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Abstract

The microbial rhodopsins (MR) are homologous to putative chaperone and retinal-binding proteins of fungi. These
proteins comprise a coherent family that we have termed the MR family. We have used modeling techniques to predict the
structure of one of the putative yeast chaperone proteins, YRO2, based on homology with bacteriorhodopsins (BR).
Availability of the structure allowed depiction of conserved residues that are likely to be of functional significance. The
results lead us to predict an extracellular protein folding function and a transmembrane proton transport pathway. We
suggest that protein folding is energized by a novel mechanism involving the proton motive force. We further show that MR
family proteins are distantly related to a family of fungal, animal and plant proteins that include the human lysosomal cystine
transporter (LCT) of man (cystinosin), mutations in which cause cystinosis. Sequence and phylogenetic analyses of both the
MR family and the LCT family are reported. Proteins in both families are of the same approximate size, exhibit seven
putative transmembrane a-helical spanners (TMSs) and show limited sequence similarity. We show that the LCT family
arose by an internal gene duplication event and that TMSs 1-3 are homologous to TMSs 5-7. Although the same could not
be demonstrated statistically for MR family members, homology with the LCT family suggests (but does not prove) a
common evolutionary pathway. Thus, TMSs 1-3 and 5-7 in both LCT and MR family members may share a common
origin, accounting for their shared structural features. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction characterized member is bacteriorhodopsin of Halo-
bacterium halobium (now called Halobacterium sali-

In 1994 we published a phylogenetic analysis of a narum) [1]. The family included five proton-translo-
small family of archaeal rhodopsins, then referred to cating bacteriorhodopsins (BRs), four chloride-
as the bacteriorhodopsin or BR family since the best translocating halorhodopsins (HRs) and two photo-

receptor proteins called sensory rhodopsins (SRI and
SRII) [2-6]. Homology of all of these proteins was
established, a sequence alignment revealed the con-

* Corresponding author. Fax: 858-534-7108; served residues, an average hydropathy analysis re-
E-mail: msaier@ucsd.edu vealed the relative degrees of hydrophobicity of the
! These two authors contributed equally to the reported work. seven established transmembrane o-helical segments
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Table 1
Proteins of the microbial rhodopsin (MR) family included in this study?®
AbbreviationName or description in database = Organism Size (no. Database and gi No.d
residues) accession No.¢
Fungal chaperones (FC)
HSP30 Heat shock protein 30 kDa Saccharomyces cerevisiae 332 spP25619 140468
YRO2 YRO2 (YBRO054w) Saccharomyces cerevisiae 344 spP38079 586913
YDRO33w YDRO033w Saccharomyces cerevisiae 320 pirS61586 2132470
Spo hypothetical protein Schizosaccharomyces pombe 306 gbCAA21219 3702626
Cve FDDI123b Coriolus versicolor 283 gbBAA76589 4587023
Bacteriorhodopsins; H* pumps (BR)
Hsa Bacteriorhodopsin precursor Halobacterium salinarum (halobium) 262 spP02945 114811
Hva Cruxrhodopsin-3 (COP-3) (CR-3) Haloarcula vallismortis 250 spP94854 2829812
Har Cruxrhodopsin-1 (COP-1) (CR-1) Haloarcula argentinensis 250 spQ57101 2499386
Hmu Cruxrhodopsin-2 (COP-2) (CR-2) Haloarcula mukohataei sp. ARG-2 255 spQ53496 2499387
Hso Archaearhodopsin-3 precursor Halorubrum sodomense 258 spP96787 3023375
(AR-3)
Hr2 Archaearhodopsin-2, retinal protein Halobacterium sp. aus-2 259 gbAAB19870 235918
Ht4 Bacteriorhodopsin Haloterrigena sp. ARG-4 250 gbBAA75200 4579714
HSG Archaearhodopsin-1 precursor Halobacterium sp. strain SG 260 spP19585 114807
(AR-1)
Hme Bacteriorhodopsin Halobacterium strain mex part: 220° spP33969 461610
Hpo Bacteriorhodopsin Halobacterium strain port part: 227° spP33971 461611
Hsh* Bacteriorhodopsin Halobacterium strain shark part: 209° spP33972 461612
Halorhodopsins; ClI~ pumps (HR)
Hsa Halorhodopsin precursor Halobacterium salinarum (halobium) 274 spP16102 114808
Hva Cruxhalorhodopsin-3 precursor Haloarcula vallismortis 276 spP94853 2829811
(CHR-3)
Hso Halorhodopsin Halorubrum sodomense 282 gbBAA75202 4579718
Nph Halorhodopsin Natromonas pharaonis 291 spP15647 114809
Ht4 Halorhodopsin Haloterrigena sp. ARG-4 297 gbBAA75201 4579716
HSG Halorhodopsin Halobacterium sp. strain SG 284 spP33742 461609
Hpo Halorhodopsin precursor Halobacterium strain port 276 spQ48315 2499383
Hsh Halorhodopsin precursor Halobacterium strain shark 276 spQ48314 2499384
Hme Halorhodopsin Halobacterium strain mex part: 206° spP33970 461608
Sensory rhodopsins I (SRI)
Hsa Sensory rhodopsins I Halobacterium salinarum (halobium) 239 spP25964 114812
Hva Bacterial rhodopsin CSR3 Haloarcula vallismortis 236 spQ48334 2499388
Hso Sensory rhodopsin Halorubrum sodomense 254 gbBAA75203 4579720
HSG Sensory rhodopsin I Halobacterium sp. strain SG 247 spP33743 461613
Sensory rhodopsins II; phoborhodopsins (SRII)
Hsa Sensory rhodopsin II Halobacterium salinarum (halobium) 237 spP71411 2499389
Hva Sensory rhodopsin II Haloarcula vallismortis 236 spP42197 1168614
Nph Sensory rhodopsin 11 Natromonas pharaonis 239 spP42196 1168615

aMembers missing a relevant part of the sequence (BR Hsh*), and the recently sequenced BR from Haloarcula japonica (three amino
acid residues different from the Haloarcula argentinensis protein) were not included in this analysis. Additionally, the sequence pub-
lished by Bieszke et al. [17,18] appeared after the completion of this study and consequently was not included.

YPart, partial sequence available.

‘Databases included: sp, SwissProt; gb, GenBank; pir, Protein Information Resource.
dgi No., gene identification number of the National Center for Biotechnology Information (NCBI).



208 Y. Zhai et al. | Biochimica et Biophysica Acta 1511 (2001) 206-223

(TMSs), and an average similarity plot revealed that
the TMSs were better conserved than the inter-TMS
loops [1]. Moreover, a phylogenetic tree showed that
the BRs clustered separately from the HRs, and that
both of these two clusters were distant from the SRs
[1]. Availability of high resolution three-dimensional
structures of BR has allowed detailed mechanistic
proposals that are supported by extensive experimen-
tation [4,7-9]. Further, the high resolution struc-
ture of halorhodopsin has recently been reported
[10].

Ihara et al. [11] confirmed the phylogenetic obser-
vations of Kuan and Saier [1] and extended the anal-
yses to several newly sequenced proteins, all of which
fell into the three groups (BR, HR and SR) observed
previously. The family was expanded from 11 mem-
bers to 25 members, all of which are archaeal retinal-
containing chromophoric proteins. lhara et al. [11],
however, failed to note that the archaeal retinal-con-
taining chromophoric proteins are, in fact, homolo-
gous to yeast and fungal proteins that apparently
lack a chromophore and have been shown to be
stress-induced [12-15]. These proteins appear to
function in cellular responses to acid, organic sol-
vent and heat stress signals [16]. Further, after
completion of the analyses reported here, Bieszke et
al. [17,18] sequenced a Neurospora crassa protein
that encodes a retinal-binding homologue of the
archaeal rhodopsins, and Béja et al. [19] identified
a retinal-containing, light-driven, proton-pumping
homologue of the archaeal rhodopsins in a bacte-
rium. It seems clear that these proteins are wide-
spread in nature.

