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Abstract: The heme-copper oxidase (HCO) superfamily includes HCOs in aerobic respiratory chains
and nitric oxide reductases (NORs) in the denitrification pathway. The HCO/NOR catalytic subunit
has a core structure consisting of 12 transmembrane helices (TMHs) arranged in three-fold rota-
tional pseudosymmetry, with six conserved histidines for heme and metal binding. Using sensitive
sequence similarity searches, we detected a number of novel HCO/NOR homologs and named
them HCO Homology (HCOH) proteins. Several HCOH families possess only four TMHs that exhibit
the most pronounced similarity to the last four TMHs (TMHs 9-12) of HCOs/NORs. Encoded by
independent genes, four-TMH HCOH proteins represent a single evolutionary unit (EU) that relates
to each of the three homologous EUs of HCOs/NORs comprising TMHs 1-4, TMHs 5-8, and TMHs
9-12. Single-EU HCOH proteins could form homotrimers or heterotrimers to maintain the general
structure and ligand-binding sites defined by the HCO/NOR catalytic subunit fold. The remaining
HCOH families, including NnrS, have 12-TMHs and three EUs. Most three-EU HCOH proteins pos-
sess two conserved histidines and could bind a single heme. Limited experimental studies and
genomic context analysis suggest that many HCOH proteins could function in the denitrification
pathway and in detoxification of reactive molecules such as nitric oxide. HCO/NOR catalytic subu-
nits exhibit remarkable structural similarity to the homotrimers of MAPEG (membrane-associated
proteins in eicosanoid and glutathione metabolism) proteins. Gene duplication, fusion, and fission
likely play important roles in the evolution of HCOs/NORs and HCOH proteins.
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Introduction

Aerobic respiration has evolved to use oxygen, which
produces about 16 times more adenosine triphos-
phates (ATPs) than anaerobic respiration.! This
advantage likely facilitated some critical evolution-
ary steps, such as the origin of eukaryotes and the
increase of body size.??
(HCOs) are membrane-bound enzyme complexes
functioning in the terminal step of aerobic respira-
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tory chains.*® They catalyze the reduction of dioxy-
gen to water using electrons transferred from
cytochrome ¢ or a quinol derivative. The released
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energy is coupled to the translocation of protons
across the membrane to generate an electrochemical
gradient that can be used for ATP synthesis. All
HCOs possess a catalytic subunit, an integral mem-
brane protein with 12 core transmembrane helices
(TMHs). Six conserved histidines in the TMHs of the
catalytic subunit coordinate three co-factors: a high-
spin heme and a copper ion in the binuclear cata-
Iytic site, and an additional low-spin heme function-
ing in the electron transfer pathway.”® Two of the
six histidines function as axial ligands to coordinate
the low-spin heme, while the rest participate in the
catalytic site, with three histidines positioning the
copper on one side of the high-spin heme and one
histidine serving as the axial ligand on the other
side. The 12-TMH core structure of the HCO cata-
Iytic subunit displays three-fold rotational pseudo-
symmetry and distributes the two heme groups into
two of the three proposed pseudosymmetric units,®*°
each of which consists of four TMHs.

HCOs from various organisms have been discov-
ered. They differ in heme types, electron donors
(such as cytochrome ¢ and ubiquinol), proton trans-
fer pathways, and subunit composition. Three major
types of HCOs (A, B, and C) have been defined
based on sequence and structural analyses.®!!
A-type HCOs include cytochrome c oxidases in mito-
chondria, and cytochrome ¢ oxidases and quinol oxi-
dases in many bacteria and some archaea.'? B-type
HCOs are mainly found in the archaeal phylum of
Crenarchaeota and appear to use one proton path-
way compared to two proton pathways in A-type
HCOs. A- and B-type HCOs share a conserved tyro-
sine residue residing in the sixth TMH. This tyro-
sine is covalently linked to a copper-binding
histidine and was proposed to donate a fourth elec-
tron to the binuclear center in the catalytic pro-
cess.’® C-type HCOs, mainly from Proteobacteria,
use a catalytic tyrosine residue located in a structur-
ally different position (the seventh TMH) than that
of A- and B-type HCOs.1*1®

Sequence and structural analyses revealed that
the catalytic subunit of nitric oxide reductases
(NORs) is homologous to that of the HCOs.5'® NOR
catalytic subunit also has 12 core TMHs sharing the
same topology of HCO catalytic subunit and binds
two hemes and a non-heme iron (instead of copper
in HCOs) in a similar fashion by using six conserved
histidines. The HCO superfamily thus includes both
HCOs and NORs. NORs catalyze the reduction of
nitric oxide (NO) to nitrous oxide (N,0O) with the
help of the heme groups and the non-heme iron in
the denitrification pathway of the nitrogen
cycle.51718 As NO is a toxic reactive agent, NORs in
some pathogenic bacteria also play important roles
in detoxifying exogenous NO generated by hosts.'®
Besides substrate preference, NORs differ from
HCOs in that they do not translocate protons across
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the membrane and do not have a catalytic tyrosine
due to fewer electrons required in one -catalytic
cycle. Two major subgroups of NORs have been
described: the cytochrome c-dependent ¢cNOR and
the quinol-dependent gNOR.2® NORs appear to be
more closely related to C-type HCOs than A- and B-
type HCOs in terms of sequence similarity and sub-
unit composition.?!

Although NORs and the three types of HCOs
each form well-separated clades in the phylogeny
reconstructed for the HCO superfamily, the position
of the root remains controversial. Different evolu-
tionary scenarios have been proposed for the origin
and evolutionary order of HCOs and NORs. Several
studies'®?2-2% gsuggested that NORs may be more
ancient than HCOs, consistent with the assumption
that aerobic respiration evolved from denitrification
after the emergence of atmospheric oxygen. Other
researchers have proposed that the widely distrib-
uted A-type HCOs were present before the split of
bacteria and archaea and are ancestors to B- and C-
type HCOs and NORs.'2 These hypotheses, still in
debate, explain how the 12 core TMHs developed
into various types of oxidases. However, the origin of
this pseudosymmetric helical architecture, an
ancient event, is rarely discussed.

In this study, we used sensitive sequence simi-
larity search methods such as transitive PSI-
BLAST?® searches and HHpred?” to detect proteins
homologous to the catalytic subunits of the HCO
superfamily members. We called the newly found
homologs HCO homology (HCOH) proteins. Interest-
ingly, we discovered HCOH proteins with only four
TMHs. These four-TMH proteins exhibit the highest
similarity to the last four TMHs of HCOs (TMHs 9-
12). They are considered to correspond to one evolu-
tionary unit (EU) and are called single-EU HCOH
proteins. Single-EU HCOH proteins may form homo-
trimers or heterotrimers to maintain the general
structure and the ligand-binding sites defined by the
fold of HCO/NOR catalytic subunits. HCO/NOR cat-
alytic subunits are proposed to contain three homol-
ogous EUs made of TMHs 1-4, TMHs 5-8, and
TMHs 9-12. We also discovered several groups of
12-TMH HCOH proteins that, like HCOs/NORs, con-
tain three EUs. The majority of these three-EU
HCOH proteins possess two conserved histidines
that are predicted to bind a single heme. Most of the
newly found remote homologs of HCOs/NORs are
hypothetical proteins without experimental charac-
terization. Only two of the seven major groups of
HCOH proteins have been defined in current
domain databases (DUF2871 and NnrS). Limited
experimental studies and genomic context analysis
suggest that they could function in the denitrifica-
tion pathway and in the detoxification of reactive
agents such as NO. Remarkably, the structural core
of the three-EU assembly of HCOs/NORs resembles
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A. HCOs/NORs structural units
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Figure 1. TMH topology diagrams of HCOs/NORs and HCOH proteins. TMHs are shown in numbered circles. TMHs in the
same structure unit (marked by SU) or the same evolutionary unit (marked by EU) are filled with the same color. The histidine
patterns of the EUs are shown in parentheses. Hemes are shown as red lines. Copper or non-heme irons in HCOs/NORs are
shown as red spheres. Conserved histidine sidechains are shown in purple. N- and C-termini of each modeled protein are
marked by NH2 and COOH, respectively. (A). Previously defined structural units of HCOs/NORs. (B). Newly defined EUs of
HCOs/NORs. (C). Structure of a C-type HCO catalytic subunit (pdb: 3mk?7). (D). Model of homotrimer for single-EU proteins
with the HxH motif. (E). Model of heterotrimer for single-EU proteins with xxH and Hxx motifs. (F). Model for HCOH-t1, HCOH-
t2, HCOH-t3 and HCOH-t4. (G). Model for HCOH-t5 and HCOH-16. (H). Model for HCOH-t7. (I). Model for the protein

(9i|288930450) with the HxH motif in all three EUs.

that of a diverse family of trimeric membrane-
associated proteins in eicosanoid and glutathione
metabolism (MAPEG).?%2° We propose the potential
evolutionary scenarios linking existing families, as
well as the early evolutionary events of HCOs/NORs
in aerobic respiration.

Results and Discussion

Transitive PSI-BLAST?® searches (see Materials and
Methods) and HHpred?” were used to detect proteins
homologous to the catalytic subunits of the HCO
superfamily members. A number of remote homologs
of HCOs/NORs with different patterns of conserved
histidines were discovered. We called these newly
found superfamily members HCOH proteins and
divided them into groups based on the number of
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TMHs in the homologous regions, patterns of con-
served histidines, and the CLANS?® sequence clus-
tering results.

Four-TMH proteins homologous to HCOs/NORs
help define EUs

The catalytic subunits of HCOs/NORs exhibit an
approximate three-fold structural symmetry and are
considered as a result of duplications of four-TMH
units.>!° In previous structure studies, three pseu-
dosymmetric structural units (SUs) have been
defined as TMHs 11/12/1/2, TMHs 3/4/5/6, and
TMHs 7/8/9/10 [Fig. 1(A)] (TMHs 1-12 correspond
to previously defined TMHs I-XII).>!® We detected
a set of four-TMH proteins homologous to the cata-
lytic subunits of HCOs/NORs. Most of these four-
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HCO/NOR EU1 Hxx
1fft AJHCO A Eco 59 MYIIVAIVMLLRGFADAIMMRSQ(21)T
lxme A|HCO B Tth 28 YFLVLGFLALIVGSLFGPFQALN (24)T:
3mk7_A|HCO C Pst 15 QFAIMTVVWGIVGMGLGVFIAAQ(19)F:
300r_B|cNOR Pae 17 PYFVFALILFVGQILFGLIMGLQ(17)M
3uyf_hlqﬂ0!\ Gst 306 KYFVVVUSALFFVQTMFGALLAHY (23)G’

HCO/NOR EU2 xxH

1€£t A|HCO A Eco 229 WASLCANVLIIASFPILTVTVAL (27)WAZGJPEV-YILILEVEGVESEIAR (11)SLVWATVCITVLSFIVM
PIV-YFWLLPAYAIIYTILR(11)MARLAFLLFLLLSTPVG!
IAVGFFLTAGFLGIMYYFVE (11) LSIVHFWALITVYIWAG!
LWVEGVWELIMGAILAFVLV (12} WLYVIIAMALISGIIGT!
3ayf A|gNOR Gst 470 HLLFYSAIAVPFFYIFAFFIQPD(10)WWyIRLWVEGIFEVFAVVVIGFLLY (12) ALYFQFTILLGSGVIGT

