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Supplementary Table 1: Simulated pH titrations of NDH-2 from S. aureus. Calculated protonated fractions for the different amino acid residues of NDH-2 from S. aureus at
different pHs for: A) oxidized state of the protein (FAD); B) reduced state of the protein (FADH,); C) Variation of the protonated fraction between FAD and FADH, states for
each amino acid residue. For the first two panels the blue-red scale represents the protonated fraction from 0 % (blue) to 100 % (red). For panel C) blue represents a
negative variation and red a positive variation of the protonated fraction between FAD and FADH, states. At pH 7, the three residues that appear to suffer the highest
variation upon FAD reduction and protonation are Ey7, (25 %), E176 (-12 %) and Hs; (3 %).

A B [
pH pH
‘ ‘ [ 5 6 7 8 9 4| 5 [ 6 ] 7 ] s | 9
Amino acid FAD FAD FAD FAD FAD FAD Variation between FAD and FADH, states

YD D103 0% 0% 0% 0% 0% 0%
GD D302 1% -1% 0% 0% 1% 0%
H51 -15% -5% 1% 3% 2% 1%
E52 0% 0% 0% 0% 0% 0%
_. |2nd Proton conductive| E172 35% 41% 34% 25% 14% 3%
® pathway E176 0% 2% 9% 12% 2% 1%
g D179 -1% -1% 0% 0% 0% 0%
3 F183 -1% -1% 0% 0% 0% 0%
§ K23 0% 0% 0% 0% 0% 0%
g E327 0% 0% 0% 0% 0% 0%
S | st Proton conductive K331 0% 0% 0% 0% 0% -1%
E pathway K389 0% 0% 0% 0% 1% 2%
H44 0% -1% -2% -1% 0% 0%
E46 0% 0% 0% 0% 0% 0%
connection K379 0% 0% 0% 0% 0% 0%
D383 0% 0% 0% 0% 0% 0%
others Y1s 0% 0% 0% 0% 0% 0%




Supplementary Table 2: Distances between the amino acid residues composing the proton pathway in the second dinucleotide binding domain present in the three
NDH-2s with known structures: A) S. aureus; B) S. cerevisiae; C) C. thermarum. Analyzing the X-ray crystallographic structures available of the three NDH-2s , we have
observed the following combinations: in S. aureus (PDB:4XDB), E1g3 to D179 (6.2 A, at the surface), D175 to backbone of Sss5 (3.3 A), backbone of Sssg to Eiz6 (4.1 A), E176 t0 Sss
(3.5A), S3ssto Hs1 (2.2 A) and Hs; to Ei75 (3.7 A); in C. thermarum (PDB:4ANWX), E1g0to D176 (9.6 A, at the surface), D17g to E173 (5.4 A), E173 t0 Rsss (1.8 A), Rsss to Hag (3.1 A) and
Hao t0 E16o (3.8 A); and in S. cerevisiae (PDB: 4G73), Dasa to Rsgy (2.0 A, at the surface), Rsos t0 Daag (3.8 A) and D2ag t0 Yaag (2.4 A). Yaue is at 5.2 A from Eyse and at 9.4 A from
E,s, and may work as the functional replacement for Xs,, since in NDH-2 from S. cerevisiae (and most of eukaryotic NDH-2s) an equivalent to Hs; is not present to connect
the last two glutamate residues (E,4; and Ey46). This connection could be hypothesized to be performed under a rotamer change state of Y49 (corresponding to Ssss in S.
aureus); or conformational changes at Sq¢ (corresponding to Es; in S. aureus) since there are two proline residues before that could unwound a-helix 2 and move Sqs closer

to E,q,; or by the presence of a structural water molecule, which curiously is observed between Pgs E,4, and E 46 residues in both NDH-2 structures of S. cerevisiae 2

S. aureus S. cerevisiae C. thermarum

residues distance (&) | residues distance (A) |residues distance (A)
E183 - D179 6.2 D254 - R507 2.0 E180 - D176 9.6