In this communication we present analyses of the
fungal proteins that reveal their sequence and phylo-
genetic relationships to the three previously identified
clusters of archaeal rhodopsins. Because the fungal
proteins clearly share a common evolutionary origin
with the archaeal and bacterial rhodopsins, we have
renamed the family the microbial rhodopsin (MR)
family (TC No. 3.E.1 [20,21]).

There is currently little information about the
structures of the putative fungal (yeast) chaperone
proteins (FCs) or about the functional relationships
between FCs and the archaeal rhodopsins (ARs). In
this paper, we predict the three-dimensional structure
of one of the FC proteins based on the crystal struc-
ture of BR, depict the positions of potential func-

tional residues in this FC protein and propose novel
function/structure relationships between these two
classes of proteins. We show further that the fungal
proteins are homologues of, but distantly related to,
a family of proteins in animals, plants, and fungi,
one of which, the human disease protein, cystinosin,
has been implicated in cystine transport across lyso-
somal membranes [22-27]. We have called this eu-
karyotic protein family the lysosomal cystine trans-
porter (LCT) family (TC No. 2.A.43 [20,21]), named
after its only functionally characterized member. We
propose that all of the members of this eukaryotic-
specific family are localized to intracellular organ-
elles. Properties of LCT family members are de-
scribed and compared with those of the MR family
proteins. These studies have allowed us to suggest an
evolutionary pathway by which the structurally well
characterized archaeal rhodopsins arose.

2. Materials and methods

Pairwise sequence alignments were generated using
the Genetics Computer Group (GCG) GAP program
[28]. Standard deviation (S.D.) units were calculated
with 500 random shuffles for statistical analysis.
Multiple sequence alignments, with bootstrapping,
were generated using the Clustal X program [29,60]
and the TREE program [30], and confirmed with
other programs [31,32]. Similarity determinations us-
ing other computational tools also revealed a com-
mon origin for bacteriorhodopsins and the yeast pro-
teins [33]. Average hydropathy, average similarity,
and average amphipathicity plots of the proteins in
each of the four clusters of the MR family were
based on multiple sequence alignments generated
with the TREE program of Feng and Doolittle
[30]. In all such plots, a sliding window of 21 residues
was used. Hydropathy values were those of Kyte and
Doolittle [34]. For the average amphipathicity plot,
an angle of 100° was used as appropriate for an
a-helix as described using the program of Le et al.
[35].

The fungal chaperone protein selected for three-
dimensional modeling studies is YRO2 from Saccha-
romyces cerevisiae (see Table 1). YRO2 is demonstra-
bly homologous to nephropathic cystinosin and oth-
er members of the LCT family (comparison scores
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using the GCG GAP program with 500 random
shuffles in excess of 9 S.D.).

BR coordinates were obtained from Protein Data
Bank (PDB) entry 1QHJ [36] which was submitted in
1999 at a resolution of 1.9 A. Results obtained with
this structure were fully in agreement with those
based on the recent 1.55 A resolution structure pub-
lished by Luecke et al. [37]. The fungal chaperone
structural determination was based on the structure
of BR using the Molecular Simulation, Inc. (MSI) 3-
D protein modeling program Insight II. The initial
structure was refined by energy minimization (ME)
and molecular dynamics (MD) using the Insight II
program Discover (Version 98.0, MSI). Simulations
were performed in vacuo with a dielectric constant of
4 using the consistent valence forcefield (CVFF). The
protein was kept neutral during the structural refine-
ment procedure. All of the ionizable amino acyl res-
idues were maintained in their unionized forms.
Structural refinement procedures were as follows:
(1) poor contacts were ecliminated by a 100 step
steepest descents ME followed by a 1000 step con-
jugated gradients ME; (2) MD was performed at 600
K for 10 ps selecting a local minimum structure near
the end of the trajectory to optimize by 1000 step
conjugated gradients ME; (3) steps (1) and (2) were
repeated at lower temperature intervals of 100 K to a
final value of 300 K; and (4) the final structure was
optimized with conjugated gradient ME and a con-
vergence criterion of 0.05 kcal/mol.

Without constraints, the structure would be des-
tined for denaturation because the ME and MD sim-
ulations were not conducted under native conditions
in the presence of a lipid bilayer, an aqueous solu-
tion, and other potential factors. To prevent the helix
bundle from disintegrating at higher temperatures,
the polypeptide backbone atoms were subjected to
a harmonic forcefield during the entire procedure
of the refinement. The force constant was reduced
gradually from the first to the last MD run. A hydro-
gen bond restraint was also used in the modeling
calculations. Relatively strong distance restraints
were imposed to maintain proper geometry for i,
i+4 hydrogen bonds. The distances between the car-
bonyl oxygen of residues i and the backbone nitro-
gen of the amide protons of residues i+4 were con-
strained to a range of 2.7-3.2 A and 1.8-23 A,
respectively, for the segments of an o-helix.

3. Results and discussion
3.1. The MR family (TC No. 3.E.1)

Table 1 presents the members of the MR family,
subdivided into four groups: the BRs, the HRs, the
SRs and the fungal/yeast putative FCs. One of the
FC proteins, heat shock protein Hsp30, may func-
tion in energy conservation, downregulating stress-
activation of the plasma membrane proton-ATPase
so that this enzyme does not deplete the energy re-
serves of the cell [38]. Some of the fungal proteins are
not currently believed to be retinal-binding proteins
as several of the residues conserved in the archaeal
proteins that are localized to the retinal-binding
pocket are not conserved in the fungal proteins. In
the analyses reported, all family members where full
sequences were available at the time these studies
were conducted are included with the exception of
the Haloarcula japonica BR that differs from the Ha-
loarcula argentinensis protein by only three amino
acyl residues. Table 1 presents the protein abbrevia-
tions used in this report, the names or descriptions
provided in the databases, the source organisms, and
the sizes of the proteins in numbers of amino acyl
residues. Database accession numbers and gi num-
bers allow easy web access to the sequences.

A partial multiple alignment of the protein mem-
bers of the MR family is presented in Fig. 1. Four
residues are fully conserved in all proteins including
the fungal chaperones, and many additional residues
are well conserved in all but one or a few proteins. It
is important to note, however, that the lysyl residue
(e.g., BR hso K226) in TMS 7 that provides the
Schiff’s base linkage to retinal is not retained in the
fungal proteins. Moreover, some of the residues con-
served in the archaeal proteins that are localized to
the retinal-binding pocket are also not conserved in
the fungal proteins [4,7,8,11,39].

