
F
o

H
M
a

b

c

d

a

A
R
R
A
A

K
C
B
S
B
A
F

1

s
w
b
2
d

A
p

o

(

h
0

Journal of Biotechnology 257 (2017) 222–232

Contents lists available at ScienceDirect

Journal  of  Biotechnology

j ourna l ho me  pa ge: www.elsev ier .com/ locate / jb io tec

our  distinct  types  of  E.C.  1.2.1.30  enzymes  can  catalyze  the  reduction
f  carboxylic  acids  to  aldehydes

olly  Stolterfohta,b,  Daniel  Schwendenweinb,  Christoph  W.  Sensenc,  Florian  Rudroffd,
argit  Winklera,b,∗

Institute of Molecular Biotechnology, Graz University of Technology, Petersgasse 14, 8010 Graz, Austria
acib GmbH, Petersgasse 14, 8010 Graz, Austria
Institute of Computational Biotechnology, Graz University of Technology, Petersgasse 14, 8010 Graz, Austria
Institute of Applied Synthetic Chemistry, TU Wien, Getreidemarkt 9/OC-163, 1060 Vienna, Austria

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 13 December 2016
eceived in revised form 8 February 2017
ccepted 14 February 2017
vailable online 20 February 2017

eywords:
arboxylate reductase
iocatalysis
ignature sequence
ootstrap analysis
ryl-aldehyde dehydrogenase (NADP+)
lavor and fragrance

a  b  s  t  r  a  c  t

Increasing  demand  for chemicals  from  renewable  resources  calls  for the  development  of  new  biotech-
nological  methods  for  the reduction  of  oxidized  bio-based  compounds.  Enzymatic  carboxylate  reduction
is highly  selective,  both  in  terms  of  chemo-  and  product  selectivity,  but not  many  carboxylate  reductase
enzymes  (CARs)  have  been  identified  on  the sequence  level  to date.  Thus  far, their  phylogeny  is  unexplored
and  very  little  is  known  about  their  structure-function-relationship.  CARs  minimally  contain  an  adenyla-
tion  domain,  a phosphopantetheinylation  domain  and  a reductase  domain.  We  have  recently  identified
new  enzymes  of fungal  origin,  using  similarity  searches  against  genomic  sequences  from  organisms  in
which  aldehydes  were  detected  upon  incubation  with  carboxylic  acids.  Analysis  of  sequences  with  known
CAR  functionality  and  CAR enzymes  recently  identified  in our  laboratory  suggests  that  the  three-domain
architecture  mentioned  above  is  modular.  The  construction  of a distance  tree with  a  subsequent  1000-
replicate  bootstrap  analysis  showed  that  the CAR  sequences  included  in our  study  fall  into  four  distinct
subgroups  (one  of bacterial  origin  and  three  of fungal  origin,  respectively),  each  with  a  bootstrap  value  of

100%.  The  multiple  sequence  alignment  of all experimentally  confirmed  CAR  protein  sequences  revealed
fingerprint  sequences  of  residues  which  are  likely  to be  involved  in  substrate  and  co-substrate  binding
and  one  of  the  three  catalytic  substeps,  respectively.  The  fingerprint  sequences  broaden  our  understand-
ing of the  amino  acids  that might  be essential  for the  reduction  of  organic  acids  to  the  corresponding
aldehydes in  CAR  proteins.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

The demand for non-petroleum based chemical products is
teadily increasing and platform technologies are emerging in
hich organic feedstock or waste is converted to short-chain car-
oxylic acids (sugar, syngas and carboxylate platform) (Agler et al.,
011; Perez et al., 2013). In order to access many of the interme-
iates, which are used in current petrol based processes, efficient

Abbreviations: CAR, carboxylate reductase; ATP, adenosine 5′-triphosphate;
MP, adenosine 5′-monophosphate; NADPH, �-nicotinamide adenine dinucleotide
hosphate; A, adenylation; T, transthiolation; R, reductase.
∗ Corresponding author at: Institute of Molecular Biotechnology, Graz University
f  Technology, Petersgasse 14, 8010 Graz, Austria.