1lxme A|HCO B Tth 189 YMAVVEWLMWELASLGLVLEAVL(22)
3mk7_A|HCO C Pst 161 WFFGAFILTVAILHVVNNLEIPV(18)
300r_B|cNOR Pae 171 MVLMTGLIGLALLFLESFYNPEN- (8)W

HCO/NOR EU3 HxH
1fft A|HCO A Eco 381 LWTIGFIVIFSVGGMIGVLLAVE (12)1
lxme_A|HCO B Tth 352 VAPVLGLLGFIPGGAGGIVNASF (12) Pl
3mk7_A|HCO_C Pst 307 RELVVSLAFYGMSTFEGEMMAIK (12)I
300x_B|cNOR Pae 308 LWAMGTTVMAFLAGVWGEMHTLA (12)
3ayf_A|gNOR Gst 612 WFLISTAIWNLVAGVFGFLINLE (12)Ei

HCOH-s1

13473344 (A) Mlo
297585161 (A) Bse
183219809 (B) Lbi
183219810(B) Lbi
410732260(C) Tos

HxH

NFFTLAIIYSLCGMALGLHMAIS- (6)
ALLITSAVFGLIGVMIGSHMAGA- (6) T
WLLRISLIYFLMGTIIGALLMLQ(13) P
YFIKSGMIFLLEGICIYATAEFP- (9) P!
LFIRAALLYLLYTALLGTLEYLF- (8) Li
410732290(D) Tos LALTTALFWLARRGLVGLLLGLG- (7) Pi
220936292 (E) Tsu LFILAALIYSLLGGLVGLLWLAH- (9) RI
220936290 (F) Tsu 101 AAILGALGWLLVAGASLPLGGLL-(6)PV
291615114(G) Sli 20 WEVYACIIYSIIGFSWGAIMGGV(17)
291615095(H) Sli 11 KFLLLSALSFFIGTIHGMEQVMP (22)

HCOH-s2 HxH
516655163 Cul 20 LLETEVAIFTTLGLLGGLYYEBL (16)T
152975919 Boy KLYYASFVYLITGLLAGVE. (1)L
496299473 Cop 144 SLINIAITYFILAMAGGVEYREF (13) VI
553314516 Psp 216 NLLNMAITYGVMGLCGGVEYEEF (13)Ki
154334562 Lbr KLVRASMNYTIFGLASGVY (15)V1

A R -

(X}

(8]

290974763 Ngr 118 HMIVFIGIMILCAISSGEV (19) LI
HCOH-tl EUl Hxx
357404951 Mal 30 PFFILAGLFALLLILLWNAIYKG(11)Il

86361253 Ret 28 PFFLARALWAIVSIGLWAAFLNY (11) Y]
392379399 Abr PFFLLTALDALLAVGLWVPALLG (11) GI
116050649 Pae 21 PFFLGGALFAVLAIALWLAALAG (12)Al
557235312 Csp 11 IFFLFLPLECVLSSFIFFTNLDFI---T.

N

HCOH-tl EU2 XXX
357404951 Mal 152 KSLVFIVLLALMTAANALVHLEM (14) LIEIEIVHILWA
86361253 Ret 150 KDLKVVAGLAVLSVANLCFHIQV (12)GLeAMVLLITIVG

392379399 Abr 118 RNAVVAALVGALAGAALCDAVPS-- f‘AD*
116050649 Pae 142 RNYPVVGLLLLLTLADALVLLGL (14 ) ALY

557235312 Csp 119 DQLSIHLLLFLFAVFTFLYAFST-(7) EIQLIFIGIFIIS!
HCOH-tl EU3 xxH
357404951 Mal 278 WILYIGYGWILLGLALSALAAYAIISYSLJ

86361253 Ret 278 FVLHARYGFVPLGFAARIAFGPIGLSQ-Vi
392379399 Abr 234 LTIVHARYACIPLGFTAVAASPG------ A
116050649 Pae 272 WSLHIAYE‘WIAVAPLGIALWSLG-ES)SQ*
557235312 Csp 243 LVYYFLQLTLGTGFIWLGISYLF- (5)ADy

HCOH-t2 EUl Hxx

56479013 Aar 11 PLLVLGMLSLVGGVLAGLSRLAL(10)6 IARFFGTVIS
38637900 Reu 35 AVLLLAVFALLAGMLGGLLRAGV (15) S

38234448 Cdi 13 FLLVGGIANLLIALNAALLKLGV-(9)N' (VMVIGFLGTLIS

FLALGLLLGFAMLALVRVED- (5) KLIPAIWLWAIGVLLTGGMOV (22} GL
LVLGFLFFLITLALAKSEA- (5) GEDMWFIVHNIGLILTLASMA (19) AV: ]
LILGTLLFITLAVIAKVTN- (5) LEKKEVITYNFSLPFMILTML (24 ) GLSRIITMMIALLILLISLKK 275 [279)
LVLGMVVTILEYLLVRNLD- (5) NLKKPLNIYNFGLIFTVANMM (24 ) GIGLIIFLGIGMIYTMVIIKK 347 [358]

1
1

FTLGGIGVLTLGMMVRVSL (11) VIVTAFVLLNLSAFGS S
TFATGAMSMMMLAVMTRASR (11) VINASYLVLAAVAVLIRPLAEL- (9) LLSAVGWAVAFGLEALEHAP 390 [404]
LWTVGALGLMGFAVMSSMIR (11) VVTGCYALIGFA!
LAVGGMGGLILAMLARVTL (11 ) AMPWAFALLNLGCA
IITISGIFGVIYMVINIAGL (12) DIKEGFICIFVGSICJAVEGO- (7) YIPAILLATAFIIYCFKFYH 356 [368]

U IMI FEVAMPEVIGLMNLVVE (12) LNNLSFWFTVVGVILVNVSLG (29) IWSLQLSGIGTTLTGINFEV 210 [663]
NATVFTQLFAQAIMVYLPA (10) LMWLSWWMAFIGLVVAALPLL (20) YLGASVEVLSTWVSIYIVLD 171 [568]
AVIFAFGGCALFATSYYSVQ(11) LAAFTFWGWOLVILLAAISLE (13) WPIDILITIVWVAYAVVEEG 147 [474])
iLLIWILLFG-F'MGMYYLVE‘ (11) LAWILFWVFAARGVLTILGYL (27) TISKAGIVIVALGFLENVGM 160 [465]
*LAIFWIATA-WLGMGIFIAR (12) LVDLLEWALVVLVGGSMIGOW (25) RIWQIILVVGMLIWLEIVER 454 [800]

HH
(13)GITTMIIAIPTGVKIFNWLF 368 [663]
(14) SVLTLFVAVESLMTAFTVAA 324 [568]
(13)MVMSLILLAPSWGGMINGMM 292 [474]
(13) SVFSALEPLPFFAMVLFAFN 293 [465]
(13) AVFSALEVIBLTLLILEAYE 594 [800]

VITGGVVEGCFAGMTYWWE (10) WGKRAFWEWI IGFFVAFMPLY (26) ASGAVLIALGILCLVIOMYV 518 [663)
LOVASLVTLTAMGSLYWLLE (13} LGLAVVWLWFLGMMIMAVGLH (30) VLAGIVLLVALLLFIYGLFS 496 [568]
GALGWVAMVSIGALYHLVP (12) LINTHEWLATIGTVLYIASMW (37) MIGGAIFFAGMLVMAYNTWR 457 [474]
EFYGAYAMIVMTIISYAMP (15) LEMWGEWLMTVAMVFITLFLS (35) EGAGVVFLIGLVAYLLSFRR 460 [465]
IMGVYGMFATAVLLYSLR (11) WLKFSCWMLNIGLAGMVVILL----AVEDTIFLIGVVALLVFAIK 762 [800]

MVAGWLMSAVFAFFYHLFP- (6) LATTHFWLTAISGIGLLIGLY (13) GISSMGFYABMLLFAFIALP 120 [126)
LVSGFLTTMGWGIFYQAFK- (5) LARIHVFSAIIGSVSLNLGMY (18) IIGGTIYMIAFIAFFLIVVK 124 [129)

IWGFLIQFIMGTAYWMER (12) QAWLVFFCYNFGFVCLLFSMM- (8) TVGKILMCLAIVIFIKLIWY 129 [136)
IALGWITQIIMGVSLWMFR (12) LAWVSFYSLNLGLLFRFVSEP (13) LCSIVLQILGVECFILEIWP 129 [139)
GLVGFFLOMVMGVAYWMMP- (9) LEALTFFLLNAGLLLRLLLEP (12) ALSGVLQLLAVFVFAYAMHR 124 [144]
NLLGFVGLMIYGVAYHALP (11) VALFQVLLANLALLGMALAWG- (7) GVFALLEYAALLLFVLLMLE 120 [124]
LMLLGFITMMIYGVGLHVLE (11) LANVQLYVANLGLWIMVAGWL- (7) SVGGLLAWSAMGLFALNIAL 122 [132]
FNLGFLVLLIMGLGEHMLE~ (6) TRGGWLLAWLPQGLVHVGVIG (13) ITAGALAARTLAFGLFTVRVIP 215 [218B]
INLLGWVEMAIFAALYYVVE (11) LUKIHFWMHNFGLIGMVVEFL (25) GIFGMLVLTANIIWGYNLYK 162 [172]
NLVGGVVLLAMCVTYYLLP (11) LVOHTFWWVSIGVYSFYIIOQM (28) LSGTTMAIGFCTYLANVILT 161 [175]

IITVGFILFLMALGR 152 [161)
LIGLSLVWEMILLKK 128 [132

FALGSFFFLEFVLLLEKSFA- (5) NYKKFYVTYNIGLGITLMMMM (21) GVGIIFMSVGFGYFYNVLMG 132 [149
FFSLGVEVPLTLVVLLFLSY (10) MEHVGFIIYEIGAVLALAAFC (52) AL

FMLIGLFKCVIIIFI 288 [296

S EMLAGYSVAVIAGFLLTAVK (11) RLAGLCLLWLYGRILPFYAELLPDFMIALTDFAFLPVLAYSVSRE 145 [404]
S EMLFGFAPAVLAGFLLTAVP (11) PLAALFAMWGAGRIAMLASDGIGMTAATAIDSLFLPLMLALCARE 143 [404]
SALLFGTLPAMMAGFLRTALP (11) LWPLLVPLWLAGRVLSPWVVP----AHAPFLAALALLVTAQVVAA 115 [348]

S EMLFGFGVAITAGFLLTAVQ (11) PLALLAGLWLARRLAWLFDAPLA--LLLVLOQLSFLPLLAWAIGRS 135 [397]
%LFIGVI PCAAYCGFLLTAFL (11) HAVILFCILNLAFLSAFFNIF----LANLEVAFTWTYIFILSTFM 112 [368)

FRFFTERGL (10) LOVLSIVSAASVFLLOMAGISGH--ILAVSATAALVVNLVRIAGH 267 [404)
ILPSFTRNWI (14) FDTATIIAGAMSLASWAIRPDSI--ATGFLARARRAMNATRLARW 267 [404]
2UTAPSLTATHL (14) FERAAALIAACALVGWLAEPDSG--ATARASLLATMMOTARLLOW 223 [348]
=VIPFFTQRGL (14) GILLGCVLVALLTAAGVTAQPTP--WLAGLFAALGGAQLWRLWRW 261 [397)
ISIVLGKEAL (15) YKNLAIIMIYVYIICVLAGFDKK--TLGFILLGIGSATLAKLAEL 232 [368]