Statistical analyses revealed that the FCs are ho-
mologous to the archaeal proteins (comparison
scores of >10 S.D. using the GCG GAP program
with 100 random shuffles) [28]. A considerable degree
of sequence similarity is also evident from the align-
ment shown in Fig. 1. Fig. 2 shows average hydro-
pathy (H, dark solid lines), average similarity (S,
dotted lines) and average amphipathicity (A, light
dashed lines) for the four clusters of proteins (A,
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™4

BR Hso (90) RYADWLFTTPLLLLDLALLAKVD----------- RVTIGTLVGVDALMIVTGLIGALSHTA-~--—--— IARYSWWLF

HSG (92) RYADWLFTTPLLLLDLALLAKVD----------- RVSIGTLVGVDALMIVTGLVGALSHTP-———--— LARYTWWLF

Hr2 (91) RYADWLETTPLLLLDLALLAKVD---—----——-— RVTIGTLIGVDALMIVTGLIGALSKTP-—----- LARYTWWLF

Hme (77) RYADWLFTTPLLLLDLALLANAD------—----- RTTIGTLIGVDALMIVTGLIGALSHTP--—---— LARYTWWLF

Hsa (93) RYADWLFTTPLLLLDLALLVDAD-----=--=—-- QGTILALVGADGIMIGTGLVGALTKVY--—--— SYRFVWWAI

Har (78) RYSDWLFTTPLLLYDLGLLAGAD----------- RNTITSLVSLDVLMIGTGLVATLSPGSGVLSAGAERLVWWGI

Hpo (75) RYSDWLFTTPLLLYDLGLLAGAD--—--—---—---- RNTITSLVSLDVLMIGTGLVATLSAGSGVLSAGAERLVWWGI

Hva (78) RYSDWLFTTPLLLYDLGLLAGAD----—------- RNTISSLVSLDVLMIGTGLVATLSAGSGVLSAGAERLVWWGI

Hmu (85) RYTDWLFTTPLLLYDLALLAGAD----------- RNTIYSLVGLDVLMIGTGALATLSAGSGVLPAGAERLVWWGI

Ht4 (88) RYADWLFTTPLLLLDLSLLAGAN----—-------— RNTIATLIGLDVFMIGTGAIAALSSTP-———--- GTRIAWWAT

HR Hsa (106) RYLTWALSTPMILLALGLLADVD----—------- LGSLFTVIAADIGMCVTGLAAAMTTSA---—-— LLFRWAFYAI

Ht4 (126) RYLTWTLSTPMILLALGWLAEVD-------—---- TADLFVVIAADIGMCLTGLAAALTTSS-———--- YAFRWAFYLV

Hpo (106) RYLTWTFSTPMILLALGLLADTD-- --IASLFTAITMDIGMCVTGLAAALITSS- -HLLRWVFYGI

Hsh (106) RYLTWTFSTPMILLALGLLADTD-- ~--IASLFTAITMDIGMCVTGLAAALITSS- -HLLRWVFYGI

Hva (106) RYLTWTFSTPMILLALGLLADTD-- ~--MASLFTAITMDIGMC ITGLAAALVTSS-----HLLRWVFYGI

Hso (110) RYLTWALSTPMILVALGLLAGSN----—----=-- ATKLFTAVTADIGMCVTGLAAALTTSS----— YLLRWVWYVI

HSG (111) RYLTWALSTPMILIAVGLLAGSN----------- TTKLFTAVVADIGMCVTGLAAALTTSS-——-— YLLRWVWYAI

Nph (121) RYLTWALSTPMILLALGLLAGSN----------- ATKLFTAITFDIAMCVTGLAAALTTSS-—-—---— HLMRWEWYAT

SRI Hsa (71) RYIDWLVTTPILVGYVGYAAGAS--------—--- RRSIIGVMVADALMIAVGAGAVVTDGT--—----— LKWALFGV

Hva (71) RYLDWVVTTPLLVGFVGYAAGAS-- --RRAIFGVMVADALMILTGVGAVVADGT------— LKWVLFGV

Hso (72) RYVDWVVTTPLLVGFIGYNAGAS----—------ RRAIAGVMIADALMIVFGAAAVVSGGT---—-——--— LKWALFGV

HSG (72) RYVDWIVTTPLLVGFIGYVAGAS----------- RRAIAGVMLADALMIAFGAGAVVTGGT-~——-—-—— LKWVLFGV

SRII Hsa (68) RYIDWLVTTPLIVLYLAMLARPG----------- HRTSAWLLAADVFVIAAGIAAALTTGV------- QRWLFFAV

Hva (70) RYVDWLLTTPLNVWFLALLAGAS----—---—---= REDTVKLVVLQALTIVFGFAGAVTPSP-----—— VSYALFAV

Nph (70) RYIDWILTTRLIVYFLGLLAGLD----------- SREFGIVITLNTVVMLAGFAGAMVPGI- -~~~ ERYALFGM

FC Cve (94) RYIQWFITFPLLLLELLLATGLS----------- LSDIFTTLFMSIVLVITGLVAALVPST-———--—-— YKWGYYTF

YRO2 (114) RYVGWFLAFPWPIIQMSLLGGTP----------- LWQIAFNVGMTEIFTVCWLIAACVHST---—---— YKWGYYTI

YDRO33 (114) RFVGWFLALBWPIIQICMLAGTP-------=--- FWQMAFNVC ITEFFTVCWLIAACVHST--- -~ YKWGYYTT

HSP30 (119) KYIAWFLSWPCLLFLIELAASTTGENDDISALDMVHSLLIQIVGTLFWVVSLLVGSLIKST------- YKWGYYTI

Spo  (100) RYIQWLINFPLIIVMLHWTVGVS----------- TLEIAYVVCYVLFAIVCLLARALTSSP------~- YKWAYYGF

Consensus RY-DW--TTPL-LL-LGLLAG-———-—-———-———===--— I--——-- D--M--TGL-AAL--—--———-—-——-— RW-----—

