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Abstract

The Medium-Chain Dehydrogenase/Reductase Engineering Database (MDRED, http://www.mdred.
uni-stuttgart.de) has been established to serve as an analysis tool for a systematic investigation of
sequence–structure–function relationships. It includes sequence and structure information of 2684 and
42 medium-chain dehydrogenases/reductases (MDRs), respectively. Although MDRs are very diverse in
sequence, they have a conserved tertiary structure. MDRs are assigned to 199 homologous families and
29 superfamilies. For each family, annotated multiple sequence alignments are provided, and func-
tionally relevant residues are annotated. Twenty-five superfamilies were classified as zinc-containing
MDRs, four as non-zinc-containing MDRs. For the zinc-containing MDRs, three subclasses were
identified by systematic analysis of a variable loop region, the quaternary structure determining loop
(QSDL): the class of short, medium, and long QSDL, which include 11, 3, and 5 superfamilies,
respectively. The length of the QSDL is predictive for tetramer (short QSDL) and dimer (long QSDL)
formation. The class of medium QSDL includes both tetrameric and dimeric MDRs. The shape of the
substrate-binding site is highly conserved in all zinc-containing MDRs with the exception of two
variable regions, the substrate recognition sites (SRS): two residues located on the QSDL (SRS1) and,
for the class of long QSDL, one residue located in the catalytic domain (SRS2). The MDRED is the first
online-accessible resource of MDRs that integrates information on sequence, structure, and function.
Annotation of functionally relevant residues assist the understanding of sequence–structure–function
relationships. Thus, the MDRED serves as a valuable tool to identify potential hotspots for engineering
properties such as substrate specificity.
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The protein family of medium-chain dehydrogenases/
reductases (MDRs) comprises a large enzyme family with
a broad range of enzymatic activities. They are found in all
kingdoms of life and are involved in metabolism, regula-
tory processes, and protection against cell damage (Jörnvall
et al. 1999; Nordling et al. 2002). Despite their low
sequence similarity, they have a similar size of 350 to
400 residues and a conserved overall structure formed by
two domains, a cofactor binding domain and a catalytic
domain (Jörnvall et al. 1978). While all MDRs use NAD(H)
or NADP(H) as cofactor, they can be divided into two
classes with a different reaction mechanism: zinc-containing
and non-zinc-containing MDRs (Nordling et al. 2002). In
addition, many MDRs bind a second, non-catalytic, struc-
tural zinc ion (Eklund et al. 1976; Chase Jr. 1999).

Most MDRs are active as dimers or tetramers. Previously,
a loop segment in the catalytic domain subsequent to the
structural zinc binding site has been suggested to mediate
quaternary structure formation (Jörnvall 1977; Persson et al.
1994; Norin et al. 1997). In addition, this loop segment is
part of the substrate-binding site (Shafqat et al. 1999),
which consists of conserved and variable regions. The
conserved regions are formed by the cofactor NAD(H) or
NADP(H), which is located at the bottom of the substrate-
binding site, and the catalytic zinc ion, which is located at
the back wall of the substrate-binding site. The left wall is
formed by the highly conserved cofactor binding residues.
The substrate enters from the front through the substrate
access channel. Thus, there are only two variable regions,
the ceiling and the right wall of the binding site. Previously,
it has been shown that mutating residues located in these
two regions changed substrate specificity (Hurley and Bosron
1992; Xie and Hurley 1999; Ziegelmann-Fjeld et al. 2007).

Two classification schemes exist for MDRs. One classi-
fication (Nordling et al. 2002; Jörnvall et al. 2003) is based
on a consensus evolutionary tree constructed from an align-
ment of about 100 MDR sequences of six genomes. The
MDRs were assigned to eight functional families which
belong to two classes: The zinc-containing MDRs include
cinnamyl alcohol dehydrogenases (CADs), polyoldehy-
drogenases (PDHs), dimeric alcohol dehydrogenases (ADHs),
and yeast alcohol dehydrogenases/tetrameric alcohol dehy-
drogenases (YADHs), while the non-zinc-containing MDRs
include quinone oxidoreductases (QORs), mitochondrial
response proteins (MRF), leukotriene B4 dehydroge-
nases (LTDs), and acyl-CoA reductases (ACRs) (Nordling
et al. 2002; Jörnvall et al. 2003). A second classification
(Riveros-Rosas et al. 2003) extended this concept based on
a much larger data set of 583 MDRs. They were grouped
into three macrofamilies: Macrofamilies I and II include
the zinc-containing MDRs, macrofamily III the non-zinc-
containing MDRs. Each macrofamily was divided into fur-
ther subfamilies, which were not consistent with the eight
functional families introduced by Nordling et al. (2002).

