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The medium-chain dehydrogenase/reductase (MDR) superfamily has more than 600,000 members in UniProt as
of March 2023. As the family has been growing, the proportion of functionally characterized proteins has been
falling behind. The aim of this project was to investigate the binding pockets of nine different MDR protein
families based on sequence conservation patterns and three-dimensional structures of members within the

respective families.

A search and analysis methodology was developed. Using this, a total of 2000 eukaryotic MDR sequences
belonging to nine different families were identified. The pairwise sequence identities within each of the families
were 80-90 % for the mammalian sequences, like the levels observed for alcohol dehydrogenase, another MDR
family. Twenty conserved residues were identified in the coenzyme part of the binding site by matching struc-
tural and conservation data of all nine protein families. The conserved residues in the substrate part of the
binding pocket varied between the nine MDR families, implying divergent functions for the different families.
Studying each family separately made it possible to identify multiple conserved residues that are expected to be
important for substrate binding or catalysis of the enzymatic reaction.

By combining structural data with the conservation of the amino acid residues in each protein, important
residues in the binding pocket were identified for each of the nine MDRs. The obtained results add new positions
of interest for the binding and activity of the enzyme family as well as fit well to earlier published data. Three
distinct types of binding pockets were identified, containing no, one, or two tyrosine residues.

Sequence comparison

comprising more than 600,000 members, covering all major taxonomic
branches, including both prokaryotes and eukaryotes.
1. Introduction The MDR superfamily can be divided into 86 unique clusters, each
comprising a protein family, e.g. alcohol dehydrogenase (ADH, EC
The advent of whole genome sequencing, RNA-seq, and other high- 1.1.1.1), sorbitol dehydrogenase (SDH, EC 1.1.1.14), and quinone

throughput methods have led to a massive amount of new genomic oxidoreductase (QOR, EC 1.6.5.5) [2]. Some of the families have been
data. Along with the genomic data there has been an enormous increase thoroughly investigated, while others have not been confirmed at the
in the number of known genes, and thus translated protein sequences, as protein level.
shown by the UniProt database now containing almost 250 million An MDR protein typically consists of about 350 amino acid residues,
protein sequences (March 2023) [1]. The influx of new data also means though there are exceptions, and while the families differ greatly at the
that while many proteins have well-known characteristics, even more protein sequence level, the enzymes with known structure all have a
have unknown functions, and need to be investigated. similar fold, containing two domains; one C-terminal coenzyme (NAD
One protein superfamily that has been steadily increasing in size is (H)/NADP(H)) binding domain, formed by the common Rossmann fold
that of medium-chain dehydrogenases/reductases (MDR). In 2010, [3] with typically six p-strands forming a B-sheet with a-helices above
there were 15,000 MDR members in UniProt [2]. By March 2023, this and below, and one substrate-binding N-terminal domain consisting of

number had grown by an order of magnitude, the superfamily now
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List of abbreviations

ADH Alcohol dehydrogenase
HMM Hidden Markov model
MDR Medium-chain dehydrogenase/reductase

MECR  Enoyl-[acyl-carrier-protein] reductase, mitochondrial
PTGR1 Prostaglandin reductase 1
PTGR2 Prostaglandin reductase 2
PTGR3 Prostaglandin reductase 3

QOR Quinone oxidoreductase

QORX  Quinone oxidoreductase PIG3

RT411 Reticulon-4-interacting protein 1, mitochondrial

SDH Sorbitol dehydrogenase

VAT1 Synaptic vesicle membrane protein VAT-1 homolog
VATIL Synaptic vesicle membrane protein VAT-1 homolog-like

antiparallel p-strands with o-helices at the surface, similar to the GroES
fold [4]. The binding pocket is located inside the cleft between the two
domains. MDRs often form dimers, as is the case for mammalian ADHs,
but both monomeric (e.g. mannitol dehydrogenase) and tetrameric (e.g.
SDH) members are known to exist. The common reaction is alcohol +
NAD(P)* « aldehyde/ketone + NAD(P)H, or alkanal + NAD(P)" «
alkenal + NAD(P)H.

As of June 2023, 169 of the MDR members listed in UniProt had an X-
ray crystal structure available in PDB [5], multiple orders of magnitude
fewer than the number of MDR sequences in UniProt. The large gap
between the number of known sequences and known structures is a
well-known problem in the biochemical field. One way to address this is
to use in silico methods to make models of the structures, e.g. by ho-
mology modelling.