ILEA (10) YISTLAWLARFALEVEVYAP 392 [404)

ALARV- (9) LABAGAWGVAVALFLAAFGR 341 [348]
ARWVFLES- (8) PLAGGLWALAFLLFRAWCYAP 385 [397]

VALA--RMWAYLAPACAGAGGLALLAGAPTLLAQVFFVARALILVLGSVQVMR 116 [362)

GGFLGTI IGIRRAVALG--RLARFAAPARSGLGAILMVAGSSA-AGAWAMAAGALVFVGVSVAVLR 144 [430]
RAOALA- (7) WAYLAPLLLGIGGVVLGVGGT- (8) HFFMIEGALIFCAIHCVLYL 126 [369]

408501395 Bas 21 ALLIGAGLAALLGLVARLIRADL (10)D: ELMVYGFLGAATGLIRAVAYR- (8 ) WGFLAPALGLLGSLLCLLSLI (17) GIPWTLSMLVLTAMYLAIWH 145 [884]

18314185 Pae 13 PVMAPGLISLVLGGLGGIGIMWS (12)T! (LMIAGFFAALIGNZLLNVLS (13) ALYAALLWALLAGTVAGAAWL----SSARYLAMLLVLITYSRTYL 127 [375]
HCOH-t2 EU2 xxXX

56479013 Rar 123 VVLAVGALCWLVGNLAWLIENN----- VOAYPHWLGFLVLTTAGERLELTR (10) LESVAVAVVLGGAATSLWREET--GLATFAGGLLFLAAWLLRYDI 223 [362]
38637900 Reu 151 ALLLAASVAWLAGNVALASGRW-----VIii ﬁAWYFIFLWTVAAERLSMTRQID)ALLAILAGLVLGAAGSALEGN-(5] GVVYGVSLAFLTSWLAREDI 254 [430]
38234448 Cdi 133 ARQILSALSLFIATVLVLLWD-- FILAAFVIVTIARERAELAQ- (9) TLLVTSCALVLTSGIALIWQSV--GSRFFGAVLLITIALWLIRDDV 231 [369]
408501395 Bas 152 LIQVLGSLVGLVGAFGWVAGLD- AS*H‘PTWLFFLILTIVGERVELBR (10) GILVLSLLTVLMLPVQAMVPSV--GYPLLGLALALLLLVMASHDV 252 [884]
18314185 Pae 143 VASLAASIALYITAWIGGGD-------LGUAILIFPVSMIYAVMARDIALVT- (7) RLGVLAFLLLVASFAMWTFG- IVERAGALLAASGTASILF 234 [375]
HCOH-t2 EU3 xxH

56479013 Aar 238 ICLLSGYAWLAVGALLGLGNSFA- (&) DAL ITLGFVFAMVEGHAPIIFP (11) VEYLPLAALHVSLATRIIIGSA (10) AVLNGVALLLFIVTMVTSVL 354 [362)
38637900 Reu 269 VCLLLGYGWLLVAGAAWAGTAAGLPWRDA! LGLGFIVSMVMAHABVILP (11) SFYVELAVLHLS! SFGH- (9) ASGNVARILAFIAVVARASP 382 [430)
38234448 Cdi 246 GALLAGYVWLIIGALAVVITAAP-(6)D! IFVGFAMSMIMAHAPIIFP (11) AMWIPLVVLHMGLST) 'SQI (11)AVTSALAILGFLATTITVII 363 [369)
408501395 Bas 267 TCMLSAYAWGLLAALIWMVAPLD- (6) DI LAVGFIMITMVIAHVCMIVE (11 ) LLWGAWALMOVGLLIGILLGAT (10) NLLNVLGTILSMMMTVVYLAA 383 [884]
18314185 Pae 249 VKIWSAYLWLMARGLILFLGAPTL-WRI LALGFIFNIVEGVDVILID (20) LEVVIFLLLNVGI GYRY (10) GPLVGIAIVAFLLYTORRIM 371 [375)
HCOH-t3 EUl Hxx

317122346 Tma 57 PFFDLAVAAALVPGFLLGGLLAR (16) Qi
269836670 8th 34 PFVAASIAMALTGGFALGAGLEV (16) Qi
116622038 CSo 18 IYVVTGLLFLLLPGTFLGVWNLV (16)
494424805 pKS B85 IFVKTSIIIALSTGCLYGASLLA (16)E!
408404093 CNi 13 PFIVTAVILVFAGSIIGSLWMMS (13)5S

HCOH-t3 EU2

' AQLMGWGGALILGVALQFLP (11) RVPFLFAGLAGGLGLRLAGOA (19) AVLELLARAGLLALLARTLR 192 [53€]
. VOLLGWVGLMVLGVAVHFLP (11) MARVALWLIVVGLVLRGVIQP (18) AGLPLAGITLAVAMLVATIR 168 [441]
QIFGWLGTFIIGIGYYSLS (11) RGWTSWALWTGGVGLRWAANY (12) AVLOLVAFLIFFATVSRHKA 146 [449]
s TOVYGWVGLEFIMGISYFALP (11) LAYKSFFLMLAGIFLSFVEKT (17) CTLQVVSILIFIYVICATYL 218 [592]
KEFQVDGFLTLI IMGVGYMIVE (11) LTYFSFLLVAFSVAASIVSAI- (8) AFARAAGVSIFAAITLWILR 134 [412]
XXX

317122346 Tma 207 PLFAVSAAGLLASLALWARAAVY (50) AAMLELALFGFVGATSVAMSARVES (11) LLGABAGAFSAGLVLESIAGY (16) ADLAWGABLLLGTGRVRVEE 373 [536)

269836670 8th 182 PLFLVSFGSLWIGAVLNAYGLVA (13)RI
116622038 CSo 160 KLVIAATVAFLIALLVNQVETVV (15)0Q!

¢ IEFYGFLVPVAAAMTARTEP (11) LLVLEVAGLVGGIALRATGDP- (5) GOVLHGAALAWLIARLRVEG 300 [441]
JLAAWGFPVLAVWGFNAKWLE (11) GLMAALAISAADLTAASFGYLR--LATLLLLAASIVATIALNIFA 277 [449)
]
]

v
iL,

494424805 pKS 229 GFLISSYLWFLFQAITFVALYFH(14)3 lR IQIVGFACMVIIGIFAKTLE (11) ISIYVLYILNISIALRTISEF (18) AGIMEACGVFLFIYSLNLFN 361 [592
s

408404093 CNi 137 KLLRIADYFISLSVITLLAINGI- (9) P!

!QLLLLE‘PVLHIE‘GVEYKTLP(IL!LSAVSE‘GLAAISVVLGLSSAL-(BJPNVALLGCMAFAGAVYIE‘G 255 [412

Figure 2.

TMH proteins possess the HxH motif at the begin-
ning of the second TMH. These proteins exhibit the
highest sequence similarity to the last four TMHs of
HCOs/NORs (TMHs 9/10/11/12). The HxH motif of
these four-TMH proteins aligns to the HxH motif in
the tenth TMH of the catalytic subunits of HCOs/
NORs. We consider that these four TMHs corre-
spond to an evolutionarily conserved unit and

Pei et al.

define them as one EU. Each of the four-TMH
HCOH proteins possesses one EU and is thus called
a single-EU HCOH protein. On the other hand,
HCOs/NORs contain three EUs: TMHs 1/2/3/4
(EU1), TMHs 5/6/7/8 (EU2), and TMHs 9/10/11/12
(EU3) [Fig. 1(B,C)].

The second TMH in each of the three EUs in
HCOs/NORs harbors conserved histidine(s) for heme
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HCOH-t3 EU3 xxH
317122346 Tma 393 VAALLAYAWALVAALVLVLRGLH (13) DAEY
269836670 Sth 318 LHALSAYAWLAAAGGVSMLIGLH (11)D
116622038 CSo 293 SEFVRSAYVWLLIARALGVYAALD-(7)GAE
494424805 pKS 377 KFIRAALVWLFVSETALLTYTIY(13)

HCOH-t4 EUl HxH
343082909 Cma 3 SWLLISLINFFIARLMGLLI (14) Hi
390943549 Bba 23 TWMTWAVFFFFCARIFGL: F(14)H
255536242 Fba 4 FWLKFSVENFLLVALLGV: K(14)El
337749376 Pmu 19 SWTRWPLLYFWITAATGVLI (14)H
495910933 Bar 3 KLVLTCLLNFLIARIMGLTLENYS (13)H
284036739 81i 11 NAWKTALGWWVVAGAIGVLIGYOQ(14)
HCOH-t4 EU2 XXX

343082909 Cma 132 LLLRTALLFLLISTCGVWAVAVI (15)Q
390943549 Bba 152 NLIKLSIIWMIISSIGLWAIAPI (15)Q
255536242 Fba 134 IWFVAGLFFAVISSAGVENLAYM(15)Y
337749376 Pmu 150 RFAQAALACMALSSAGPWALAWL (15)Y
495910933 Bar 128 KLVKASLLFMVISTIGVWCLGPA (15)Q
284036739 S1i 138 RLVRWGLFFLALSTLGPYAVGIL(15)Y:

HCOH-t4 EU3 xxH
343082909 Cma 267 SFLLLAFIVGVIRVVAQVLLIFE(13)I
390943549 Bba 290 SLLWIGIISLLAKALIQATLILE(13)Ii
255536242 Fba 274 FVLIFVGFAFAAKIALQLGSNIP(13) I,
337749376 Pmu 290 RLLRLSLLVWAAKMGLEAASALP (13) Vi
495910933 Bar 264 YMYQFALFCFILKIVLOTLSIVE(13)Il
284036739 S1i 278 GVARLAFLSFALKLILOLLSVFE(13)I

HCOH-t5 EU1l xxH
39935138 Rpa 22 RFFVAAAVGHVLLWGAVLIAAND (11)Li
38637924 Reu 18 GCLMPAPWLGAAAGLLLAFGSVD(10)
530601060 Gesp 16 SFIMFAVLAFAVSQLMLLWAVPA (11)Wi
118474250 Cfe 16 AYFVISIVFAIFSVFLYKFSDED-(7)AT:
389847617 Hme 20 RHFLVALGLLLFGVAIGLGIVLD-(7)
288930450 Fpl KFLYSALVYLVVAAFLGILNLEGFYFKP!

