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Abstract

Ncb5or (NADH cytochrome b5 oxidoreductase) is a cytosolic ferric reductase implicated in diabetes and neurological conditions.
Ncbb5or comprises cytochrome b5 (b5) and cytochrome b5 reductase (b5R) domains separated by a CHORD-Sgtl (CS) linker
domain. Ncbbor redox activity depends on proper interdomain interactions to mediate electron transfer from NADH or NADPH
via FAD to heme. While full-length human Ncb5or has proven resistant to crystallization, we have succeeded in obtaining high-
resolution atomic structures of the b5 domain and a construct containing the CS and b5R domains (CS/b5R). Ncbbor also
contains an N-terminal intrinsically disordered region of 50 residues with a distinctive, conserved L 3*MDWIRL 40 motif that
has no homologs in animals but is present in root lateral formation protein (RLF) in rice and Increased Recombination Center
21 (IRC21) in baker’s yeast, and in these proteins, it is likewise attached to a b5 domain. After unsuccessful attempts at
crystallizing a human Ncbbor construct comprising the N-terminal region naturally fused to the b5 domain, we were able to
obtain a high-resolution atomic structure of a recombinant rice RLF construct corresponding to residues 25-129 of human
Ncbbor (52% sequence identity; 74% similarity). The structure reveals Trp120 (corresponding to invariant Trp37 in Ncb5or)
to be part of an 11-residue o-helix (S "6 QMDWLKLTRT 126) packing against two of the four helices in the b5 domain that
surround heme (a2 and o5). The Trp120 side chain forms a network of interactions with the side chains of four highly conserved
residues corresponding to Tyr85 and Tyr88 («2), Cysl124 (u5), and Leud7 in Ncbbor. Circular dichroism (CD) measurements
of human Ncbbor fragments further support a key role of Trp37 in nucleating the formation of the N-terminal helix, whose
location in the N/b5 module suggests a role in regulating the function of this multidomain redox enzyme. This study revealed
for the first time an ancient origin of a helical motif in the N/b5 module as reflected by its existence in a class of cytochrome

b5 proteins from three kingdoms among eukaryotes.
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ABSTRACT

Ncb5or (NADH cytochrome b5 oxidoreductase) is a cytosolic ferric reductase implicated in diabetes and
neurological conditions. Ncbbor comprises cytochrome b5 (b5) and cytochrome b5 reductase (b5R) domains
separated by a CHORD-Sgtl (CS) linker domain. Ncb5or redox activity depends on proper interdomain
interactions to mediate electron transfer from NADH or NADPH via FAD to heme. While full-length human
Ncbbor has proven resistant to crystallization, we have succeeded in obtaining high-resolution atomic struc-
tures of the b5 domain and a construct containing the CS and b5R domains (CS/b5R). Ncbbor also contains
an N-terminal intrinsically disordered region of 50 residues with a distinctive, conserved L3*MDWIRL*motif
that has no homologs in animals but is present in root lateral formation protein (RLF) in rice and Increased
Recombination Center 21 (IRC21) in baker’s yeast, and in these proteins, it is likewise attached to a b5
domain. After unsuccessful attempts at crystallizing a human Ncbbor construct comprising the N-terminal
region naturally fused to the b5 domain, we were able to obtain a high-resolution atomic structure of a
recombinant rice RLF construct corresponding to residues 25-129 of human Ncbbor (52% sequence identity;
74% similarity). The structure reveals Trp120 (corresponding to invariant Trp37 in Ncb5or) to be part of an
11-residue o-helix (SM®QMDWLKLTRT!?®) packing against two of the four helices in the b5 domain that
surround heme (a2 and a5). The Trp120 side chain forms a network of interactions with the side chains of
four highly conserved residues corresponding to Tyr85 and Tyr88 («2), Cys124 («5), and Leud7 in Ncbbor.
Circular dichroism (CD) measurements of human Ncbbor fragments further support a key role of Trp37
in nucleating the formation of the N-terminal helix, whose location in the N/b5 module suggests a role in
regulating the function of this multidomain redox enzyme. This study revealed for the first time an ancient
origin of a helical motif in the N/b5 module as reflected by its existence in a class of cytochrome b5 proteins
from three kingdoms among eukaryotes.
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Supporting Information Available .

This includes sequence alignments of Ncbsor in animals (N-terminal region and cytochrome b5 domain) and
of the homologs in plants, fungi/yeasts, protists and parasites, along with prediction plots of intrinsically
disordered regions in human Ncbbor.

INTRODUCTION

Ncbbor (NADH cytochrome b5 oxidoreductase, also called Cyb5R4, b5/b5R and b54+b5R) is a cytosolic ferric
reductase implicated in diabetes, neurologic diseases and iron homeostasis.’-*Ncb5or is widely expressed in
animal cells and localized to endoplasmic reticulum.? ¢ Ncb5or contains two redox domains and one linkage
domain that are homologous to cytochrome b5 (Cybb), cytochrome b5 reductase (Cyb5R), and members of C'
HORD andS GT1 (CS) family, respectively.® 7 Ncb5or mediates electron transfer from NADH or NADPH
to a redox substrate via FAD and heme cofactors in the b5R and b5 domains, respectively, and proper
inter-domain interactions are essential to this process.®Although full-length Ncb5or from human has proven
resistant to crystallization to date, we have succeeded in obtaining high-resolution structures of the b5 do-
main (PDB 3LF5) and a fragment containing the CS and b5R domains (CS/b5R) in complexes with NAD+
and NADP+ (PDB 6MV1 and 6MV2, respectively).® ¢ Despite having the same general fold, the b5 domain
exhibits substantially different heme ligation from that of microsomal cytochrome b5 (Cyb5A).%Similarly, the
b5R domain differs from microsomal cytochrome b5 reductase (Cyb5R3) in having several multi-residue dele-
tions and insertions that support extensive interactions with the CS domain and reflect a closer relationship
to Cyb5R proteins from plants, fungi and protists than to Cyb5R3 from animals.?

The b5 domain of Ncbbor is preceded by a 50-residue N-terminal region that is unique among animal proteins
but has homologs in Reduced Lateral Root Formation (RLF) proteins in plants and Increased Recombination
Center 21 (IRC21) proteins in fungi. As in Ncbbor, the N-terminal region in the largely unexplored RLF
and IRC21 proteins precedes a b5 domain. Herein we report the results of studies aimed at elucidating
the structural properties of the N-terminal region of human Ncb5or both in isolation (hereafter N-term),
and when natively fused to the b5 domain (hereafter N/b5). Circular dichroism (CD) spectroscopic data
revealed that N-term is intrinsically disordered but exhibits significant helical content in N/b5, with an
invariant tryptophan residue (Trp37) playing a key role in inducing the helical structure. CD studies further
suggested that Trp37, located in a highly conserved L3*MDWIRL*® motif in mammalian orthologs, resides in
a highly organized environment. While N/b5 constructs representing human Ncb5or failed to form crystals,
a recombinant construct of rice RLF comprising residues K101-E218 crystallized readily. The resultant high-
resolution X-ray crystallographic structure showed Trp!2°(corresponding to Trp®” in Ncb5or) to be part of
an 11-residue a-helix (SM*®*QMDWLKLTRT!2%) packing against two of the four helices that surround heme
(22 and o5 in Nebbor). The Trpt2° side chain forms a network of interactions with the side chains of four
highly conserved residues that are equivalent to Ncb5or residues Tyr®® and Tyr®® in o2, Cys'?* in o5, and
Leu®”. In addition to advancing our understanding of Ncbbor structure and drawing our attention to several
surface-exposed side chains that may be functionally important, the studies also establish that the N/bb
unit of this multi-domain protein contains a helix motif that is of ancient origin and part of a well-conserved
protein structural module.

MATERIALS AND METHODS

Molecular cloning and site-directed mutagenesis. Human Ncbbor contains 521 amino acid residues
that comprise the N-terminal region and the b5, b5R and CS domains as previously defined.® These segments
of the protein contain 50, 113, 111, and 247 residues, respectively, that also include linker sequences in the
middle two fragments (Figure 1A ). Nomenclature of the constructs used herein is as follows: N/b5 (Met!
through Lys'37); N/b5-A21 (Gly?? through Lys'37); N/b5-A34 (Met®® through Lys'37); b5 (Lys®' through
Lys'37); and N-term (Met! through Leu®®). The ¢cDNAs of all Ncb5or constructs (except N-term) and rice
RLF (residues 101-218, XP_015647767) were expressed with no epitope tag (pET19b or pET22b). The cDNA
of N-term was cloned into the pE-SUMOpro Kan vector (Life Sensors, Malvern, CA), which contains the
6XHis-SUMO gene immediately in front of the multiple cloning site previously described.?’Missense point



mutants, N/b5-LMAA (Leu?*Ala/Met3>Ala) and N/b5-W37A (Trp37Ala) (Figure 1B ), were generated
using the QuikChange mutagenesis kit (Strategene, La Jolla, CA). All mutagenesis primers were synthesized
by Integrated DNA Technology (Coralville, TA). All constructs were confirmed by DNA sequencing (ACGT,
Inc., Wheeling, IL).