In the meantime, the number of MDR sequences in
public databases has increased more than fivefold, and
structures of 42 proteins became available. We took
advantage of this wealth of data and established the
Medium-Chain Dehydrogenase/Reductase Engineering
Database (MDRED), applying the extensible database
system DWARF (Fischer et al. 2006). The MDRED
provides a predictive classification scheme based on se-
quence and structure. By a systematic analysis of se-
quence and structure, conserved motifs and functionally
relevant residues were identified.

Results

Database and data content

For a systematic analysis of sequence, structure, and
function of the huge and diverse protein family of
medium-chain dehydrogenases/reductases, the Medium-
Chain Dehydrogenase/Reductase Engineering Database
(MDRED) has been established. The MDRED contains
6420 sequence entries for 2684 proteins and 257 structure
entries for 42 proteins. The MDRs were assigned to 29
superfamilies based on sequence similarity (Table 1). The
superfamilies were further divided into 199 homologous
families based on multiple sequence alignments of the
superfamilies. For 24 homologous families (13 super-
families), at least one family member with experimentally
determined structure is available. A systematic nomen-
clature mdrx.y was introduced, where x describes the
superfamily number and y the homologous family num-
ber. For each family, a multiple sequence alignment was
performed and a phylogenetic tree was calculated. Func-
tionally relevant residues were annotated. Annotation
information was extracted from GenBank and transferred
to all family members with a conserved residue at the
respective position. All alignments and phylogenetic trees
are accessible at http://www.mdred.uni-stuttgart.de. The
MDRED can be browsed on the level of family classi-
fication, structure, and organisms. Sequence and protein
entries can be searched by providing their GI number
(general identifier) from NCBI. Protein name, source
organism, and links to the respective GenBank entry are
provided for each protein. The MDRED supports classi-
fication of new sequences by providing a BLAST inter-
face and by pre-calculated HMM profiles for each
superfamily and homologous family. The complete data
are available via a tar archive.

The largest superfamilies are mdr2, mdr3, and mdr4 with
335, 292, and 218 protein entries, respectively, which ac-
count for 32% of all protein entries (Fig. 1). Sequence
lengths vary from 272 to 437 residues, with an average
length of 357. The average sequence identity within each
superfamily varies from 30% (superfamily mdr8) to 71%
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(superfamily mdr24). The superfamilies were grouped into
two classes, zinc-containing and non-zinc-containing
MDRs, dependent on the presence of a strictly conserved
and annotated sequence motif G-H-E of the catalytic zinc
binding site. In the non-zinc-containing MDRs, the highly
conserved active-site residues asparagine, aspartic acid/
glutamic acid, and threonine were annotated. MDRs of
superfamily mdr28 are an exception, as they lack both
motifs. They were classified as zinc-containing MDRs
owing to their global sequence similarity.

Non-zinc-containing MDRs

Superfamilies mdr10, mdr13, mdr15, and mdr20 com-
prise family members of QOR, LTD, MRF, and ACR

(Nordling et al. 2002). These superfamilies were assigned
to the class of non-zinc-containing MDRs. All non-zinc-
containing MDRs are lacking the catalytic zinc binding
motif. Most of the non-zinc-containing MDRs are also
lacking a sequence motif capable for coordination of a
structural zinc atom. However, in some family members
of superfamilies mdr15 and mdr20, such a sequence motif
was found.