HCOH-t5 EU2 Hxx
39935138 Rpa 152 AYGWARFASLIALVALGLALSLD(13)

w

WVGAGFMTLLIMAVABTMLE (11) WVVAAVVLAALAA

LGAGFATLLILGVGSHMLP (11) LPWVTLLAGNLAVL]
LIVGFLSTMVFAIGORVLP (12) LMWTSLTALNIGCL!
IFIGFISMMILGCASKMIP (11) LLNATFILINVGCL!
408404093 CNi 278 QHSRLAFLFLYAGIAVATAFNVS- (6) DL IYTAIGFIGLTIALYLPLMLE (11) FNSVEVLLVILALA'

'PGL (16) ALAGAAGAARIVLLVVTLRR 522 [536]
AAGL- (9) GVAGVLGVLAVVLFMVNLHG 438 [441]
ASEI (14) PVSAITELTAVTLFAINIGI 415 [449]
'VSQP (13) GISGFIEYARMFCFGINAWK 503 [592]
'AGDV (15) MTSGWLVVAARLSTFVAMIHR 399 [412]

\LLGWLYLGLFVLIHGRFL (11) RLEWLTQFSVVGMMLSFPLQG- (6) FFSSLHIVLSYVEVYRVWKD 123 [404]
ALLGWGYLLVTGLLTFSYV (10) KILILTIIANLGMMLSFPFQG- (6) AFSTMHLVMSYVFAYFFFQD 142 [607]
[FAFYGWITHVLYVLLTNYLL (12) ILITSNLIASFAMLGTFIYGG- (6) BASTMALLTSFVFCYFFVRD 125 [408]
ALLGWAYTALILLLAARFL (11) VNWGLTQARVLGMFARFAVOG- (6) ALSTVHILLSYSLGVWMWRR 139 [439]
AMLGWVYLMLFTEFAQYFV- (8) KLEWITQLAVIGMMVSEPFOG- (6) SESTLHIFCSYFFTYRIWKD 119 [403]
'LLGWAFNGLFLALVSAFG- { 9) KIWLGFQASIFGMLVFFPIQG- (6) VASTVHVEVSYYMAWCLWRD 129 [411]

CFQFNGWLLFGVLALIINDFK (10) FYFLMCLSQVLTFGLILFWAY - (7) VNFIGVGLOLLALGALLSLR 253 [404]
SLOLNGWEVYAFLGLLLGYME (11) TLFALHLSLFLTYALSVAWST- (7) LNGLGVILOVIAYFIILKPI 274 [607]
CFQYNGFFIFSCIGLLLYSIK (13) MEWLMFFGCLIGFGLSVLWMK - (7) LIVVASVSQTVGSLMLENEV 258 [408]
HFOYNGWLTLGLFRVLYAYLE (13) HLLLYTGMLPPAFLLSMLWAG- ( 7) TARLAGLLORAGAAAFWLLW 274 [439]
[FOFNGWFLLAVLATACHQLQ- (9) FEKYLIISTILSFALPIQWFA- (7) INGFAILMOLVALFYFLRII 248 [403]
JFLYNGWFMFGCLALLVRWLE (13) FVTALALSAFGTLALSALWTD- (7) VGGTAALLOAGAGGWLLWWL 262 [411]

INLNMLGLFSAYLLYSFFKNQA (10) VWWIPFFIGFIGSELILFFQGF (16) LAFSGFIPLGIAVYIVLFLK 395 [404]
[LVMLGAITFGLGALALKNNW- (9) AWTFLSFGFISSELLLLGOGT (16) FISSIFFPVGLSLLLIAQWT 417 [607]
[LVLLMCIATFLVSQILATNY- (9) GLKLVLLGIFLNEAILGIMGT (15) LLFSLLIFVGLALVFVNLKI 400 [408]
LVLLGFVSLFLLACWLQQGH (10) GVLLLAAGLGLNELLLFLNGW (16) ARASLLMLIGISLLLGAGCK 418 [439

LGVISGFLFAFLLOSKT- (9) GLFLFLLGFILTEAILFIQGA (16) FAASILLPVSIAIILISYIK 391 [403]
LVFIGVITFFLLAWAVQQEH- (6) AIRLITLFFVLTEIALVAEST (15) LVLSVGLWLGVLLIWLRQFP 401 [411]

LLTLGVLTFTAVGAAVQLLP (11) PIRLASWLLIPGAVVLIAGMA- (7) TAGARASTLGLLLFAALLAD 140 [427]
LALGMLLPVMLGALFQMMP (12) MAPLVALSGGGSALALSAGFL- (6) FRWAALLGAPFLVLAGLLLL 135 [445]
[LGLLGFALMTAMGAMYQLVP (11) LGFWQFAVTATGIVAFAVSLA- (6) FLPGLLLLLGIVLFVWOMAM 133 [413]
IFLVGEVISIIKGSIYQLSS (11) GAYINVFAYTLALILFLNGME- (7) ¥YLGSIILFLSLLYFDICYLL 130 [393
LLLTGWVCVTIMGAMTQFVE (11) LSTVOLWALVTGGLVGFAVSLL- (7) PVFGARMLLGFWVFAYNIGR 134 [455]
LMLAGEVSLTIVGAMYQIVE (11) LAEGSFYLLNLGTVLLALSMR~ (5) SISARIYTIGAILFAIVIEL 114 [379]

LGGFGFMGMLALGFSHVLIE (11) MAWFGFARARARVALGTIGAL- (7) SRACVVGVVAVGLHLGLMHY 272 [427]

38637924 Reu 149 TLAWIGAPLLLTALCGGVLAGLF (12)ALMINWGLGGWLAALVTGVATTVLE (11) LERWLPLAHWVELLAFTVAVV (10) WILLPWLVVAAVVAGEGLAG 271 [445]

530601060 Gsp 145 LFVATSLLFLLLTARAGGMLAFH (14)G!
118474250 Cfe 142 LCLEVSAIMFLMGICLGMLLVLI (13)R
389847617 Hme 147 RHFALALGFFLLVWTTFGFLLALG(17)E:
288930450 Fpl 127 WEFAVAIIYYLAGITYALLAFLG- (6)R

HCOH-t5 EU3 XXX
39935138 Rpa 286 VLIRSSWVMLTLTPLAALAALQG- (7)TLE
38637924 Reu 283 PLWPVACASMLAARALLARAMPFV-(8)
530601060 Gsp 282 SVTAVAIGLALHARAVIAITAGSGRWLGI
118474250 Cfe 267 LNLIFSFFMLGFSIFAYSFLNLN---—-;
389847617 Hme 287 RYAVAAPALAVWGLLTLPSWLAN (10) P
288930450 Fpl 255 KFFVVALIFGLAGITLAPLNLFFDL-T

HCOH-t6 EUl xxH
25026829 Cef 402
74318194 Tde 4
257068095 Bfa 37
145224073 Mgi 12
317126498 Ica 12

HCOH-t6é EU2 Hxx
25026829 Cef 525 PFYLTAAGFLIVAILLAILATRV-(7)
74318194 Tde 123 AWYDAALVCLTLALAAILAGAIW-(8)R
257068095 Bfa 160 RAYVGAARCLLPLGAGLGAVMAF'S (10)
145224073 Mgi 134 HYYVAARACLAVGAGLGVAMANS (11)Ti
317126498 Ica 135 RYYVVAALFLPVGATFGVLLASG (16) Vi

FGLCGWFTLLIMGFSYKMAE (13) RYVYALYTGGIAVAFASLESP- (5) AVGARLLMGGFAVFAWHIRA 266 [413]
FVE-GFIFFTVIGASSVLLE (11) LFYASFTLYISGFFLIWFLLD-~~--~ GALKVILSARAVLAILOWIL 253 [393]
LAVFGAVVTTIVGALYQLGE (13) LQRVEEVGYPVGVLLLATGRL- (7) RVGGLEVTLSLLGFSVVEGR 272 [455]
ILAAGWIGLTTFGGLYELFE (11) LAWVTEVISNVALIGMIYSET- (6) LEFGSLFVLSFYLLALNLLL 239 [379]

GGWLMTLLLGVLQRIVP (24) PLKIHAVCHLIAIPALGLAIV- (7) AGRAVIGAVGALAFAAYLAS 413 [427)
LALIGGGVLPVTAMLGKIVP (27) RORRORMLLLAAYLMLLALPV- (6) PAGGLAFAARNLWLGVOLLT 413 [445]
STIGWIGFSIIGYLFKIVE (27)AITIQCRLWLAALALARVALA- (7) ATRQVLLAGLSVAFAGTILA 409 [413]
LEFGFLYPFIVAHIYKIME (27) TAYFGLIFNMLAIFFIFFKFE-—--YLAQVFMLVSVILVLVNMIN 382 [393]
[LEAVGFVGFVIFGTLYHVVE (27) LATLDFGLLVGGSVVLVAADL- (8) GLGSAFILVGVALFITNVLS 420 [455]
LLAGWIALTIVGAEYHIIP (27) IGKFALYVSPLGVILLVIPQTS---IAGGVLFTFAILAFVADMEA 375 [379]

VIAFWLVVGVAATLGYRLGRGVTW---WOGIPFTIGALTTAIIAYSTHFAE (11) GVGLRVAIVNLAMLGLLIDRA- (8) DVSATAVIAVLLWQIAVVVK 511 [784
LVEALGAMPLIFGAMTHFIP (11) LAAIPLAAIAAGALVVGSLVD- (7) HAAAGLGLMATTALEVWSRG 110 [380]
'TLGLITTSIMVWGQHFAE (13) RQVVRIWLLTAGLAVTILGML- (7) VLGALIVSAALVWYARALGA 146 [969
WL TRLLGLGAASNAILIWSRHFAD (12) GOVIRLLAFNIGAVTVITGML- (7) LAGGVLVAAVAARVHAGDLMR 120 [B57]
PVVIWLIAAFLVSLVHPFFAYSR-~--WLGVLVVLGAVTHAAMVWSVHFTE (13) LOTIRLSVFQSGVLFVLVGVE- (7) MIGATLISGAVLWHAVMLVR 121 [909]

SATVWGFAWLTVIGTVVTLLE (13) RCTRALOVHGGALGAALLLHA- (7) GLAQLVMVLAALLVVQPVIG 641 [784]
LNTIGFVGMTALGTLAVLLE (12) WLRADLPLALGGTLLTAIGAA- (6) WLGALLWGAVLLHVGRRWAR 238 [380
NVLGEVGVTVTGTLLTLWE (13) RSAGGLLGMLLAVVGATLGAL- (7) CVELVAYLGSFLWVAVTLVA 279 [969]
(LNLFGWVGLTVLGTLVTLWE (13) AARRGLPALVLSVAVAVAGAI- (7) GVGALSFLTAVGFVLWPHID 254 [857]
"SVNLLGWIGLTILGTLVTLWE (13) ASRRALPVLVAGISLVVTSEF- (7) AIGIGLYLAGTLWVYRPILT 260 [909]

HCOH-t6 EU3 XXX
25026829 Cef 654 VSVVAGLLWMLAVATADAVILIV-(8)LLy IALLGSGLLQLVTGVLHHLLP (19) Al TLINLGALLTLLDOVTGPARSAGLILIGLELIGHVITITR 774 [784]
74318194 Tde 251 PLLGAAWAGLTLSLGFGVADAVP- (6)AQs IAE'VAGEI.LPLVSGRASQLLP (21) Y€ GLFLVGGIAAGVGL-----, AWGLVLAAAVLILFLLOVVL 366 [380]

257068095 Bfa 298 LSISAGVAWFALTVLGLLVVWWR (15)Ql

HCOH-t7 EUl XXX
15605807 Aae 9 FEFALALLNLLISLFIRLSQDT-----.
195953645 Hsp 9 LFFLLSILMLTIDLILKAETNTINN
389848681 Hme 11 RFIILSAAFLVVWRFGALVGISR-
397775133 Msp 15 AFVAVGIGFFVAWQVAVAVDAGR-
313116973 Hbo 7

HCOH-t7 EU2 xxH
15605807 Aae 118 RFLLASMIYLVLSALFLYLHFKGFLPVQ!