E-mail addresses: margit.winkler@tugraz.at, margit.winkler@acib.at
M.  Winkler).

ttp://dx.doi.org/10.1016/j.jbiotec.2017.02.014
168-1656/© 2017 Elsevier B.V. All rights reserved.
reductive processes, starting from bio-based carboxylates need to
be developed. Although enzymes are already available for several of
the required functional group transformations, such as the selec-
tive reduction of double bonds (Toogood and Scrutton, 2014) or
the reduction of imines (Schrittwieser et al., 2015), the industrial
conversion of organic acids to aldehydes is still in need of sig-
nificant further development. Aldehydes are not only used in the
flavor/fragrance sector (Carroll et al., 2016; Sell, 2006) and as agro-
chemicals but are also important reactive intermediates for a whole
range of commercial products, such as pharmceutical intermedi-
ates (van Langen et al., 2003).

Over the last sixty years, a number of organisms have been

identified to be able to catalyze the reduction of carboxylic
acids. The majority of literature reports relate to identifying this
activity in fungi, but bacteria, archea and plants, respectively,
have also been shown to host carboxylate reductase activity

dx.doi.org/10.1016/j.jbiotec.2017.02.014
http://www.sciencedirect.com/science/journal/01681656
http://www.elsevier.com/locate/jbiotec
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbiotec.2017.02.014&domain=pdf
mailto:margit.winkler@tugraz.at
mailto:margit.winkler@acib.at
dx.doi.org/10.1016/j.jbiotec.2017.02.014
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Fig. 1. Schematic representation of E.C.1.2.1.30 

da S. Amaral and Rodrigues-Filho, 2015; Brenna et al., 2015;
apora-Wijata et al., 2014). Archea and anaerobic bacteria possess
etal-dependent enzymes, which are called aldehyde oxidore-

uctases (AORs) or carboxylate reductases (CARs), belonging to
he E.C. 1.2.99.6 family, to reduce acids to aldehydes. Aerobic
acteria and fungi typically express ATP and NADPH dependent
nzymes, which were initially named aryl-aldehyde dehydroge-
ases (NADP+), but are now also mostly referred to as carboxylate
eductases (CARs). These enzymes are classified as the E.C. 1.2.1.30
amily. Both the E.C. 1.2.99.6 CAR family, as well as the E.C.
.2.1.30 CAR family, respectively, exhibit a broad substrate tol-
rance for the conversion of organic acids to the respective
ldehydes. While the E.C. 1.2.99.6 enzymes (which are not in
he focus of this study) have predominantly been reported to
ct on short chain aliphatic substrates, the E.C. 1.2.1.30 enzymes
ave been mostly reported using aromatic substrates (Napora-
ijata et al., 2014). E.C. 1.2.1.30 enzymes are comprised of

hree domains: an adenylation domain (A-domain), a phospho-
antetheinyl binding domain (also called transthiolation domain
T-domain), or peptidyl carrier protein (PCP domain)), and a
eductase domain (R-domain). The phosphopantetheinyl-binding
omain is recognized by a phosphopantetheinyl transferase
nzyme, which attaches a phosphopantetheinyl residue to a con-
erved serine (Venkitasubramanian et al., 2007). Only upon this
ost-translational modification, the enzymes become active and
re able to engage in the catalytic cycle. This cycle starts with
he activation of the carboxylate substrate with ATP in the A-
omain, yielding an AMP-ester intermediate under release of
yrophosphate as the co-product. The active thiol tether of the
hosphopantetheinyl moiety then binds the carboxylate, releas-

ng AMP  as a leaving group. The resulting thioester is subsequently
ransferred to the R-domain, where it is reduced to the correspond-
ng aldehyde product. Fig. 1 summarizes the current understanding
f the reaction (Venkitasubramanian et al., 2007). The aldehyde is
ot amenable to enter a second catalytic cycle. Enzymatic reduc-

ion by E.C. 1.2.1.30 CARs is product-selective because the enzyme
oes not catalyze the overreduction of the aldehyde product to the
espective alcohol. This product selectivity is an essential asset of
n enzyme if it is used for the biocatalytic synthesis of organic
xylate reductase mediated aldehyde formation.

molecules on the preparative level. Another equally important
asset is the relaxed substrate specificity of E.C. 1.2.1.30 CARs, which
allows their use for the reduction of a broad range of compounds
(Napora-Wijata et al., 2014) such as vanillin (Venkitasubramanian
et al., 2008) and other aromatic acid derivatives (Finnigan et al.,
2016) as well as aliphatic acids (Akhtar et al., 2013; Fraatz et al.,
2016).