This investigation focuses on the in silico analysis of nine MDR
members, chosen from the 18 known human MDRs that are divided into
twelve MDR families [2]. The seven ADHs (forming one family), SDH,
and fatty acid synthase were not included as they are generally
well-characterized, and fatty acid synthase is a complex enzyme with
multiple domains [6]. The proteins analyzed were MECR, PTGRI,
PTGR2, PTGR3, QOR, QORX, RT4I1, VAT1, and VAT1L (see Table 1).

2. Methods

An analysis strategy was developed, automating most of the steps
described here. All functionality was implemented using Python 3 with
pipeline management of the multiple scripts done using BASH 4. The
code is available at https://github.com/talavis/mdr_analysis.

2.1. Estimating the total number of MDR members in UniProt and PDB

Hidden Markov Models (HMMs) of ADH_N (Alcohol dehydrogenase
GroES-like domain; PF08240), ADH_N_2 (N-terminal domain of oxido-
reductase; PF16884), and ADH zinc N (Zinc-binding dehydrogenase;
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PF00107) were obtained from the Pfam database [7]. HMMER version
3.1b2 [8] was used to find members in UniProt and the NCBI pdbaa
BLAST database. The thresholds used to evaluate the hits were the
official thresholds for each of the HMMs (21.0, 31.1, and 30.2). The
number of hits was calculated by parsing the HMMER table output.

2.2. Identifying MDR members in UniProt

The amino acid sequences of the human forms of the nine MDR
proteins; MECR, PTGR1, PTGR2, PTGR3, QOR, QORX, RT4I1, VAT1,
and VATI1L (Table 1) were obtained from UniProt. The sequences were
used for a blastp (version 2.4.0) [9,10] search against UniProt release
2023_03. The hits were filtered according to their assigned protein
name, where all sequences better than the lowest scoring hit with the
correct protein name were considered hits. The accuracy of this
approach was confirmed by evaluation of multiple sequence alignments
using the L-INS-i approach of MAFFT 7.304 b [11].

The sequences were further filtered, removing all sequences with
more than 10 % unknown (“X”) residues and sequences whose length
deviated from that of the human sequence with more than 50 %. To
avoid sequence bias, only one sequence per species, the one with the
highest similarity to the human sequence, was retained. All non-
eukaryotic sequences were removed using the taxonomy definitions
from UniProt. Finally, the classification was confirmed by manual in-
spection of sequence alignments and phylogenetic trees (generated as
described below).

2.3. Conservation

The residue identity was calculated at three different levels (mam-
mals, vertebrates, and eukaryotes) for each of the nine proteins. The
species filtering was performed using taxonomy definitions from Uni-
Prot, selecting the sequences that were part of the relevant branch of the
taxonomy.

The sequences were aligned using the L-INS-i approach of MAFFT
7.304 b. The average sequence identity was calculated by performing
pairwise comparisons of all sequences in the alignment, similar to what
was previously performed for class V ADH [12]. All positions with gaps
in any of the sequences were ignored for the calculation to compensate
for e.g. trailing N-terminal sequences.

The positional conservation was also calculated for the alignments,
focusing on the positions present in the human form of the protein (non-
gap positions in the human protein sequence).

2.4. Phylogenetic trees

Phylogenetic trees were generated using PhyML [13] for each of the
nine MDR families. Further, one tree was generated for all nine MDRs
families together. In order to decrease the computational complexity to
generate this tree, UCLUST 10.0.240 [14] was used to cluster the se-
quences at 90 % sequence identity, using one representative sequence
from each cluster to generate the tree.

Table 1

Summary of the information about the nine human MDRs available in UniProt as of June 2023 [1].
Protein Abbrev. UniProt (human) EC number Substrate PDB
Enoyl-[acyl-carrier-protein] reductase, mitochondrial MECR Q9BV79 1.3.1.104 Trans-2-hexenoyl-CoA 1ZSY
Prostaglandin reductase 1 PTGR1 Q14914 1.3.1.48/1.3.1.74 15-0x0-PGE1 2Y05
Prostaglandin reductase 2 PTGR2 Q8N8N7 1.3.1.48 15-keto-PGE2 27ZB4
Prostaglandin reductase 3 PTGR3 Q8N4Q0 1.3.1.48 15-keto-PGF2-alpha 2C0C
Quinone oxidoreductase (Zeta-Crystallin) QOR Q08257 1.3.1.27/1.6.5.5 1,2-naphthoquinone 1YB5
Quinone oxidoreductase PIG3 QORX Q53FA7 1.6.5.5 1,2-beta-naphthoquinone 2J8Z
Reticulon-4-interacting protein 1, mitochondrial RT411 Q8wWwvVv3 - Unknown 2VN8
Synaptic vesicle membrane protein VAT-1 homolog VAT1 Q99536 1.-.-.- Unknown 6K9Y
Synaptic vesicle membrane protein VAT-1 homolog-like VATIL Q9HCJ6 1.-.-.- Unknown 4A27
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2.5. Identifying positions of importance for the binding pocket