™5

Hso STICMIVVLYFLATSLRSAAKERGP-EVASTFNTLTALVLVLWTA-YPILWIIGTEG-AGVVGLGIETLLFMVLDVTAKVGF (229)
HSG STICMIVVLYFLATSLRAAAKERGP-EVASTFNTLTALVLVLWTA-YPILWIIGTEG-AGVVGLGIETLLFMVLDVTAKVGF (231)
Hr2 STIAFLFVLYYLLTSLRSAAAKRSE-EVRSTENTLTALVAVLWTA-YPILWIVGTEG-AGVVGLGIETLAFMVLDVTAKVGF (230)
Hme STIAFLFVLYYLLTVLRSAAAELSE-DVQTTFNTLTALVAVLWTA-YPILWIIGTEG-AGVVGLGVETLAFMVLDVTAKVGE (216)
Hsa STAAMLYILYVLFFGFTSKAESMRP-EVASTFKVLRNVTVVLWSA-YPVVWLIGSEG-AGIVPLNIETLLEMVLDVSAKVGE (232)
Har STAFLLVLLYFLFSSLSGRVADLPS-DTRSTFKTLRNLVTVVWLV-YPVWWLIGTEG-IGLVGIGIETAGFMVIDLTAKVGF (223)
Hpo STAFLLVLLYFLFSSLSGRVADLPS-DTRSTFKTLRNLVTVVWLV-YPVWWLIGTEG-IGLVGIGIETAGFMVIDLTAKVGF (220)
Hva STAFLLVLLYFLFSSLSGRVADLPS-DTRSTFKTLRNLVTVVWLV-YPVWWLVGTEG-IGLVGIGIETAGFMVIDLVAKVGF (223)
Hmu STGFLLVLLYFLFSNLTDRASELSG-DLQSKFSTLRNLVLVLWLV-YPVLWLVGTEG-LGLVGLPIETAAFMVLDLTAKIGF (230)
Ht4 STGALLALLYVLVGTLSENARNRAP-EVASLFGRLRNLVIALWFL-YPVVWILGTEGTFGILPLYWETAAFMVLDLSAKVGF (228)
Hsa SCAFFVVVLSALVTDWAASASSAG---TAEIFDTLRVLTVVLWLG-YPIVWAVGVEGLALVQSVGVTSWAYSVLDVFAKYVF (145)
Ht4 STAFFVVVLYALLAKWPTNAEAAG---TGDIFGTLRWLTVILWLG-YPILWALGVEGFALVDSVGLTSWGYSLLDIGAKYLF (165)
Hpo SCAFFVAVLYVLLVQWPADAEAAG---TSEIFGTLKILTVVLWLG-YPILWALGSEGVALLS-VGVTSWGYSGLDILAKYVF (244)
Hsh SCAFFVAVLYVLLVQWPADAEAAG---TSEIFGTLKILTVVLWLG- YPILWALGSEGVALLS-VGVTSWGYSGLDILAKYVE (244)
Hva SCAFFTAVLYVLLVEWPADAEAAG---TSEIFGTLKLLTVVLWLG- YPILWALGSEGVALLS-VGVTSWGYSGLDILAKYVE (244)
Hso SCAFFVVVLYVLLAEWAEDAEVAG-- - TAETFNTLKLLTVVLWLG- YPTFWALGAEGLAVLD-VAVTSWAYSGMDIVAKYLE (248)
HSG SCAFFVVVLYILLAEWAEDAEIAG---TADIFNTLKVLTVVLWLG- YPIFWALGAEGLAVLD-VAITSWAYSGMDIVAKYLF (249)
Nph SCACFLVVLYILLVEWAQDAKAAG---TADMFNTLKLLTVVMWLG-YPIVWALGVEGIAVLP-VGVTSWGYSFLDIVAKYIF (259)
Hsa $STFHLSLFAYLYVIFPRVVPDVP--EQIGLFNLLKNHIGLLWLA- YPLVWLFGPAG- IGEATAAGVALTYVFLDVLAKVEY (208)
Hva STVFHVSLFAYLYLVFPRSVPDDP--QRIGLFSLLKNHIGLLWIA- YPLVWLAGPEG-LGLATYVGVSITYAFLDLLAKVPY (208)
Hso SALFHVSLFAYLYVIFPGGIPDDP--MQRGLFSLLKNHVGLLWLA- Y PFVWLMGPAG- IGFTGAVGAALTYAFLDVLAKVPY (209)
HSG SSTFHVTLFAYLYVVFPRAVPDDP--MORGLFSLLKNHVGLLWLA- YPFVWLMGPAG- IGFTTGVGAALTYAFLDVLAKVPY (209)
Hsa GAAGYAALLYGLLGTLPRALGDDP--RVRSLFVTLRNITVVLWTL-YPVVWLLSPAG-IGILQTEMYTIVVVYLDFISKVAF (205)
Hva GGALFGGVIYLLYRNIAVAAKSTLSDIEVSLYRTLRNFVVVLWLV-YPVVWLLGAAG-VGLMDVETATLVVVYLDVVTKVGF (209)
Nph GAVAFLGLVYYLVGPMTESASQRSS-GIKSLYVRLRNLTVILWAI-YPFIWLLGPPG-VALLTPTVDVALIVYLDLVTKVGF (208)
Cve GVSALFYIWYVLLWHGPHTTFAAGG-VLRRGYLLAAGYLSFLLLL-YPIAWACAEGGNVISVTSEMI--WYGILDIFAGPIF (231)
YRO2  GIGAAIVVCISLMTTTFNLVKARGK-DVSNVEITFMSVIMFLWLIAYPTCFGITDGGNVLQPDSATI--FYGIIDLLILSIL (252)
YDR033 GLGAAIVVSISVMTTSYNLVKQRDN-DIRLTFLVFFSIIMFLWIIAYPTCFGITDGGNVLQPDSAGI--FYGIIDLILMCFI (252)
HSP30 GAVAMLVTQGVICQRQFFNLKTRGFNA----- LMLCTCMVIVWL--YFICWGLSDGGNRIQPDGEAI--FYGVLDLCVFAIY (262)
Spo SFVGYFIALAHSVVLHKKYASRLET-SARLGFLWS IVYLHVIWFL- YYACWILSEGLNVISPIGEAI--FYSILDLFEFGFF (237)

R LY-L----—==-=mmmmmmmm oo TL--L--VLWL--¥P--W--G-EG----------=-— Y--LD—-AKV-F
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Fig. 1. Partial multiple sequence alignment of the fungal chaperones (FCs) with established members of the archaeal rhodopsin family.
The proteins (abbreviations as indicated in Table 1) are grouped from top to bottom as follows: BR, HR, SRI, SRII and FC. The
numbers of the first and last residues in each protein are provided in parentheses. Fully conserved residues are presented in bold print
while residues conserved in a majority of proteins appear in the consensus sequence at the bottom of the alignment. Horizontal num-
bered shaded bars indicate the positions of the TMSs in BR. The alignment shown and subsequent alignments presented in this paper

were generated with the Clustal X program [29].

«—

BRs; B, HRs; C, SRs; and D, FCs). The archaeal
proteins all exhibit similar patterns of hydropathy
with peaks 3, 4 and 5, and peaks 6 and 7 close to
each other while peaks 1 and 2, 2 and 3, and 5 and 6
are more distant from each other. The observation
that the N-terminus of BR is outside the cell while
the C-terminus is inside [37] reveals that inter-TMS
cytoplasmic loops are shorter than external loops.
Moreover, peaks 3, 6 and 7 are generally less hydro-
phobic than peaks 1, 2, 4 or 5.

These features can be contrasted with those for the
FCs. Although the relative spacing of peaks is similar
to that found for the archaeal proteins, with the
troughs between peaks 2 and 3, and peaks 5 and 6
being the deepest, definition of the peaks for the
fungal proteins is clearly greater than that for the
archaeal proteins. This fact reflects the greater loop
sizes observed for the FCs, particularly for the exter-
nal loops (see below).

The average similarity plots generally reveal com-
parable degrees of similarity throughout most of the
archaeal proteins with greatest conservation in their
TMSs. By contrast, the putative fungal chaperone
proteins show distinct peaks of average similarity
that do not correspond to the seven peaks of hydro-
phobicity. The first peak of average similarity pre-
cedes TMS 1; the second peak follows TMS 2; the
third peak precedes TMS 3; the fourth peak is mid-
way between TMSs 4 and 5; and the last major peak
of average similarity is found between TMSs 6 and 7.
Thus, the highest degree of conservation precedes
odd numbered TMSs (1, 3, 5 and 7) while the lowest
degree of conservation precedes even numbered
TMSs (2, 4 and 6). According to the established
topological model for BR, and assuming a similar
topology for the FCs, external loops in the FC pro-
teins are well conserved while internal loops in the
FCs are poorly conserved. This observation leads to
the suggestion that if these proteins function as chap-
erones, their activities involve the extracytoplasmic
loops that together comprise the chaperone active

sites. Regardless of the biochemical function(s) of
these proteins, we predict that the conserved external
inter-TMS loops, possibly together with the TMSs,
provide the primary sites of action of these proteins.

Average amphipathicity plots [35] revealed another
interesting feature that appears to be a characteristic
of both the fungal and the archaeal proteins. The
first (putative) TMS is always preceded by a large
peak of amphipathicity when an angle of 100° is
selected as is appropriate for an o-helix. This qual-
itative observation has been noted previously for BR
[40] and may have biogenic significance [41,42]. Oth-
er peaks of amphipathicity are not as well conserved
in the four groups of proteins represented in Fig. 2.

A phylogenetic tree for the MR family is shown in
Fig. 3 (obtained using the Clustal X program which
generates a neighbor joining tree [29]). A comparable
tree was generated with the Phylip Protpars program
that produces a parsimony tree ([31]; data not
shown). Bootstrapping with 1000 replications was
applied to the Clustal X tree. The closeness of the
positions from which the four major branches ema-
nate suggests that the gene duplication events that
gave rise to the four functional types of MR family
proteins (BR, HR, SR and FC) occurred at about
the same time in evolutionary history [32]. Although
previously derived phylogenetic trees for the MR
family do not include the fungal proteins (see
[17,18,33]), the portions of the trees that include
archaeal proteins are in good agreement with those
published previously ([1,11]; reviewed in [43]). The
recent phylogenetic analyses reported by Bieszke et
al. [17,18], demonstrating the presence of a retinal-
binding protein member of the MR family in N.
crassa, are in agreement with the results reported in
Fig. 3.