Zinc-containing MDRs

Proteins belonging to the functional family of ADHs
(Nordling et al. 2002) and homologs were found in super-
families mdr1, mdr3, mdr5, mdr9, mdr19, and mdr21,
glutathione-dependent formaldehyde dehydrogenases in

Table 1. Superfamilies of the Medium-Chain Dehydrogenase/Reductase Engineering Database and subclassification of zinc-containing
MDRs according to the QSDL

MDRED
superfamily

MDRED
superfamily

name
Functional

familya
MDR

subclass Catalytic zinc

Number of
homologous

families
Proteins in
superfamily

Sequences in
superfamily

Proteins with
structure

mdr2 YADH YADH-MII Short QSDL Zinc-containing 8 335 783 7

mdr4 Sugar alcohol DH PDH-MI 5 218 474 3

mdr6 Threonine DH PDH-MI 18 126 368 3

mdr8 PDH- and CAD-like 13 124 306

mdr11 PDH- and CAD-like 12 122 273

mdr12 2,3-Butanediol DH PDH-MI 8 127 271

mdr18 Sugar alcohol DH-like PDH-MI 7 36 120

mdr22 PDH-like PDH-MI 2 14 49

mdr23 Secondary ADH PDH-MI 3 15 57 3

mdr24 PDH-like PDH-MI 1 6 34

mdr29 Glucose DH-like PDH-MI 1 3 5 1

mdr7 CAD-like CAD-MII Medium QSDL Zinc-containing 9 149 352 4

mdr17 Glutathione-independent

FDH

PDH-MI 6 52 124 2

mdr26 Putative ADH ADH-MI 3 5 10

mdr1 ADH-like ADH-MI Long QSDL Zinc-containing 3 151 417

mdr3 Glutathione-dependent

FDH

ADH-MI 10 292 677 2

mdr9 ADH-like ADH-MI 5 79 323 9

mdr19 Benzyl-/Aryl ADH ADH-MI 8 56 93 1

mdr21 ADH-like ADH-MI 5 32 72

mdr5 Glutathione-dependent

FDH

ADH-MI Not assigned Zinc-containing 7 146 346

mdr14 Threonine-/Sorbitol DH PDH-MI 11 78 207

mdr16 CAD like CAD-MII 9 86 167

mdr25 5-Exo-hydroxycamphor

DH

PDH-MI 4 10 22 1

mdr27 Putative ADH ADH-MI 3 4 9

mdr28 Putative ADH ADH-MI 2 3 8

mdr10 QOR-like

(VAT-1 protein, z-crystallin,

tumor protein p53 inducible)

Non-zinc-

containing

16 183 347 4

mdr13 QOR-like (z-crystallin-like) 6 99 223 2

mdr15 QOR-like 7 86 191

mdr20 QOR-like 3 8 8

a ‘‘Functional family’’ refers to previously introduced classifications of MDRs by functional families (PDH, CAD, YADH, . . .) (Nordling et al. 2002) and
macrofamily (MI, MII) (Riveros-Rosas et al. 2003).
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mdr3 and mdr5, benzyl/aryl ADHs in mdr19, and the
majority of YADHs in mdr2. Members of PDHs and CADs
were distributed over superfamilies mdr4, mdr6, mdr7,
mdr8, mdr11, mdr12, mdr14, mdr17, mdr18, mdr22,
mdr23, mdr24, mdr25, and mdr29, with the majority of
sugar alcohol dehydrogenases (sorbitol, arabinitol, iditol,
idionate, and xylitol dehydrogenases) found in superfamily
mdr4. Secondary ADHs were found in superfamily mdr23,
glucose dehydrogenases in mdr29, glutathione-independent
formaldehyde dehydrogenases in mdr17, 5-exo-hydroxy-
camphor dehydrogenases in mdr25, and 2,3-butanediol
dehydrogenases in mdr12. While threonine dehydrogenases
were found in almost all superfamilies of zinc-containing
MDRs, most of them as well as sorbitol dehydrogenases
were found in superfamilies mdr6 and mdr14.