The X-ray structures of the human forms of the proteins (MECR: 1
ZSY, PTGR1: 2Y05, PTGR2: 2ZB4 [15], PTGR3: 2COC, QOR: 1YB5,
QORX: 2J8Z [16], RT4I1: 2VNS, VAT1: 6K9Y [17], VAT1L: 4A27) were
retrieved from the RCSB PDB [5]. The structures were imported into ICM
version 3.8-6a and their binding pockets were mapped using the icm-
PocketFinder method [18,19]. The list was mapped against the posi-
tional conservations, identifying highly conserved residues located
inside the binding pocket.

The dataset was manually inspected and positions that both had a
high level of conservation (more than 90 %) in at least five of the nine
families and were present in the coenzyme part of the binding pocket
were considered to be of importance.

The positions were then manually evaluated in the first subunit
(identified as subunit A in the PDB files) of the structures using the
PyMOL Molecular Graphics System, version 1.8.6 (Schrodinger, LLC,
New York city, NY) and ICM version 3.8-6a. Further investigation of the
substrate-binding part was performed by investigating the positions
with a high level of conservation within each protein (rather than the
conservation among all nine proteins).

2.6. Analyzing the GXGXXG motif

The positions corresponding to the GlyXaaGlyXaaXaaGly (GXGXXG)
motif [20] (positions 150-155 in human PTGR1) involved in the binding
of the coenzyme were extracted from the alignments of the eukaryotic
sets of each of the nine proteins and a sequence logo was generated using
Skylign [21]. The logos were analyzed and the most common residues at
each of the six positions retrieved. The prevalence of the common resi-
dues was then calculated from the alignment.

3. Results and discussion

A total of 2000 eukaryotic MDR protein sequences belonging to nine
MDR families were identified and investigated using the methodology
developed in this study. Most of the proteins could be found in nearly all
taxonomic branches among eukaryotes, except for PTGR2, which was
only discovered in animals (metazoa). Of note is also that QORX was
only discovered among euteleostomi at the vertebrate level, but also in
non-vertebrate branches at the eukaryotic level. The discovered se-
quences were aligned to confirm that the protein family assignment was
correct (to avoid false positives), yielding alignments with clear simi-
larities at highly conserved positions.

The phylogenetic tree formed of the MDR protein sequences clearly
results in the nine studied MDR families form distinct branches (Fig. 1).
As expected, QOR and QORX, VAT1 and VATI1L, and the three PTGRs
are all found in neighboring branches in the tree. The sequences of VAT1
and VATIL are closely grouped, and several of the sequences could be
identified by BLAST searches for both proteins. When all sequences were
multiply aligned the VAT1 and VAT1L families could be separated, and
in the tree, it corresponds to a distinct branching point (bootstrap value
1.0, Fig. 1), except for one VAT1L sequence that ended up in the VAT1
branch. VAT1 and VATIL are thus closely related but form distinct
protein families.

The intra-family sequence identity for all nine protein families
showed a high value in mammals at least 80 %, with the highest, 89.3 %,
observed for VAT1. This level of sequence conservation is comparable to
that of class III ADH, another MDR that is known to be highly conserved
(93.4 % in mammals) and involved in the elimination of formaldehyde
[22]. Most of the other families have a level of conservation in the range
of 80-88 %, like that of class I ADH (83.6 %), which is involved in the
metabolism of ethanol to acetaldehyde, also of importance for many
species [22]. Thus, the relatively high conservation levels imply that all
nine families should be expected to have specific functions, especially in
mammals. The pairwise sequence identities calculated for each of the
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Fig. 1. Phylogenetic tree of the nine MDRs. Bootstrap values of 1.0 correspond
to the branching points of VAT1, VAT1L and PTGR1/2.

families at three levels: mammals, vertebrates, and eukaryotic species
resulted in the range 80-89 % for mammals (like the values for the
ADHs), for the vertebrate level 70-92 %, and for the eukaryotic level
45-70 % (Table 2).