Another enzyme family with the ability to reduce the carboxy-
late moiety to the respective aldehyde in a highly similar manner,
are L-aminoadipate reductases (Guo and Bhattacharjee, 2004). As
their name implies, these enzymes are highly specific for the reduc-
tion of l-aminoadipate to l-aminoadipate-semialdehyde. These
reductases are classified as E.C. 1.2.1.95 enzymes. In their domain
architecture, an additional N-terminal domain was reported to
exert an activating function (Kalb et al., 2015). Recently, a homo-
logue of E.C. 1.2.1.30 CARs was  described, which was named
tyrosine reductase. The name of this enzyme refers to the appar-
ently strict specificity for the reduction of tyrosine (Forseth et al.,
2013). This enzyme is also characterized by A-T-R domain architec-
ture and believed to follow the same reaction mechanism as shown
in Fig. 1.

2. Materials and methods

2.1. Alignment, Phylogenetic Tree Construction and Bootstrap
Analysis

Alignment: 17 Sequences including the NRPS sequence from
Neosartorya fisheri,  which was  used as an outgroup to be able to root
the CAR sequences amongst each other (Supporting information
Table S1) were aligned using T-Coffee (http://www.tcoffee.org).
Phylogenetic Analysis: The phylogenetic analysis was performed
using Phylip version 3.696 (http://evolution.genetics.washington.
edu/phylip.html). Bootstrap Analysis: a delete-half Jacknife dataset
of 1000 sub-alignments was  created using seqboot, followed by

protdist (with M option) and fitch (also with M option). The
resulting trees were collated using the program consense. The boot-
strapped tree was subsequently visualized and re-labeled using
FigTree V 1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/).

http://www.tcoffee.org
http://www.tcoffee.org
http://www.tcoffee.org
http://www.tcoffee.org
http://evolution.genetics.washington.edu/phylip.html
http://evolution.genetics.washington.edu/phylip.html
http://evolution.genetics.washington.edu/phylip.html
http://evolution.genetics.washington.edu/phylip.html
http://evolution.genetics.washington.edu/phylip.html
http://evolution.genetics.washington.edu/phylip.html
http://evolution.genetics.washington.edu/phylip.html
http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
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.2. Multiple sequence alignment with highlights of functional
egions

Seven CAR sequences with confirmed function, representing
embers from all four distinct groups of E.C. 1.2.1.30 CARs, were

ligned using T-Coffee. Motifs identified with the Motif Search Tool
t GenomeNet Japan (http://www.genome.jp/tools/motif/) were
ighlighted using background colors in the alignment. In addition,
-domains of fourteen CAR sequences with confirmed function
ere aligned with A-domains of selected NRPS proteins (Fig. S1).

hose positions of the 10-residue specific codes of NRPS, were
dentified manually in CAR sequences, respectively (Supporting
nformation Table S3).

.3. Chemicals and solvents

ATP was obtained from Roche Diagnostics. NADPH, MES  and
gCl2 hexahydrate were purchased from Roth. All other chemicals
ere obtained from Sigma–Aldrich/Fluka or Roth and used without

urther purification.

.4. Site directed mutagenesis

The mutants of the CARNc gene, NcCAR, were amplified from the
ector pETDUET1 EcPPTase HTNcCAR by polymerase chain reac-
ion (PCR) using the following primers: pETDuet1 fwd as forward
rimer and M1r  to M17r as reverse primer were used for amplifi-
ation of the 5′ part of the gene, pETDuet1 rev as forward and M1f
o M17f as reverse primer for the 3′ part. For primer sequences
ee Supporting information (Table S2). The PCR was  performed
sing the following thermal cycle parameters: initial denaturation
t 98 ◦C for 30 s, followed by 25 cycles of denaturation at 98 ◦C for
0 s, annealing at 56 ◦C for 15 s, extension at 72 ◦C for 40 s, and a
nal extension at 72 ◦C for 2 min  with the Phusion

®
High-Fidelity

NA Polymerase. The PCR products were purified via agarose gel
lectrophoresis, the desired fragments were extracted using the
eneJET Gel Extraction Kit (Thermo Scientific). The purified PCR
roducts were subsequently joined via overlap extension PCR with
he primers pETDuet1 fwd and pETDuet1 rev to obtain the com-
lete NcCAR gene carrying the desired mutation. The PCR reaction
as performed using the following conditions: initial denaturation

t 98 ◦C for 30 s, followed by 25 cycles of denaturation at 98 ◦C for
0 s, annealing at 56 ◦C for 15 s, extension at 72 ◦C for 1 min, and a
nal extension at 72 ◦C for 2 min.

