                                                                  C                    . . L R  T   H  L     V V L D G V R Q Q V R L D A E L L R R L G H  N F  I  F   L  L  E P S D S A G I D F R    F  S D G G  V E Q         A R F V H D Q G L T D Q T E I A  Q
Noviherbaspirillum massiliense        F  K M  G  G N D F                       R   G  G  D Q  L  V            Y R I  N     E    C G N G A R  F                 V                                                                                  A                    . . I K  T   H  A     V V I D A I S Q H I K L T P A Q W R F L A D  R F  V  A   I  V  E K P Q S A G V D F R    Y  A D G G  V E Q         V K F V T D K G L T S K Q A I R  E
Sulfuritalea hydrogenivorans     F  K M  G  G N D F                       R   G  G  D Q  L  V            Y R I  N     E    C G N G A R  F                 V                                                                                  C                    . . I R  T   H  L     V V L D A I N Q N F V P T P E Q A R W L A D  H F  I  C   L  V  E K T D T P G V D F R    F  A D G G  V E Q         V R F V H E Q G L T Q K R E I R  E
Candidatus accumulibacter             F  K M  G  G N D F                       R   G  G  D Q  L  V            Y R I  N     E    C G N G A R  F                 V                                                                                  C                    . . L S  V   H  L     V V L D G I R Q S I E L A P A Q L R L L A D  H F  V  C   I  L  E A A R Q P G V D F R    F  A D G G  V E Q         V R F V H E Q G L S A K R E I R  E
Marinomonas profundimaris             F  K M  G  G N D F                       R   G  G  D Q  L  V            Y R I  N     E    C G N G A R  F                 V                                                                                  C                    . . L K  T   H  L     V V V D A V S R K V F F N K Q Q I E K L S D  N W  I  F   L  V  E P P T D P D M D F R    Y  S D G S  V E H         A K F V L D R E L T N K R I I N  E
Cobetia crustatorum                   F  K M  G  G N D F                       R   G  G  D Q  L  V            Y R I  N     E    C G N G A R  F                 V                                                                                  C                    . . V H  T   H  L     M V I D L I S Q R G R L R D A D I R R L S H  N F  I  F   L  V  E P P R D P D M D F R    Y  A D G S  V E N         A R F V L D Q R L T T K R E I R  E
Hahella chejuensis                    F  K M  G  G N D F                       R   G  G  D Q  L  V            Y R I  N     E    C G N G A R  F                 V                                                                                  C                    . . I K  T   H  L     M V V D L I S Q H A H F R P E Q V R R L A D  N F  V  F   L  I  E P P G R P D A D F R    F  A D G S  V E Q         A R F V K E N R L T N K K N I R  E
Pseudomonas sp.             F  K M  G  G N D F                       R   G  G  D Q  L  V            Y R I  N     E    C G N G A R  F                 V                                                                                  C                    . . L R  T   H  L     M V L D L V S Q H A H V Q P R H V K Q W G D  N F  V  F   L  I  E P P S T P E A D F R    F  C D G S  V E Q         A R F V I D K R L T A K K S I R  E
Pseudomonas saudimassiliensis         F  K M  G  G N D F                       R   G  G  D Q  L  V            Y R I  N     E    C G N G A R  F                 V                                                                                  C                    . . L R  T   H  L     M V I D L V T Q H A Q L S P K L I R Q W S D  H T  I  F   L  V  E P P G H P D V D F R    F  A D G S  V E Q         A R F V Q D K R L T A K S E I R  E
Uncultured gamma proteobacterium                 F  K M  G  G N D F                       R   G  G  D Q  L  V            Y R I  N     E    C G N G A R  F                 V                                                                                  C                    . . L R  T   H  L     V V I D L I T Q R F K L K P H H I R K I A D  H F  I  C   V  A  E I P T Q P D V D F R    Y  A E G S  V E Q         A R Y I R D K R L T G K E R I K  E
Nitrosococcus halophilus              F  K M  G  G N D F                       R   G  G  D Q  L  V            Y R I  N     E    C G N G A R  F                 V                                                                                  C                    . . . .  T   Q  L     V V I D T I S Q S L S L T A S Q V R R I A D  R L  I  C   V  L  A P P P S P E V D F G    F  A D G G  V E Q         A R F V R E Q G L T G K E R L Q  Q