The X-ray structures were of varying quality for the intended anal-
ysis, some being high-resolution dimers with bound coenzymes (e.g.
PTGR3: 2C0C; 1.45 [o\), while others were monomeric, missing loops,
and sometimes displaying unexpected structural properties, e.g. RT4I1:
2VNS8, which formed a dimer using an a-helix, rather than the traditional
fB-sheet. The structures were mapped for potential binding sites using the
ICM software, identifying the residues forming the binding pocket. The
size of the identified binding pockets varied between the proteins, from
746.7 A% (RT4I1; 2VN8) to 1,562 A% (QOR; 1YB5). The variation can
probably be explained by the substrate specificity of the protein,
whether the protein conformation was “open” and containing sub-
strates, how many chains were included, and the varying quality of the
structures. Conserved residues near the binding pocket were identified
by combining sequence and structure data. A total of 20 highly
conserved residues were identified to be situated inside the coenzyme
part of the binding pocket (Table 3). Eight of the 20 residues were highly
conserved across the protein families (>70 % of the proteins had the
same conserved residue). The identified residues are distributed over the
whole coenzyme part of the binding pocket, which is easily seen when
the conserved positions are visualized (Fig. 2).

Table 2
Conservation among the nine MDR families, are presented as values for mam-
mals/vertebrates/eukaryotes.

Protein Conservation’ Conservation rate” Phylogenetic groups
MECR 81.7/70.3/43.8 Medium Eukaryota

PTGR1 79.8/69.6/57.7 Low Eukaryota

PTGR2 87.9/75.0/65.3 Medium Metazoa

PTGR3 85.5/78.8/52.4 Medium Eukaryota

QOR 82.3/72.5/58.1 Medium Eukaryota

QORX 85.5/71.9/48.4 Medium Eukaryota/Euteleostomi’
RT411 89.1/76.5/44.9 High Eukaryota

VAT1 89.3/73.1/70.2 High Eukaryota

VATI1L 88.5/91.6/67.2 High Metazoa

! Average of pairwise amino acid residue identities, in percent.

2 Conservation in mammals compared to that of alcohol dehydrogenase
(ADH) as three levels (High: ADH3 (93.4), Medium: ADH1 (83.6), Low: ADH5
(77.8)) [12].

3 Only found in euteleostomi among vertebrates, but also among other
eukaryotic groups.
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Table 3
Conserved positions localized inside the coenzyme-binding part of the binding
site in each protein and the fraction of the proteins that have the most common
residue.
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Table 4

The GXGXXG motif among the nine proteins investigated in this study. Seven
positions are shown to match the varying lengths observed in the nine protein
families (i.e. adding one position ahead of the GXGXXG motif).

Position' Residues® Prevalence’ ADH' X G X G X X G
47 NSD 70 % MECR X A* N* St X Vi G§
48 PFRQA 50 % PTGR1 X Af At G§ At Vi Gt
124 (MV)EIRY 30 % PTGR2 Gt A7 At Gt A* Ct G§
125 (NP)DAVS 30 % PTGR3 A§ A§ At G§ Gt Tt G§
128 TR 90 % QOR Gt At St Gt G* Vi G§
149 AGMDS 40 % QORX A* Gt X S§ G§ % G*
151 ASNGL 50 % RT411 Gt X X G§ G* % G§
152 GS 80 % VAT1 M* A§ A§ G§ Gt Vi Gt
153 GA 70 % VATIL St A* Gt G§ Gt Vi G§
154 VCTF 70 % Consensus X A/G X G/S X X G
155 G 100 % — -

172 TVAI 60 % *residue found in at least 80 % of sequences

173 ACV 50 % iresidue found in at least 90 % of sequences

174 (SG)CR 40 % Sresidue found in least 99 % of sequences.

178 KADGL 60 % ! General motif in ADHs

193 YVHER 60 %

239 YCVLI 40 % . . . . .

240 GT 90 % region, bl%t also that it can be solved in different ways for the entire MDR
242 IMGVASR 30 % superfamily.

272 LVN 70 % The residues forming the coenzyme part of the binding pocket were,

! positions are numbered according to the human form of PTGRI.

2 The most conserved residue in each of the proteins, ordered by fraction of
proteins that has the residue as the most conserved.

3 Fraction of the proteins that has the first residue as the most common one.

Fig. 2. Conserved amino acid residues located near NADP in the binding pocket
(Table 3) visualized in the structure of PTGR1 (pdb id: 2Y05). Orange: the
conserved amino acid residues; blue: NADP, green: raloxifene (sub-
strate/inhibitor).