Protein preparation. Except for N-term, all constructs of human Ncbbor and rice RLF were expressed
in E.coli BL21(DE3) or BL21(DE3)pLysS or BL21(DE3)pRARE cells and purified as previously described.®
In combination with size exclusion chromatography on a Superdex 75 10/300 GL column, ion-exchange
chromatography was performed for b5 and N/b5-A34 on a Q HP column, N/b5 and variants (N/b5-W37A,
Nb5-LMAA, and N/b5-A21) on a SP HP column, and rice RLF on both Q and SP HP columns. Full-length
Ncbbor and its variant Ncb5or-A50 were prepared as previously described? , except that 0.5 mM IPTG was
used for induction in TB media at 15°C. All purification steps were performed at 4°C. SDS-PAGE was used
to estimate the purity of each protein used in spectroscopic analyses, kinetics studies and crystallization
screening (all greater than 95%). All purified proteins were flash frozen in liquid nitrogen and stored as
aliquots at -80°C until use, except for samples prepared for crystallization screening which were stored at
4°C. The size of each polypeptide product was confirmed by mass spectrometry. Expected sizes are: N/b5,
N/b5-W3T7A, N/b5-LMAA, “15.6 kD; N/b5-A21 and RLF, ~ 13.6 kD; N/b5-A34, 11.9 kD; and Ncb5or-b5,
10.2 kD. The ratios of A413/Asso for purified heme-containing constructs were as follows: b5 [?] 4, N/b5 and
variants, RLF [?] 3.6, Ncb5or 71.0, and Ncb5or-A50 “1.1. The FAD content of Ncb5or-b5R was determined
by Aye1 and used to represent enzyme concentrations as previously described.® Final protein yields (mg/L):
8 (b5), 5 (N/b5 and variants), 2 (b5R), [?]1 (Ncbbor, Ncb5or-A50, RLF). Solubility in low-salt buffer: N /b5,
RLF > b5 > Ncbbor > Ncbbor-A50 > Ncbbor-b5R. Protease inhibitor (Sigma, St. Louis, MO) was used
during protein preparation to prevent proteolytic cleavage at the b5-CS border of Ncbbor and Ncbbor-A50.
A SUMOpro Expression System was used to prepare N-term.?Briefly, a 6XHis-SUMO-N-term fusion protein
was expressed in BL21(DE3) cells and purified by Ni-NTA affinity resin (Qiagen, Valencia, CA). It was then
cleaved by a 6XHis-SUMO protease?? to release 6XHis-SUMO tag, both of which were removed by nickel
resin. The purity and size of the N-term peptide were confirmed by SDS-PAGE and mass spectrometry
(data not shown).

Spectroscopy. UV /visible spectra were obtained on a Cary 100 Bio spectrophotometer (Varian). The
concentrations of oxidized heme in all constructs were determined with 413 = 130 mM-'cm™ as previously
described.?Circular dichroism (CD) analyses were performed on a JASCO-815 spectropolarimeter using
protein concentrations of 4-10 uM. Far-UV (190-250 nm) spectra were recorded using a 1 mm cuvette,
whereas a 1 cm cuvette was used for near-UV (250-350 nm) and visible (350-550 nm) CD spectra. All CD
spectra are reported in units of molar ellipticity ([9], dey-cm?-dmol™).

RLF crystallization. A purified RLF construct (Lys!?-Glu?!8) was concentrated to 44.6 mg/mL in 20
mM Tris pH 8.0 for crystallization screening. All crystallization experiments were set up using an NT8 drop
setting robot (Formulatrix Inc.) and UVXPO MRC (Molecular Dimensions) sitting drop vapor diffusion
plates at 18°C. 100 nL of protein and 100 nL of crystallization solution were dispensed and equilibrated
against 50 w L of the latter. Crystals approximately 300-500i m long that displayed a needle morphology
were observed within one day from the JCSG+ screen (Molecular Dimensions) condition A6 (20% (w/v)
PEG 1000, 100 mM phosphate-citrate pH 4.2, 200 mM lithium sulfate). A cryoprotectant solution composed
of 80% crystallization solution and 20% (w/v) glycerol was dispensed (2 w L) onto the drop, crystals were
harvested with a cryoloop immediately and stored in liquid nitrogen. X-ray diffraction data were collected
at the Advanced Photon Source beamline 17-ID using a Dectris Pilatus 6M pixel array detector.

Data collection and structure refinement. Intensities were integrated using XDS?% 1% via Autoproc’4
and the Laue class analysis and data scaling were performed with Aimless’® which indicated that the crystals
belong to the 2/m Laue class with possible space groups P 2 or P 2;. Structure solution was conducted
by molecular replacement with Phaser% using the Ncb5or b5-domain structure (PDB 3LF5% ) as the search
model. The top solution was obtained in the space group P 2 and contained a dimer in the asymmetric unit.
Initial refinement with Refmac!” yieldedR /R o = 42.1%/42.5% and the model was improved by automated



building with Arp/wARP.?®Further refinement and manual model building were conducted with Phenix?? 20

and Coot?! respectively. TLS parameters % 25 were refined in the later stages to model anisotropic atomic
displacement parameters. Disordered side chains were truncated to the point for which electron density
could be observed. Structure validation was conducted with Molprobity?4 and figures were prepared using
the CCP4MG package®?® . Polder omit electron density maps were calculated using Phenix.?’Structure
superposition was carried out with GESAMT.?”Crystallographic data are described in Table S1 , and the
best data set was at 1.55 A resolution.

RESULTS AND DISCUSSION
The N-terminal region of Ncb5or is predicted to be intrinsically disordered.

The amino acid sequence of the N-terminal region of human Ncbbor is shown in Figure 1B , and an
alignment of this 50-residue polypeptide with all known Ncbb5or examples in animals is included inFigure
S1 . The alignment revealed an overall homology, which is weaker in the first 21 residues than the subsequent
29-residue stretch which is rich in Arg and Lys residues and contains five invariant residues (Lys25, Leu28,
Gly31, Trp37 and Gly49). Trp37 is part of a highly conserved motif that has the sequence L3*MDWIRL*"
in mammalian orthologs.

The PONDR VL-XT program?®-%’predicts that the N-terminal region of Ncb5or is intrinsically disordered,
in sharp contrast to the b5, b5R and CS domains (Figure S2A ). Secondary structure prediction algorithms
generally gave inconsistent predictions for the N-terminal region, but several of them indicated a preference
for o-helical structure for the L3*MDWIRLA*? sequence. This included PROF?! and PSIPRED?* %% (Figure
S2B ), as well as SPINE-X (not shown). The latter two ab initio algorithms (i.e. , those not utilizing
homology modeling) have been shown to yield the most accurate predictions.?” AGADIR?® | an algorithm
that predicts helical content of peptides on the basis of helix/coil transition theory, also predicts some helical
tendency for the L3*MDWIRL*® sequence, albeit with a population of less than 10% at pH 7 and 25°C
(Figure S2C ).

Interactions with the b5 domain induce helical structure in the N-terminal region.

To compare intrinsic structural properties of the N-terminal region of human Ncbbor with those it exhibits
in the native protein, we performed CD spectroscopy studies of the 50-residue N-terminal polypeptide (her-
eafter N-term) and protein constructs representing the b5 domain with and without the N-terminal region
attached (hereafter N/b5 and b5, respectively). Far-UV CD spectra of b5 and N/b5 are shown inFigure
2A (summarized in Table 1) and presented in molar ellipticity units to better reflect differences in total
secondary structure content. The N/b5 spectrum differs from that of b5 in exhibiting enhanced negative
ellipticity in the vicinity of 200 nm. The dominant feature in far-UV CD spectra of unstructured (random
coil) polypeptides is a broad band of negative ellipticity centered near 200 nm.*” The data in Figure 2A
therefore suggests that N/b5 differs from b5 in having a larger number of disordered residues. This was
confirmed by subtracting the b5 spectrum from the N/b5 spectrum to give the difference spectrum shown
in Figure 2C . However, this difference spectrum also exhibits positive ellipticity near 190 nm and nega-
tive ellipticity in the vicinity of 220 nm, both suggestive of the presence of helical structure.’® In contrast,
the corresponding N-term spectrum (Figure 2C ) is dominated by a negative band centered at 200 nm,
revealing it to be largely unstructured. These results strongly suggest that the N-terminal region of Ncb5or
is intrinsically disordered, consistent with the predictions described above, but that it adopts some helical
structure when connected to the b5 domain.

The Trp37 side chain resides in a well-structured environment.

When located in highly asymmetric (i.e., well-structured) environments, side chains of aromatic residues
exhibit CD signals in overlapping regions of the near-UV (Phe, 250-270 nm; Tyr, 270-290 nm; Trp, 280-300
nm).*® As shown in Figure 2B , b5 displays signals in the near-UV region (250- 350 nm) attributable to
the fact that it contains 2 Phe, 4 Tyr, and 2 Trp residues. Comparatively stronger signals, with significant
fine structure, appear in the near-UV CD spectrum of N/b5 (Figure 2B ). The N-terminal region contains



only two aromatic residues, Phe9 and Trp37. Given that the strongest feature in the near-UV CD signature
of N/bb appears at 286 nm, we conclude that the major contributor is Trp37, which is part of the invariant
mammalian Ncbsor L3*MDWIRL*? sequence noted above. In contrast, the corresponding spectrum of N-term
exhibits no such signal at 286 nm (Figure 2D ).

Aromatic residues in well-ordered regions of proteins often contribute to far-UV CD spectra as well. In
the case of Trp, positive bands in the 225-250 nm region are a particularly common feature.’? 49 Trp37 is
therefore a likely source of the positive feature in the difference CD spectrum of N-term centered at 230
nm (Figure 2C ), another conjecture which is supported by additional CD data described below. Notably,
N-term exhibited no signals in the near-UV region (Figure 2D ) and displays negative ellipticity in the
vicinity of 230 nm (Figure 2C ). The results described in this section allow us to conclude that interactions
between the N-terminal region and the b5 domain induce secondary structure in the former, and that this
structural transition is accompanied by adoption of tertiary structure involving Trp37. This conclusion was
further tested with truncation and point mutants of N/b5.

Trp37 plays a key role in the interactions between the N-terminal region and the b5 domain.