Subclassification of zinc-containing MDRs

Comparison of 37 superimposed structures of zinc-
containing MDRs revealed a highly conserved overall
tertiary structure, although the proteins are diverse in
sequence. Horse liver ADH (HLADH, PDB entry 1HEU)
(Meijers et al. 2001) and the ADH from Aeropyrum pernix
(ApADH, PDB entry 1H2B) (Guy et al. 2003) have only a
small Ca root mean square deviation of 1.6 Å for 235 out of
343 residues, although these enzymes considerably differ in
sequence (only 28% sequence identity). The most variable
region is a loop segment located subsequent to the
structural zinc binding site. This loop segment varies in
sequence, length, and conformation. Because this loop
segment was previously postulated to mediate quaternary
structure formation of MDRs, we named it quaternary
structure determining loop (QSDL). As seen from multiple
sequence alignments and superimposition of all available
structures of zinc-containing MDRs, the QSDL is flanked
by residues that are highly conserved in sequence and
structure. These residues were annotated as QSDL-start and
QSDL-end (Fig. 2). In HLADH and ApADH, the residue at

QSDL-start was a cysteine (position 111 in HLADH and
position 123 in ApADH). At QSDL-end, a serine was found
in the structure of HLADH at position 144 and a glycine in
ApADH at position 135. In all annotated sequences of zinc-
containing MDRs, only cysteine and serine were found at
position QSDL-start (98% and 2%, respectively). Because
it represents the fourth zinc-coordinating residue of the
structural zinc binding motif, it could be easily identified
on sequence level. QSDL-end is more difficult to find.
However, it is embedded in a conserved sequence motif: At
position QSDL-end, glycine was found in 75%, and serine
and threonine were found in 22% of all sequences. A high
frequency of occurrence was found for phenylalanine
(52%) and leucine, tyrosine, or glutamine (12% each) at
position QSDL-end+2. At position QSDL-end+3, alanine
and serine (50% and 30%, respectively) were found; at
position QSDL-end+4, glutamic acid and glutamine (62%
and 11%, respectively) were found. At position QSDL-
end+5, tyrosine was found in 67% of all cases. Using this
motif, for 2131 zinc-containing MDRs (92%), QSDL-start
and QSDL-end could be annotated. Counting the number of
amino acids of each annotated QSDL revealed two peaks in
the QSDL length distribution (Fig. 3). Thus, three classes
were defined. The class of short QSDL has a QSDL of less
than 19 amino acids and comprises 52% of all proteins with
annotated QSDL. Only 15% of proteins with annotated
QSDLs have a QSDL of medium length of 19 to 31
residues. The class of long QSDL has a QSDL of more
than 31 amino acids and comprises 33% of all zinc-
containing MDRs with annotated QSDL. An MDRED
superfamily was assigned to the class of short QSDL if
>90% of its members have a QSDL of less than 19 residues
in length. Thus, superfamilies mdr2, mdr4, mdr6, mdr8,
mdr11, mdr12, mdr18, mdr22, mdr23, mdr24, and mdr29
were assigned to the class of short QSDL. Likewise,

Figure 1. Average sequence identity (gray) and number of protein entries

(black) per superfamily.

Figure 2. Structurally conserved loop segments (QSDL) of the class of

long QSDL (red) and short QSDL (blue). The representative QSDL for

each family is shown. (Red) Horse liver ADH (PDB entry: 1HEU); (blue)

Aeropyrum pernix ADH (PDB entry: 1H2B). QSDL-start and QSDL-end

are labeled. The conserved salt bridge network in long QSDL MDRs (side

chains of Asp125, Arg129, Glu35) are shown as sticks and colored by atom

type.
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superfamilies mdr7, mdr17, and mdr26 were assigned to
the class of medium QSDL, because >90% of the family
members have a QSDL length between 19 and 31 residues.
Superfamilies mdr1, mdr3, mdr9, mdr19, and mdr21 were
assigned to the class of long QSDL, because >90% of
proteins possess a QSDL of more than 31 residues. All
remaining superfamilies of zinc-containing MDRs that
were not assigned to either of these classes were classified
as ‘‘not assigned,’’ because their QSDLs could not be
annotated for the superfamily members (mdr27, mdr28) or
because family members have QSDLs of mixed lengths
(mdr5, mdr14, mdr16, and mdr25).