The coenzyme interacting GXGXXG motif [20,22], commonly found
in ADH enzymes, was identified in the alignments of each of the nine
proteins and the most common residues and their prevalence were
calculated (Table 4). In the non-ADH MDRs, the motif can more accu-
rately be described as AXGXXG, as Ala is the most common residue at
position one in all but three of the nine MDR families. QORX has a
GXSXXG motif, or even a GXSGXG motif, as the added Gly has more than
99 % conservation [16]. The GXXGXXG variant of the motif is also
present in PTGR2 and RT4I1. All nine MDRs have a unique pattern of
residues, and multiple positions have more than 90 % intra-family
sequence identity. Largely, the motifs seem to hold true even at the
MDR level, but, as can be seen in Table 4, the most common motif for
MDRs is (A/G)X (S/G)XXG. A common theme is that the whole motif
contains small residues, i.e. Gly, Ala, Ser, and Thr, as well as often Val
before the final Gly. Interestingly, all nine of the investigated proteins
had a unique pattern of conserved residues in this region. This shows the
importance of this pattern in coenzyme interaction in this specific

as could be expected, easily identified by matching the mapped residues
to sequence conservation. Most positions had a high level of variation
among the different positions, but Asn47, Thr128, Gly152, Glyl153,
Vall54, Gly155, Gly240, and Leu272 (PTGR1 numbering) were found in
most of the nine protein families, implying functional importance for the
interaction with the coenzyme. Of those, the most conserved was Gly155
which had a conservation rate greater than 98 % for all but two proteins
(MECR and QORX), which instead had a Ser at the same conservation
levels. The positions with conserved residues, but with a variety of
residues between the proteins, also imply a functional importance, but
probably as a combination of residues within each protein rather than
specific residues.

The coenzyme binding positions identified here fit well with UniProt
annotations. In some cases, the regions rather than positions are anno-
tated as coenzyme-interacting, while the methodology used here
focused on positions. Further, multiple positions were identified that are
not listed as coenzyme-interacting in the databases. These residues
probably do not interact with the coenzyme, but their localization and
high level of conservation imply that they could be important for the
structure of the coenzyme part of the binding pocket.

In the zinc containing MDRs families, ADHs and SDH, Asp223 (ADH1
numbering) is classified as determinant for the usage of NAD(H) as co-
enzyme within the MDR superfamily [2,22]. A corresponding Asp is not
found in any sequence among the nine families investigated in this
study, confirming both its accuracy and that all nine families use NADP
(H) as coenzyme instead. Interestingly, this also means that eight (seven
ADHs and SDH) out of eighteen human MDRs use NAD(H), while the
remaining ten use NADP(H). At the family level however, only two out
of twelve families use NAD(H), implying that the majority of all MDRs
may use NADP(H) rather than NAD(H). In addition, the NAD
(H)-dependent MDRs harbor zinc as part of the catalytic site, while a
zinc-dependent catalysis has not been found for any NADP
(H)-dependent eukaryotic MDR [2,22].