3.2. Sequence conservation between BR and YRO2

Fig. 4 shows the sequence alignment for BR and
YRO2 that was used in the homology modeling.
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Fig. 2. Average hydropathy (

), similarity (¢ * ¢) and amphipathicity (— — —) for the four clusters of proteins in the MR family: A,

BR; B, HR; C, SRI and II; D, FC. In all plots a sliding window of 21 residues was used. The programs for average hydropathy and
average amphipathicity (angle of 100° for a-helix) have been described [34,35,53].

YRO?2 was selected because of its sequence similarity
with members of both the MR and LCT families.
The sequence identity and similarity values of
YRO2 with BR are 18% and 55%, respectively.
Transmembrane helices 3-7 and the loops between
them are well conserved with 63% similarity. Helices
1 and 2 and loops 1-2 and 2-3 are relatively poorly
conserved. In order to check the reliability of the
sequence alignment, we also aligned the sequences
of YRO2-NOP-1 [17,18] and NOPI-BR, which
have sequence identities of 27% and 33%, and se-
quence similarities of 66% and 68%, respectively.
Thus, both BR and YRO2 exhibit far greater se-
quence similarity to NOP-1 than they do to each
other. The combination of these two alignments gives
the alignment shown in Fig. 4. We found from the

alignments that almost all of the gaps are located in
loop regions. One exception is an insertion of Ile in
helix 6. This insertion, preceding the fully conserved
Y, exists only in YRO2 and YDRO033 and not in
NOP-1 or the other fungal proteins (see Fig. 1).

3.3. General shape of the TM bundle

The YRO2 model maintains a seven-helix bundle
closely resembling that of BR. In this and the sub-
sequent sections of the text, the three letter abbrevi-
ations of the amino acids will be used for the fungal
chaperone protein, YRO2, while the one letter ab-
breviations will be used for bacteriorhodopsin. The
four fully conserved residues, Trp90, Pro95, Tyr189
and Asp2l5, are all located in the middle of the
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Fig. 3. Phylogenetic tree for the MR family based on the Clustal X program [29]. The results of bootstrapping, with 1000 replications,

applied to the tree are provided at the nodes of the branches [31].

molecule as shown in Fig. 5 (residues in green color).
Pro95, located in the middle of helix 3, causes this
helix to bend. A similar structure exists in the pre-
dicted model for SRI [44]. The other three fully con-
served amino acyl residues are in the retinal-binding
pocket, are retinal-binding residues in BR, HR and
SR, and are important for the functions of these
proteins. At present, it is not known whether other
FCs (except NOP-1) can bind a chromophore since
the lysine which covalently binds retinal is not
present in these proteins [18]. However, experiments
have shown that the lysine is not a prerequisite for
retinal binding [45—47]. In YRO2, the similarity of
residues that compose the retinal-binding pocket is
57%. Considering the sequence conservation and the
presence of the chromophore in the retinal-binding
protein, NOP-1, we consider it possible that FCs
bind retinal or a retinal analogue, bypassing the
need for a Schiff’s base linkage.

The other four residues that are fully conserved in
all archaeal proteins and most of the FCs including
YRO?2 are Tyrd49, Arg86, Tyr87 and Trpl185. Among
them, Tyr49 and Trpl85 are residues that comprise
the retinal-binding pocket in BR, HR and SR. R86 is

important for the pathway of proton transfer (Fig. 5,
residues in blue color). Its counterpart in BR is
Arg82 that could connect the proton pathway be-
tween D85 and E204/E196 [48].

There are 12 residues that are conserved in the
FCs but not in the archaeal rhodopsins. These resi-
dues are Phel0, Ala48, Phe50, Ala53, Gly57, Arg80,
Tyr136, Lys137, Trp138, Tyr140, Tyrl4l, Glyl198
and Tyr211. These residues are displayed in Fig. 6.
Among them, the counterpart of Tyrl4l in BR,
W138, may contribute to the retinal-binding pocket.
However, we found that all of these residues are
located at or near the extracytoplasmic surface of
the protein (Fig. 6) although the highly hydrophilic
residues Arg80 and Lys137 face inwards. The loca-
tion of these conserved residues and the directions of
the hydrophilic side chains suggest that they have
important biochemical functions.

3.4. A possible proton transfer pathway in YROZ2
Although experimental evidence is currently lack-

ing, residues showing a high degree of similarity with
those in the archaeal rhodopsins are positioned
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Fig. 4. A partial sequence alignment of BR and YRO2 used for homology modeling. TMSs 1-7 are indicated by numbered, shaded
bars. The fully conserved residues shown in bold print in Fig. 1 are also presented in bold print here. Asterisks below the alignment
indicate conserved residues while single or double dots indicate distant and close similarities, respectively.

throughout the transmembrane regions of YRO2 in
a fashion that theoretically could allow proton trans-
port (Fig. 7). The conserved proton acceptor, D85 in
BR, is not present in YRO2. The counterpart of this
residue in members of the FC family is not conserved
and seems to have no biological significance. How-
ever, there is another acidic residue, D212, near D85

in BR. Its counterpart in the FC, YRO2, is Asp215.
It is fully conserved in all of the proteins of the MR
family. This residue is located near the middle of
helix 7, towards the cytoplasmic side of the protein,
just opposite D85 of helix 3 in BR. D212 hydrogen
bonds to Y57 and Y185 that gives it an unusually
low pK, and renders it difficult to accept a proton.

Fig. 5. Three-dimensional structural model for YRO2 showing well conserved residues in all of the proteins that comprise the four
clusters of the MR family. Residues in green are those that are fully conserved while residues in blue are well conserved in the BRs,

HRs and SRs, as well as in the FCs.
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7

Fig. 6. Three-dimensional structural model for YRO2 showing residues that are conserved only in the FCs. All of these residues are

localized to the external membrane surface of the protein.

Y185 in BR is fully conserved in the FCs, and Y57 is
replaced by a Phe only in Hsp30. The side chain of
Tyr189 in YRO2 tilts slightly towards helix 4, and
Asp215 tilts slightly towards helix 1. The conforma-
tion of these side chains obliterates a potential hy-
drogen bond between them, and the hydrogen bond
interaction between Asp215 and Tyr49, if any, is also
likely to be weak. In Hsp30, there can be no hydro-
gen bonding interaction since Tyr is replaced by a
Phe. This substitution would cause Asp215 to have a
larger pK, value so that it can act as a proton ac-
ceptor.

Another important residue, Arg86, is well con-
served in all AR families as well as in the FCs.
Only in Hsp30 is it replaced by the similar residue,
Lys. Different models have different side chain con-
formations for this residue in BR. In the Hartmat
Luecke model, this residue is hydrogen bonded to
D212 [7], but in Grigorieff’s model, it points toward

the extracellular surface [49]. It is the bridge that
contacts the proton transfer pathway between D85
and E194/E204 in BR.

E194 is conserved in the BRs and HRs. It is lo-
cated in the loop region on the extracytoplasmic side
of the membrane where it serves as the terminal res-
idue in the proton transfer pathway where the proton
is released. In our sequence alignment, it has no
equivalent in YRO2, but Aspl197, the first residue
in the loop between TMSs 6 and 7 (or the Glu in
Cve and Spo, see Fig. 1), perhaps acts in the same
capacity. Since it is located in the loop region, the
position and conformation should be variable, but
there is a reasonable possibility that this residue
plays an important role. Another hydrophilic residue
that is fully conserved in the FCs, Arg80, is located
in the loop region between helix 2 and helix 3. Its
side chain faces inwards and may be important for
proton transfer. Finally, in BR, D96 is located on the
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Fig. 7. Three-dimensional structural model for YRO2 showing
a possible proton transfer pathway through the protein. The ra-
tionale for choosing these residues is described in the text.

cytoplasmic side of the membrane where it plays an
important role in reprotonating the Schiff’s base. In
YRO2, its counterpart is GIn100, located in helix 3,
and it may transfer a proton into the aqueous solu-
tion on the cytoplasmic side of the membrane.