A sequence conservation analysis of the QSDL was
performed for all proteins of each class of short and long
QSDL to identify highly conserved and thus potentially
structurally relevant residues located in the QSDL. The
QSDL sequences of the class of long QSDL are slightly
more conserved than those of the class of short QSDL and
contain two highly conserved residues, Asp125 and
Arg129 (numbering refers to PDB entry 1HEU). A third
highly conserved residue (Glu35) is located in the cata-

lytic domain, pointing toward the QSDL. Owing to their
side chain distances, they form a strong, highly conserved
salt bridge network, which probably stabilizes the con-
formation of the QSDL. Such highly conserved and
potentially stabilizing residues were not found for the
QSDLs of the class of short and medium QSDL.

Shape of the binding site

A comparison of 37 structures of zinc-containing MDRs
revealed positions that are variable and contribute to the
shape of the binding site. The residues at these positions
were annotated in all superfamilies where structure
information was available. For the class of long QSDL,
two neighboring hydrophobic residues in the QSDL are
forming the variable ceiling region above the cofactor
NAD(P), which was named substrate recognition site 1
(SRS1). In the majority of proteins, a phenylalanine or
tyrosine residue followed by leucine, valine, methionine,
isoleucine, or phenylalanine was found. In HLADH (PDB
entry 1HEU), these residues are Phe140 and Leu141. A
third residue (Phe93 in PDB entry 1HEU of HLADH)
forms the right wall of the binding site, which was named
the substrate recognition site 2 (SRS2) (Fig. 4A). It is
located two residues subsequent to a highly conserved
proline (Pro91 in PDB entry 1HEU of HLADH) outside
the QSDL. Mainly phenylalanine or tyrosine was found at
SRS2. In the class of short QSDL, two hydrophobic
residues form the binding site at SRS1 (Fig. 4B). These
two residues are not adjacent as observed for the class of
long QSDL, but separated by two residues. In the struc-
ture of ApADH, these residues are Phe128 and Leu131
(PDB entry 1H2B). No conserved residue at SRS2 was
found for proteins in the class of short QSDL. However,
this region contributes to substrate specificity, which has
been demonstrated for yeast ADH, where exchanging
tryptophan at position 93 by alanine led to an increased
oxidation rate of 2-propanol (Creaser et al. 1990).

Figure 3. Fraction of proteins with annotated QSDL for each QSDL

length.

Figure 4. Top view of the MDR binding-site. Representative structures of (A) long QSDL (PDB entry 1HEU) and (B) short QSDL

(PDB entry 1H2B). The variable regions SRS1 (yellow) and SRS2 (green) are marked. The (blue) zinc atom is shown as a sphere; the

(orange) nicotinamide part of NAD(P) as sticks.
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Generally, the more bulky the residues at positions
SRS1 and SRS2 are, the smaller the available space for
the substrate in the binding site is expected to be. In a few
MDRs, a tryptophan residue is found at either SRS1 or
SRS2, which restricts the space of the binding site
considerably.

Discussion

Classification

The Medium-Chain Dehydrogenase/Reductase Engineer-
ing Database (MDRED) has been designed to serve as a
navigation and analysis tool of MDRs. The MDRED in-
cludes 2684 MDRs in a consistent data structure. It is
based on the extensible database system DWARF (Fischer
et al. 2006), which integrates information on sequence,
structure, and function. The DWARF system has already
been applied successfully to build up the Lipase Engineer-
ing Database (http://www.led.uni-stuttgart.de) (Pleiss et al.
2000; Fischer and Pleiss 2003) and the Cytochrome P450
Engineering Database (http://www.cyped.uni-stuttgart.de)
(Fischer et al. 2007). The MDRED is a platform to analyze
sequence–structure–function relationships and to classify
new sequences by providing multiple sequence alignments,
phylogenetic trees, and family-specific HMM profiles.
Multiple sequence alignments with annotated functionally
relevant residues are provided for each superfamily and
homologous family.