While the coenzyme part of the binding pocket had a high level of
similarity among the nine families, the substrate part did not. In most
cases, the positions that were conserved in most of the nine families were
not located near the substrate part, and the conserved positions that
were in the vicinity of the substrate part varied greatly between the
protein families. To compensate for this, conservation was instead
studied at a per-family level, rather than all nine families together. After
mapping the conserved residues to the structure, 4-20 residues per
protein were identified as potentially relevant for the substrate binding
pockets (Table 5, Fig. 3). Most proteins had at least one conserved Tyr
present at the active site in at least 90 % of the sequences, the exceptions
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Table 5
Conserved positions in the substrate part of the binding pocket for each of the nine MDR families.
Res M \% E Res M \% E Res M \4 E Res M \4 E Res M \% E
MECR Phe287 [ ) [ ] [ J Pro69 [ ] [ ] [ ] Leu266 [ ] [ ] [ ] Pro150 [ ]
Asn88 [ ] [ ] Val289 o (] [ ] Gly70 [ ] [ ] [ ) Arg267 [ ] [ ) o 1le174 o o
Tyr94 [ ] [ ) [ ] Leu290 [ ) ) Thro8 [ ) ) Thrl75 [ ] [ )
Asn106 [ ] [ ] 11e99 [ ] RT411 Met178 [ ] [ ]
Glul107 [ ] [ ] [ ] PTGR3 Ser100 [ ] o 11e86 [ ] o Vall79 o
Ile129 [ ] o o Ser77 [ ] [ ) ) Gly101 [ ) ) [ ] Asn89 [ ) Asn320 [ ] [ ] [}
Prol130 [ ) Asn80 [ ) o () Gly102 o () Tyr94 [ ) [ [ ) Arg321 o o o
Gly309 [ ] [ ) [ ] Arg85 [ ] [ ] Ile131 ) () (] Ala98 ) Gly325 [ ] ] (]
Phe310 [ [ [ Tyr86 o [ ) Val245 o ) [ Leu99 [ [ Leu328 o [ [
Trp311 () () () Phe98 () () () Val246 () () () Met101 () Leu331 () o
Ser313 [ ) o Prol126 [ ] Gly247 [ ] [ J [ ] Lys102 [ ]
Lys316 [ [ Alal40 [ Val269 ) Prol149 o [ VATI1L
Phe324 o Vall55 [ o Leu271 o () [ Trpl150 [ ) ) Leu80 o )
Phe271 [ ) [ ) Tyrl83 [} [ ] [ ] Asn81 [ ] [ ]
PTGR1 Tyr275 [ ) [ ) [ ] QORX Leu300 [ ) [ ] 11e83 o o
Tyr49 [ [ o Gly302 o o ) Asn40 [ ) o Val301 [ [ 11e92 o [
Met124 [ ) [ ) [ ] Phe303 [ ) o () Arg41 o () () Thr302 [ ) [ Pro96 [ [ ) [ )
Tyr245 [ ] [ ] [ ] Phe304 [ ] [ J Ala42 [ ] [ J Phe304 [ ] [ Phel04 [ ] [ J
Phe270 [ [ o Leu305 o [ ] Leu44 o o Leu305 [ [ Asn131 ()
Asn306 [ ] Tyr51 [ ] ] [ ] Met308 [ ] Tyrl32 [
PTGR2 Tyr312 [ ) Leu63 [ ] [ ) 1le313 o o Asnl64 [ ] [ ] [ J
Tyr51 [ [ Glul23 [ ) o Met317 [ o Thr167 o
Arg55 o o ) QOR Thr127 [ ) ) [ ] Phe342 o [ ] Tyr275 [ ] [ ) o
Tyr64 [ ] [ ] [ ] Val50 [ ] [ ] [ ] Leu237 [ ) o Phe343 [ ] [ ] Gly276 [ ] [ ] [ ]
1le65 o o o Glu51 o o o Tyr238 [ ] [ ] Phe318 [ ) [ ) [ ]
Phe99 [ ) [ ] [ ) Tyr53 [ ) [ ) ® Gly239 [ ) ® VAT1 Ser319 [ ) [ ]
Tyr100 [ ] Ile54 [ ] [ ] [ Leu240 [ ] Gln144 [ ] Leu321 [ ] [ ] [ ]
Met135 [ ) Pro63 [ ] [ ] [ ] Thr263 [ ] Vall47 [ ] o o Asn322 [ ] [ ]
Tyr259 [ ] [ ) [ ] Tyr67 [} [ ) Ser264 o ° Thr148 [ ) Phe325 [ ]
Tyr265 [ ] [ ] [ Thr68 () [ Leu265 o [ Vall49 [ Lys326 [
M: mammals, V: vertebrates, E: eukaryotes.
@ Residue conservation larger than 90 %.
o Residue group (e.g. ILV) conservation larger than 90 %.
A
<
(3
*'f\i': {‘% \ ¥
\ Y S EIAN N §» )
MECR
. o ‘Té;
-
F(é\ ‘} o\ v
gnr J“}E o 4\/ A
WL Q;“ A
RT4l1 VAT1 VAT1L

Fig. 3. Visualization of the conserved residues in the substrate part of the binding pockets of the nine MDRs discussed (as labelled). Conserved residues are visualized
together with the coenzyme (NADPH). Red: conserved at the eukaryote level, orange: vertebrates, yellow: mammals.
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being VAT1 and VAT1L. VAT1 had a Tyr in about 80 % of the complete
sequences, while VAT1L instead had an Ile at the corresponding position
in most sequences. This showed that Tyr49 (human PTGR1 numbering)
was conserved in most of the families. This residue is located in the vi-
cinity of the expected active site, though its exact location varied among
the MDRs. In QORX, this residue seems to help with the coordination of
the substrate, but mutation of the residue may even increase the cata-
lytic efficiency [16], while in PTGR2 it is reported to be involved in the
catalytic reaction [17], and in MECR mutation of the Tyr had severe
effects on its function [23-25]. For the latter almost a complete loss of
function. Thus, the importance of the residue varies greatly, even when
its localization is nearly identical (as in the case of QORX and MECR).