Microbulbifer variabilis              F  K M  G  G N D F                       R   G  G  D Q  L  V            Y R I  N     E    C G N G A R  F                 V                                                                                  C                    . . V K  S   H  L     V M L D G I S Q R I K L S P D K I R R I A D  C L  I  C   V  L  E S P R D P D A D F R    F  A D G S  V E N         A R F V R D R R L T G K K R L K  E
Thioalkalivibrio nitratireducens      F  K M  G  G N D F                       R   G  G  D Q  L  V            Y R I  N     E    C G N G A R  F                 V                                                                                  C                    . . L A  T   H  L     V V I D G V R Q R V N L D P E A I R F L A D  H F  I  C   V  L  E R P D P S R A L F R    F  A D G G  V E Q         A V F V R E Q G L T Q A D T I P  E
Thioalkalivibrio sulfidiphilus        F  K M  G  G N D F                       R   G  G  D Q  L  V            Y R I  N     E    C G N G A R  F                 V                                                                                  C                    . . I Q  S   H  L     V V I D A I H Q P V D L S P D Q V R L L A H  R F  V  C   V  L  E P S D P A A A D F R    F  A D G N  V E Q         A V F V R E R G L T A K D H I P  E
Thioflavicoccus mobilis               F  K M  G  G N D F                       R   G  G  D Q  L  V            Y R I  N     E    C G N G A R  F                 V                                                                                  C                    . . . R  T   H  L     V V L D S V R Q S L E L A P A Q I R A L A D  H F  I  C   V  V  E P P R R P G A D F F    F  A D G S  S G Q         A R F V R D Q G L T D K E R L T  D
Endosymbiont sp.     F  K M  G  G N D F                       R   G  G  D Q  L  V            Y R I  N     E    C G N G A R  F                 V                                                                                  C                    . . L H  S   Q  L     V V I D A T R R P V E L D P G Q L R H L A D  R F  V  C   I  L  E P P R L P G T D F H    F  A D G S  V E Q         A R F V R D H G L T D K D V I P  G
Lamprocystis purpurea                 F  K M  G  G N D F                       R   G  G  D Q  L  V            Y R I  N     E    C G N G A R  F                 V                                                                                  C                    . . L K  T   H  L     V V F D A I R Q Q V T L E A A A I R R L A D  H R  I  C   V  L  E S A R L P G T D F H    F  A D G S  V E Q         A R F V R D Q G L S D K D A I P  G
Thiorhodococcus drewsii               F  K M  G  G N D F                       R   G  G  D Q  L  V            Y R I  N     E    C G N G A R  F                 V                                                                                  C                    . . L R  T   Q  L     V V F D A I S Q T I D P D P T W I R H L A D  R F  V  C   I  L  E S P R L P D T D F H    F  A D G S  V E Q         A R F V R D R G L T D K D E I P  G

1 0 0        1 1 0        1 2 0        1 3 0        1 4 0        1 5 0        1 6 0        1 7 0        1 8 0        1 9 0         

Escherichia coli                  T   G              V  M   P        P                           G N P H     V            G         F     N  G        A N  R M V L T V T D D D L V R  N  G E  N F E P S A V  F R A N K A E K T Y I M R A A E Q T I L C G V V S M     C V I Q  D D V D T A A V E T L  P V L E S H E R  P E R A  I  F M Q V V K
Succinatimonas hippei             T   G              V  M   P        P                           G N P H     V            G         F     N  G        V S  V L R L K L N N D D S V T  N  G V  Q L D P E K L  F K A E A Q S E S Y E L C V K G D A V T I G A V S M     A V I N  K D V K T A P V H E L  S L V E K H E R  P E K V  V  F S Q K V N
Colwellia psychrerythraea         T   G              V  M   P        P                           G N P H     V            G         F     N  G        S T  K M N L H I E R D G N I S  T  P V  Q F E P K K I  F T A Q K T E G T Y I L R S E S E T V L C G A V S M     C V V T  D S V A E A D V E S L  K E L S V H E R  P E D A  V  F M E I V S
Alteromonas naphthalenivorans     T   G              V  M   P        P                           G N P H     V            G         F     N  G        K A  K M V L Y L E K D G Q V T  N  G K  E F E P A N I  L K A N K Q E N T Y I L R V G E S T L F I G A A S M     C V M E  D D V D T A N V A E I  P L V E K H E R  S E G V  V  F M Q I I N