D179 - S358 3.3 R507 - D249 3.8 D176 - E173 5.4

S358 - E176 4.1 D249 - Y449 2.4 E173 - R355 1.8

E176 - S355 3.5 Y449 - E246 5.2 R355 - H49 3.1

$355 - H51 2.2 Y449 - E242 9.4 H49 - E169 3.8

H51 - E172 3.7




Supplementary Table 3: Simulated pH titrations of NDH-2 from S. cerevisiae. Calculated protonated fractions for the different amino acid residues from NDH-2 from S.
cerevisiae at different pHs for: A) oxidized state of the protein (FAD); B) reduced state of the protein (FADH,); C) Variation of the protonated fraction between FAD and
FADH, states for each amino acid residue; D) oxidized state of the protein (FAD); E) reduced state of the protein with bound NAD" (FADH,-NAD); F) Variation of the
protonated fraction between FAD and FADH,-NAD" states for each amino acid residue. For panels A), B), D) and E) blue-red scale represents the protonated fraction from 0
% (blue) to 100 % (red). For panels C) and F) blue represents a negative variation and red a positive variation of the protonated fraction between FAD and FADH, states and

FAD and FADH,-NAD" respectively. At pH 5, the three residues that appear to suffer the highest variation upon FAD reduction and protonation (with bound NAD") are E,4,
(34 %), Ezss ('2 %) and D3gs ('31 %)



A B C

Proton occupancy (%)

Proton occupancy (%)

pH pH
- 4 5 6 | 7 8 9 4 | s [ 6 | 7] 8 | 9
Amino acid —
FAD FAD FAD FAD FAD FAD Variation between FAD and FADH; states
YD Y169 0% 0% 0% 0% 0% 0%
D170 -1% 0% 0% 0% 0% 0%
GD D383 2% 1% 3% 2% 0% 0%
E242 19% 17% 7% 1% 0% 0%
. E246 -7% -3% 0% 0% 0% 0%
2nd P":::t':]::';d ueel pagg 0% 0% 0% 0% 0% 0%
D254 0% 0% 0% 0% 0% 0%
Y449 0% 0% 0% 0% 0% 0%
H71 0% 0% 0% 0% 0% 0%
D73 0% 0% 0% 0% 0% 0%
1st Proton conductive H397 0% 0% 1% 2% 0% 0%
pathway E401 0% 0% 0% 0% 0% 0%
K405 0% 0% 0% 0% -1% 0%
D408 0% 0% 0% 0% 0% 0%
connection Y482 0% 0% 0% 0% 0% 0%
QBS E399 0% 1% 1% 1% 0% 0%
D E 3
pH pH pH
0 acid 4 5 s | 7 ] 8 9 4 5 6 7 B 9 4] s | 6 | 7 T &8 7] 9
Amino aci FAD FAD FAD FAD FAD FAD FADH,-NAD'|[FADH,-NAD'|[FADH,-NAD'[FADH,-NAD[FADH,-NAD [FADH,-NAD' Variation between FAD and FADH, states
Y0 Y169 0% 0% 0% 0% 0% 0%
D170 -1% 0% 0% 0% 0% 0%
GD D383 -24% -31% -25% -14% -3% 0%
E242 53% 34% 12% 3% 0% 0%
2nd Proton conductive| E246 i) 2% i 0% 0% 0%
pathway D249 0% 0% 0% 0% 0% 0%
D254 0% 0% 0% 0% 0% 0%
Y449 0% 0% 0% 0% 0% 0%
H71 0% 0% -1% 0% 0% 0%
D73 0% 0% 0% 0% 0% 0%
1st Proton conductive H397 1% 3% 4% 3% 0% 0%
pathway E401 0% 0% 0% 0% 0% 0%
K405 0% 0% 0% 0% 0% 0%
D408 0% 0% 0% 0% 0% 0%
connection Y482 0% 0% 0% 0% 0% 0%
QBs E399 0% 3% 6% 2% -2% 0%
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Supplementary Figure 1: Distribution of the three amino acid residues involved in proton
transfer from the 2" dinucleotide binding domain to the quinone. Neighbor-joining
dendrogram of NDH-2s family was obtained using 2567 sequences from NDH-2s and
sequences from SQRs/FCCDs to define the outer group, midpoint root, 1000 replicates of
bootstrap, 999 generated seeds >. Branches are colored according to the three domains of life
from which the organism containing the respective NDH-2 originates: green corresponds to
organisms from Eukarya, red from Bacteria and blue from Archaea. The external ring of the
dendrogram, in the region of NDH-2s, indicates the distribution of three amino acid residues
proposed to be involved in proton transfer (Xs;, X379 and Xsg3). Color code for amino acid

residues is indicated in the figure.