In MECR, Tyr94, Glul07, Ile129, Gly165, Val166, Trp311, Lys316,
and Phe324 have been suggested to be of importance for the function
[23], with Tyr94 and Trp311 being critical to perform the function
[23-25]. The analysis performed here confirms the importance of Tyr94,
Glul07, and Trp311, which are all conserved even at the eukaryotic
level. The group Ile/Leu/Val at position 129 is also conserved in eu-
karyotes, though Ile is only conserved at the mammalian level. The
remaining suggested residues have varying levels of conservation, the
most conserved being Lys316 which is conserved in vertebrates. Twelve
conserved residues were identified in MECR at the substrate-interacting
part of the binding pocket. Seven were conserved even at the eukaryotic
level, four in vertebrates, and one only in mammals. Three of the resi-
dues conserved in eukaryotes, Asn88, Gly309, and Phe310 are located
close to the coenzyme. Tyr94, Glul07, and Trp311 are conserved at the
eukaryotic level, and located close to the active site. The remaining
residues include Ile129 (Ile/Leu/Val in eukaryotes, hydrophobic envi-
ronment), Lys316 (in vertebrates), and Phe324 (only in mammals).

Surprisingly, only four conserved residues were identified in the
substrate-interacting part of the binding pocket of PTGR1. There are two
conserved Tyr, Tyr49 and Tyr245, both of which may be involved in
catalytic reactions. Tyr49 corresponds to the common Tyr observed in
the other MDRs, while Tyr245 corresponds to a Tyr also seen in other
PTGRs. These two Tyr residues have been shown by mutagenesis to be
involved in the catalysis [26]. The remaining conserved residues,
Met124 and Phe270, do not show any obvious way to perform substrate
interaction, and may thus have structural importance instead.

The residues of interest that have earlier been identified in PTGR2
include Tyr51, Tyr64, Ile65, Phe99, Tyr100, Met135, Tyr259, Leu288,
Val289, and Leu290 [15], where Tyr51 corresponds to Tyr49 in PTGR1.
Out of these residues, only five are conserved in eukaryotes, including
Tyr64 and Tyr259, believed to be directly interacting with the substrate
[15]. An additional Tyr, Tyr100, is only conserved in mammals. There
are also two more Tyr in the binding pocket: Tyr51 is conserved in
vertebrates and Tyr265 in eukaryotes. The latter is positioned where it
can interact with the coenzyme, but it is probably irrelevant for any
substrate interactions. The most important residues seem to be Tyr64
and Tyr259, along with a hydrophobic region at position 287-290.

The structure of PTGR3 is like those of PTGR1 and PTGR2 with two
Tyr, Tyr86 and Tyr275 (corresponding to PTGR1 Tyr49 and Tyr245)
conserved at the eukaryotic level. Further, there are multiple other
conserved residues in the vicinity of these Tyr. Ser77, Asn80, Arg85,
Phe98, and Phe304 are all highly conserved, most even at the eukaryotic
level. An additional Tyr, Tyr312, is identified at the entrance to the
pocket, found in most vertebrate PTGR3s. These residues are all posi-
tioned where they may interact with the substrate and be involved in its
coordination.

For QOR (Zeta-Crystallin) Val50, Tyr53, Tyr59, Ser71, Ilel3l,
Thr135, Ser248, and Thr270 have all been suggested as important [27].
Out of these, Val50, Tyr53, and Ile131 are the only conserved residues.
This means that Tyr59, corresponding to the Tyr conserved in most other
MDRs, is not conserved. Instead, other residues in the same general area
are conserved. Interestingly, mutation studies in combination with
structural determinations have been shown that Tyr53 and Tyr59 are
involved in different catalytic functions for the human QOR [27]. A
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negatively charged residue at position 51 and Ile54 are both conserved.
There are also multiple conserved residues at an edge of the pocket,
including e.g., Pro63, Tyr67, Pro69, and Gly70. The conserved prolines
implying the importance of a certain fold in this region.

The residues previously confirmed to form the substrate part of the
binding pocket in human QORX (p53-inducible quinone oxidoreductase
PIG) are Asn40, Ala42, Tyr51, Leu63, Glu123, Thr127, Leu240, and
Leu265 [16]. All are conserved though at varying levels, and Asn40,
Tyr51, Leu63, Glul23, and Thr127 are conserved even at the eukaryotic
level. Other highly conserved residues of interest include Arg4l and
Arg267, located on opposite sides of Tyr51. Arg41 is directed away from
Tyr51 in the 2J8Z structure, but it is located close enough to potentially
interact.