In this study, 2684 MDRs were assigned to 29 super-
families using a Markov cluster algorithm based on a
sequence similarity graph, as implemented in the program
TRIBE-MCL (Enright et al. 2002). Owing to the large
number of sequences analyzed here, we suggest a sub-
sequent classification of superfamilies into homologous
families. The assignment of proteins to homologous fami-
lies is based on multiple sequence alignments of the
superfamilies, whereby a homologous family is defined
as a cluster of protein sequences that are more similar to
each other than to other protein sequences within the
same superfamily. In accordance with previous classifi-
cations based on smaller numbers of about 100 MDRs
(Nordling et al. 2002; Jörnvall et al. 2003) and of about
500 MDRs (Riveros-Rosas et al. 2003), the MDRs were
assigned to two groups of zinc-containing and non-zinc-
containing MDRs. The group of non-zinc-containing
MDRs corresponds to macrofamily III, as introduced by
Riveros-Rosas et al. (2003). The group of zinc-containing
MDRs includes functional families of ADHs, PDHs,
CADs, and YADHs as defined by Nordling et al. (2002)
and corresponds to macrofamilies I and II by Riveros-
Rosas et al. (2003). Our classification into zinc-containing
and non-zinc-containing MDRs and the assignment of
MDRs into superfamilies are consistent with previous

classifications. The assignment of MDRs to superfamilies
generally corresponds to the classification of Nordling et al.
(2002), although more than one superfamily might exist for
a single functional family as defined by Nordling et al.
(2002) because of the large number of sequences inves-
tigated in this study (Table 1). Although the assignment of
MDRs into superfamilies globally corresponds to the
functional families, some exceptions were found. In two
superfamilies (mdr8 and mdr11), proteins from several
functional families (PDH and CAD) were found. Therefore,
it seems that the specific patterns of PDH and CAD intro-
duced previously to identify functional families (Nordling
et al. 2002) are not yet specific enough to distinguish
between the two functional families. Interestingly, the
functional families PDH and CAD were grouped into
different macrofamilies (PDH into macrofamily I and
CAD into macrofamily II) by Riveros-Rosas et al. (2003).
Thus, the currently defined sequence-specific patterns for
PDH and CAD are not consistent with their global
sequence similarity based on the large number of MDRs
analyzed here.

Functional families according to Nordling et al. (2002)
were further subclassified into subfamilies by Riveros-
Rosas et al. (2003). This subclassification is generally in
accordance with our sequence-based classification into
superfamilies. However, owing to the large number of
sequences analyzed here, functionally different MDRs
were not necessarily found separated into different super-
families of the MDRED: Threonine dehydrogenases
(belonging to the functional family of PDHs) were found
in different superfamilies of the MDRED in which also
other PDHs were found. Thus, substrate specificity is not
always linked to sequence similarity. Our classification
by sequence similarity therefore enables the correlation
of sequence and function, and helps us to understand the
sequence–structure–function relationships of MDRs.

As a new classification criterion, we grouped super-
families of zinc-containing MDRs into three structural
classes based on the QSDL length (short, medium, and
long QSDL). This assignment was successful for 86% of
all zinc-containing MDRs. Superfamilies of the class of
short QSDL comprise the functional families of YADHs,
PDHs, and CADs; the class of long QSDL, the functional
family of ADHs (Nordling et al. 2002). This assignment
of superfamilies to classes based on structural properties
further assists the understanding of sequence–structure–
function relationships of MDRs.