Catenovulum agarivorans           T   G              V  M   P        P                           G N P H     V            G         F     N  G        K S  N I V L Y I E K D G Q V T  N  G V  K L A P Q Q I  F K A N S Q E K T Y I L Q A N E Q N V L A G A V S M     C V L T  D N I D T A D V E T L  P I L E S H E R  P E R A  V  F M Q I I N
Pseudoalteromonas piscicida       T   G              V  M   P        P                           G N P H     V            G         F     N  G        K G  N I T L Y T E K D G Q V T  N  G K  N F N P Q A I  F R A N K Q E N T Y I L R A D E H T V F C S T V S M     G V I I  D S V E T A E V A T L  P L L E H H E R  P Q K A  I  F M E V V S
Shewanella marina                 T   G              V  M   P        P                           G N P H     V            G         F     N  G        S S  K M T L R L E H D G Q I T  N  G I  V L E P S R I  F R A K K F E K L Y F L Q T P M Q T F L C G A V S M     C V I T  D D V A N Y D V A Q Y  A Q L T K H E R  P K G V  V  F M Q V L E
Aliagarivorans                    T   G              V  M   P        P                           G N P H     V            G         F     N  G        K S  N I V L H V E Q D G Q V S  N  G I  E F E P S R V  F K A K K A E G T Y I L R T Q E Q T V M C G V V S M     C V I D  D N I K Q A P L E T L  K T L E S H E R  P K R V  V  F M Q V L D
Tolumonas auensis                 T   G              V  M   P        P                           G N P H     V            G         F     N  G        V S  R I V L Q L E D N D Q V T  N  G V  E F E P A K I  F R A L K A E K L Y L L R V A E Q T V M C G V V S M     C V I E  P S V K D A P V E T L  P K L E S F D R  P E R I  V  F M E V V S
Vibrio caribbeanicus T   G              V  M   P        P                           G N P H     V            G         F     N  G        K K  K I I L N I G D D D Q V T  N  G V  E F E P S K I  F K A K Q R E K T Y I L R A Q D K T L F C G A V S L     V V T V  E E L S D A L I D E I  P V L E S H E R  P E R V  A  F M K V L S
Salinivibrio sp.             T   G              V  M   P        P                           G N P H     V            G         F     N  G        Q A  K M R L H I E N D N Q V R  N  G E  I F T P G K I  F R A N S Q E K T Y L M R V A E Q T L F V G A V S M     V V T V  D D I D T A D V E T L  P L L E N H E R  P E R V  A  F M Q I L S
Methyloglobulus morosus       T   G              V  M   P        P                           G N P H     V            G         F     N  G        D S  P L V L T F T D N G L V T  N  G I  R H A P A E I  L L V D R E A Q T Y R V N I N D Q P I V F G A V S M     A V I Q  E D V N L A P V A E W  R I L E S H P L  P E R A  I  F M Q P V N
Methylophaga aminisulfidivorans   T   G              V  M   P        P                           G N P H     V            G         F     N  G        A S  I I Y P T I Q T D G L V S  D  G K  V F A P E K V  F I A E S E A L T Y L I D V P D D K V E I A S V S M     A V M L  D N V D T A A V E K I  P A M E S H T R  P E R V  V  F M Q L V N
Nitrosomonas europaea             T   G              V  M   P        P                           G N P H     V            G         F     N  G        A C  I I M P T V E E N G E V S  D  G I  R F D P A R I  F I T Q E R A L T Y P L N V N D R E I E I S A V S M     A V Q I  P D I D L A P V T S E  P A I E S H P F  P E K V  A  Y M Q I V D
Methylobacillus glycogenes        T   G              V  M   P        P                           G N P H     V            G         F     N  G        A R  I I F P K L E A N G L V T  N  G E  R V Q P A E I  F V A E D E S L T Y T L A L V G E T I T I S V V S M     A V T V  D D V D T A P V A T Q  P Q I E S H A R  P Q R V  A  F M Q I V N
Nitrosospira sp.             T   G              V  M   P        P                           G N P H     V            G         F     N  G        L G  V I I P R L E A D G E V T  N  G A  K F E P R E I  F V A E K R A P T Y L L D I D S K Q L E I S V V S M     A V Q L  P D I D D A P V L T E  V M I E G H P R  P Q R V  A  Y M Q V I D
Uliginosibacterium gangwonense    T   G              V  M   P        P                           G N P H     V            G         F     N  G        K A  I I E P R L T E D G L V T  N  G V  A L D A K R I  F V A E Q D A V E H D L L V D G H A L S I T A V S M     A V Q V  A D V E A A P V E H L  P L I E H H P R  P A R V  A  F M Q I V N
Chitiniphilus shinanonensis       T   G              V  M   P        P                           G N P H     V            G         F     N  G        A R  V I Y P R L E Q D G N V T  D  G V  R L S P A E I  F L A D E E H L N Y P L D V A G H L Y D I S V V S M     A V Q V  G D V E S F P V G R L  P L I E H H P R  P E R V  A  F M Q I V G