G (PFVAGFLLQVLFGAMSYLLP (19) FAV|
145224073 Mgi 266 L_SVLCG_WWLRGSLGYLSUGLLT (11} AA!T ALLAGFLVQVLFGSLAYLIP (18) GAP!
317126498 Ica 272 LSVGAGLLWLPVGLLLMAWSLGA (11)GASTHIFVVGFALOVLLGALSYLLP (19)WGT:

AYNLVLALFVLAGM (27) VLLSLLAFAVLVSFPVLMVV 448 [969
SVANFGLLICVLEVPNLVRVAVSALVLVAYGAFLPLLVR 388 [B857]
TVANLGLALCLLBVPSLVRVVVSVLTLAALATSIPLIFR 395 [909]

SESLVFGEVGLTLMGAMYQIIB- (8) IPKVSYLVFFLILVSFYEFYTGN-TESGSLFLFLESLIFFFHLLL 108 [378!
IALYGFFLNVIIGAMYQLIE- (9) PKLSFITLGLSVLNGFIMFLW (10) CISNTILILTFLIHISTALK 118 [376]
IALFGEVFHVVFGMAYLLVE- (8) TDRVPAAHLAVSVSGTVLLTA (15) SAGVLLWCAGIVAFLAALLW 123 [408]

&LGVFGFVLHWFGKAYTLVF- (8) VPRAPALHLPLASVGALGAFA (11) LTSVASWFAGSLVFVGTLCW 123 [405]
RYVLVSAVFLTGWQAGVVVGIBR----RTzV\YLGLFGEFVLHVIFGKAYSLVE- (8) FPYAPAVOFPLVAVGTGGLVA (11) AAGAILWCLGIGTFLETLAW 115 [388]

LTVGSMLNAIYGVELAWIP (10) KGEKLFTAKQVSTLALLLAFW- (7) ALAGLLEFGVALYFLYLNYE 228 [378]

195953645 Hesp 125 KFLSASLIFLTINALEMLFFAFNKINIFFSIBITFTIGEVINAVIGVEFALVE (10) LANKLFWVHQISASILIASFY- (7) YFAGILEFIVLGFFVYLIYK 235 [376]

389848681 Hme 151 RFIPVSFAYLAAGSYELLARVSP-(9) PR
397775133 Nsp 151 VAVPFVLAYLLGGSALPLAAALG (10) PAy
313116973 Hbe 143 GFVEVALLYLLIGAYETLAVYTA- (3) P

HCOH-t7 EU3 Hxx
15605807 Aae 243 KIFLFALLFLPLGMLLGIFSASH-(8)R.
195953645 Hsp 250 RYFFLGLGFLLLGVSFGLLVASSKLEPF
389848681 Hme 276 GSILVGTVSGVFGVAIGVTVAVG(13)Q
397775133 Nsp 279 ILSARGCGALIAGLGLCFAFAPA- (B)Di
313116973 Hbo 268 YGVLAGAGFGVLAITLGLLFAFS-(7)

LARGFVVLLVFTLGVRLAE- (8) KVPTGIVLLTGAVGPALIAFG- (7) VAGALAEAVAFVGFTAVYLV 264 [408]
LARGTAALLVFAIGCRLLE- (8) PLLVSIVVAAGIAGPALLAAD- (7) RVGAALOATALVGFAVAVLD 265 [405]
LAAGTAGVMLFALGFRMLE- (8) RWPVGVVLSTGAVGPVLLARG- (7) QLGALVOAVAVAGFATAVGT 256 [388]

SLILYGFGAFTIFGGMLHLLE (23) ERELQTFLEYSALLYALFLAV (10) SEVVYLVIMALFLKEIHKAF 373 [378]
IYGFGLITVLGGIFHFMP (25) QNVVKNLLPFLGFSLFLFIVF- (5) LKPVGDILYAFLTAYSLYAF 373 [376]
*. LNLFGFLGLVIVGFAVQFYP (10) ERTARIVIGTLAVGLGTVAVG (10) LGNGLALVGAVGYGYLLTRL 398 [408]
iLAVGGFLGLTIVGVTYRFYP (10) DRTASASVAALVTGLGLEVAG (10) PGRWLSVAGRSLYAAVLWTV 396 [405]
SLNLLGFLGLTIVGVTYQFYP (10) NRSAFYSVIALAGGLLAQLVG (10) LGHVLALGGSLLFLYLIVAA 384 [388]

Figure 2. Continued

or metal-binding, with characteristic three-residue
motifs of Hxx, xxH, and HxH in EU1, EU2, and
EU3, respectively (x: a variable residue) (Fig. 2).
These motifs are homologous and occupy structur-
ally equivalent positions in the superposition of
EU1, EU2, and EU3. The third TMH of HCO/NOR
EU2 additionally harbors a conserved HH motif

1224 PROTEINSCIENCE.ORG

(Fig. 2). The histidine in the Hxx motif of EU1 and
the second histidine in the HxH motif of EU3 coordi-
nate the low-spin heme in the ligand-binding pocket
between EU1 and EU3 [Fig. 1(B,C)]. The histidines
in the xxH motif and the HH motif of EU2 as well
as the first histidine in the HxH motif of EU3 con-
tribute to the binding of high-spin heme and copper/

Evolutionary Units of Heme-Copper Oxidase Superfamily



non-heme iron in the pocket between EU2 and EU3  for other B cluster proteins). These neighboring
[Fig. 1(B,C)l. gene products could from heterotrimers, with the
histidines contributing to the heme-binding site sim-
ilar to the way the low-spin heme is coordinated in
HCOs/NORs. Figure 1(E) depicts one possible way of

The single-EU proteins can be roughly divided into forming a heterotrimer consisting of two proteins
two major groups: HCOH-s1 (HCO homology pro- with the xxH motif and one protein with the Hxx
teins with a single EU, group 1) and HCOH-s2, motif. A single heme-binding site can be inferred for
such a heterotrimer.

The remaining six small clusters (C—H) of the
HCOH-s1 each have limited species distribution.
HCOH-s1 proteins of clusters C and D contain the
HxH motif and are from the Thermales order of the

Single-EU proteins with four TMHs may form
homotrimers or heterotrimers

according to CLANS sequence clustering results
(Fig. 3) and sequence conservation.

HCOH-s1 (Fig. 3, red up triangles) consists of a
main cluster (marked by A in Fig. 3) and several

nearby small clusters (marked by letters B, C, D, E, : X
F, G, and H in Fig. 3). HCOH-s1 proteins of the Deinococcus-Thermus phylum. In several species of
the Thermus genus, a cluster C member and a clus-

ter D member are products of genes not far away
from each other, separated by gene clusters contain-

main cluster (cluster A) are mostly from Proteobac-
teria and Firmicutes (Supporting Information Fig.
S1). To maintain the structural compactness in the
general fold of HCOs/NORs, these single-domain ing denitrification enzymes [see one example of Fig.
proteins most likely assemble as trimers. They could 4(D)]. These proteins may form homotrimers or het-
form homotrimers, since genomes of the main clus- erotrimers for genomes containing both C and D

ter of HCOH-s1 proteins contain only one single-EU  cluster members. On the other hand, two species
protein. As this cluster of HCOH-s1 contains the (Meiothermus silvanus DSM 9946 and Oceanither-

HxH motif, three symmetric heme-binding sites at %S P™ ofundus DSM 14977) have cluster C members
the interfaces of EUs can be inferred for the homo-  2nd do not have cluster D members [see the example
trimers [Fig. 1(D)], similar to the fashion of coordi- of Fig. 4(E)], suggesting that cluster C members can
nation of the low-spin heme by HCOs/NORs. form homotrimers. HCOH-s1 proteins of clusters E

The B cluster (Fig. 3) of HCOH-s1 consists of and F, mostly from the Thioalkalivibrio genus, are
also largely encoded by neighboring gene pairs [one
example shown in Fig. 4(F)]. Although cluster E pro-
teins have the HxH motif, cluster F proteins are
characterized by the xxH motif (Supporting Informa-

closely related proteins encoded by gene pairs that
are chromosomal neighbors [see three gene structure
examples in Fig. 4(A-C)]. Interestingly, two proteins
from the same species have the xxH and Hxx motifs,

respectively (e.g., gil 183219809 and gil183219810  tion Fig. S1). Products of these neighboring gene
in Fig. 2, also see Supporting Information Fig. S1  Pairs may form heterotrimers. HCOH-s1 proteins of

Figure 2. Multiple sequence alignment of EUs of HCOs/NORs and HCOH proteins. For HCOs/NORs, the sequences are
denoted by their pdb id and chain id, followed by type name. For HCOH proteins, each sequence is denoted by its NCBI gene
identification (gi) number. The cluster type for HCOH-s1 is shown in parentheses after gi numbers. Starting and ending residues
numbers are shown before and after the sequences, respectively. Protein lengths are shown in brackets at the end. Positions
with conserved motifs in the second TMHs of these EUs are marked with HxH, xxH, Hxx, or xxx. The conserved HH motif in
the second EU of HCOs/NOR:s is also marked. Conserved histidines in these positions are in black background. For three-EU
proteins, conserved histidines at the interface between EU1 and EUS3 are colored red, those at the interface between EU2 and
EUS are colored orange, and those at the interface between EU1 and EU2 are colored magenta. Other family-specific con-
served residues are also highlighted in black background. Non-charged residues in positions with mainly hydrophobic residues
are shaded in yellow. Small residues (G,A,S,C,T,P, and V) in positions with mainly small residues are shaded in grey. Insertion
regions are replaced by the number of inserted residues in parentheses or omitted in between underscored letters. Three-letter
species name abbreviations shown before the residue starting numbers are as follows: Aae, Aquifex aeolicus; Aar, Aromatoleum
aromaticum; Abr, Azospirillum brasilense; Bcy, Bacillus cytotoxicus; Bse, Bacillus selenitireducens; Bba, Belliella baltica; Bas,
Bifidobacterium asteroides; Bar, Bizionia argentinensis; Bfa, Brachybacterium faecium; Cfe, Campylobacter fetus; Csp, Campy-
lobacter sp.; CNi, Candidatus Nitrososphaera gargensis; CSo, Candidatus Solibacter usitatus; Cop, Coprobacillus; Cdi, Coryne-
bacterium diphtheriae; Cef, Corynebacterium efficiens; Cul, Corynebacterium ulceribovis; Cma, Cyclobacterium marinum; Eco,
Escherichia coli; Fpl, Ferroglobus placidus; Fba, Flavobacteriaceae bacterium; Gsp, Geobacillus sp.; Gst, Geobacillus stearother-
mophilus; Hme, Haloferax mediterranei; Hbo, Halogeometricum borinquense; Hsp, Hydrogenobaculum sp.; Ica, Intrasporangium
calvum; Lbr, Leishmania braziliensis; Lbi, Leptospira biflexa; Mlo, Mesorhizobium loti; Mal, Methylomicrobium alcaliphilum; Mgi,
Mycobacterium gilvum; Ngr, Naegleria gruberi; Nsp, Natrinema sp.; pKS, planctomycete KSU-1; Pmu, Paenibacillus mucilagino-
sus; Psp, Peptoniphilus sp.; Pae, Pseudomonas aeruginosa; Pst, Pseudomonas stutzeri; Pae, Pyrobaculum aerophilum; Reu,
Ralstonia eutropha; Ret, Rhizobium etli; Rpa, Rhodopseudomonas palustris; Sli, Sideroxydans lithotrophicus; Sth, Sphaerobacter
thermophilus; Sli, Spirosoma linguale; Tma, Thermaerobacter marianensis; Tos, Thermus oshimai; Tth, Thermus thermophilus;
Tsu, Thioalkalivibrio sulfidophilus; Tde, Thiobacillus denitrificans. Gi numbers of bacterial, archaeal, and eukaryotic proteins are
in black, red, and blue colors, respectively.
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Figure 3. CLANS diagram of HCOs/NORs and HCOH pro-
teins. Connections between proteins indicate BLAST P-
values less than 1e-10. Single-EU HCOH proteins are shown
as red up triangles (HCOH-s1) and pink low down triangles
(HCOH-s2). Members of HCOH-t1, HCOH-t2, HCOH-t3, and
HCOH-t4, the four groups with the Hxx.xxx.xxH motif pattern,
are shown in green squares, green up triangles, green down
triangles, and green diamonds, respectively. HCOH-t5 and
HCOH-t6 members, both with the xxH.Hxx.xxx motif pattern,
are shown in cyan square and cyan up triangles, respectively.
The sequence in the HCOH-t5 group with the HxH.HxH.HxH
motif pattern is marked by an orange star. HCOH-t7 mem-
bers with the xxx.xxH.Hxx motif pattern are shown in
magenta. Underlined group names are shown. For the
HCOH-s1 group, the A to H clusters are marked in red let-
ters. HCOs/NORs are shown as blue dots. Two small groups
of proteins shown as light blue dots are closely related to
HCOs/NORs. They do not contain the HH motif in the third
helix of EU2, while maintaining all the other conserved histi-
dines (Hxx, xxH, and HxH in EU1, EU2, and EUS3, respec-
tively). Some HCO-related sequences with all conserved
histidines deteriorated are shown as yellow dots.