The vector backbone was amplified by PCR using the follow-
ng primers: pETDuet1:EcPPTase rev and pETDuet1:EcPPTase fwd
nd the pETDUET1 EcPPTase HTNcCAR as a template. The PCR was
erformed using the following conditions: initial denaturation at
8 ◦C for 30 s, followed by 25 cycles of denaturation at 98 ◦C for
0 s, annealing at 56 ◦C for 15 s, extension at 72 ◦C for 2 min, and a
nal extension at 72 ◦C for 4 min. The PCR product was purified via
garose gel and extracted as described above.

The mutated PCR products and the vector backbone were
ubsequently used for Gibson assembly (Gibson et al., 2009)
ith a 1:3 vector: insert ratio at 50 ◦C for 60 min, fol-

owed by a desalting step and transformation into electro-
ompetent E. coli TOP10. The recombinant vectors, designated
ETDUET1 EcPPTase HTNcACAR M1-M17, were purified and the
orrect mutation was confirmed by automated sequencing
Microsynth).

.5. Expression and purification of NcCAR mutants
E. coli K12 MG1655 RARE was transformed with the plasmid
ETDUET1:EcPPTaseHTNcCAR  wild-type and mutants, and colonies
ere selected on LB/Amp. For protein expression, the autoinduc-
hnology 257 (2017) 222–232

tion protocol as described by Studier was  used (Studier, 2005).
Cultivations were performed in an RS 306 shaker (Infors AG)
and Multitron shakers (Infors AG), and the cells were harvested
with an Avanti J-20 centrifuge (Beckman Coulter). After 24 h at
20 ◦C, the cells were harvested by centrifugation and stored at
−20 ◦C. NcCAR expression levels were visualized by SDS-PAGE

®

usingNovex
®

4–12% Bis-Tris-gels (50 min  at 200 V in MOPS-buffer)
and SimplyBlue SafeStain (Invitrogen) after protein extraction with
BugBuster

®
10 x Protein Extraction Reagent (EMD Milipore corp.).

Thawed cells were disrupted by sonication using a 102C con-
verter with a Sonifier 250 (Branson), and the cell-free extract was
obtained by centrifugation in an Ultracentrifuge Optima LE80 K
(Beckman). Proteins were purified by nickel affinity chromatogra-
phy on Ni Sepharose 6 Fast Flow (GE Healthcare) using the gravity
flow protocol. The protein containing fractions were pooled and the
buffer exchanged for 50 mM MES  buffer, pH 7.5, containing 10 mM
MgCl2, 1 mM EDTA, and 1 mM DTT by size exclusion chromatog-
raphy on PD-10 columns (GE-Healthcare) using the gravity flow
protocol. Protein concentrations were determined with the BCA
Kit (Thermo Scientific) using BSA as the standard, and a Nanodrop
2000c spectrophotometer (Thermo Scientific). Aliquots of the pro-
tein solutions were shock frozen in liquid nitrogen and stored at
−80 ◦C.

2.6. Spectrophotometric assay

An NADPH depletion assay was used to compare the activity
of mutant NcCARs to the wild-type. The assay composition was  as
follows: 10 �L of NADPH (10 mM  in water), 10 �L of ATP (20 mM in
water), 10 �L of CAR enzyme preparation (0.3-2.9 mg mL−1), 160 �L
of MES  buffer (50 mM,  pH 6.0, containing 10 mM MgCl2) and 10 �L
of cinnamic acid (100 mM in 0.1 M KOH). The depletion of NADPH
was followed on a Synergy Mx  Platereader (BioTek) at 340 nm and
28 ◦C for 10 min. Appropriate blank reactions (same mixture but
without ATP) were carried out in parallel and each reaction was
carried out up to five times in four technical replicates, respectively.