Noviherbaspirillum massiliense    T   G              V  M   P        P                           G N P H     V            G         F     N  G        M A  V I E P R L E A D G R I T  D  G A  L L E P H Q V  F D A E G E D L L W P V D I H G K A N W I S V V S M     A V Q V  E D A E T A P V T A D  P A I E H H P R  P K R V  A  F M Q I L D
Sulfuritalea hydrogenivorans T   G              V  M   P        P                           G N P H     V            G         F     N  G        K C  I I A P R L E A D G Q V N  D  G A  R F L P A E I  F D S A T D A V V Q P L M V G D A T I D I S V V S M     A V Q V  A D V D A A P V A Q L  P L I E A H P R  P R R V  A  F M Q I V D
Candidatus accumulibacter         T   G              V  M   P        P                           G N P H     V            G         F     N  G        M S  I I V P H L E D D G T V S  D  G V  V L A P A R I  F I S A S D D L L Q T L R I A D H E I A I T A V G M     A V Q V  D D V A T A A V E Q Q  P L I E K H P C  P Q R V  A  F M Q V L D
Marinomonas profundimaris         T   G              V  M   P        P                           G N P H     V            G         F     N  G        K R  A I Q L R V L D G G L V T  D  G A  S F E P Q D L  F T A E P C D V L Y S I M A E D T E Y L I T P V S V     A V I K  D Q L I D D E V A K V  A L I E C H E R  P R K V  V  F M Q V V N
Cobetia crustatorum               T   G              V  M   P        P                           G N P H     V            G         F     N  G        A G  P L T L V V A D D G R V R  D  G A  R F A P E T L  F A A E S D L P V H T L D V A S E T L E I G V V S M     A V L V  D S V E Y A P V L E L  P L I E V H P R  P K R V  A  F M E V V T
Hahella chejuensis                T   G              V  M   P        P                           G N P H     V            G         F     N  G        K K  I I E L I V N K D G L V T  D  G A  R L A P A D I  F V A E T Q E A I Y P I E V N G V M Y E I S A V S M     G V L V  D D V N K A P V H K L  K A L E N H P R  P E R A  I  F L Q V V H
Pseudomonas sp.         T   G              V  M   P        P                           G N P H     V            G         F     N  G        K G  M I E L T I A N D G Q V T  N  G A  H L A P E Q V  F Q A D A E A L S Y G V E V D G Q S Y Q L A A I S M     G V L R  D D V D S A P V R T L  P K L E V H E S  P Q K A  I  F L Q V V S
Pseudomonas saudimassiliensis     T   G              V  M   P        P                           G N P H     V            G         F     N  G        A G  L I T L N V R R D G Q V T  D  G A  R F T P A Q I  F A A D H E A V S Y P L E V N G Q T L E V A A L S M     C V T L  D D L D R Y P V A D I  P L I E H H P R  A N R V  A  F M Q L V D
Uncultured gamma proteobacterium             T   G              V  M   P        P                           G N P H     V            G         F     N  G        L A  I I E L E V T E T R H V R  D  G A  V L D P K R I  F T A E S Q A A D Y L L A I N G V E W R V G A V S M     V I L P  D D V D T A P V A E V  P I A E Q H P R  P Q R V  V  F M Q I V D
Nitrosococcus halophilus          T   G              V  M   P        P                           G N P H     V            G         F     N  G        A G  V I R L H L E T D K Q V T  D  G V  R F A P D E I  F K A D H E A D S Y L L E F D K Q R V E I G A V S M     C V L R  A A I D A A P I A C W  P I L E R H P R  P Q R V  V  F V E V I S
Microbulbifer variabilis          T   G              V  M   P        P                           G N P H     V            G         F     N  G        A G  I L Q L K V M D G D Q V S  N  G A  V L E P E Q I  F S A D R Y A D S Y P I D V L D E T Y T I G A V S M     A V L L  E D V Q Q A P V D Q L  P L I E A H P R  P Q K V  V  F L Q I D S
Thioalkalivibrio nitratireducens  T   G              V  M   P        P                           G N P H     V            G         F     N  G        L S  P I E L R V E A D G Q V T  N  G R  R F H P D Q L  F L A P T E V D E Y P L E V D G E P L R I G A V S M     A V L L  D A V A T A P V E R L  P A I E H H P R  P D R V  V  F A A V R A
Thioalkalivibrio sulfidiphilus    T   G              V  M   P        P                           G N P H     V            G         F     N  G        A A  I I H L Q V Q P D G Q V T  D  G P  R L K P W Q I  F E A E S A M T S Y P L E V E G E T Y E I G A V S M     A V L R  D N V Q T A P V A R L  P L I E A H P R  P R H V  V  F M Q V V S