In summary, we have postulated a proton transfer
pathway in the FC protein, YRO2. Each of the res-
idues that may play an important role has its coun-
terpart in BR. The postulated proton transfer path-
way through YRO2 is: external milieu — Arg80 or
Aspl97 — Arg86 — Asp215— GIn100 — cytoplasm.

* * »
YRO2 Sce

The proton thus flows down its electrochemical gra-
dient so that it can provide the energy for protein
folding, just as ATP provides the energy for chaper-
one-mediated protein folding in the cytoplasm of all
living cells. In BR, the proton flows electrogenically
in the opposite direction in response to light absorp-
tion instead of electrophoretically as a source of en-
ergy for protein folding.

3.5. The LCT family

Table 2 lists the proteins of the LCT family, a
eukaryotic family with representation in plants, ani-
mals and yeast. The abbreviations, database descrip-
tions, organismal sources, protein sizes and predicted
numbers of TMSs are provided. Although these pro-
teins were originally identified on the basis of homol-
ogy, they are also similar in size and predicted topol-
ogy. Thus, all MR and LCT family members are of
250-350 residues in size and exhibit seven putative
TMSs. While the spacing of the TMSs is relatively
constant for the members of the MR family, this is
not true for members of the LCT family (Table 1).

Molecular functional data are available only for
human cystinosin, the human lysosomal cystine
transporter [22]. This protein is believed to actively
transport cystine out of lysosomes into the cell cyto-
plasm by a proton motive force (pmf)-dependent
mechanism [22]. The pmf across the lysosomal mem-
brane is generated by a vacuolar-type (V-type) ATP-
ase that pumps protons into the lysosomal lumen
upon hydrolysis of cytoplasmic ATP [22]. The gene
encoding cystinosin, the human CTNS gene, has
been identified [23,25,50], and the deletion mutation
giving rise to cystinosis has been characterized [26].
Clinical and molecular aspects of the disease have
recently been reviewed [24,27].

Distant homologues of cystinosin include the
Lecl5/Lec35 suppressor, SL15, of Chinese hamster
ovary (CHO) cells [51] and ERS1, the ERD suppres-

* *

(159) ACVHSTYKWGYYTIGIGAAIVVCISLMTTTENLVKARGKDVSNVFITEMSVIMEFLWLIAY PTCFGITDG-GNVLQPDSATIFYGI (243)

YDRO33 Sce (159) ACVHSTYKWGYYTIGLGAAIVVSISVMTTSYNLVKQRDNDIRLTFLVFFSIIMFLWIIAYPTCFGITDG-GNVLQPDSAGIFYGI (243)
YDRO90 Sce (119) PLYEKGVKWPDLIFGISASVLLAVGLLPPYFELAKRKGRVIGINFAFLFIDSLGAWLSIISVILGNMDIMGIILYSIVAGMELGI (204)

YDO3 Spo

(131) LGIRRHVEWPVVEMGVLATVLVNIGEFLPQYISIFRAR-AVTGISYLFLAIDSSGSLFSFLSLPFDRWDVLAAVDYGLLEIIEMGV (215)

Fig. 8. Partial alignment of two yeast members of the MR family with two yeast members of the LCT family (YDR090 and YDO3).
Residues presented in bold print are those conserved in at least three of the four proteins, and residues highlighted with asterisks are
those that are fully conserved. Residue numbers in each of the proteins are indicated in parentheses before and after the aligned se-

quence.



Table 2
Established members and distant homologues of the lysosomal cystine transporter (LCT) family?

£22-90Z (100Z) IISI v1oy vosdydorg 12 vouuiyd01g | v 12 Y7 X

Abbreviation Name or description in Organism Size (no. Database and gi No. No. TMSY; Pos. PQ-1 Pos. PQ-2 Distance®
database residues) accession No. topology
Ath-1 putative protein Arabidopsis thaliana 288 gbCAA16618 2827664 7; 3-1-3 23 196 173
Ath-2 putative protein Arabidopsis thaliana 374 gbCAB16817 4006887 7; 3-1-3 50 263 213
Y43H11 Cel*  Y43H11.120 orf Caenorhabditis elegans 409 no accession No. no gi No. 7; 3-1-2-1 58 217 159
YBZ7 Sce YBZ7 (YBR147w) probable  Saccharomyces 296 spP38279 586551 7; 3-1-1-2 30 212 182
membrane protein 33.5 kDa  cerevisiae
YOL092w Sce probable membrane protein Saccharomyces 308 pirS57377 1362441 7; 1-2-1-1-2 30 216 186
cerevisiae
YDR352w Sce probable membrane protein Saccharomyces 317 pirS61149 2132508 7; 1-2-1-3 28 189 161
cerevisiae
YDFA Spo YDFA hypothetical 30.6 kDa Schizosaccharomyces 271 spQ10482 1723569 7; 1-2-1-1-2 28 182 154
protein pombe
ERSI Sce ERD-1 suppressor (suppresses Saccharomyces 260 spP17261 119562 7; 2-1-2-2 21 159 138
retention of endogenous ER  cerevisiae
proteins)
pCTNS Hsa  cystinosis nephropathic Homo sapiens 367 gbNP004928 4826682 7; 2-1-2-2 143 270 127
lysosomal cystine transporter
Cel-3 similarity to TM domains of  Caenorhabditis elegans 487 gbCAA8B8102 3874889 7; 1-1-2-2-1 145 272 127
Sce ERS1 (C41C4.7)
YDO3 Spo YDO3 hypothetical 31.3 kDa  Schizosaccharomyces 283 spQ10227 1723416 7; 1-1-2-2-1 35 146 111
protein pombe
YDRO090c Sce probable membrane protein Saccharomyces 310 pirS58090 2132473 7; 1-3-1-2 23 135 112
cerevisiae
YMPO Sce YMPO (YMRO10w) Saccharomyces 405 spQ03687 1078557 7; 3-1-3 - 269 -
cerevisiae
YDX3 Spo YDX3 Schizosaccharomyces 302 gbCABI11174 2330801 7; 2-1-2-2 - 201 -
pombe
Cel-2 F38E1.9 Caenorhabditis elegans 238 gbAAAS83473 1123071 7; 1-1-3-1-1 51 154 103
supl15h Mmu supll5h Mus musculus 247 dbjBAA78781 5103142 7; 1-2-2-1-1 60 163 103
SL15 Cgr SL15: Lecl5 suppressor Cricetulus griseus 247 gbAAD30976 4838367 7; 1-2-2-1-1 60 163 103
SL15h Hsa SL15 Homo sapiens 247 gbNP004861 4759110 7; 1-2-2-1-1 60 163 103
SL15 Ath Homologue of SL15 Arabidopsis thaliana 143 gbAADA48939 5732040 3; 12 47 - -

2Format of presentation is essentially as for Table 1. Proteins below the first hairline exhibit only the second repeat sequence. Proteins below the second hairline ex-
hibit both repeat sequences but are divergent in sequence, relative to the proteins listed above the first hairline.

PAll proteins listed exhibit seven putative TMSs except SL15 Ath that is half size and exhibits three TMSs. Relative spacing of TMSs is indicated after the semicolon.
Numbers indicate numbers of closely allied TMSs. Short and long dashes indicate increased degrees of spacing between TMSs, respectively.