We generated two truncation mutants of N/b5 (Figure 1 ) and examined the effects of the truncations
on CD spectra. The first mutant involved the removal of residues 1-21, the portion carrying the lowest
conservation among animals, to yield N/b5-A21. Residues 1-34 were also removed to produce a domain
fragment (N/b5-A34) analogous to the truncated Ncbbor that was initially cloned.f

Deleting the first 21 residues of N/b5 had no significant effect on the near-UV CD spectrum, or on the
intensity of the positive far-UV CD band near 230 nm (Figures 2E-F, Table 1 ). The most notable
effect on CD spectra caused by removing residues 1-21 was a decrease in negative ellipticity of the lowest
wavelength far-UV band, along with a slight red shift of that band. These observations suggest that residues
1-21 are almost exclusively disordered and show that they play no role in the secondary and tertiary structure
formation resulting from the interactions between the N-terminal region and the b5 core. They also support
our conclusion that the near-UV CD signals and the positive far-UV feature near 230 nm arise from Trp37,
with no contribution from Phe9.

Comparison of the far-UV CD difference spectra for N/b5-A21 and N/b5-A34 (Figure 2E, Table 1 ) shows
that deleting the additional residues 22-34 decreased, but did not abolish, secondary structure content. In
addition, Figure 2F (also Table 1 ) reveals diminished intensity for the near-UV CD signals attributable
to Trp37 in N/b5-A34, but the signals in this region are much more like those in the spectrum of N/bb
than of b5. This suggests that Trp37 is involved in tertiary structure in both truncation mutants, but that
removal of residues 22-34 causes subtle disruption of that tertiary structure.

The evidence obtained with the truncation mutants strongly indicates a key role for Trp37 in interactions
between the N-terminal region and the b5 domain of Ncb5or. We therefore examined the effect of mutating
Trp37 to Ala on CD spectra of N/b5. Subtracting the far-UV CD spectrum of b5 from that of N/b5-
W37A yielded a difference spectrum similar to the spectrum of N-term (Figure 2G ). Moreover, the W37A
mutation in N/b5 resulted in loss of the near-UV CD features present in the N/b5 spectrum (Figure 2H
). It can therefore be concluded that the W37A mutation in N/b5 abolishes both secondary and tertiary
structure. In comparison, the difference spectrum obtained by subtracting the far-UV CD spectrum of
N/b5-LMAA from that of N/b5 exhibits modestly increased intensity of the negative band near 220 nm
(Figure 2G, Table 1 ) and of the positive band near 190, suggesting a small increase in helix content. This
may be attributable to the fact that Ala has a much higher helix propensity than do Leu and Met.4! More
notably, the LM-AA mutation does not significantly alter the shape or intensity of the near-UV and far-
UV CD features attributable to Trp37 (Figure 2G-H ). However, the CD Soret band signal for the LMAA
mutant is virtually identical to that of Ncb5or-bb (Figure 2H ). These observations suggest that the LM-AA
mutation does not alter the ability of N-term to dock with the b5 core, with associated adoption of tertiary
structure involving Trp37, but that it alters (or perhaps weakens) interactions between the N-terminal region
and the b5 core.



The results described in this section indicate that residues spanning Met35 through Leu50 are sufficient
to induce secondary structure (likely helical) and accompanying tertiary structure in the N-terminal region
when it docks with the b5 core. The results also show that Trp37 plays an essential role in inducing this
structural transition, suggesting a specific recognition site on the b5 domain surface. These results further
indicate that the induced secondary structure is propagated toward the N-terminus but does not extend
beyond Gly22. This additional secondary structure appears to stabilize the tertiary structure.

Plant and fungal proteins identified as potential models for N /b5

Efforts to confirm the results of the CD studies described above via X-ray crystallographic studies of the N/b5
constructs were unfortunately not successful, prompting us to seek potential homologs that might crystallize
more readily. BLAST searches using human Ncbbor residues 1-50 as the query revealed only a few other
proteins that contain a homologous polypeptide, all from plants and fungi. In all cases the homologous
polypeptide precedes a b5 domain having significant homology to that of Ncbbor and contains a Trp residue
analogous to Trp37 of Ncbbor but no additional domains or regions (Figures S1, S3, S4) . No structural
characterization has been performed for these homologues, and only two have been characterized functionally:
RLF (R educed L ateral root F ormation protein) from plants (e.g., rice, Arabidopsis and glycine) and IRC21
(I ncreased R ecombination C enter 21) protein from yeast (e.g., Saccharomyces cerevisiae and S. pombe
). RLF appears to regulate lateral root formation independently of ARF7/19-mediated auxin signaling#® ,
whereas IRC21 functions in chromatin remodeling4® and DNA repair4%4likely through its binding to lipid
and protein phosphatase.46 47

The N-terminal regions of plant RLF proteins are approximately 130-residues in length (Figure 3A-B)
and contain a sequence spanning residues 115-121 (Q!'*MDWLKL!?!) that is strikingly similar to residues
34-40 of Ncbbor which encompass Trp37 (L3*MDWIRLA?). The N-terminal regions of IRC21 proteins are
approximately 77 residues in length, and in that respect are more like Ncbb5or than are the plant RLF
proteins. However, there is weaker homology for residues 61-67 (AS'LDWHSLS7) that correspond to residues
34-40 of Ncbbor (Figure 3A-B ). In addition, the sequence separating this signature from the b5 core is
approximately 40 residues longer in IRC21 proteins than in Ncbbor and RLF, an insertion that may have
arisen subsequent to divergence of the plant, fungi and animal kingdoms.4®Yeast IRC21 and rice RLF were
used for these comparisons (Figures 3B ). For these reasons we selected rice RLF protein for our structural
studies, specifically residues 101-218, corresponding to residues 22-137 of human Ncbbor.

The b5 cores of Ncb5or and the rice RLF protein have identical folds.

The rice RLF construct crystallized readily as a non-crystallographic dimer and could be modeled from
Phe!''-Glu?!® in subunit A and Lys'!3-Phe?!3 in subunit B. The fold comprises six o-helices and four
B-sheets (Figure 4A-B ) that are arranged as follows: ol (Ser!!6-Thr!26), 81 (Arg!0-Tle!?), a2 (Leu'*4-
Lys'4®), B2 (Trp*®7-Leu'fY), B3 (Arg!®3-Asnl®®), o3 (Alal%®-Phe!™), o4 (Val'™®-Met!®2), o5 (Thrl-His!7),
a6 (Phe?92-Leu?%%), 84 (Leu?'%-Leu?!*). Note that the numbering is based on the NCBI reference sequence
XP_015647767.1. The b5 core of RLF is identical to that of the Ncbbor b5 domain, with superposition
yielding an RMSD deviation of 1.01 A (80 residues) between Ca atoms (Figure 5 ).

The heme molecules are positioned within a cleft formed by helices a3-06. It is important to note that the
corresponding helices in the published structure of the Ncbbor b5 domain, and in structures of single domain
b5 family members, are numbered «2-05. In the comparison of the b5 and N /b5 structures we will refer to the
relevant helices exclusively as a3-a6. Like all cytochrome b5 family members, the heme iron is coordinated
by the side chains of two histidine residues (His174 and His197). His174 (His89 in Ncbbor) is located in
the loop separating o3 and o4, while His197 (His112 in Ncb5or) constitutes the C-terminal residue in helix
ab. As observed for His89 and His112 in the crystal structure of the Ncbb5or b5 domain, the imidazolyl
moieties of His174 and His197 in the rice RLF structure are nearly orthogonal to one another (Figure 6B
). The angle between the mean planes defined by the indole rings is 77.6° (subunit A) and 77.2° (subunit
B) as calculated using Mercury.#? The corresponding angles for His89 and His112 in the two subunits of the
Ncb5or b5 domain structure (3LF5) are 83.2° and 81.3°.% This structural feature distinguishes these proteins



(and likely IRC21 as well), from the better known microsomal and mitochondrial isoforms of cytochrome b5,
in which angles between the His ligand side chains are closer to 20°.%

We reported that the b5 core of Ncbbor differs from the better known microsomal and mitochondrial isoforms
of cytochrome b5 in having a strictly conserved tryptophan residue (Trp114) at the mouth of the heme binding
pocket, two residues removed from heme ligand His112. The intervening residue, Argl13, is invariant among
mammalian Ncbbor isoforms. In the crystal structure of the b5 domain of Ncbbor the side chain of Trpl14
is located on the protein exterior and is substantially solvent-exposed (Figure 6A ), with its only inter-
protein interactions involving the side chain of adjacent residue Argl13. The rice RLF residues corresponding
to the Ncb5or His!'2ArgTrp!!4 sequence (His197, Ala198, and Trp199) are strictly conserved among known
members of this protein family. In the RLF crystal structure the Trp199 side chain projects into solvent, but
as shown in Figure 6A its side chain conformation differs from that of Trpl14 in the Ncb5or b5 domain
structure, enabling hydrogen bonding between its Ne-H and one of the heme propionate groups. Manually
changing the side chain torsional angles of Trp114 in the Ncb5or b5 domain crystal structure (x° = -53.9;
¥2 = 115.7°) to match those of Trp199 in the new rice RLF structure (x° = 58.9; x2 = 85.4°), using PyMol,
showed that Trpl114 could form an analogous hydrogen bond with heme without introducing unfavorable
steric interactions. Given that this solvent exposed Trp residue is strictly conserved among all known Ncbb5or
and RLF proteins (and in TRC21 proteins as well), its ability to form a hydrogen bond with heme suggests
that it serves an essential functional role.

Yet another distinguishing feature shared by the b5 cores of Ncb5or and rice RLF is an irregular helix (a6)
in the heme-binding pocket, featuring a central kink that leaves Leu205 (Met120 in Ncbbor) without an
intra-helical hydrogen bond. As will be noted in the following section, this kink plays an important role in
interactions with the N-terminal region.