3. Results and discussion

In contrast to widely studied enzyme classes, such as alcohol
dehydrogenases, esterases or transaminases, where hundreds of
protein sequences have been examined already, the number of
sequences with the experimentally confirmed ability to reduce
acids to aldehydes is rather limited thus far. Therefore our research
aims were to identify new enzyme sequences with an A-T-R domain
architecture with a relaxed substrate specificity, to study their
structure-function-relationship and to investigate their potential
as biocatalysts for organic synthesis, respectively.

Our strategy for the identification of new CAR sequences was  to
use four CAR sequences with confirmed activity (Nocardia iowensis
CAR: Q6RKB1.1, Mycobacterium marinum CAR: B2HN69, Segnilipar-
ius rotundus CAR: WP  013138593.1 and Aspergillus terreus CAR:
XP 001212808.1) as target sequences for BLASTP searches (https://
blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins) against the Gen-
Bank non-redundant protein sequences of organisms showing a
reported ability to catalyze acid reduction. Approximately 250
sequences were identified and manually analyzed. Sequences with
truncated A- or R-domain, as well as sequences having addi-
tional C- or N-terminal domains were discarded. The remaining
sequences were ranked, based on the BLAST p-values, the num-
ber of predicted transmembrane domains, and potential subcellular

targeting. Finally, the most promising candidates were subjected to
expression in E. coli, leading to the identification of the CAR function
in the protein with the GenBank accession number XP 008043822.1
from the basidiomycete Trametes versicolor (TvCAR) (Winkler and

http://www.genome.jp/tools/motif/
http://www.genome.jp/tools/motif/
http://www.genome.jp/tools/motif/
http://www.genome.jp/tools/motif/
http://www.genome.jp/tools/motif/
http://www.genome.jp/tools/motif/
http://www.genome.jp/tools/motif/
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins
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inkler, 2016) as well as the protein with GenBank accession num-
er XP 955820.1 from the ascomycete Neurospora crassa (NcCAR)
Schwendenwein et al., 2016).

.1. Preliminary sequence analysis

In the course of the sequence analysis described above, we
oticed that the A- and R-domains of bacterial CARs, respectively,
ere classified as FAA1 and Lys2B by the multi-domain model

conserved domain search result, using ‘reverse position-specific
LAST’) (Marchler-Bauer and Bryant, 2004), whereas the domains
f Aspergillus terreus CAR (AtCAR) (Wang et al., 2014; Wang and
hao, 2014) were classified as CaiC (A-domain) and Thioester-
edct (R-domain). The CAR from Trametes versicolor seemed to be

 hybrid, because this sequence contains an A-domain with sim-
larity to bacterial CARs (FAA1) and an R-domain that resembles
he one of the fungal AtCAR. NcCAR, however, was  again distinct,
ith an ‘AMP-binding’ A-domain, according to the multi-domain
odel. This observation indicates that a certain level of modular-

ty is inherent to CARs, which means that e.g. different A-domains
an be linked to one PCP/R-domain combination or different R-
omains to one A-domain/PCP combination. Our results prompted
s to extend a study on fungal adenylate-forming reductases (Kalb
t al., 2014). A preliminary phylogenetic analysis of all confirmed
AR sequences (Table 1, entries 1–14) indicated a clustering of the
0 bacterial CAR sequences, whereas the four fungal CAR sequences

ncluded did not seem to be too closely related.

.2. Bootstrap analysis

A bootstrap analysis with 1000 replicates revealed four distinct
roups of enzymes (type I: bacterial CARs; type II: TvCAR group,
ype III: AtCAR group; type IV: NcCAR group) in the phylogenetic
ree, each of which is supported by bootstrap values of 100%. The
riterion for selecting sequences for this analysis was CAR activity
hat has been confirmed in the wet lab. Since all CARs show broad
ubstrate specificity, a pattern of substrate specificity can not be
ssigned to the groups. The type III of A-T-R reductases resembles
lass III fungal adenylate-forming reductases, as suggested by the
offmeister group (Kalb et al., 2014).