‘Distance between the two PQ motifs in numbers of residues.

dThe DNA accession No. for this protein is RC006765, and the gi No. is 426173.

LIT
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Ath-1 (5) LSLSLGIISVISWSVAEIPQIMTNYNQKSIEGVSITFLTTWMLGDIENVVG (56)
Ath-Z (32) VSFALGIASLLCWGVAEIPQVITNFRTKSSNGVSLSFLLAWVAGDIFNLVG (83)
Y43H11 Cel (40) LGFIIGLISLALWLIPLFPQLWONYKTKKCEGLSLAFLFFWLVGDTCNMLG (91)
YBZ? Sce (12) LSGMAGSISICCWIVVFVPQIYENFRRQSAEGLSLLFIVLWLLGDIFNVMG (63)
YOLC9Zw Sce (12) LSGISGSISISCWIIVFVPQIYENFYRKSSDGLSLLFVVLWLAGDVENLMG (63)
YDR352w Sce (10) VSNLCGSLSFFTSVISLFPQIIETYRDKSVDGLSPYFLLAWLCGDITSLIG (61)
YDFA Spo (16) LSSFLGALSLGCWVVLLIPQLLENYKNQSGESISDLFLIIWLIGDFENVLG (67)
ERSY Sce (3) LDDILGIVYVTSWSISMYPPIITNWRHKSASAISMDFVMLNTAGYSYLVIS (54)
pCTNS Hsa (125) INQVIGWIYFVAWSISFYPQVIMNWRRKSVIGLSFDFVALNLTGFVAYSVE (143)
Cel-3 (127) LIQIVGWTYFFAWSISFYPQMYLNFKRKSVVGLNFDFLSLNLVGFCAYAIF (145)
YDO3 Spo (17) ASTVFAILGTVCWCVQLIPQIIKNYRAKSTEGLDTLFILSWVVASIPLSVY (68)
YDRO90c Sce (5) AATALATIATVCWCVQLIPQIIYNWKKKDCTGLPPLMMFLWVVSGIPFAIY (56)
Supll5h Mmu (42) LSKGLGLGIVAGSLLVKLPQVFKLLGAKS8AEGLSLQSVMLELVALTGTVVY (93)
SL15 Cgr {42) LSKGLGLGIVAGSLLVXLPQIFKILGAKSAEGLSLQSVMLELVALTGTVIY (93)
SL15 Hsa (42) LSKGLGLGIVAGSLLVKLPQVFKIRGAKSAEGLSLQSVMLELVALTGTMVY (93)
Cel-2 (33) LSRGLGFAITLGSILLFVPQILKIQAARSAQGISAASQLLALVGAIGTASY (84)
SL15 Ath (30) ISKLLGYCLVAASITVKLPQIMKIVQHKSVRGLSVVAFELEVVGYTISLAY (81)
consensus LS G--S W PQI—-N---K8--GLS--F---WL-@GD----- G
“PO-MOTIF” 2

Ath-1 (178) IGMWLGWAMAAIYMGGRLPQICMNVRRGNVEGLNPLMFFFAFIGNVTYVAS (229)
Ath-2 (245) LGQWLGWLMAAIYMGGRIPQIWLNIKRGSVEGLNPLMFIFALVANATYVGS (296)
Y43H11 Cel (199) LGYIIGSMAAVCYFGGRIPQIIKNYRHSS8CEGLSLTMFYIIVAANFTYGIS (250)
YBZ7 Sce (194) PAQILGYLSAILYLGSRIPQIVLNFKRKSCEGVSFLFFLFACLGNTSFIIS (245)
YOLO92w Sce (198) MAQIFGYLSALLYLGSRIPQILINFKRKSCEGISFLFFLFACLGNTTEIFS (249)
YDR352w Sce (171) LGTILSWIGASFYVGARIPQLIKNYNRKSTDGLS8PFLFATTLLCNITYNLS (222)
YDFA Spo (164) WPFTAGCISSVLYFCARIPQIIKNHKAKSTEGLS8IIFFVLASVGNTSYAFS (215)
ERS1 Sce (141) YCNNLFLLKISMSLIKYIPQVTHNSTRKSMDCFPIQGVFLDVTGGIASLLQ (192)
pCTNS Hsa (252) FLFECFSYIKLAVTLVKYFPQAYMNFYYKSTEGWSIGNVLLDFTGGSFSLLQ (303)
Cel-3 (254) FVTSLSYIKMAVTCCKYFPQVCFILSICKQYSSLKLFFIIFKLLVFPKKFS (305)
YDO3 Spo (128) PVVFMGVLATVLVNIGFLPQYISIFRARAVTGISYLFLAIDSSGSLFSFLS (179)
YDRO90c Sce (117) PDLIFGISASVLLAVGLLPPYFELAKRKGRVIGINFAFLFIDSLGAWLSII (168)
YMPC Sce (258) LGSIIGSLGLLVESLLPLPQIATILYKLKSVQGFKLILLVSWLCGDTLKITY (302)
YDX2 Spo (230) WAAFLGFSASFCAVVQYVPQIIKTIRHQS8HGALSI PMMMMQTPGGFLIGYL (230)
SupllSh Mmu (203) VVTLLQASNVPAVVVGKLLQAATNYRNGHTGQLS8AITVFMLFGGSLARIFT (247)
SL15 Cgr (203) VVTMLQASNVPAVVVGKLLQAATNYHNGHTGQLSAITVFMLFGGSLARIFT (247)
SL15 Hsa ({203) VVTLLQASNVPAVVVGRLLQAATNYHNGYTGQLSAITVFLLFGGSLARIFT (247)
Cel-2 (195) TLTAVQTAGIPIVVVSKLLQISQNYRAQSTGQLSLISVFLQFAGTLARVET (238)
consensus 0 === G- Y---RIPQ---N--RK8-EG-8--F--———~f GN-=-==- S

Fig. 9. Partial multiple sequence alignments of LCT family proteins showing the repeat sequences preceding and overlapping TMSs 1
and 2 (PQ-motif 1) and TMSs 5 and 6 (PQ-motif 2). The convention of presentation is the same as in Fig. 8 except that residues pre-
sented in bold are those that are well conserved and illustrate the repeat sequence motif. A consensus sequence (a majority of the resi-
dues conserved) is presented at the bottom of each alignment. Protein abbreviations are as presented in Table 2. In the top figure
(PQ-motif 1), SL15 Ath is of half-length, exhibits only the first motif sequence, and is therefore lacking in the bottom figure. Proteins
YMPO Sce and YDX2 Spo exhibit only the second motif sequence and are therefore lacking in the top figure.

sor in S. cerevisiae [52]. Both of these suppressors,
when overexpressed, have been reported to influence
retention of luminal endoplasmic reticular proteins
and glycosylation in the Golgi apparatus. The
Lecl5 and Lec35 mutations are characterized by in-
efficient synthesis and utilization, respectively, of
mannose-phosphate-dolichol for glycolipid (and gly-
coprotein) biosynthesis [51].

Fig. 8 shows a partial sequence alignment of two
members of the MR family with two members of the
LCT family. Residues conserved in at least three of

the four proteins are presented in bold print. As can
be seen, the numbers of shared residues are consid-
erable, and comparison scores using the GAP pro-
gram with 500 random shuffles were in excess of 9
S.D. (probability that the sequence similarity exhib-
ited arose by chance is less than 107!°) when a MR
family protein was compared with an LCT family
member. This result establishes that at least major
portions of the proteins of these two families are
related, and that they therefore probably arose
from a single protein precursor. While we cannot
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Fig. 10. Phylogenetic tree of the LCT family proteins. The proteins represented are those that are above the first double line in Table
2. These proteins are well conserved and exhibit both repeat sequences as illustrated in Fig. 4. The complete protein sequences were
used to derive the tree. Bootstrap values are presented at the nodes of each branch. Values vary from 1000 (100% confidence) to 106
(10.6% confidence). Branch length is approximately proportional to phylogenetic distance.

establish that other portions of these proteins are
homologous, this seems a very likely possibility (see
[53D.