Thioflavicoccus mobilis           T   G              V  M   P        P                           G N P H     V            G         F     N  G        R D  T L E L A F L P D G Q V R  D  G A  R L E P R E I  F I A A A R A G V Y V L P L A T E T L A I G A V S L     A V T L  E D V D S A P V A E L  P Q V A R H P D  P E G V  V  F L Q V L A
Endosymbiont sp. T   G              V  M   P        P                           G N P H     V            G         F     N  G        A G  P I T L Q V L D D G Q V R  D  G A  S L E P A D L  F E A E E R A S T Y T L A L D G E A V T L S A V S M     A V L L  D Q V A D A P V E T L  P R I E H H P R  P R R V  V  F M A V R N
Lamprocystis purpurea             T   G              V  M   P        P                           G N P H     V            G         F     N  G        A A  A I Q L F V E P D G Q V R  D  G V  V L E P A R I  F R A A K Q A L V Y R L S V D G Q E V S I G A V S M     A V L L  E D A D D A P V E R L  P R L E T H P H  P R R V  V  F M Q V L S
Thiorhodococcus drewsii           T   G              V  M   P        P                           G N P H     V            G         F     N  G        A A  A I R L Y L G P D D Q V R  D  G V  I L E P A K I  F V A D T Q A S T Y E L E V D D H Q L T V G A V S M     A V L L  E D V D R A P V E H L  P L I E V H P R  P Q R V  V  F M Q I L D

2 0 0        2 1 0        2 2 0        2 3 0        2 4 0        2 5 0        2 6 0        2 7 0                             

Escherichia coli                       L R V  E R G   E T  A C G  G A C A A                    G G  L    W           G P A   V                                R E H I R    Y    A G   Q    S      V A V G I Q Q G L L A E E V R V E L P   R  D I A  K G P G H P L Y M T    V H  Y D G F I H L                         
Succinatimonas hippei                  L R V  E R G   E T  A C G  G A C A A                    G G  L    W           G P A   V                                D H E I N    F    C G   L    T      V V A G I V Q H R L V S P V K V N L P   S  N I S  D G K N S P V M M S    V L  Y E G Q I V I                         
Colwellia psychrerythraea              L R V  E R G   E T  A C G  G A C A A                    G G  L    W           G P A   V                                P N Y I K    Y    A A   L    S      V V I G Y M Q K K L A K Q V T V E L P   K  R I F  Q G P G H P V K M S    T H  F D G Q I S I                         
Alteromonas naphthalenivorans          L R V  E R G   E T  A C G  G A C A A                    G G  L    W           G P A   V                                D S H I K    F    S G   L    S      V A I G Q I Q G K L S K D V R V D L P   S  R I R  P G P D N V L K M T    E H  Y D G H I N L                         
Catenovulum agarivorans                L R V  E R G   E T  A C G  G A C A A                    G G  L    W           G P A   V                                R Q S I R    Y    A G   L    T      V V V G I L Q G K L D N S V E V E L P   K  K I S  G G E G Q A V K M T    V H  F D G Q I N I                         
Pseudoalteromonas piscicida            L R V  E R G   E T  A C G  G A C A A                    G G  L    W           G P A   V                                R E Y V K    W    A G   L    T      V V A G I M Q G K L E E T V R V D L P   S  Q V R  G G Q G Q V V K M T    E H  F D G Q I A I                         
Shewanella marina                      L R V  E R G   E T  A C G  G A C A A                    G G  L    W           G P A   V                                R D H I K    Y    A A   L    S      V V V G Q V Q G K L D Q R V T V D L P   S  S I Y  E G E G K P L W M T    E H  F D G Q I Y L                         
Aliagarivorans                         L R V  E R G   E T  A C G  G A C A A                    G G  L    W           G P A   V                                R H N I K    Y    V G   Q    T      M V I G R Q Q G K L A D K V T V E L P   K  K I F  Q G P G K P V K M T    E H  F D G Q V K L                         
Tolumonas auensis                      L R V  E R G   E T  A C G  G A C A A                    G G  L    W           G P A   V                                A S E I N    Y    A G   L    T      V V V G I Q Q E K L K G R V K V N L P   S  Y I S  N G P G S P V Y M T    E H  F D G Q I E L                         
Vibrio caribbeanicus      L R V  E R G   E T  A C G  G A C A A                    G G  L    W           G P A   V                                R S E I K    Y    A G   Q    T      V A V G I A Q G L L D E N V T V H L P   T  K I A  Q G D G E P L Y M T    S H  F D G Q L T .                         