.3. CAR domains

Adenylation domains are not only integral to CARs, but have
een widely studied in the context of non-ribosomal peptide syn-
hesis. A-Domains of non-ribosomal peptide synthetases (NRPS)
ecognize and activate a particular amino acid to be incorporated
nto a specific location in the peptide product (Marahiel et al., 1997)
nd significant efforts have been made to understand and predict
ubstrate specificity in a given sequence. Key positions in these
-domains have been identified and selectivity conferring NRPS-
odes defined (Stachelhaus et al., 1999 Bushley et al., 2008). In
ontrast, the A-domains of CARs show broad substrate selectiv-
ty and activate structurally diverse carboxylates, as summarized
n Table 1. The most-widely studied and longest-known CAR (i.e.
ocardia iowensis) has been shown to reduce approximately one
undred different carboxylic acids (Table 1, entry 1). Other bac-
erial CARs (Table 1, entries 2,4,5,11-14) also have been shown to
ossess a broad substrate scope. Two recently published bacterial
ARs (Table 1, entries 6 and 7) were only reported to be active for
he reduction of benzoic acid and short chain aliphatic acids (Moura
t al., 2016), but due to high homology to the afore-mentioned bac-

erial CARs, these CARs might likely be able to reduce a number of
ther substrates as well. CARs from the fungal kingdom are not
ifferent with respect to relaxed substrate specificity, as shown in
able 1, (see entries 3, 8 and 10). Entry No. 9 in Table 1, describes
hnology 257 (2017) 222–232 225

an enzyme with only one known substrate, however to our knowl-
edge, its substrate scope has not been further explored yet (Li et al.,
2016). Tyrosine reductases (Table 1, entries 15 and 16), by contrast,
have been assayed with some potential substrates, however, tyro-
sine was  found to be the only compound which was reduced up
to now (Forseth et al., 2013). Although tyrosine reductases share
the general domain architecture of CARs, their substrate specificity
indicates a closer relationship to NRPS enzymes with highly specific
A-domains than to CARs, as supported by a phylogenetic analysis
(Brandenburger et al., 2016). Moreover, tyrosine reductases form
a dimer of 2-amino-3-(4-hydroxyphenyl)propanal instead of the
aldehyde monomer. l-Aminoadipate reductases (LAAR) are another
enzyme class with the ability to convert an acid to the respective
aldehyde. LAARs are also highly specific for their name-giving sub-
strate (Moura et al., 2016) and a particular amino acid pattern for
LAARs has been extracted (Kalb et al., 2014). Table 1, entry 17 shows
that not only the strict substrate scope of LAARs diverges them
from CARs: it was  shown recently that an additional N-terminal X
domain seems to be necessary for substrate activation (Kalb et al.,
2015), therefore tyrosine reductases and LAARs were omitted in
our analysis of CARs.

3.4. Identification of key residues for CAR activity

Until recently, only bacterial CAR sequences were known to exist
(Table 1, entries 1,2 and 4–7). The alignment of experimentally
confirmed bacterial CARs resulted in >300 conserved amino acids
(approximately 160 in the A-domain (Finnigan et al., 2016), 25 in
the T-domain and 170 in the R-domain), which made it impossi-
ble to narrow down the most relevant amino acid residues, which
participate in the catalysis using solely the multiple alignment as
the template. Crystal structures of CAR proteins are unfortunately
not available yet. Crystal structures might provide a deeper insight
into the molecular level of CAR catalysis and could support rational
protein design. CAR-encoding genes are relatively long (approx-
imately 3000–3500 bp) and there are no reports about random
mutagenesis of CARs in the literature thus far. Most likely, this can
be attributed to a lack of appropriate high-throughput screening
methods. The knowledge of key residues for carboxylate reduction
in CARs is not only essential to understand the mechanism on the
molecular level, but also for rational engineering of CARs to gener-
ate enzymes with improved properties, or efficiency for industrial
applications.