LCT family proteins are characterized by two well
conserved repeat sequences including a characteristic
PQ dipeptide (Fig. 9). These repeat sequences encom-
pass TMSs 1 and 2 and the intervening loop as well
as TMSs 5 and 6 and their intervening loop. Thus, in
all of the LCT family proteins tabulated in Table 2
above the double line, the highly conserved PQ motif
is present at the ends of TMS 1 and TMS 5 or in the
loop region between these and the subsequent TMSs.
Comparison scores obtained for the first and second
repeat sequences of several of these proteins were of
9 S.D. or greater, establishing that these repeat seg-
ments are homologous.

Proteins below the second line in Table 2 are more
distant homologues that exhibit at least one and

often both such repeat sequences (Fig. 9). One of
the latter proteins, SL15 Ath, is only 143 residues
long and exhibits only three TMSs. It nevertheless
is a clear homologue of LCT family members. It
may either be a true representative of a half-sized
member of the LCT family, or this sequence may
have resulted from artifactual truncation of a full-
length protein. Examples of authentic half sized pro-
teins homologous to recognized internally duplicated
transporters have been described [54,55].

The relative approximate spacing between putative
TMSs in LCT family proteins is summarized in Ta-
ble 2. Considerable variability was noted. Thus, in
the proteins from Arabidopsis thaliana, the first and
last three TMSs are closely spaced while greater
spacing is observed between the third, fourth and
fifth TMSs. However, substantial variation in loop
length is observed for these proteins (see Table 2).
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Fig. 11. Schematic depictions of the proposed internal gene du-
plication event that gave rise to members of the LCT family
(including human cystinosin) and that, by analogy, is proposed
to have given rise to members of the MR family (including bac-
teriorhodopsin). In this latter case, there is, however, insufficient
sequence similarity between the two halves to establish common
origin. Creation of a new, central TMS (TMS 4) allowed both
repeat segments (TMSs 1-3 and TMSs 5-7) to retain the same
orientation in the membrane.

As expected, the loop sequences in general proved to
be less well conserved than the putative transmem-
brane sequences (data not shown). Average amphi-
pathicity plots revealed that like the MR family pro-
teins, LCT family proteins usually exhibit an
amphipathic structure (when displayed as an a-helix)
preceding TMS 1 (data not shown; see Fig. 2 for
corresponding data for the MR family).

The phylogenetic tree for the LCT family is shown
in Fig. 10. As shown, the two A. thaliana proteins,
and two of the three S. cerevisiae proteins cluster
convincingly together at the top of the tree. More-
over, several proteins in the lower portion of the tree
exhibit loose clustering. Bootstrap values provide
some degree of confidence at each node but do not
evaluate the assumptions upon which the program is
based [32].

4. Conclusions

The analyses reported in this communication pro-
vide detailed information about conserved residues in
putative fungal chaperones and archaeal photorecep-
tor proteins which, although divergent in function,
appear to be conserved in structure. This postulate
is based on: (1) common ancestry as revealed by high
degrees of sequence similarity (see Fig. 1); (2) com-
mon apparent topology as revealed by the hydropa-
thy plots shown in Fig. 2A-D; and (3) the results of
average amphipathicity analyses suggesting that
these proteins may share biogenic properties as dis-
cussed for other classes of integral membrane pro-
teins [41,42]. Of equal significance are the evolution-
ary implications resulting from our phylogenetic
analyses. Thus, homologues of the MR family are
found in bacterial, archaeal, and eukaryotic king-
doms. It can be argued that the primordial gene giv-
ing rise to all MR family members probably arose
before divergence of these three kingdoms from each
other.

Our phylogenetic results extend the results pre-
sented in earlier publications [1,11,17,33]. We show
that the MR family, which includes archaeal rhodop-
sins, fungal chaperones, one sequenced fungal reti-
nal-containing rhodopsin [17] and one bacterial ho-
mologue [19], not included in our analyses, is
distantly related to a family of animal, plant and
yeast proteins of similar size and topology. This sec-
ond family, which we have called the LCT family,
exhibits a clear internal repeat not easily recognized
in the proteins of the MR family. Although we can-
not prove it, we propose that MR family proteins
may similarly have arisen from a smaller precursor
polypeptide chain following an internal gene dupli-
cation event. Such an event is depicted schematically
in Fig. 11. Either this type of duplication event oc-
curred twice, with that in the MR family occurring
before that in the LCT family, thus accounting for
the differences in degrees of sequence conservation,
or else, the two halves of the proteins in the two
families have undergone sequence divergence at dif-
ferent rates. Current techniques are inadequate to
distinguish these two possibilities experimentally.

The results presented here strongly suggest that
archaeal rhodopsins, with well defined three-dimen-
sional structures [9,56], are homologous to plant,



Y. Zhai et al. | Biochimica et Biophysica Acta 1511 (2001) 206-223 221

animal, yeast and fungal proteins, most of which
lack rhodopsin. Functional data currently available
suggest that these proteins display dissimilar func-
tions. Nevertheless, if the LCT and MR family pro-
teins both derived from a three TMS precursor, as
proposed, one would predict that TMSs 1-3 would
share structural features with TMSs 5-7 in all of
these proteins. For bacteriorhodopsin, this prediction
appears to be verified [9,57]. It is interesting to note
that Taylor and Agarwal [58] predicted that such a
tandem intragenic duplication event occurred in the
early evolution of bacteriorhodopsins although sta-
tistical evidence justifying this postulate was not
available [1].

Several conclusions can be drawn from the three-
dimensional structural modeling of the fungal chap-
erone protein, YRO?2. First, the degree of sequence
similarity between BR and YRO2 was sufficient to
allow reliable alignment of the two sequences. Sec-
ond, the alignment was confirmed by aligning both
of these sequences with NOPI, a protein that showed
greater sequence similarity to both BR and YRO2
than either of these two proteins did to the other.
Third, the modeled structure of YRO2 proved to
be very similar to that of BR. Fourth, based on the
BR-modeled structure, residues well conserved be-
tween all members of the MR family proved to be
localized to the central retinal-binding pocket of the
transmembrane regions of these proteins. Fifth, res-
idues conserved only in the fungal chaperone proteins
were localized exclusively to the extracytoplasmic
face of the proteins. Finally, residues showing a
high degree of similarity with those in the archaeal
rhodopsins were positioned through the transmem-
brane regions of YRO2 in a fashion that should al-
low the rapid passage of protons through the pro-
tein. Thus, like the archaeal rhodopsins [56,59], the
fungal chaperones may exhibit a transmembrane
proton conducting pathway.

The findings reported here allow us to propose a
model for the biochemical mode of action of the
fungal chaperones. These proteins are proposed to
facilitate the folding of denatured proteins in the ex-
tracytoplasmic space. Thus, following heat shock,
acid shock or organic solvent shock, denatured, or
partially denatured periplasmic or cell wall associ-
ated proteins may be refolded in an energy-depen-
dent mechanism that utilizes the pmf. Passage of

the proton through the proton conducting pathway
in an FC protein might induce a series of conforma-
tional changes that promote substrate protein fold-
ing, driven by proton flux through the FC, in a fash-
ion that is functionally analogous to ATP-driven
protein folding by cytoplasmic chaperones. Our pro-
posal therefore introduces the concept of an entirely
novel mode of energy coupling for protein folding.
Further experimentation will be required to substan-
tiate or refute the proposal presented here.
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