While carrying out the studies reported herein, we became aware of reports of b5 family members in Giardia
and some other parasitic organisms with strong homology to the b5 domains of Ncbbor, RLF and IRC21
proteins. As shown by some representative examples inFigure S5 , these proteins feature an N-terminal
region, albeit generally shorter than those in Ncbbor, RLF and IRC21 and without a Trp residue analogous
to Trp37 in Ncbjbor.?? Many of them have also maintained a surface tryptophan residue analogous to Trpl14
of Ncbbor. The Giardia proteins were shown to exhibit redox potentials®! similar to those determined for
Ncbbor,? which are considerably more negative than for microsomal bbs. TheGiardia proteins and Ncebbor
also share EPR spectroscopic signatures that are characteristic of orthogonal His ligands.?? It is reasonable
to conclude that these proteins have evolved from the common N/b5 ancestor of Ncbbor, RLF, and IRC21,
perhaps with divergent functions.®? ! This notion is supported by the observation of cytochrome b5 proteins
in protists ( Trypanosomaand Dictyostelium) that share the same b5 core®” and the N-terminal motif as that
in Nebbor, including the Trpl114 and Trp37 residues, respectively (Figure S5 ).

The rice RLF structure confirms N-terminal helix formation involving the Trp120 side chain.

Trp120 in RLF (corresponding to Trp37 in Ncbbor) is part of an 1l-residue o-helix, designated ol
(SHCQMDWLKLTRT!2%), that packs against the side of the heme-binding pocket defined by helices a3
and o6 (Figure 7 ). In this and subsequent sections, all corresponding residues in Ncb5or are listed in
parentheses. A 17-residue stretch connects al to o2, the first element of defined secondary structure in the
“classic” b5 core (a2 is the only helix in the b5 core that does not comprise part of the heme binding pocket).
The corresponding stretch in Ncbbor is two residues shorter, with the gap appearing close to the junction
with 2. There are multiple conserved residues in the RLF and Ncbbor loops, and in the RLF structure
several of them exhibit specific backbone and side chain interactions both within the loop and with the b5
core. These include two three-residue turns featuring a single backbone hydrogen bond, the first between
Aspl29 and Gly132 (Aspd6 and Gly49), and the second between Leul33 and GInl136 (Leu 50 and Argh3).
The Aspl29 (Asp46) side chain in the first turn extends this motif via hydrogen bonds to the backbone
amide N-H groups of Leul33 and Lys134 (Leu50 and Lys51), residues which can be considered to represent
the transition between N-term and the b5 core. The side chain of Leul33 (Leu50) is buried and engages in
hydrophobic interactions with several nearby residues, namely CfB of Alal31 (Thr48), CB of GIn136 (Arg53),



and Co of Asnl38 (Ile55). It also packs against the side chain of Val211 (Vall26) which is in strand 34 of
the b5 core. All the residues in this hydrogen bonded array other than solvent exposed Glnl36 (Argh3) are
conserved in RLF and Ncb5or proteins. Likely because of these interactions, this polypeptide segment is well-
ordered. Packing between the N-terminal helix and the b5 core involves primarily hydrophobic interactions
and does not noticeably impact the b5 core fold. Consistent with the results of far-UV CD studies described
above, the Trp120 side chain is situated in an environment with well-defined tertiary structure that includes
hydrophobic packing interactions with the side chains of four residues in a3 and a6, each corresponding to a
residue that is highly conserved in Ncbbor: Tyr170 and Phel73 in a3 (Tyr85 and Tyr88); and Leu206 and
Cys209 in o6 (Leul2l and Cys124). The Trpl20 side chain engages in additional hydrophobic interactions
with the nearby side chains of Leul21 and Thr124 in ol (Ile38 and Thr41) and with the side chain of Leul30
(Leud7), located in the first 3-residue turn in the 17-residue loop connecting al to a2.

It is worth noting that the interaction between the Trp120 and Cys209 side chains (Trp37 and Cys124)
involves the cysteine thiol (SH group) packing against the tryptophan pi system. Such interactions are
relatively common and are thought to play a stabilizing role.’® °% Both residues are invariant in Ncbbor
proteins.

The Trp120 (Trp37) side chain has one additional contact, a hydrogen bond between its N-H group and the
backbone carbonyl of Leu205 in a6 (Met120). As noted in the previous section, the backbone carbonyl of
that residue does not form an intra-helix H-bond due to a kink in 6. The present results suggest that the
a6 kink may have evolved to serve a distinct functional role in these proteins.

The only other polar contacts between ol and the b5 core comprise a network of hydrogen bonds involving
the side chains of the first two ol residues Ser116 and Glnl117 (Ser31 and Leu32), the phenolic side chain of
Tyrl70 in a3 (Tyr85), and the backbone carbonyl of Phel73 in o3 (Tyr88). While this network of hydrogen
bonds may be important in stabilizing al, it is noteworthy that the polar OH group of the Tyr170 side chain
also makes van der Waals contact with one of the heme meso positions. This counterintuitive positioning
of a polar group suggests a potential functional role. An intriguing possibility is that oxidation of ferrous
heme to ferric heme during reduction of the downstream substrate is accompanied by deprotonation of the
phenolic group. This could conceivably facilitate a coupled electron/proton transfer process during substrate
reduction. Alternatively, it could allow for electrostatic stabilization of the b5 domain when heme is in the
ferric oxidation state and bears a formal positive charge.

Several conserved residues in the N-terminal helix have solvent-exposed side chains.

The side chains of several other highly conserved residues in the N-terminal helix project into solvent (Figure
8 ), including three in the vicinity of Trp120: Met118, Asp119, and Lys122 (corresponding to Met35, Asp36,
and Arg39 in Ncbbor). Particularly notable in this group is Met118 (Met35). The thioether side chain
of methionine is considered nonpolar, and indeed methionine is often subject to evolutionarily conservative
replacement by residues with aliphatic side chains via single codon mutations (leucine, isoleucine, and valine).
Only a few examples of such a mutation, specifically Met to Leu, exist among known Ncbbor proteins, and
only in non-mammalian organisms (Figure S1 ). Methionine differs from the aliphatic amino acids it often
replaces in that its thioether functional group can serve functional roles (for example, as a ligand to heme
iron in cytochrome ¢ ). The highly conserved nature of Met35 in Ncbbor, considered in the context of its
solvent-exposed location, is suggestive of an essential functional role.

CONCLUSION

This study represents the first in vitro characterization of the N-terminal region of Ncbbor, a polypeptide
segment not found in any other animal proteins, but which shares a common ancestor with RLF proteins
in plants and ITRC21 proteins in fungi. The N-terminal regions in all three of these protein families precede
highly homologous cytochrome b5 domains, and share sequence similarities that suggest that the results we
have obtained using N/b5 constructs derived from human Ncb5or and rice RLF protein will pertain to the
TRC21 proteins as well. Specifically, we have shown that the N-terminal region is intrinsically disordered but
that a 11-residue motif adopts a helical conformation when natively attached to the b5 core, a structural



transition that is nucleated by a strictly conserved tryptophane residue (Trp37 in human Ncbbor). Such
docking-induced folding is a common theme for intrinsically disordered regions of mammalian proteins that
are often involved in DNA or RNA binding, substrate binding, and protein-protein interactions®4-%7 , of
which the specificity is generally mediated by motif structures.®® 9 In this context, it is worth investigating
whether TRC21 utilizes the helical motif in the Nb5 module to activate protein phosphatase 2A for DNA
damage response in yeasts.#“Intrinsically disordered regions appear to be enriched in disease-related proteins,
such as the N-terminal transactivation domain of tumor suppressor p53,%’alpha-synuclein in Parkinson’s
disease®® | tau protein in Alzheimer’s disease®® , and in a number of proteins associated with cardiovascular
disease.?®*Mutation of the intrinsically disordered region of carboxyl ester lipase in pancreatic acinar cells
can cause lean diabetes, likely as a result of protein mis-folding.%Functional contribution of the N-terminal
intrinsically disordered region and the helical motif to Ncb5or’s cellular function and related disease pathways
is being investigated.

The presence of the helical motif within the N/b5 module in three kingdoms of eukaryotes that diverged
about 1.6 billion years ago*® %” suggests an ancient heritage of Ncb5or. This is consistent with our previous
observation of closer similarities of its b5R domain to monomeric b5R proteins from plants, fungi and protists
than to mammalian Cyb5R3 proteins.”? The nucleated N-terminal helix lies between two of the four helices
that comprise the heme binding pocket and is connected to what we have previously referred to as the bb
core by a well-structured polypeptide. The N-terminal region in Ncb5or and the plant and fungal proteins
could conceivably comprise an integral part of their b5 cores, which would thus be expanded relative to
other modern cytochrome b5 superfamily members. Alternatively, the N-terminal regions of these proteins
could function to regulate their enzymatic functions, through reversible docking. Suggestive of this latter
scenario is the observation that the 17 residues separating the N-terminal helix ol from o2 in rice RLF
protein exhibit few interactions with the “classic” portion of the b5 core, in contrast to the 17-residue helix
that is nucleated by the Trp37-dependent docking interactions. These possibilities will be the subject of
future studies. A low homology in the N-terminal region of cytochrome b5 proteins of parasites, including
the absence of the helical motif, is likely a result of diminishing selection pressure for the above-mentioned
motif-mediated function due to the unique parasite-host interaction and pathophysiology.

Future studies will also be aimed at probing potential functional roles of other strictly conserved residues in
Ncbbor emphasized above. These include Met35 in the N-terminal helix, and Trpl14 which is located two
residues from heme ligand His112. The side chains of both these residues project conspicuously into solvent,
locations that would subject them to random mutation were they not essential for protein function, especially
since they are encoded by a single codon.%¢Functional roles could include modulating heme reduction by the
b5R domain or reduction by heme of the still unknown substrate.
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STRUCTURE DEPOSITION

Coordinates and structure factors for the root lateral formation protein (RLF) b5-domain structure were
deposited to the Worldwide Protein Databank (wwPDB) with the accession code 8TGB.

Table 1 . Signature signals of CD spectra for N /b5, its variants, and b5 of human Ncb5or.