In 2014, an NRPS-like protein from Aspergillus terreus was
reported to reduce aryl acids to aryl aldehydes (Table 1, entry
3) (Wang and Zhao, 2014), thus providing the first fungal CAR
sequence. This was, to the best of our knowledge, followed shortly
thereafter by three more fungal sequences with confirmed CAR
activity (Li et al., 2016; Schwendenwein et al., 2016; Winkler and
Winkler, 2016). When all experimentally confirmed CAR sequences
with A-T-R architecture and broad substrate scope are aligned, a
significantly more focused amino acid pattern becomes apparent
(bold residues in Fig. 3 and Table 2), that seems to be inherent to
the carboxylate reductase function in all E.C. 1.20.1.30 CARs. Four
CAR fingerprint sequences are present in the A-domain (Table 2,
entries 1–4). Entry 1 resembles core A3, entry 3 core A5 and entry 5
core A8, as defined by the group of Marahiel (Marahiel et al., 1997).
When the A-domains of four specific NRPS proteins are aligned to
the A-domains of CARs, a wide variety of residues occupy these
positions. A 10-residue specificity code for broad substrate scope
CARs can not be deduced by this alignment (Table S3).

We hypothezised that essential residues for the reduction of

acids to aldehydes in CARs are among the residues P and H in motif
P xx H (Table 2, entry 2), as well as the residues D,  R, GE and E
(Table 2, entry 4). Some of those residues may  play a significant
role in the proposed gate-keeper/substrate recognition function
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Table 1
Overview of enzymes that catalyze the reduction of a carboxylic acid to the respective aldehyde.

Entry Substrates reduced Enzyme Abbrev. Accession Nr. Origin Domain architecture References

1 >100 compounds (benzoic acid and
derivatives, phenylacetic acid and
derivatives, phenylpropanoic and
propenoic acids and derivatives, acids
with heterocycles or polycycles,
aliphatic acids etc)

NiCAR WP 012393886 Bacteria A-T-R He  et al. (2004),
references in
Napora-Wijata et al.
(2014), (Finnigan et al.
(2016), Kunjapur et al.
(2014) and Moura et al.
(2016)

2 >30 compounds (aliphatic acids, keto
acids etc)

MmCAR Q6RKB1.1 Bacteria A-T-R Akhtar et al. (2013),
Fraatz et al. (2016) and
France et al. (2016)

3 Benzoic acid and derivatives AtCAR XP 001212808.1 Ascomycete A-T-R Wang et al. (2014) and
Wang and Zhao (2014)

4 >26 compounds (benzoic acid and
derivatives, phenylacetic acid and
derivatives, phenylpropanoic and
propenoic acids and derivatives,
aliphatic acids

SrCAR WP 013138593.1 Bacteria A-T-R Duan et al. (2015a)

5 >22 compounds (benzoic acid and
derivatives, phenylacetic acid and
derivatives, phenylpropanoic and
propenoic acids and derivatives,
aliphatic acids)

MnCAR WP 019510583.1 Bacteria A-T-R Duan et al. (2015b)

6 Benzoic acid, butyric acid,
2-methylbutyric acid

NbCAR AFU02004.1 Bacteria A-T-R Moura et al. (2016)

7 Benzoic acid, butyric acid,
2-methylbutyric acid, 2-oxo-butyric
acid, acetic acid

MsCAR1 WP 015306631.1 Bacteria A-T-R Moura et al. (2016)

8 >9 compounds (benzoic acid and
derivatives, phenylpropanoic anc
propenoic acid, aliphatic acids)

TvCAR XP 008043822.1 Basisdiomycete A-T-R Winkler and Winkler
(2016)

9 2,4-dihydroxy-3-((2E,6E)-3,7,11-
trimethyldodeca-2,6,10-trien-1-
yl)benzoic
acid

SbCAR BAV19380.1 Ascomycete A-T-R Li et al. (2016)

10 >25 compounds (benzoic acid and
derivatives, phenylacetic acid and
derivatives, phenylpropanoic and
propenoic acids and derivatives,
pyridine-2-carboxylic acid, aliphatic
acids)

NcCAR XP 955820.1 Ascomycete A-T-R Schwendenwein et al.
(2016)

11 >11 compounds (benzoic acid and
derivatives, phenylpropanoic and
propenoic acids and derivatives, acids
with heterocycles, aliphatic acids)

MpCAR WP 003889896.1 Bacteria A-T-R Finnigan et al. (2016)

12 >14 compounds (benzoic acid and
derivatives, phenylpropanoic and
propenoic acids and derivatives, acids
with heterocycles, aliphatic acids)

MsCAR2 AFP42026.1 Bacteria A-T-R Finnigan et al. (2016)

13 >14 compounds (benzoic acid and
derivatives, phenylpropanoic and
propenoic acids and derivatives, acids
with heterocycles, aliphatic acids)