clusters G and H all possess the HxH motif (Sup-
porting Information Fig. S1) and are encoded by
pairs of genes in chromosomal vicinity [see two
examples in Fig. 4(G,H)].

Members of the HCOH-s1 group have not been
classified in publicly available domain databases,
while the HCOH-s2 group corresponds to Pfam fam-
ily DUF2871 and consists of proteins with unknown
function. HCOH-s2 members have the conserved
HxH motif in their second TMH. They likely form
homotrimers with three symmetric sites that can
coordinate three hemes [Fig. 1(D)]. Compared to
HCOH-s1 proteins, HCOH-s2 proteins additionally
possess a conserved “RE” motif at the end of the first
TMH and a conserved histidine in the fourth
TMH (Fig. 2 and Supporting Information Fig. S2).
HCOH-s2 proteins are mostly from bacterial phyla
Firmicutes and Actinobacteria (Supporting Informa-
tion Fig. S2). Interestingly, several single-cell eukar-
yotes also possess HCOH-s2 proteins, including
some species in the order of Trypanosomatida such
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as those of the Leishmania genus, Angomonas
deanei, and Strigomonas culicis. Manual inspection
of weak PSI-BLAST hits also revealed a divergent

HCOH-s2  protein from  Naegleria  gruberi
(g11290974763, Fig. 2), a free-living single-cell
eukaryotic species of the Heterolobosea class.

HCOH-s2 may be present in the ancestor of eukar-
yotes, and its patchy phylogenetic distribution sug-
gests that it may be lost independently in most
eukaryotic lineages. Leishmania species are para-
sites for leishmaniasis, a disease that causes skin
sores and visceral failure.3%®? Leishmania species
only include the last three enzymes in the heme bio-
synthetic pathway.?® Although Leishmania may be
able to synthesize heme from heme precursors, it is
thought to transport heme with an unknown mecha-
nism®*%® and is uniquely dependent on the acquisi-
tion of exogenous heme for survival.®®?” Considering
the membrane localization and potential heme-
binding capability of HCOH-s2 proteins, Leishmania
HCOH-s2 proteins might be involved in the mainte-
nance of heme homeostasis in these parasites. One
hypothesis about their function is that Leishmania
HCOH-s2 proteins sequester hemes in the mem-
brane to reduce heme toxicity®® to the cell and
increase heme accessibility to other membrane
proteins.

The majority of HCOH-s1 and HCOH-s2 pro-
teins consist of a single domain corresponding to one
EU of four TMHs. As exceptions, one HCOH-s1 pro-
tein has an N-terminal divergent cupin_2 domain as
suggested by HHpred (gil91786010, Fig. 5), and all
F-cluster HCOH-s1 proteins contain an N-terminal
thioredoxin domain (e.g., gil220936290, Fig. 5). A
small number of HCOH-s2 members have several
additional TMHs (four or seven) (Fig. 5) in their
N-termini that do not show detectable sequence sim-
ilarity to the EUs of HCOs/NORs and HCOH pro-
teins (based on PSI-BLAST and HHpred results).

HCOH groups with three EUs

We found a number of HCOH proteins with 12
TMHs (about 1500 proteins in the nre90 database).
These HCOH proteins, like HCOs/NORs, consist of
three EUs. However, they usually have fewer con-
served histidines than HCOs/NORs. They form sev-
eral clusters in the CLANS protein clustering
diagram (Fig. 3). We divided them into seven groups:
HCOH-t1 (HCO homology proteins with three EUs,
group 1), HCOH-t2, HCOH-t3, HCOH-t4, HCOH-t5,
HCOH-t6, and HCOH-t7 (see Supporting Informa-
tion Figs. S3—S9 for their sequence information and
alignments).

HCOH-t1, HCOH-t2, and HCOH-t3 proteins pos-
sess two conserved histidine residues in motifs Hxx
of EU1 and xxH of EU3 and do not have conserved
histidines in EU2 [Figs. 1(F) and 2]. These proteins
also possess a conserved arginine in the third TMH

Evolutionary Units of Heme-Copper Oxidase Superfamily
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Figure 4. Gene structure diagrams of selected HCOH proteins. Genes are shown as arrows. HCOH-s1 genes, three-EU HCOH
genes, and HCO/NOR genes are shown as red arrows, cyan arrows, and blue arrows, respectively. Names of frequently occur-
ring domains are shown below the genes. Numbers of omitted genes are shown in brackets. Domain name abbreviations are
as follows: cp2, cupin_2 domain; cyC, cytochrome c; fx, iron-sulfur ferredoxin domain; HCO: heme-copper oxidase; hemr, hem-
erythrin domain; N>O_reductase, nitrous oxide reductase; Nitrate_red, nitrate reductase; Nitrite_red, nitrite reductase; NOD,
nitric oxide dioxygenase; NOR, nitric oxide reductase; and Trx, thioredoxin.

of EU3 (Fig. 2). The two conserved histidines corre-
spond to the two residues in HCOs/NORs that bind
the low-spin heme. HCOH-t1 proteins, mainly from
Proteobacteria (Supporting Information Fig. S3), cor-
respond to the previously classified NnrS family
(PF05940) in the Pfam database. The nnrS gene was
identified as the neighboring gene of nnrR in Rhodo-
bacter sphaeroides 2.4.1 and R. sphaeroides 2.4.3.%°
The nnrR gene encodes a transcriptional regulator
that responses to nitric oxide (NO) to activate the
expression of the NOR gene norB. The expression of
the nnrS gene is also dependent on the nnrR gene.*®
The STRING functional association server’® suggests

Pei et al.

that the nnrR and nnrS genes co-occur with the
norB-containing nor operon in various bacterial
genomes, and they are often chromosomal neighbors,
such as in the genome of R. sphaeroides 2.4.1 [Fig.
4()]. The purified NnrS protein appears to contain
heme and copper.*' Disruption of the nnrS gene
affected taxis towards nitrate and nitrite, suggesting
a role of NnrS in the denitrification process.*!

Recent studies showed that NnrS contributes to
NO resistance in the bacterial pathogen Vibrio chol-
erae.*2 NO is a host-generated reactive nitrogen spe-
cies toxic to many bacterial pathogens such as V.

cholerae. The nnrS gene in V. cholerae is up-

PROTEIN SCIENCE ‘ VOL 23:1220-1234 1227



HCO/NOR
o _Hxx N oxxH HH § HxH F pdb|1fft_A (HCO)

d  Hxx N xxt HH [ HxH |} pdb|300r_B (NOR)

HCOH-s1
o{ HxH | gi|291615095
{Hxt_F gi|220036292
{ o | gil163847518

HCOH-s2 (Pfam: DUF2871)
o HxH P gil516655163  {RCRCKGH HxH __ F &il496299473
DT} ilss3314516

HCOH-t1 (Pfam: NnrS)

191786010
£i1220936290
o{ Hxx P 8il163847519

o Hxx H_oxx N xxH | gi|392379399
HCOH-t2
1 Hxx oo N oxH | gil38234448
TR TR BT 1 TRy
gi| 408501395
{VKORN Hxx | o H_xxH _ Pgi|392374446
HCOH-t3
{_Hxx N xxx N xxH  } gil408404093

J( N xxx N xxH

@ﬂ Hxx N xxx N xxH
HCOH-t4

o _HxH N xxx H xxH

{_HxH N xxx N xxH
HCOH-t5

{ xxH N Hex | woc | ogi39935138

Goi f e § ox  <@BEED= gil495492588
(2249 xxH N Hxx [ xxx | gil499279080

gi|91204328
gi|392373284

b gil343082909

KcyC > gil390943549

{ HxH J_HxH H HxH | gi|288930450
HCOH-t6
o xxH N Hxx o F gil74318194
vt I TR IR o Iy 00 T
811498280297
ﬂl HCOH-t2 H XxH H Hxx H XXX f-
HCOH-t7 gi|493596372

1 XXX H xxH || Hxx fgi|389848681

Figure 5. Domain structure diagrams of selected HCO/NOR
and HCOH proteins. NCBI gi number or pdb/chain id is
shown for each protein. EUs are shown in white rectangular
boxes with motifs (HxH, xxH, Hxx, xxx, and HH). For three-
EU proteins, conserved histidines at the interface of EU1 and
EU3 are shown in red letters, those at the interface of EU2
and EUS are shown in orange letters, and those at the inter-
face of EU1 and EU2 are shown in magenta letters. Domain
or module name abbreviations are as follows: cupin_2, cupin
2 domain; cyC, cytochrome ¢ domain, Trx: thioredoxin
domain; Cp, cupredoxin domain; 1858, DUF1858; 2249,
DUF2249; TM, predicted transmembrane helix; and VKOR,
vitamin K epoxide reductase domain.

regulated by the NorR transcriptional regulator in
response to NO.*2 NorR also activates the expression
of the hmpA gene that encodes a protein with nitric
oxide dioxygenase (NOD) activity that turns NO to
less toxic nitrogen oxides.*? Gene disruption experi-
ments suggest that nnrS and AmpA are important
for V. cholerae colonization of intestines under the
NO conditions, suggesting their roles in NO detoxifi-
cation.*? Unlike HmpA, V. cholerae NnrS does not
remove NO, but it may protect cellular iron pool
from NO damage.*® The STRING server revealed
that genes encoding NorR, HmpA, and NnrS are
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chromosomal neighbors in some bacteria, such as
the opportunistic pathogen Pseudomonas aeruginosa
[Fig. 4(J), fhpR and fhp encoding orthologous genes
of norR and AmpA in V. cholerae, respectively), fur-
ther supporting their functional association. The
nnrS gene was also identified in a transposon muta-
genesis screen to be important in host colonization
of Neisseria meningitidis, a bacterial pathogen that
causes meningitis.**