Molar

ellipticity Far-UV Far-UV Tertiary Heme

(deg*cm2/dmolfminus bb) (minus b5) Helix Near-UV structure Soret contact
190 nm 220 nm 286 nm 413 nm

N/b5 544543 -310424 Yes -35041 Yes -82501 Yes

N/b5-A21 778363 -312167 Yes -36453 Yes -84650 Yes

N/b5- 764345 -396791 Yes -34688 Yes -69546 No

LMAA
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Molar

ellipticity Far-UV Far-UV Tertiary Heme
(deg*cm2/dmolfminus bb) (minus bb) Near-UV structure Soret contact
N/b5-A34 636442 -136573 -27727 Partial -70516 No
N/b5- -132660 -245259 -346 No -72577 No
W3TA

b5 N/A N/A 2262 No 71620 No

Molar ellipticity values of far-UV signals (190 and 220 nm) are obtained from difference CD spectra (Figures
2C,E,G ) and indicate secondary structure in the N-terminal domain. Its tertiary structure and impact
on the heme center are suggested by molar ellipticity values of near-UV (286 nm) and Soret (413 nm)
signals, respectively, from CD spectra (Figures 2B,F,H ). All Molar ellipticity values are presented in
deg*cm2/dmol. N/A: not applicable. Table S1 . Crystallographic data for RLF.

RLF

Data Collection
Unit-cell parameters (A, ©)
Space group
Resolution (A)!
Wavelength (A)
Temperature (K)
Observed reflections
Unique reflections
<I/o(I)>1
Completeness (%)!
Multiplicity*
Rumerge (%)1’ 2
Rmeas (%)1 *

pun (%)
Ccl/g 1,5
Refinement
Resolution (A) !
Reflections (working/test)!
Reactor / Riree (%)173
No. of atoms (Protein/Heme/Water)
Model Quality
R.m.s deviations
Bond lengths (A)
Bond angles (°)
Mean B-factor (A?)
All Atoms
Protein
Heme
Water
Coordinate error
(maximum likelihood) (A)
Ramachandran Plot
Most favored (%)
Additionally allowed (%)

a=58.95, b=26.14, ¢=82.87, f=95.5
P2

45.79-1.55 (1.58-1.55)

1.0000

100

150,129

36,463

11.0 (2.0)

97 6 (98.1)

1 (4.0)
1 (66.6)
1 (76.6)
9 (37.1)
0 998 (0.763)

41.25-1.55
34,634/1,819
17.5/20.0

1,686 / 86 / 164

0.008
0.961

23.5
22.9
20.2
31.3
0.12

97.6
24
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Values in parenthesis are for the highest resolution shell.

R merge = St Zill; (hkl ) - <I (hkl )>| / Zpa i1, (hkl ), wherel; (hkl ) is the intensity

measured for the ith reflection and <I(hkl)> is the average intensity of all reflections with indices hkl.
R factor = Znkt || F obs (hkL ) | - | F calc (REL) || / Zpit |F obs (REL)|; Riree is calculated in an

identical manner using 5% of randomly selected reflections that were not included in the refinement.

R eas = redundancy-independent (multiplicity-weighted)R merge.’” 67 R

(multiplicity-weighted) R merge- % 69

pim = Dprecision-indicating

CC, s is the correlation coefficient of the mean intensities between two random half-sets of data.?0: 71

FIGURE LEGENDS

Figure 1. (A ) Schematic diagram of Ncbbor constructs. Except Ncb5or-A34, all are used in the current
study. (B ) Amino acid sequences of the N-terminal region in human Ncb5or and its point-mutation variant.

Figure 2. Far-UV (A ) and near-UV /visible (B ) CD spectra of Ncb5or-N/b5 and Nebbor-b5s. Far UV (C)
and near-UV /visible (D ) spectra of Ncb5or-N as a stand-alone peptide (alone) or when fused to Ncb5or-b5s
(difference, N/bb5 — b5). Difference far UV (E, G ) and near-UV /visible (F, H ) CD spectra of Ncb5or-N /b5
variants. Difference spectra were presented by smoothing raw data, which are shown in Figure S3 | with
the use of negative exponential program in SigmaPlot 10. Molar ellipticity is used in all CD spectra. Values
of signature bands are summarized in Table 1 .

Figure 3. (A ) Comparison of the domain arrangements in Ncb5or and RLF. (B ) Amino acid sequence
alignment of human Ncbbor (residues 1 — 137), rice RLF (Oryza sativa, residues 72 — 218), and baker’s yeast
IRC21 (Saccharomyces cerevisiae, residues 17-201). Identical and similar residues are coded in yellow and
green, respectively.

Figure 4. (A) Structure of RLF (subunit A) with the secondary structure elements annotated. The heme
molecule is rendered as gold cylinders. (B) RLF sequence with the secondary structure elements annotated.
The red arrows indicate the His residues that coordinate the heme.

Figure 5. Superposition of rice RLF (magenta) with the Ncb5or b5-domain (PDB 3LF5, green). RMSD
deviation between Ca for b5 core residues (see Figure 4) is 1.01 A.

Figure 6. (A) Comparison of conserved, surface exposed tryptophan residue in Ncbbor (green) and RLF
(magenta). Trp'®? in the RLF structure forms a hydrogen bond with a heme propionate group, while Trp!!*
in Nebbor extends into solvent. This flexibility suggests a possible role in modulating electron flow. (B)
Comparison of the heme orientation and the coordinating His residues. His®® /His'!? are colored green for
3LF5 and His'™ /His'%7 are colored magenta for RLF.

Figure 7. View of the RLF structure highlighting helix ol and locations/interactions of residues. Corre-
sponding Ncbbor residues are shown in parentheses. Black dotted lines indicate hydrogen bonds.

Figure 8. Residue Trp'?° in RLF, corresponding to Trp37 in Ncb5or, forms a network of hydrophobic
packing interactions with other conserved residues (shown with carbon atoms rendered in yellow). The
hydroxyl group of Tyr!™ (Tyr® in Ncbbor) makes van der Waals contact with the heme, and the thiol
group of Cys?® (Cys'?4 in Ncb5or) makes van der Waals contact with Trpt20.

Figure S1. Sequence alignment of N-terminal region and cytochrome b5 domain of known Ncbbor pro-
teins of a diverse background. Asterisk and “_” indicate conserved and chemically similar residues , among
mammals, respectively. Non-conserved residues at key positions are indicated in red. Species (GenBank
accession number) are as follows: (mammals in yellow) human (NM_016230), monkey (XP_518614.3), mon-
key Old World (XP_011920356.1), guinea pig (XP_005006001), mouse (NM_024195), rat (NM_133427), cow
(NM_001038159), horse (XM_001499913), sheep (XP_027818354), pig (XP_013848110), dog (XM _532219),
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minke whale (XM_007165020.1), ferret (XP_004773650), bat/Molossus (XP_036104100), bat/Pterpus (XP_-
011363184), brown bat (XM_008145048), opossum (XM1375853), platpus (XP_028903113); (birds, reptiles
and amphibians in green) Zebra Finch (XP_030123394), golden eagle (XP_029856007), peregrine falcon
(XP_013152060), chicken (XM_001233870), Dalmatian pelican (KFQ624870), crested ibis (KFR09350), se-
riema (KFP68580), swan goose (XM_013180133), turkey (XP_010705963), turtle/Terrapene (XP_026510156)
turtle/Pelodiscus (XP_006133410), garter snake (XP_032072321), Xenopus (XP_031757575), Coelacanth
(XP_014343350); (fishes in blue) Cyprinidae (XM_016550377), Zebrafish (NP_001018496), Pimephales
(XP_039507272), Salmon (XP_020361560), bony fish (XM_008279520), yellow croaker (XM_019265374),
Fugu (TNN02071), Pufferfish/Japan (XM_003965751), tire track eel (XR-003294861), swamp eel (XM_-
020621659), Gasterosteus (XP_040020873), rice fish (AM140533), rice fish India (XP_024117733), Lam-
prey (XP_032829495), Skate (XP_032877801), seahorse (XM_019880106), (invertebrates in grey) Lancelet
(XM-002603916), Trichoplax (XM_002112883), tunicate (XR-053035), Hydra (XM_002165807), sea anemone
(XP_048577331), coral (EZ038676, Acropora), coral/Exaiptasia (KXJ05517), sea urchin/Lytechinus (XP_-
041463305), sea urchin (XP1198870), Teladorsagia (P1I073582), hookworm/Necator (RCN51358), C.elegans
(NM_001026613), pig worm (KFD50571c, Trichuris suis), Trichuris (KHJ45328); (insects in purple)
Drosophila (NM_137575), Mosquito/Anopheles (XP_041781397), Mosquito/Aedes (KXJ83737), Honeybee
(XM_394412), Louse (XM_002428283), Jewel wasp (XM_001601866), Beetle (XM_963135), Pea aphid (XM_-
001948299), Deer tick (XM_002401084),

Figure S2. Prediction of disordered domains in Ncb5or by PONDR VL-XT (A ). Prediction of secondary
structure in the 50 N-terminal residues of Ncb5or by PSIPRED and PROF (B ) and by AGADIR (C ). AA
(amino acid): Target sequence, Pred: Predicted secondary structure (H=helix, E=strand, C=coil), Conf:
Confidence (0=low, 9=high).

Figure S3. Sequence alignment of the N-terminal region and b5 core (partial) of human Ncb5or against

RLF proteins in plants. Asterisk (*) indicates conserved residues, whereas “_” represents chemically similar
residues.

Figure S4 . Sequence alignment of the N-terminal region of human Ncbbor against IRC21 proteins in fungi.

w o

Asterisk (*) indicates conserved residues, whereas “_” represents chemically similar residues.