Application

By systematically comparing sequence and structure of
zinc-containing MDRs, a variable loop region was iden-
tified that varies in sequence and conformation. This loop
(QSDL) mediates quaternary structure and possesses
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residues relevant for the shape of the substrate-binding
site. Depending on the length of QSDL, three classes
(class of short, medium, and long QSDL) were intro-
duced. Superfamilies whose members possess a QSDL of
a special length are assigned to one of the three classes. A
correlation of the quaternary structure of MDRs with the
length of their QSDLs was observed. With only one
exception, the benzyl alcohol dehydrogenase from Aci-
netobacter calcoaceticus (PDB entry: 1F8F; http://dx.doi.org/
10.2210/pdb1f8f/pdb) (MacKintosh and Fewson 1988), all
proteins of the class of long QSDL with known three-
dimensional structure are active as dimers, whereas all
members of the class of short QSDL are tetramers. This is
in accordance with previous observations, where this loop
segment was suggested to mediate quaternary structure
(Jörnvall 1977; Persson et al. 1994; Norin et al. 1997). The
QSDL was successfully annotated in most of the super-
families of zinc-containing MDRs, enabling the prediction
of quaternary structure of more than 2000 MDRs. This
prediction is in accordance with experimental data on
quaternary structure for secondary ADHs (mdr23), threo-
nine and sorbitol dehydrogenases, glutathione-dependent
formaldehyde dehydrogenases (mdr3), hydroxynitrile ly-
ases (mdr3), and the YADH functional families (Riveros-
Rosas et al. 2003). However, there are a small number
of exceptions: The (R,R)-butanediol dehydrogenase from
Saccharomyces cerevisiae (mdr12.1) has been reported
to be active as the dimer (Gonzalez et al. 2000), although
another homologous (R,R)-butanediol dehydrogenase from
Saccharomyces cerevisiae is known to be tetrameric
(Heidlas and Tressl 1990). Furthermore, proteins of the
family of galactitol 1-phosphate dehydrogenases (mdr18)
have been classified in the class of short QSDL according
to their QSDL length, although forming dimers (Riveros-
Rosas et al. 2003).

MDRs of the class of medium QSDL whose structures
are known show both, dimeric and tetrameric quaternary
structures, such as the alcohol dehydrogenase from
Escherichia coli (PDB entry 1UUF; http://dx.doi.org/
10.2210/pdb1uuf/pdb), which has a QSDL length of 21
residues and is active as the dimer, while the form-
aldehyde dismutase from Pseudomonas putida (PDB
entry 2DPH; http://dx.doi.org/10.2210/pdb2dph/pdb) has
a QSDL length of 24 residues and is active as the tet-
ramer. Even an active trimeric structure was found within
the class of medium QSDL, the mycothiol-dependent
formaldehyde dehydrogenase (Norin et al. 1997) with a
QSDL of 26 residues in length.

The QSDL is not only involved in quaternary structure
formation, but is also part of the substrate-binding site
(Shafqat et al. 1999). Residues located within the QSDL
contribute to the shape of the binding site at the variable
ceiling region above the NAD(P) cofactor (SRS1). Since
these residues are located at different positions within the

classes of short QSDL and long QSDL, they are generally
difficult to identify. By grouping zinc-containing MDRs
into three classes, these residues are predictable for most
MDRs within the classes of short and long QSDL. For
most of the proteins of the class of short and long QSDL,
annotation of these relevant residues was possible, which
accounts for about 1500 proteins. The majorities of resi-
dues found at these positions are hydrophobic and point
toward the substrate. Thus, the bulkiness of their side
chain is expected to mediate substrate specificity. This
was demonstrated for members of the class of short
QSDL. Exchanging Trp110 by alanine significantly
broadened substrate specificity toward phenyl-substituted
alcohols and ketones of the alcohol dehydrogenase of
Thermoanaerobacter ethanolicus (Ziegelmann-Fjeld et al.
2007). For members of the class of long QSDL, an
increased affinity for the 4-methylpyrazole inhibitor was
attributed to the exchange of Met141 by leucine in human
ss alcohol dehydrogenase (Xie and Hurley 1999). Addi-
tionally, exchange of hydrophobic residues at the second
substrate recognition site (SRS2), which contribute to the
shape of the right wall of the binding site, have led to
changes in substrate specificity. A significant increase of
activity toward bulky secondary alcohols of a double
mutant, Phe93Ala/Thr94Ile, of human liver alcohol dehy-
drogenase as compared to the wild type was explained
by removal of steric hindrance mainly caused by Phe93
(Hurley and Bosron 1992). Thus, residues located at posi-
tions SRS1 and SRS2 determine the available space within
the binding site, and annotation of these residues enables a
reliable prediction for a large number of MDRs.