The majority of HCOH-t2 proteins are from
Actinobacteria and Proteobacteria (Supporting Infor-
mation Fig. S4). They also include some archaeal
members mainly from the Crenarchaeota phylum.
Most of the HCOH-t2 proteins are annotated as
hypothetical proteins. A few HCOH-t2 proteins har-
bor additional domains. For example, the protein
gi1408501395 has an additional TMH, a cupredoxin
domain, and a copper-containing nitrite reductase
domain C-terminal to the HCOH domain (Fig. 5).
Such a domain composition suggests that HCOH-t2
may function in the denitrification process. Another
protein, gil392374446, has a different oxidoreduc-
tase domain (VKOR, vitamin K epoxide reductase)
located N-terminally to the HCOH domain (Fig. 3).
Genes encoding HCOH-t2 proteins are frequently
found as neighbors of reductases in the denitrifica-
tion process. For example, the HCOH-t2 gene is the
neighbor to a NOR gene (norB) in Burkholderia
pseudomallei K96243 [Fig. 4(K)] and to a copper-

containing nitrite reductase gene in
Corynebacterium diphtheriae  NCTC 13129 [Fig.
4(N)]. In the hyperthermophilic -crenarchaeon

Pyrobaculum aerophilum str. IM2, the HCOH-t2
gene (PAE3602) is adjacent to a NOR gene (norB)
and a nitrite reductase subunit (cytochrome D1)
[Fig. 4(L)]. These three genes were all up-regulated
after induction with nitrate.*® The association with
these reductase genes also suggests that HCOH-t2
may function in the denitrification process.

The HCOH-t3 group consists of 14 bacterial
sequences and one archaeal sequence forming a
loosely connected cluster in the CLANS diagram
(Fig. 3). A few HCOH-t3 proteins also possess
DUF1858 (Pfam: PF08984) and ScdA_N (Pfam:
PF04405) domains (Fig. 5). HHpred results suggest
that DUF1858, a domain of unknown function, is
distantly related to the ScdA_N domain. ScdA_N
domain is named after the N-terminal domain of
Staphylococcus aureus protein ScdA, which also con-
tains the hemerythrin domain (Pfam: PF01814) that
binds non-heme diirons.*® The bacterial hemerythrin
domain-containing RIC (repair of iron centers) fam-
ily proteins, including ScdA from S. aureus, DnrN
from Neisseria gonorrhoeae and YtfE from Esche-
richia coli, confer resistance to reactive nitrogen and
oxygen molecules such as NO and HyO4 by repairing
their damages to iron-sulfur centers.*” The presence
of the ScdA_N domain in many RIC proteins
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suggests that ScdA_N could aid in oxidative or nitro-
sative stress response. Such a domain in a few
HCOH-t3 proteins indicates that they may also be
involved in resistance to reactive nitrogen molecules
such as NO, like some HCOH-t1 (NnrS) members.
In Solibacter usitatus Ellin6076, the HCOH-t3 gene
(Acid_2923) is in the neighborhood of genes of the
RIC family and genes containing ScdA_N and
DUF1858 domains [Fig. 4(M)], further supporting
their functional associations.

HCOH-t4 proteins exhibit the histidine patterns
of HxH, xxx, xxH in EU1, EU2, and EUS3, respec-
tively (Fig. 2). Similar to HCOH-t1, HCOH-t2, and
HCOH-t3, such a pattern allows coordination of a
heme group at the interface of EUl and EUS.
HCOH-t4 proteins are mainly from the Bacteroidetes
phylum (Supporting Information Fig. S6). A few of
them contain a cytochrome ¢ domain at the C-
terminus (Fig. 5), suggesting that they may be
involved in cytochrome c-dependent electron transfer.
The HCOH-t4 gene is often located near the nos
operon [one example shown in Fig. 4(0)] that encodes
nitrous oxide (N2O) reductase, which catalyzes the
final step of the denitrification pathway: conversion
of NoO to dinitrogen. A gene encoding the RIC family
protein ScdA is also frequently found to be close to
the HCOH-t4 gene [e.g., Fig. 4(O)], suggesting that
HCOH-t4 could be involved in denitrification and
detoxification of reactive molecules.

The majority of HCOH-t5 and HCOH-t6 pro-
teins possess the xxH and Hxx motifs in the second
TMH of EU1 and the second TMH of EU2, respec-
tively, and lack conserved histidines in EU3 (Fig. 2
and Supporting Information Figs. S7 and S8). Such
a pattern allows coordination of one heme group at
the interface between EU1l and EU2 [Fig. 1(G)].
HCOH-t5 members are present in both bacteria and
archaea. The bacterial members of HCOH-t5 are
mainly from Proteobacteria and Firmicutes, while
the archaeal members are all from the Halobacteria
class of the Euryarchaeota phylum (Supporting
Information Fig. S7). The majority of HCOH-t5 pro-
teins are annotated as hypothetical proteins and do
not contain additional domains. As exceptions, a few
HCOH-t5 proteins possess domains of unknown
function such as DUF2249 (Pfam: PF10006) and
DGC (Pfam: PF08859, a domain with four conserved
cysteines that likely coordinate zinc). The STRING
server revealed strong association of HCOH-t5 pro-
teins with proteins containing DUF2249 domain,
proteins with DUF59 domain, and RIC proteins
based on evidence of gene neighborhood, gene fusion
(in the case of DUF2249 domain), and gene co-
occurrence. For example, the HCOH-t5 gene from
Rhizobium etli CFN 42 (RHE_PF00521) is predicted
to be functionally associated with two genes contain-
ing DUF2249 domains (RHE_PF00520 and
RHE PF00522) and a gene with DUF59 domain
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(RHE_PF00523) [Fig. 4(P)]. These genes are also
neighbors to nnrS (a HCOH-s1 gene), nnrR, and
gene clusters encoding denitrification enzymes such
as NOR and nitrite reductase [Fig. 4(O)].

HCOH-t6 proteins are mainly from Actinobacte-
ria (Supporting Information Fig. S8). Some HCOH-
t6 proteins are annotated as “multicopper oxidase”
or “nitrite reductase,” as they also possess a cupre-
doxin domain and a copper-containing nitrite reduc-
tase domain. Such a domain composition is similar
to a few HCOH-t2 proteins described above (Fig. 5).
Interestingly, HCOH-t6 and HCOH-t2 genes are
often chromosomal neighbors, such as DIP1877 (a
HCOH-t6 gene) and DIP1878 (a HCOH-t2 gene) of
Corynebacterium diphtheriae  NCTC 13129 [Fig.
4(N)]. In one case, HCOH-t2 and HCOH-t6 are fused
together in one open reading frame (gil493596372
from Actinomyces urogenitalis, Fig. 5). These obser-
vations suggest that HCOH-t2 and HCOH-t6 may
have related functions.

HCOH-t7 proteins exhibit yet another pattern of
histidine motifs with xxH in EU2 and Hxx in EU3,
while lacking conserved histidines in EU1 (Fig. 2 and
Supporting Information Fig. S9). Such a pattern
would allow coordination of one heme group at the
interface between EU2 and EU3 [Fig. 1(H)]. HCOH-t7
proteins form two small clusters in the CLANS dia-
gram (Fig. 3). Each cluster has restricted phylogenetic
distribution. They are from the bacterial phylum Aqui-
ficae and from the archaeal class Halobacteria of the
Euryarchaeota phylum, respectively (Supporting Infor-
mation Fig. S9). These proteins are annotated as
hypothetical proteins and do not have additional
domains.

In summary, three-EU HCOH genes are often
neighbors to genes involved in the denitrification
process and/or detoxification of small reactive mole-
cules such as NO (Fig. 4). Many of these neighboring
genes encode various denitrification enzymes such
as nitrate reductase, nitrite reductase, NOR, and
nitrous oxide reductase (Fig. 4). The detoxification
genes include those that encode NOD and the RIC
family proteins with hemerythrin domains. In addi-
tion, genes encoding a few domains of unknown
functions, such as ScdA_N, DUF2249, DUF1858,
and DUF59, are also frequently found in the neigh-
borhood of three-EU HCOH genes. Three-EU HCOH
proteins from different groups are sometimes gene
neighbors (Fig. 4), suggesting that they are involved
in the same biological process. The gene neighbor-
hood associations are consistent with the domain
contents of limited multi-domain three-EU HCOH
proteins, as some of these proteins contain nitrite
reductase domain, DUF2249 domain and DUF1858
domain (Fig. 5).

For some single-EU HCOH proteins such as
HCOH-s2 (DUF2871) proteins and cluster A HCOH-
sl proteins, we did not find strong functional
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Figure 6. Structure superposition of an HCO superfamily
member (pdb id: 3mk7) and a MAPEG member (pdb id:
4al0). EU1, EU2, and EUS3 of 3mk7 are shown in blue, yellow,
and green, respectively. The heme groups and the non-heme
iron are shown as red sticks and a red sphere, respectively.
The three chains of 4al0 aligned to EU1, EU2, and EU3 of
3mk7 are shown in light blue, grey, and cyan, respectively.
The ligands of 4al0 are shown as magenta sticks.

associations to denitrification/detoxification genes
according to the results of the STRING server. On
the other hand, genes encoding HCOH-s1 proteins of
clusters B, C, D, E, and F are frequently neighbors
to denitrification genes and potential detoxification
genes such as those with the hemerythrin domain
and the globin domain*® (Fig. 4(A-F)]. Like many
three-EU HCOH genes, these single-EU HCOH
genes often have neighbors with domains of
unknown function such as ScdA_N, DUF2249 and
DUF59 [Fig. 4(A-F)]. Other genes frequently in the
vicinity of HCOH-s1 genes include those encoding
proteins with cytochrome ¢ domain (cyC), ferredoxin
domain (fx), thioredoxin domain (Trx), and cupin_2
domain (cp2) [Fig. 4(A-F)]. Some three-EU HCOH
genes are also found to be neighbors of HCOH-s1
genes [e.g., Fig. 4(B,C,E)].