Figure S5 . Sequence alignment of the N-terminal region and cytochrome b5 domain of human Ncbbor
against cytochrome b5 proteins in protists (Dictyostelium and Trypanosoma ) and parasites (all others).
Asterisk (*) indicates conserved residues, whereas “;” represents chemically similar residues. The conserved
“HPGG” heme binding site is highlighted, and the N-terminal motif in human and protists is indicated by

“ “
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AKDLREHSTADNLWILLDGRVYNVTHYLPFHPGGRDALLIFIGQODG APAYQYHPWVNCHSVLERCLVG. .

human
monkey
monkey Old World
guinea pig

mouse

rat

cow

horse

sheep

pig

dog

minke whale
ferret

squirrel

bat (Molossus)
bat (Pteropus)
brown bat
opossum
platypus

Cyprinidae
Zebrafish
Pimephales
Lamprey

Skate

salmon

bony fish
yellow croaker
Fugu
pufferfish.Japan
Gasterosteus
tire track eel
swamp eel
seahorse

Rice Fish

Rice Fish India
lancelet
Trichoplax
tunicate

Hydra

sea anemone
coral (Exaiptasia)
sea urchin

sea urchin (Lytechinus)

Teladorsagia
hookworm (Necator)
Necator

C.elegans

pig worm (Trichuris suis)

Trichuris
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PSIPRED results:
Pred: CCCCCCCCCCCCCCCCCCCCCCCCCEECCCCCCHHHHHHHHCCCCCCCCCCCCCCCCCHHHHHEEHACCCCC

Conf: 9888998999998755558999643105899985359987428999889888421039999976518889

PROF results:
Pred: HHHHHHH EEEE_HHHHHH
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Figure S2 (cont’d)
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Sequence alignment of N-terminal region of human Ncb5or against RLF in plants.

Figure S3



MLNVPSQSEFPAPRSQQ
. SVLSRENTQSNLSSQPKS
. SVIGGENAQSNLSSQPKP

. PKSSRESVQLNVPPEPKP
.PSSSGESVQPNVSGQPKP
. PTSSGESVQSNVSAQPKP
.PTSSGESVQSNV AQPKP
.PTSSGESVQSNVLAQPKP
.ETSKG AESNIQSQPKP
.QTSGG AESNVSSQAKP
.QTSGG AESNVSSQTKS
.QTSSE EESNVPSQGES
.QTSSG AESNVPSQGEP
.QTSGG AESNVSSQAKP
.QTSGG AESNVPSQAKR
.HTGSG AESNVPLQAKR
.AKDS PQKLSEQKS
.APGKANNLSSKLPEEKN
. ITSKDNNLSSKLPEEKN
.PSKAKELLSKLPEEKN

. STEMQETTAKGSTFKQPV
. LMEKTGHAQEGVQEKKP
. IGSRAVGNLKIKEPV
.RDFGDSFLDAQDEKT
.KPDGEADDLAQKQKA
.DLVTGSQEQKPV

. VGKSGLSVNEPTQKKP
.ASGDAGTSV NIEQKI
.ASKEVGTSVKKSQETKI
.AV DVGSSVDTSQRPKI
.QKQAGKPLKDPAEQKP

. PKQAGNSVKDPADQKP
.QEGAGSSSKASVELKA

. SGNIKTPVKASQGPIN
.SLDVGTSVTNSKGQKP

. STNVGASAGVPQEQKT

. TSVKV

.VIGDSG
.GGSNVGSSKETKS
.AHEGATSSAKAPSEQKS
.GQGVAGSSNKASPETKT
. TNEVPGGSTIKASQAQKT
.GDVGAPAKNAEKPKI
.ASGDADASGKKAEKPKI
. SVDAGAPAMKSEKARS
.ASKDGVFSVQTSQKQIK
.ASKDGVFSVQTSQKQIK
.SRDGGSSVTVSKEQIK
.SRDGGFSVTVSKEQIK
.SRVSGSSVTVSKEQIK

. SANAAGLVTNSGKQKS
.NEYSQFPKKVPSGDGG
.NRKSELPKQPSSGGAG
.KKKSEVPKQLKSGDAG
.ASGGTGDSVNKIQERT
.ASGDAGGSVNEFQEQT
.ATKDAGSSVKVPQKS
.ASLDVGTSVTNSQGQKS
.ASGNAGTSAKNFDEKKV
.ASKDSGKSVNSSQQQKA
. VSVDAGSSVKISQEQKG
.AKNSSQKSSEQKN
.PSDSONSIQKSPGQKN

. PSGANNLPMELPEQKN

. PSGVNNLPVKSPGQRN

. PTQANNSSLKSPAQKN
.PTOQANISSLKSPAQKN

. PSEANNLPLKLPEQRN
.PGDARTSATNPQELKA

-- N-terminal --------------—--—-—-- |======== b5--------

* kk%k * *k —_—k__kk__ *k kk_% [p——

RVASGGRSKVPLKQGRSLMDWIRLTKSGKDLTGLKGRL IEVTEEELKKHNK.
SKKPAARAKVPFEKGYSQMDWLKLTRTHPDLAGLKGQLNRRLISLEEVKQHKT .
SKKPSVRAKVPFEKGYSQMDWLKLTRTHPDLAGLKGQSNRRLISLEEVKQHKT .
.TDSSSSKKQSNESSETFKTPARKPITRTKVPFEKGY SQMDWLKLTRTHPDLAGLKGESNKRLIPMDEVKKHRT .
TKKPAARAKVPFEKGFSPMDWLKLTRTHPDLAGLKGQTNRRLISLEEVKQHKT .
SKKSAVRAKVPFEKGFSPMDWLKLTRTHPDLAGLKGQSNRRLISLEEVKQHKT .
LKKSAVRAKVPFEKGEFSPMDWLKLTRTHPDLAGLRGQSNRRLISLEEVKQHKT .
VKKSAVRAKVPFEKGFSPMDWLKLTRTHPDLAGLKGQSNRRLISLEEVKQHKT .
LKKSAVRAKVPFEKGFSPMDWLKLTRTHPDLAGLKGQSNRRLISLEEVKQHKT .
SLKKPAARAKVPFEKGYSQMDWLKLTRTHPDLAGLKGQSNRRLITLEEVKQHKT .
SAKKPAVRKKVPFEKGYSQMDWLKLTRTHPDLAGLKGQSNRRLISLEEVKQHKT .
SSKKPAVRKKVPFEKGYSQMDWLKLTRTHPDLAGLKGQSNRRLISLEEVKQHKT .
SSKKPVARAKVPFEKGYSQMNWLKLTRTHPDLAGLKGHSNRRLISLEEVKQHKT .
SSKKPVVRAKVPFEKGYSQOMDWLKLTRTHPDLAGLKGHSNRRLISLEEVKQHKT .
SSKKPAVRKKVPFEKGYSQMDWLKLTQTHPDLAGLKGQSNRRLISLEEVKQHKT .
SSKKPAARAKVPFEKGYSQMDWLKLTQTHPDLAGLKGQSNRKLISLEEVKQHKA .
SSKKPAARAKVPFEKGYSQMDWLKLTQTHPDLAGLKGQSNRRLISLEEVKQHKA.
SVKKPTVRAKVPFEKGYSQOMDWLKLTRTHPDLAGLKGQSNRRLISMDEVRKHKT .
SAKKPTVRAKVPFEKGYSQMDWLKLTRTHPDLAGLKGQSNKRLISMDEVRKHKT .
SAKKPTVRAKVPFEKGYSQMDWLKLTRTHPDLAGLKGQSNKRLISMDEVRKHKT .
STKKPTVRAKVPFEKGYSQMDWLKLTRTHPDLAGLKGQSNKRLISIDEVRKHKT .
STAKPVRRAKVPFEKGYSQMDWLKLTQTHPDLAGLKGSSNRRLISMDEVKQHKS .
TVKKPAARAKVPFEKGYSQMDWLKLTRTDPDLAGLRGRSNRRLISLDEVKQHKT .
VIAKPKLRAKVPFEIGYSPMDWMKLNRTHPDLAGLKGQTNRRPISLAEVKQHKS .
VTKKPIARQKVPFEKGFSQMDWLKVTRTHSDLAGLRGQSNRRFISLDEVKQHKT .
KVKNPVGRTKVPFEKGYSQMDWLKLTRTHPDLAGLKGQSNQRLISMDEVKQHKT .
IKKSTVKRSKVPFEKGYSQMDWLKLTRTHPDLAGLEGQSNRRLISMDEVRQHKT .
LAKKPAARAKVPFEKGYSQMDWLKLTRTDPDLAGLKGRPNRQLISMDEVKQHKTT .
SARKTVPRAKVPFEKGY SQMDWMKLTRTHPDLAGLKGQSNKRLISMKEVKQHQT .
SARKPAARAKVPFEKGYSQMDWLKLTQTHPDLAGLKGQSNKRLISINEVKQHQS .
VAKKPASRAKVPFQIGYSHMDWLKLTRTHPDLAGLKGQSNKRLISLAEVKQHQT .
VAKKPAARAKVPFEKGYSPMDWVKLTRTHPDLAGLNGQSNRRLIPLSEVKQHQS .
VAKKPAARAKVPFEKGYSPMDWLKLTRTHPDLAGLNGQSNRRLISMSEVKQHQT .
PSRKPATRTKVPFEKGYSOMDWLKLTRTHPDLAGLKGQSNKRLISLNEVKQHQS .
SARKPAPRAKVPFEKGYSQOMDWLKLTTTHPDLAGLKGHSNRRLISINEVKQHQS .
SARKPAARAKVPFEKGYSQMDWLKLTRTHPDLAGLKGQSNKRLISMNEVKQHQS .
VNRKPVARAKVPFEKGFSQVDWLRLTNTHPDLAGLKGKSNKRLISMEEVKQHQT .
ASRKPASRAKVPFEKGYSQVDWLRLTQTHPDLAGLKGQSNKRLITMDEVKQHQS .
KLKKPVARAKVPFEKGYSQMDWLRLTQTHPDLAGLKGQSNRRLISMNEVKQHRQ .
AVKKPATRAKVPFQIGYSHMDWLKVTRTHPDLAGLKGQSNKRLIPLSEVKLHNT .
PVRKSTPRVKVPFEKGYSQMDWLKLTRTHPDLAGLKGQSNKRLISLNEVKQHQS .
PARKSAPRAKVPFEKGYSQMDWLKLTRTHPDLAGLKGQSNRRLISLNEVKQONQS .
PSKKPVQRAKVPFEKGHSQMDWLKLTRMHPDLAGLKGQSNKRLVSLNEVKQNQS .
STRKPAPRTKVPFEKGYSQMDWLKLTQTHPDLAGLKGQSNRRLISMSEVKQNQA .
STRKPAPRTKVPFEKGYSQMDWLRLTQTHPDLAGLKGQSNRRLISMSEVKQNQT .
STRKSAPRTKVPFEKGYSQMDWLKLTQTHPDLAGLKGQSNRRLVSMSEVKQNQK.
PARKPVVRAKVPFEKGYSQMDWLKLTRTHPDLAGLKGQSNKRLISMVEVKEHQN .
SARKPVVRAKVPFEKGYSQMDWLKLTRTHPDLAGLKGQSNKRLISMVEVKEHQN .
PARKSAARAKVPFEKGYSQMDWLKLTRTHPDLAGLKGQSNRRLISINEVKQHQON .
PARKSAARAKVPFEKGYSQMDWLKLTRTHPDLAGLKGQSNRRLISINEVKQHQN .
PGRKPAARAKVPFEKGYSQMDWLKLTRTHPDLAGLKGQSNRKLISINEVKQHQON.
AGRKAAPRAKVPFEKGYSQMDWMKLTRTHPDLAGLKGQSNRRLISMEEVKQHQL.
KSVKPAPRAKVPFEKGYSQMDWLKLTRTHPDLAGLKGQSNKRLISMNEVKQHOK .
KSVKPVTRAKVPFEKGYSQMDWLKLTRTHPDLAGLKGQSNKRLISINEVKQHOK.
KSVKPATRAKVPFEKGYSQMDWLKLTRTHPDLAGLKGQSNKRLISLNEVKQHOQK .
VARKPAPRAKVPFEKGYSQMDWLKLTRTHPDLADLKGQSNKRLISMNEVKQHOQOK.
VAKKPAPRAKVPFEKGYSQMDWLKLTRTHPDLAGLNGQSNKRLISMNEVRQHRE .
ATRKPVARAKVPFEKGYSQMDWLKLTQTHPDLAGLNGQSNKRLISMNEVKQHRM.
SARKPAARTKVPFEKGYSQMDWLKLTQTHPDLAGLKGQSNKRLISMNEVKQHQN .
SARKPVARSKVPFEKGYSQMDWLKLTRTHPDLAGLKGQSNKRLISMDEVKQHQT .
PARKPAPRAKVPFEKGYSQMDWLKLSRTHPDLAGLKGQSNKRLISLNEVKQHQT .
PARKPKPRAKVPFEKGHSQMDWLKLTQTHPDLAGLEGQSNKRLISLSEVKQHQT .
SVKKPTVRAKVPFEKGYSQMDWLKLTRTHPDLAGLKGQSNRRLISMAEVKKHQT .
SSTKPKARAKVPFEKGYSQMDWLKLTRTHPDLAGLKGQSNRRLISIHEVKKHQT .
PNKKPPVRAKVPFEKGYSQMDWLKLTRSHPDLAGLKGQSNRRLISLDEVRKHQA .
SAKKPTVRAKVPFEKGYSQMDWLKLTRTHPDLAGLKGQSNKRLISVDEVRKHQT .
SVKKPTVRAKVPFEKGYSOMDWLKLTQTHPDLAGLKGQSNKRLISMDEVRKHQT .
SVKKPTVRAKVPFEKGYSQMDWLKLTQTHPDLAGLKGQSNKRLISMDEVRKHQT .
SAKKPTVRAKVPFEKGYSQMDWLKLTRTHPDLAGLKGQSNRRLISMDEVRKHQT .
GGKKPAARAKVPFEKGYSQMDWLKLTRMHPDLAGLKGQSNRRLISMNEVKEHRM.