Salinivibrio sp.                  L R V  E R G   E T  A C G  G A C A A                    G G  L    W           G P A   V                                R N A I K    Y    A G   Q    S      V A V G I D Q G L L D E Q V T V T L P   D  R I F  R G P G Q P L S M T    T H  Y D G Q L Q L                         
Methyloglobulus morosus            L R V  E R G   E T  A C G  G A C A A                    G G  L    W           G P A   V                                R H H I K    F    V G   L    S      V V A G I G Q H L L D N E A T V A L T   E  T I S  T G R G Q P V F M T    T T  F D G K I T V                         
Methylophaga aminisulfidivorans        L R V  E R G   E T  A C G  G A C A A                    G G  L    W           G P A   V                                S E T I R    F    S G   T    T      V V T G I R R G L L A R D V T V S L P   Q  H I S  P D E N A S V W M T    E H  F D G E I . .                         
Nitrosomonas europaea                  L R V  E R G   E T  A C G  G A C A A                    G G  L    W           G P A   V                                R T H I R    F    T G   L    T      V V S G I S R G L L D S E V Q V T M R   N  R I R  E G E D Q P V W M T    V S  F E G T I D L                         
Methylobacillus glycogenes             L R V  E R G   E T  A C G  G A C A A                    G G  L    W           G P A   V                                P S H I R    F    S G   L    T      V V S G I R L G L L Q S P V Q V S T R   E  N I A  A G P G Q P V L M T    E T  F E G S I D I                         
Nitrosospira sp.                  L R V  E R G   E T  A C G  G A C A A                    G G  L    W           G P A   V                                R H H I R    Y    A G   L    T      V V A G I Q R G V L E S P V E V S F R   D  F I R  E G E N Q P V W M T    V T  F D G E I D L                         
Uliginosibacterium gangwonense         L R V  E R G   E T  A C G  G A C A A                    G G  L    W           G P A   V                                R G E I R    F    A G   L    T      V V A G I L R G L L D A D V W V Q T H   S  N I K  A G P G T P V L M T    V S  F E G V I E I                         
Chitiniphilus shinanonensis            L R V  E R G   E T  A C G  G A C A A                    G G  L    W           G P A   V                                R G E I R    F    A G   L    T      V V V G I R R G L L D G E V L V H T H   D  T I R  Q G E G Q P V L M T    A T  F E G T I D L                         
Noviherbaspirillum massiliense         L R V  E R G   E T  A C G  G A C A A                    G G  L    W           G P A   V                                R H Q I K    F    A G   L    T      V V A G I R R G L L D S P V K V S T R   E  S I A  E G Q G S A V M L T    V S  F E G E I E V                         
Sulfuritalea hydrogenivorans      L R V  E R G   E T  A C G  G A C A A                    G G  L    W           G P A   V                                R H A I R    Y    A G   L    T      V V A G I R R G L L D S P V R V A T R   E  S I A  G G A N S P V M M T    T T  F T A E I E L                         
Candidatus accumulibacter              L R V  E R G   E T  A C G  G A C A A                    G G  L    W           G P A   V                                R Q A I R    F    A G   L    T      V V A G I S R G L L A S P V S V E M R   S  S V A  N G P G T S V L M T    V T  F K G E I E V                         
Marinomonas profundimaris              L R V  E R G   E T  A C G  G A C A A                    G G  L    W           G P A   V                                P D E I N    Y    V G   Q    T      V V A G I K Q G W L S P K V T A H L R   D  H I E  Q G E G S P I L M T    E K  F E G Q I Y L                         
Cobetia crustatorum                    L R V  E R G   E T  A C G  G A C A A                    G G  L    W           G P A   V                                P H E V R    F    V G   L    T      V A N G I R R G M L A S P V N V T L P   T  S I E  D G E G H P V F M T    E T  F E G R I . .                         