Limited experimental studies on NnrS proteins,
gene context analysis and domain content analysis
indicate the involvement of many HCOH proteins in
denitrification and detoxification. The molecular
mechanisms of their functions remain unknown and
await further experimental investigations. As puta-
tive heme-binding proteins, HCOH proteins could
contribute to denitrification and detoxification in
several ways, such as maintenance of cellular iron
and heme homeostasis, being part of the electron
transfer pathways in various denitrification
enzymes, binding/sequestering/exporting
nitrogen species, and possessing enzymatic activities
that convert reactive nitrogen species to less toxic
molecules.

reactive
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Structure similarity between the catalytic
subunits of HCOs/NORs and the MAPEG family
proteins

After establishing the EUs for the HCO superfamily,
we sought to explore its relationship to known struc-
tures. We queried the structures of HCO/NOR EUs
against the SCOP*® database using the HorA
server,”® which not only reports structural similarity,
but also evaluates if the similarity represents homol-
ogy or analogy. HorA identified a MAPEG structure
as the top hit following the structures from the HCO
superfamily, with relatively good scores for both
structure comparison (Dali Z-score 7.6) and sequence
comparison (HHpred probability 0.52), resulting in
an overall score (5.042) that is consistent with scores
derived for distant homologs.’® MAPEG proteins are
a group of membrane-bound enzymes with diverse
functions, including glutathione transferase activity
that provides protection from oxidative stress in the
membrane.?® The MAPEG fold, consisting of four
TMHs, forms a homotrimer that binds three sub-
strates in a symmetric manner. The four TMHs of a
MAPEG subunit adopt the same topology as the four
TMHs in each EU of HCOs/NORs, showing right-
handed connections between them. In addition, an
unexpected structural similarity lies in the same
arrangement of the three subunits of the MAPEG
homotrimer compared to the three EUs in HCOs/
NORs, as noticed before.?® A superposition of a tri-
meric MAPEG structure (pdb id: 4al0) onto an HCO
structure (pdb id: 3mk7) (Fig. 6) reveals a striking
similarity (Dali Z-score: 20.6, RMSD: 3.3A) covering
all 12 TMHs. Each of the three EUs of HCO struc-
ture corresponds to one monomer of the MAPEG
homotrimer (Fig. 6). Interestingly, the hemes from
the HCO structure (red sticks, Fig. 6) overlap with
the MAPEG substrate (glutathione, magenta sticks,
Fig. 6), which is located at the interfaces of the
monomers. Combined with the trimeric state
required for MAPEG enzyme function,’*%3 the struc-
tural similarity and similar active site position sug-
gest that MAPEG proteins and HCOs/NORs are
evolutionarily related.?’

Evolutionary scenarios of HCOs/NORs and the
HCOH proteins

Gene duplication, divergence, fusion, and fission are
the main driving forces in the evolution of proteins
with novel functions.’* % It is estimated that a large
fraction of proteins form oligomers with functional
importance.?” Evolution of oligomeric protein com-
plexes has drawn interest in both theoretic and
experimental studies.?®®® Gene duplication is con-
sidered as the cause to generate heteromers (hetero-
oligomers) from homomers (homo-oligomers), for
example, in the evolution of proteasomes®® and
chaperonins.’! Subunits in a heteromer have
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Figure 7. Possible evolutionary events in HCOs/NORs and
HCOH proteins.

different sequences and structures that break the sym-
metry of homomers and allow more versatile func-
tions.®? It is estimated that a large fraction of membrane
proteins form oligomers or are internally pseudosym-
metric,%%* like the catalytic subunits of HCOs/NORs.
The structural similarity between the catalytic
subunits of HCOs/NORs and the MAPEG trimers
suggests that HCOs/NORs could have evolved from
a four-TMH ancestral protein that forms MAPEG-
like homotrimers (Fig. 7). It is likely that a fortui-
tous sequence divergence event of this ancestor [Fig.
7(A)] gave rise to the HxH motif in the second TMH
that enabled binding of heme groups. The discovery
of single-EU HCOH proteins with four TMHs and
the HxH motif supports this hypothesis. The homo-
trimers of four-TMH single-EU proteins with the
HxH motif would have three symmetric heme-
binding sites located at the interfaces of the mono-
mers, similar to those of the MAPEG proteins.
Single-EU HCOH genes could have undergone gene
duplications [Fig. 7(B)] followed by sequence diver-
gence to generate multiple copies of single-EU
HCOH genes encoding proteins that form hetero-
trimers. If the HxH motif is kept in all duplicated
genes, a heterotrimer with three heme-binding sites
could be formed. In case some histidines are
mutated [Fig. 7(C)], like the HCOH-s1 cluster B pro-
teins, heterotrimers that bind less than three hemes
could evolve. The fusion of three single-EU genes
would result in an open reading frame with three
EUs [Fig. 7(D,F)]. Three-EU proteins could bind
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three hemes with six histidines if the HxH motif is
kept in all three EUs [Fig. 7(D)]. Interestingly, we
identified one archaeal protein in the HCOH-t5
group (gil 288930450 in Fig. 2, marked by a star in
Fig. 3) that has three HxH motifs and could bind
three hemes. Deterioration of some histidines, either
in the stage of single-EU ancestors [Fig. 7(C)] or
three-EU ancestors [Fig. 7(E)], could lead to three-
EU HCOH proteins with fewer than six conserved
histidines and thus less than three heme-binding
sites.

Most of extant three-EU HCOH proteins possess
two conserved histidines and are inferred to bind a
single heme. They mostly follow one of three histi-
dine patterns: Hxx.xxx.xxH (HCOH-t1, HCOH-t2,
HCOH-t3, and HCOH-t4), xxH.Hxx.xxx (HCOH-t5
and HCOH-t6) and xxx.xxH.Hxx (HCOH-t7) (Fig. 7).
These three patterns can also be related by circular
permutations of the three EUs [Fig. 7(G)]. We also
identified a small number of archaeal HCOH-t5 pro-
teins (e.g., gil389847617 in Fig. 2) that contain a
combination of patterns of HCOH-t1 and HCOH-t5
and have four histidines in the motif pattern of
HxH.Hxx.xxH (Fig. 7). These proteins could thus
bind two hemes.

HCOs/NORs follow the histidine pattern of
Hxx.xxH.HH.HxH. The HH motif in the seventh
TMH (the third TMH in EU2) is a unique feature of
HCOs/NORs that is not present in HCOH proteins.
Such an addition allows HCOs/NORs to coordinate a
copper or non-heme iron in addition to binding two
hemes. We also identified several small groups of
proteins closely related to HCOs/NORs that have
some or all of the conserved histidines deteriorated.
Two small groups (light blue dots in Fig. 3 and also
see the close-up view in Supporting Information Fig.
S10) have the HH motif deteriorated (see Supporting
Information Figs. S14 and S15 for their alignments).
Four small groups (yellow dots in Fig. 3 and Sup-
porting Information Fig. S10) have all of the six his-
tidines deteriorated (see Supporting Information
Figs. S16-S19 for their alignments). These groups
could have evolved from the HCOs/NORs by
sequence divergence [Fig. 7(H)].

Although it is likely that three-EU HCOH pro-
teins have evolved by gene duplication and fusion of
single-EU HCOH ancestors, the opposite evolution-
ary scenario, gene split (or fission) of three-EU
HCOH genes to generate single-EU HCOH open
reading frames [Fig. 7(I)], is also plausible. For
example, HCOH-s1 proteins of clusters H and G,
especially cluster H proteins, are close to the HCOs/
NORs in the CLANS diagram (Fig. 3). Their top
BLAST hits include C-type HCOs. In the genome of
Sideroxydans lithotrophicus ES-1, one cluster G
HCOH-s1 gene and one cluster H HCOH-s1 gene
are close to each other and neighboring to a C-type
HCO (Fig. 4). It is likely that HCOH-s1 proteins of
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clusters G and H are derived from C-type HCO pro-
teins by gene fission.

Conclusions

Comparative sequence-structure analysis revealed
novel homology between a number of HCOH pro-
teins and the catalytic subunits of HCOs/NORs.
HCOH proteins form groups of four-TMH single-EU
proteins (HCOH-s1 and HCOH-s2) and groups of 12-
TMH three-EU proteins (HCOH-t1, HCOH-t2,
HCOH-t3, HCOH-t4, HCOH-t5, HCOH-t6, and
HCOH-t7). Among these groups, only HCOH-s2 and
HCOH-t1 correspond to known domains (DUF2871
and NnrS, respectively), while the majority of other
HCOH members are currently annotated as hypo-
thetical proteins without known domains. Gene con-
text and domain content analyses, coupled with
limited experimental studies of NnrS, suggest that
most HCOH proteins are involved in the denitrifica-
tion process and/or detoxification of reactive small
molecules. Based on the structures of HCOs/NORs,
single-EU HCOH proteins could form homotrimers
or heterotrimers with active sites located at the
interfaces between monomers. Conserved histidines
in HCOH proteins indicate that they can bind heme.
Strong structural similarity was observed between
the homotrimers of the MAPEG family membrane
enzymes and the catalytic subunits of HCOs/NORs.
Such a similarity, together with the discovery of
single-EU HCOH proteins, suggests that HCOs/
NORs and three-EU HCOH proteins could have
evolved from four-TMH ancestors that form homo-
trimers similar to MAPEG proteins. Gene duplica-
tion, sequence divergence, and gene fusion of
ancestral single-EU HCOH proteins could give rise
to three-EU HCOH proteins and HCOs/NORs. Con-
versely, gene fission of three-EU HCOH proteins or
HCOs/NORs may have produced some extant single-
EU HCOH proteins.

Materials and Methods

Sequence similarity searches

PSI-BLAST?® iterations were conducted to search for
homologs of the HCO superfamily proteins starting
from one representative with known structure (pro-
tein databank (PDB®®) id: 800r, chain B)!® against a
database composed of NCBI non-redundant proteins
and environmental sequences with maximal 90%
identity (nre90) protein database (e-value inclusion
cutoff: le-4). To perform transitive searches, PSI-
BLAST hits were grouped by BLASTCLUST (with
the score coverage threshold [—S, defined as the bit
score divided by alignment length) set to 1, length
coverage threshold (—L) set to 0.5, and no require-
ment of length coverage on both sequences (—b F)],
and a representative sequence from each group was
used to initiate new PSI-BLAST searches. Such an

1232 PROTEINSCIENCE.ORG

iterative procedure was repeated until convergence.
HHpred?” was used for profile-profile-based similar-
ity searches to identify distant homologous relation-
ships for (1) HCOs/NORs (gil315583520), (2) the
HCOH-s1 group (gil499132825), (3) the HCOH-s2
group (gil316941303), (4) the HCOH-t1 group
(gi11110347088), (5) the HCOH-t5 group
(g11292656262), and (6) the HCOH-t6 group
(gi1256378768) (profile databases used: Pfam,®®
PDB,*® and CDD%). Detections of conserved
domains are performed by the CDD server®” and the
HMMERS3 package.® We also employed the HorA
server® to detect structural homologs for the pseu-
dosymmetric units of HCO proteins, using the C ter-
minus of a NOR structure (pdb: 300r, chain B,
residue 302—458) as input.

Sequence clustering and multiple sequence
alignment

Sequence clustering was performed and visualized
by the CLANS program.>® Several cutoffs of P-val-
ues were tried. The P-value cutoff 1e-10 was chosen
since it gave the best separation between clusters
according to manual inspections. We extracted the
sequences in each manually defined group of CLANS
results and performed multiple sequence alignments
by PROMALS3D®® for each group. These alignments
as well as information about their sequences such as
species and domain ranges are available in the Sup-
porting Information. Representative sequences for
HCOs/NORs and the newly defined HCOH groups
were selected and split into individual EUs of four
TMHs. A multiple sequence alignment was con-
structed for the EUs of these representatives by
PROMALSS3D. This alignment was manually
adjusted by taking into account sequence conserva-
tion, structural superposition of known structures of
HCOs/NORs by DaliLite”™ and MUSTANG,"! hydro-
phobicity and small residue patterns, and trans-
membrane regions predictions by Phobius™ and
TMHMM.”
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