NP_057314,Human (Ncb5or)

NP 001059238.1,0ryza (RLF)

XP _006657577,0ryza b.
NP_196530.1,Arabidopsis

XP 003580032, Brachypodium
BAJ85812, Hordeum
VAI62358,Triticum

VAI50862, Triticum
XP_020148719,Aegilops
TVU02026,Eragrostis
RLN35912, Panicum

PUZ69075, Panicum h.
XP_025793114,Panicum h.

XP 004981424/TKV90817,Setaria
XP 004955848 TKW31251,Setaria
0QU88741, Sorghum
XP_008667419, Zea

XP 013442808,Medicago

XP 027924497,Vigna

XP_ 014490185 017438620,Vigna
XP 007151014, Phaseolus
ADE77709, Picea

XP 020265306,Asparagus

KMZ 64569, Zostera

RWR77736, Cinnamomum

XP 009418486 5,Musa

XP 008791871, Phoenix

XP 020102204/0AY74390,Ananas
GAV59466,Cephalotus

XP 012065594, Jatropha

XP 024983163,Cynara

XP 021739293, Chenopodium

XP_ 021838595, Spinacia
TEY81349,Salvia

XP 031127095, Ipomoea

XP 021638891, Hevea
XP_010257153,Nelumbo

XP _006439075/KD083474,Citrus
XP_024022048,Morus

XP 021996810,Helianthus

XP 011091663, Sesamum

XP 011087944, Sesamum

XP 022869457/0lea

XP_ 022770099, Durio

XP 021277165,Herrania
KJB49187,Gossypium

XP 016538486/PHT94674,Capsium
PHT60531, Capsium

XP 009776784,Nicotiana
XP_019238920,Nicotiana

XP 09630912 016508308,Nicotiana
XP 030547385,Rhodamnia
XP_024169624,Rosa

VVA25167, Prunus

KAB2627536, Pyrus

XP 023910016 030965286, Quercus
XP_ 018817051 8,Juglans
XP_010659437,Vitis
XP_021619057,Manihot
TKR58968, Populus
P3SS09978,Actinidia
KAA8520222,Nyssa
XP_004513673,Cicer
XP_019464874,Lupinus

XP 027355423, Abrus

XP 020234706,Cajanus
XP_028248018 03534395,Glycine
XP 3539832 006591987,Glycine
TKY67970, Spatholobus
PKI62938, Punica



Sequence alignment of N-terminal region of human Ncb5or against IRC21 in fungi.
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MLNVPSQSFPAPRSQQRVA
. . KPNVRFAAP
. . SNRGLEFPAVNSAQRAA
. . SNRGLFPAINSAQRAANATTT

. SNRGLEFPLLNSAQRA

. .MFPSPNSSQRVN

. .SANSLEFPPPNSAQRVS
.. .KPPTFPSPFSAQRAAPPITA

. .TLGTLFPSAQSAQRVQ

. TLGTLEFPSAQSAQRVQ

... IFPAPNSAQRTS
. .APGRFPATSSLRVPPPGTGTVGVGG
. .SSLRAPPSCTPAGSKLSSSTLSPLG
. .SSLRAPPSRTPAGSKLSSSTLSPLG
. . STLRVPPGMRPGTTNSNSNSLSPNS
.ASLRVPPG

. SRPASNNTLAPIS
. .ASLRVPP SRAASNNSLAPTQ
.ASLRVPP SSRPTSNSLAPVK
...LSSSTLAPTK
. .SSLCVPV SRGLTSSTLGPAQ
. .ASLRVPL SRGLTSSTLAPVQ
. .STLRAPR PRGLTSSTLAPVH
. .STLRGPL PRGLTSSTLAPIQ
. .STLRGPL LRGLTSSTLAPIQ
. .STLRGPL PRGLTSSTLAPIQ
. .ASLRVPPG SRAASNNSLAPTQ
. .ASLRVPPG SR LTTSTL PVLP
. .QRGLGPPS SGSRLSNSTLAPTQ
. .ATLRNP VTALTTSTLAPSQ
. .SALRAPPA TTNGLTTSTLAPSQ
.LPNRGPPS SSSGGGGSSLEPPP

. . IPNRSPLPNRTPTSSLTAPSLAPPP
.. .LSPAPSRLSPAPARGPGCSTLAPPP
.. .PLPNRGPPT

SNGSLGLPPS
.. .PVPNRGPPS SSLGGGLAPPPT
...IPSRGPP GASSLAPPPT

SGGRSKVPLKQGRSLMDWIRL TKSGKDLTGL.
QRLSVAHPAISSPLHMPMSKSSRKPLVRTKIRLDPGHSALDWHSL TSNPANYYTKE.
GSAVNQRKKVVLQPGHSPLDWAHLNRTQPRHKLRGV .
SSAAANQRKKVILQOPGHSPLDWAQLNRTQPRHKLRGV .
SSASETRKKVHLKPGHSPLDWARINRTEPQYKLRGV.
SSNSSLKIPQRSSGSRRKVVLEPGFSPLDWASLTSKTPKHQLRGV.
GNSSGGGTQRQKVALKPGHSPLDWAHLNSTTPFHILRGV.
SSSSTPQAEARARQKVVLQOPGHSPLDWANLNRNAPKHKLRGV .
SLPDGTKKARRKVELAPGHSPLDWAHLNSTASRGQOMRGV .
SLPDGTKKARRKVELAPGHSPLDWAHLNLTALRGQOMRGV .
RLGIPGNSRERQKVVLSPGHSPLDWANLNSKTPKHVLRGV.