Hahella chejuensis                     L R V  E R G   E T  A C G  G A C A A                    G G  L    W           G P A   V                                R R F A K    F    A G   L    T      V V A G R L R G L L D R K V E I K L P   N  K I S  E G E G H P V M M T    V R  F D G Q V R I                         
Pseudomonas sp.              L R V  E R G   E T  A C G  G A C A A                    G G  L    W           G P A   V                                P N Q A R    W    V G   L    T      A V A G I R Q G W L Q S P V Q I E L P   R  S I E  A G P G Q P V M M T    V R  F E G Q V R L                         
Pseudomonas saudimassiliensis          L R V  E R G   E T  A C G  G A C A A                    G G  L    W           G P A   V                                Q H Q A R    H    A G   Q    T      A V A G I R L G H L K S P V T I R L P   N  K I E  A G P G Q P V M M T    A R  Y E G Q I R I                         
Uncultured gamma proteobacterium                  L R V  E R G   E T  A C G  G A C A A                    G G  L    W           G P A   V                                R D T I K    F    V G   L    T      V V S G I V Q G K L N P E V T V H L P   S  S I E  Q G A G Q P V I M T    T T  F E G Q I Q I                         
Nitrosococcus halophilus               L R V  E R G   E T  A C G  G A C A A                    G G  L    W           G P A   V                                P G H I R    Y    A G   P    T      M V I G R R R G W L S E Q V N V D L P   R  G I H  A G E G R S V W M T    E T  F E G A I E L                         
Microbulbifer variabilis               L R V  E R G   E T  A C G  G A C A A                    G G  L    W           G P A   V                                R D E A Q    F    V G   R    T      M V Y A H Q R G L V D E K V E I H L P   K  T I H  S G P G Q P V T M T    T T  F H G Q I . .                         
Thioalkalivibrio nitratireducens       L R V  E R G   E T  A C G  G A C A A                    G G  L    W           G P A   V                                R D R I D    W    A G   L    T      M A V A R R R G L V D T R V R V D L P   S  V L S  S G E D Q P V W M T    T T  F H G R I E .                         
Thioalkalivibrio sulfidiphilus         L R V  E R G   E T  A C G  G A C A A                    G G  L    W           G P A   V                                P G E I R    Y    V G   L    T      V V S G R I Q G L L D E T V A V D L P   R  V I N  A G E E A P V M M T    T Q  F T G S I D I                         
Thioflavicoccus mobilis                L R V  E R G   E T  A C G  G A C A A                    G G  L    W           G P A   V                                A D L V R    F    V G   L    S      V V C A R L W G L L D E R V Q V E L P   T  T I E  A G G T A P V W M T    V R  F E G E I A L                         
Endosymbiont sp.      L R V  E R G   E T  A C G  G A C A A                    G G  L    W           G P A   V                                R H E I D    W    A G   L    T      V V A G R L R G L L E E P V T V H L P   D  V I S  D G E G Q P V C M T    T E  F E G D I A L                         
Lamprocystis purpurea                  L R V  E R G   E T  A C G  G A C A A                    G G  L    W           G P A   V                                P E H I R    F    V G   L    T      V V T G R L R G L L A A R V Q V S L P   D  V I Q  D G N G T P V L M T    Q R  F E G E I E L                         
Thiorhodococcus drewsii                L R V  E R G   E T  A C G  G A C A A                    G G  L    W           G P A   V                                P G H A R    F    A G   L    T      M V S G Q L R G L L E D R V Q I K L P   T  V I E  S G P G E T L W M T    E S  F H G E I E .                         
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Figure S3 (continued)
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