The crystal structure of RT4I1 has, as noted above, an unusual means
of dimer interaction which may cause artifacts in the results. There are
only two residues conserved at the eukaryotic level, Tyr94 and Tyr183.
Tyr94 corresponds to the Tyr common in many MDRs, while Tyr183
matches part of the definition of coenzyme-binding residues, though its
positioning is unusual and makes it a good candidate for substrate
interaction. Most of the remaining conserved residues are conserved at
the mammal or vertebrate level, implying that the enzyme might be
specific for different types of substrates depending on species. There are
only three residues in the substrate part of the binding pocket of RT4I1
that are conserved in eukaryotes: 11e86, Tyr94 and Tyr183. All three are
located close to the expected substrate binding site. Multiple residues
are conserved at the vertebrate and/or mammalian levels. Positions
98-102 form an a-helix at the entrance of the pocket. Pro149 is probably
coordinating the positioning of Trpl150, located near the pocket
entrance. Positions 300-302 are probably involved in coenzyme
coordination.

The conserved Tyr common for the other MDRs was present in
neither VAT1 nor VATIL, not even at the mammalian level. It was
present in about 60 % of the VAT1 sequences, and about 80 % of the
VAT1L sequences covering the complete sequence. VAT1L has a highly
conserved (98 %) hydrophobic residue (Ile/Leu/Val) at the corre-
sponding position. In the human sequences, there was a Tyr in VAT1 and
a Leu in VATIL.

The residues conserved at the eukaryotic level in VAT1 included
hydrophobic residues (Leu/Ile/Val) at position 147 and 331, Asn320, a
charged positive residue at position 321 (Arg/Lys), Gly325, and Leu328.
These residues are all located along the same side of the pocket [17].

VATI1L contains two conserved Tyr, Tyrl32 (in mammals) and
Tyr275 (in eukaryotes). Tyr275 is like Tyr265 in PTGR2 and Tyr238 in
QORX, probable to interact with the coenzyme rather than a substrate.
Tyr132 is located at the outer part of the binding pocket, potentially
aiding with substrate coordination. There are seven residues in VAT1L
that are conserved at the eukaryotic level. Most seem to be involved in
coenzyme coordination (e.g., the Tyr275), or be of importance for the
structure (e.g. Pro96, Gly276), though Asn81 may be involved in sub-
strate interactions, a role that may be shared with Asn322 (conserved at
the vertebrate level). There is also [le92, located where the common Tyr
is found in e.g., RT4I1. Many of the remaining residues seem to aid in the
creation of a hydrophobic environment (e.g., lle/Leu/Val80 and Ile/
Leu/Val83). Finally, mammals have some unique conserved residues
that may also be involved in substrate coordination, e.g., Lys326.

Based on the present study, some rough observations can be made
about the presence of Tyr in the substrate part of the binding pocket. The
prostaglandin reductases use a combination of Tyr49, located in an
a-helix, and Tyr245 (PTGR1 numbering). The latter Tyr245 was strongly
conserved at the eukaryotic level (>99 %), while Tyr49 had a lower
level of conservation (95 %, 75 %, and 99 % for PTGR1, PTGR2, and
PTGR3 respectively). Four of the remaining MDRs (MECR, QOR, QORX,
RT4I11) have a single highly conserved Tyr (>95 % in eukaryotes), which
is also present in VAT1 for some species. Finally, VAT1L avoids the use
of Tyr at all. The exact involvement and coordination of the Tyr involved
differs for every enzyme family. However, three overall distinct types of
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binding pockets could be identified, containing no, one, or two tyrosine
residues (Fig. 3).

The use of Tyr in many MDRs is analogous to what is seen in many
short chain dehydrogenases/reductases, where the combination of
Ser139, Tyr152, and Lys156 forms a catalytic triad first seen in 3-alpha-
(or 20-beta)-hydroxysteroid dehydrogenase (P19992) [28].

4. Conclusions

In this study, we have identified residues forming the binding pocket
of nine different MDRs. Among the nine families being studied, most
have a conserved Tyr close to the coenzyme which is probably involved
in catalytic reactions. MECR, QOR, QORX, RT4I1, and many forms of
VAT1 all seem to use one Tyr for their substrate binding, while PTGR1,
PTGR2, and PTGR3 most likely use two Tyr. Finally, VAT1L seems to use
another, unidentified, mechanism of substrate binding, and its substrate
specificity is unknown, and it may have lost any catalytic activity.
Meanwhile, the substrate-interacting part of the binding pocket was
found to have a large variation, with 4-20 conserved residues present,
depending on protein family. In opposite, the coenzyme part of the
binding pocket was found to have similar conservation patterns among
all the nine proteins.

Finally, it can be stated that most of the MDRs had a conserved Tyr
present at the substrate part of their binding pockets, the PTGR enzymes
even having two. The exceptions were VAT1 and VAT1L, which lacked
any conserved Tyr in the region, though VAT1 did have a Tyr present in
many species. VAT1L instead had a conserved Ile with a similar posi-
tioning as the Tyr.
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