For the first time, a classification of MDRs based on
structural differences (length of QSDL) is proposed that
is predictive for the quaternary structure of MDRs. In
addition, the QSDL contributes amino acids that are
relevant for the shape of the binding site (SRS1). These
functionally relevant residues are annotated within the
database. The MDRED provides a comprehensive re-
source of information on the MDR family in a consistent
format, and thus is a valuable tool for a deeper under-
standing of biochemical properties of MDRs. By a
systematic classification and annotation of MDRs, it
facilitates extracting rules for substrate specificity and
identifying promising mutation sites in order to engineer
proteins with improved properties.

Materials and Methods

Database setup

The MDRED was established by applying the data warehouse
system DWARF (Fischer et al. 2006). The DWARF system
integrates data on sequence, structure, and functional annota-
tion for protein fold families and provides tools for extracting,
transforming, and loading data from public resources to
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populate a local protein family database. Data and annotation
information were extracted from GenBank (Benson et al. 2007)
and the Protein Data Bank (Berman et al. 2000). Additional
annotation information (zinc-binding site, active-site residues,
QSDL-start, QSDL-end, SRS1, and SRS2) was added manually.
Proteins were assigned to superfamilies and homologous fam-
ilies based on sequence similarity. The protein entries were
classified into superfamilies applying the TribeMCL method
(Enright et al. 2002) with an inflation value I ¼ 2. The
subsequent classification of each superfamily into homologous
families was achieved by multiple sequence alignments and
phylogenetic trees, as calculated by CLUSTALW (v1.83)
(Thompson et al. 1994) with default parameters.

All sequence entries that share >98% sequence identity and
descent from the same organism are considered as a single pro-
tein entry in the database. In case of multiple sequence entries
for each protein, the longest sequence for one protein entry was
assigned as the reference sequence for analysis. All sequences
shorter than a minimal length of 272 amino acids and longer
than a maximum length of 439 amino acids were discarded.
These minimal and maximal values were derived based on the
shortest and longest sequence within the database with known
3D structure 6 10% (quinone oxidoreductase from Thermus
thermophilus, 302 amino acids; formaldehyde dehydrogenase
from Pseudomonas putida, 399 amino acids). For sequence
entries where structure information was available, structure data
were stored as a structure entry. Secondary structure information
was calculated using DSSP (Kabsch and Sander 1983) and
displayed within one set of the annotated multiple sequence
alignments. Multiple sequence alignments of each family were
used for improvement of classification, as well as for enrich-
ment of annotation information.

Web accessibility

Annotated multiple sequence alignments and phylogenetic trees
are provided via the online accessible version of the MDRED at
http://www.mdred.uni-stuttgart.de. For each alignment, the
information for amino acid conservation is given as calculated
by PLOTCON (Rice et al. 2000). For each homologous family
and superfamily, family-specific HMM profiles, calculated with
the HMMER program (http://hmmer.janelia.org/), and phyloge-
netic trees that are visualized applying the program PHYLO-
DENDRON (http://iubio.bio.indiana.edu/soft/molbio/java/apps)
are supplied. All protein entries are linked to the respective
GenBank entries, and all annotated multiple sequence align-
ments, phylogenetic trees, structural monomers, and HMM
profiles can be visualized and accessed via the website. Addi-
tionally, an archive, comprising sequences, structures, align-
ments, and phylogenetic trees grouped by families, and a
formatted text file listing all protein information can be down-
loaded.

Data analysis

For structural analysis and visualization, the PyMOL program
(DeLano Scientific) and Swiss-PdbViewer (Guex and Peitsch
1997) were used. In case of multiple structure entries for one
protein, the structural monomer originating from the wild-type
enzyme with the best resolution was used for analysis. All
structures were superimposed onto the structure of HLADH
with PDB entry 1HEU (Meijers et al. 2001) for analysis.
Conservation analysis was performed for each class of short,

medium, and long QSDL, using the program Al2Co (Pei and
Grishin 2001) based on a multiple sequence alignment including
all proteins of each class. Scripts for analysis were written in Perl.
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