Supplementary Figure 2: Ro]e of glutamate residue (E;7, in S. aureus) in the catalytic
mechanism. Cartoon representation of the X-ray crystal structure of NDH-2 from A) S. aureus
(PDB:4XDB, *), B) C. thermarum (PDB:4NWZ, °) and C) S. cerevisiae (PDB:4G73, °). Dashed lines
show possible hydrogen bonds established by the glutamate residue. A1) E;7; in S. aureus may
interact with Hs;, S3ss or K39 when FAD is oxidized. B1) E;¢9 in C. thermarum may establish
interactions with Hyg, S35, or K376 when FAD is oxidized. C1) E,4; in S. cerevisiae may interact
with Y49, W475 Or Yss, when FAD is oxidized. A2, B2, and C2) Upon binding of NADH, FADH,-
NAD" complex is established and possibly a new hydrogen bond with NH, from NADH is

formed (red dash lines) and others disrupted (black dash line).
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Supplementary Figure 3: Comparison of the 2" dinucleotide binding domain proton pathway
in NDH-2s and SQRs: Cartoon representation of the X-ray crystal structures of A) NDH-2 from
S. aureus (PDB:4XDB, *) and B) SQR from Aquifex aeolicus (PDB:3HYW, °) (RMSD=3.2 A).
Residues E1¢,, Hi7 and Ksg; occupy the same structural place in SQR as E17;, Hs; and Kzz9 in NDH-
2. Moreover, K382 at X3,9 equivalent position was suggested to be a proton donor to the

quinone ®’. We observe that this lysine residue is at least 62 % conserved among SQRs °.



Supplementary Figure 4: Proton conducting elements from NADH binding domain, X;7, (E172)
to the quinone binding pocket. Cartoon representation of the X-ray crystal structure of NDH-2
from A) S. aureus (PDB:4XDB, *), B) C. thermarum (PDB:4ANW?Z, ) and C) S. cerevisiae
(PDB:4G73, %). Red dash lines represent direct proton transfer to X3/ Xaga. Black dash lines
schematize alternative proton transfer to Xsyo/ Xags trough Xs;. A) In NDH-2 from S. aureus, Ei7,
could release a proton to Kzs5 or a proton could be transferred to the quinone binding pocket
through Hs; to Es, (~3.3 A), Es to Kaoy (~2.8 A) and Koy to Dag; (~2.4 A). The latter seems to be
stabilized by Ks7g (~2.8 A) and Was (-3.5 A). B) In the case of NDH-2 from C. thermarum, Hag (Xs1)
can be linked via Qso (~3.9 A), Qso to E47 (-2.5 A) and E,7 to Dsg (~3.8 A). D3go may be stabilized
by Ks76 at ~3.7 A. C) For NDH-2 from S. cerevisiae, a proline is present at Xs;, and therefore we

observed only one possible pathway through a hydrogen bond between E,4; and Yys,.
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Supplementary Figure 5: Schematic representation of residues which side chains may occupy
the same structurally position of Hsg; (X323) side chain. The positions are: Xy4 (S. aureus),
located after the first conserved G;,xGxxG;; motif and which can be occupied by a lysine (3 %),
an arginine (9 %), a tyrosine (14 %) or a glutamate (18 %); X323 (S. aureus) which is a lysine (6
%), glutamate (8 %) or an histidine (17 %); Xsgs Or X339, Which are located at the end of the first
amphipathic a-helix (Figure 1C) and may be occupied by a lysine residue (Xsg9 corresponding to
Ksgo in S. aureus, Figure 7A1) and a tyrosine (Xags, corresponding to Ysgs in C. thermarum)
(Figure 7B). We observed that 7 % of the NDH-2s have a lysine, an arginine, a histidine or a

tyrosine residue at Xsgq, but 58 % NDH-2s have these residues at Xgs.
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Supplementary Figure 6: Schematic representation of the catalytic site indicating possible
proton transfer in the presence of substrates. Some of the residues involved in the
stabilization of FAD (yellow), where dashed lines represent hydrogen bonds: backbone of Xz;
(Glycine) interacts with X355 (E/Q/H in S. cerevisiae, S. aureus, C. thermarum, respectively); Xzo,
(Aspartate) interacts with 03* from FAD; backbones of X319 and X3, interact with N1 and 02
from FAD isoalloxazine ring; Xs7o/Xass (Xs79is a Kin S. aureus and C. thermarum and XsgzisaY in
S. cerevisiae) interact with 04 from FAD isoalloxazine ring. Schemes based on the NDH-2 co-
crystalized with NADH and quinone from S. cerevisiae (PDB:4G73 %), X325 may be considered as
a critical residue in the propagation of the conformational changes from the GD motif to the
QBS motif (caused by the FAD reduction, hence its bending), possibly necessary for the

quinone protonation.
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