— kX % Kk %%k _

LTQPSGASKAREKVVLQPGYSPLDWAKL

LPGKPQRSSRQ
LAGKPQKSSRQ
VTLKPVKASQR
LTLKPSKAAKK
VTLKPSTTARK
LIAQPSNSSKR
VTAKPSSSSKR
IHGKTQ PSRQ
IHGKTQ PSRQ
VQGKLQ PSRQ
VQGKPQ PSRQ
VQGKPQ PSRQ
VQGKPQ PSRQ
VTLKPSTTAKK
LPGKPQRSSRP
VSLKKSS SRK
RPSRK

RASRK
THSTKPAKPSRA
THNSIPTKPRKK
THSTKPSKPSKA
AGPTQKARGGK
HSAKPNKPSRK
HTNGPAPSRSRL

.. .MKPPHSTVKKPNFGIQPGGEDKLGEKEKSEVSTKKKRAK
.. .MKPPHSTVKKPNFGIQPGGEDKVGEKEKSEVSKKKKRAK
.. .PSSALAPPPQQOSSSSLALPPSTT KPPPKPSKKREK

.. .SSRRPGISSTPGSLAVPLTTS RIPPKPS GRGK

.. .NSLRVPPMRGPPNSSSRKPLLETSLSAPGAGPRRQK
MGYLGRKLAVSNRLRSQREP

VMLEPGHSPLDWAAL
VTLEPGHSPLDWAAL
AVLEPGFSPLDWAAL
AVLEPGFSPLDWAAL
AILEPGYSPLDWAAL
AVLEPGYSPLDWAAL
AVLEPGYSPLDWAAL
VKLEPGHSPLDWAAT
VKLEPGHSPLDWAAT
VVLEPGHSPLDWAAL
VALEPGRSPLDWAAL
VALEPGRSPLDWAAL
VALEPGRSPLDWAAL
ATILEPGYSPLDWAAL
VILEPGHSPLDWAAL
VILEPGFSPLDWAAL
VILGPGHSPLDWATL
VILGPGHSPLDWAAL
VVLTPGHSPLDWARL
VLLTPNHSPLDWARL
VVLTPGHSPLDWARL
VLLSPGHSPLDWAHL
VLLTPGHSPLDWARTI
VALAPGHSPLDWARI
VALTPGHSPLDWARL
VALTPGHSPLDWARL
VALAPGHSPLDWANL
VALAPGHGPLDWANL
IGLKPGHSAMDWAQL
VALAAGHSPLDWARL

—% =

RNSGKNLRGV.
TADPRNNLRGK.
TSDPRNNLRGK.
TSNPNHKLRGA.
TANPNNNLRGA.
TAKPKNNLRGA.
TSNPKNNLRGA.
TSNPNNKLRGA.
SSNPNHKLRGE .
SSNPNHKLRGE .
TSNPNHKLRGD.
TSQPNHKLRGE .
TSQPNHKLRGE.
TSQPNHKLRGE .
TAKPNNNLRGA.
TSNPRNNLRGA.
AANPKNNLRGK.
TKDPRNNLRGA.
TKDPRNNLRGA.
SGHPTADLRGL.
TTSPNSNLRGL.
SGNPSADLRGL.

QKSGKNLSGV.

SGPNADLRGV.

SGPNADLRNL.

TSSGONLRGV .

TSSGONLRGV.

KNSGADLRGV.

KKSGQDLRGV.
KONKGNALKGN.

VASKQNLSGV.

Human, Ncb5or

NP 013789, yeast (IRC21)
XP_002416862,Candida
EEQ42953, Candida

XP 002550312, Candida

XP 002616018,Clavispora
CAG86857, Debaryomyces

XP 001526828, Lodderomyces
EDK41487,Pichia

XP 001482565, Pichia

XP 001384271, scheffersomyces
XP 501731, Yarrowia

XP 001240913,Coccidioides
XP_002542840,Uncinocarpus
XP 661402,Aspergillus

XP 001272797,Aspergillus
XP 749520,Aspergillus

XP 002373662,Aspergillus
XP 001389090,Aspergillus
EEH41743, Paracoccidioides
EEH18593, Paracoccidioides
EEQ92276,Ajellomyces

XP 001536862,Ajellomyces
EER40089,Ajellomyces
EEH04658,Ajellomyces

XP 001260021,Neosartorya
EEQ29684,Microsporum

XP 002562331,Penicillium
XP 002149052, Penicillium
XP 002485125, Talaromyces
XP 959814, Neurospora

XP 001596435,Sclerotinia
XP 001905357, Podospora

XP 001937768, Pyrenophora
XP 389554, Gibberella

XP 364392,Magnaporthe

XP 568744,Cryptococcus

XP 771928,Cryptococcus

XP 001838747,Coprinopsis
XP 002474966, Postia

XP 002493579, Pichia

XP 002173985, schizosac



Sequence alignment of N-terminal region and cytochrome b5 domain of human
Ncb5Sor against cytochrome b5s in parasites and protists.
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Babesia/GFE55910.1 MDASSHGNRR-ERAP

Plasmodium/XP_002808938.1 MKENDKNKLNVESAQ-——-—-————— NEKSEKSSRT-ERRT
Hepatocystis/VWU48363.1 MEPDKNKLKPVTPQ-—---———-— RDD-DLINKS-NRKP
Dictyostelium/XP 643535.1 MMMTDKEQLNNNVQFQQLSTEMKEAIKSIMVSPTEQE-—-—-————— IEDKKNGKRK-RKVP
Trypanosoma/XP_845676.1 MSLPDGGNPESPNELSTDSEKEAFSQNPSTAGRSADDEP
Human Ncb5or/NP 057314.2 MLNVPSQSFPAPR-—————————— SQORVASGGR-SKVP
Giardia/XP_001708782.1 MSEHHGRPSG--VAFLMQHRRIKGVP---AHVAANTNYTANQVYEH
Giardia/XP_001704041.1 MASHGRVHRATQEFLDLYSSAKIPT---KQELAANPITPEEVLRH
Giardia/XP_001708389.1 MKGGTIAQRRDAMMRAHILSKVRQRT---DAEINSTFYTPEEIASH
Trichomoniasis/XP 001310855.1 MDVYERRREMOKQWRENA--KQCEWIGDITIEEVMKH
Babesia/GFE55910.1 o mmmme— SNNPVLGSAQFRFAQLMDSNKDSV----VQRATGPIDITEVAKH
Plasmodium/XP_002808938.1 = ———----————————- PNEP----NQLGYINASEDFKNSI-—---- IKSDKPITKEEVAKH
Hepatocystis/VWU48363.1 = —————mmm—mmm LNSA----NQMVYVNLSESLKKNT----- SDKKKIFTREEVKKH
Dictyostelium/XP 643535.1 = ——------oo——oooo——o LPHGHSQLDWMKK-QSAAQPCEF--DTSGNGGKITIQELKKH
Trypanosoma/XP 845676.1 FRMEVTRETLDVMLRAKSSCRAGEFSMVDWGGILQSIWRKMKRETNEKKLPYLSISEIRRH
Human Ncb5or/NP_057314.2 ————————mmmmmm o LKQGRSLMDWIRLTKSGKDLT--~-GLKGRLIEVTEEELKKH
________ .. *
Giardia/XP_OOl708782.1 RSEDDCWVTYRGRVYDITQYLDWHPAGKDILRPFFGYDITEACNVAHSWVGIHKMIEPLH
Giardia/xP_001704041.1 RDVNDCWVSHKGIVYNLTPYLRYHPAGIAPIEDYYGYDITAVTAAVHGEFVQVEQIIAPLA
Giardia/XP_OOl708389.1 ASMDDAWMSYRGKVYDITHYVRYHPGGLQCMQEYMGKDMTHAADSVHKWVNVATMLRPLA
Trichomoniasis/XP _001310855.1 RTPKDCWVIIDGIVYNWTQYVYNHPGGSSHFLGK-NPDITVPFHNFHRGMDI-SEFVEKLK
Babesia/GFE55910.1 TSENDCWTIYKGKVYDITRYLDMHPGGROQHLLDYAGMDITEEFSDIHPWVNAEFLLKSLY
Plasmodium/XP_002808938.1 NKKDDAWVIYENKVYEVTHYLKYHPGGKRILLGKSGKDITKYVKKMHPWVNIEEILKHSE
Hepatocystis/VWU48363.1 NTYEDAWVIYENKVYNITHYFKYHPGGEDVLLEYAGQDITMKVAEQHSYVNVKLILENSY
Dictyostelium/XP 643535.1 NNENDAWTVYKGRVYNITDYFQFHPGGKIELLRAAGNDCTOQMFEFTHSWVNFEAMMLKY L
Trypanosoma/XP_845676.1 NTPDDLWIVIGSVVYDCTKFQHFHPGGERMLOQLCGGRDATELEFNYYHRWVSCESMLQPFA
Human Ncb5or/NP 057314.2 NKKDDCWICIRGEVYNVSPYMEYHPGGEDELMRAAGSDGTELEFDQVHRWVNYESMLKECL
Lk % Lo kk. o LA : . * . H
Giardia/XP_001708782.1 IGMLOGPPRLLQGYDYDALRTRDLRRGSPA*
Giardia/XP_001704041.1 VGVLNGDPCVPPEKKLKVE-TGVLRRRY *
Giardia/XP_001708389.1 IGTVKTHVDNSNAFSCLPTIAEVAEEENNKDAS*
Trichomoniasis/XP 001310855.1 IGRLVSSKYLYS*
Babesia/GFE55910.1 VGELKSEDVATDLPPTKGTAPDN*
Plasmodium/XP_ 002808938.1 IGYVEV*
Hepatocystis/ViWU48363.1 LGDVED*
Dictyostelium/XP 643535.1 VGYLSIEDN*
Trypanosoma/XP 845676.1 VGLVKPEDEERGEREKEKEKGPG*

Human Ncb5or/NP 057314.2 VGRMAIKPAVLKDYR. .
. % .

14
29
27
51
39
27

41
42
43
35
54
64
62
89
99
65

101
102
103
93

114
124
122
149
159
125

131
129
136
105
137
130
128
158
182
140