NoCAR WP 029928026.1 Bacteria A-T-R Finnigan et al. (2016)

14 >16 compounds (benzoic acid and
derivatives, phenylpropanoic and
propenoic acids and derivatives, acids
with heterocycles, aliphatic acids)

TpCAR WP 013126039.1 Bacteria A-T-R Finnigan et al. (2016)

15 Tyrosine LnaA Ascomycete A-T-R Forseth et al. (2013)
16 Tyrosine LnbA Ascomycete A-T-R Forseth et al. (2013)

o
l
a
o
l
t
a
C
a
b
p

17 l-aminoadipate NPS3 

f the A-domain (Moura et al., 2016). In the reductase domain, a
one phenylalanine and the residues R, G and N (Table 2, entry 8)
re most likely to be involved in substrate binding. The Y and K
f the motif GY xx K (Table 2, entry 9) have been recognized ear-
ier to be characteristic for tyrosine-dependent oxidoreductases of
he short chain dehydrogenase family (Chhabra et al., 2012) and
re expected to be essential for the thioester reduction step in

ARs. In order to understand which residues contribute to the cat-
lytic steps, NcCAR was modeled using Phyre2 (http://www.sbg.
io.ic.ac.uk/phyre2). Eleven residues pointing into a cavity with the
otential ATP binding site in the A-domain, as well as six residues
Basidiomycete X-A-T-R Kalb et al. (2015)

pointing into a cavity with the potential NADPH binding site in
the R-domain were selected for mutation against alanine. Wild-
type and mutants were expressed as described (Schwendenwein
et al., 2016) and soluble expression was analysed by SDS-PAGE.
Mutation of G184 and R870 to alanine, respectively, was  detri-
mental to soluble expression (Fig. 4). Wild-type NcCAR and the
fifteen soluble mutants were purified by Ni-affinity chromatog-

raphy and their activity was assessed using a spectrophotometric
assay (Schwendenwein et al., 2016). The exchange of two  amino
acid residues in the R-domain (Y844 and K848) abolished CAR activ-
ity for the reduction of cinnamic acid completely (Fig. 5). Similarly,

http://www.sbg.bio.ic.ac.uk/phyre2
http://www.sbg.bio.ic.ac.uk/phyre2
http://www.sbg.bio.ic.ac.uk/phyre2
http://www.sbg.bio.ic.ac.uk/phyre2
http://www.sbg.bio.ic.ac.uk/phyre2
http://www.sbg.bio.ic.ac.uk/phyre2
http://www.sbg.bio.ic.ac.uk/phyre2
http://www.sbg.bio.ic.ac.uk/phyre2
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Fig. 2. Phylogenetic tree, showing distribution of carboxylate reductases based on a protein distance analysis with Phylip Version 3.696. The four groups are each supported
by  a bootstrap value of 100% (i.e. 1000 delete-half Jacknife replicates forming the same topology in each subtree). For GenBank accession numbers of the sequences used
in  the tree, see Table S1. Bacterial CAR: type I (represented by sequences #5-7), AtCAR/SbCAR: type II (represented by sequence #3 and 4), NcCAR: type III (represented by
sequence #2), and TvCAR: type IV (represented by sequence #1).

Table 2
Highly conserved signature sequences in the catalytic domains of CARs (bold).
Residues in italics: Exchange for alanine results in insoluble expression; Underlined
residues: Exchange for alanine results in loss of carboxylate reductase activity.

entry Domain Consensus
sequence

Predicted function

1 A S/T SG S/T T G/S x
PK

Phosphate binding

2  A P xx H Substrate binding
3  A Y/F/I G/S x TE x

G/A/T
AMP  binding

4  A D x14–17 R xx N/D/E
x L/I x L/F A/S x GE
K/F x5 L/I E

AMP  binding, substrate
binding

5  T G x D/N S L/M Phosphopantetheine
binding site

6 R V L/V/I L/I/V TG xx
G xx G

NADP(H) binding

7  R GY xxx K xxx E/S NADP(H) binding

t
a
P
I
a

8  R R x11 G xx N Substrate binding

hree residues in the A-domain (H237, E337 and E433) reduced
ctivity to a non-significant level (Fig. 5). The exchange of T186,
189 and G432 for alanine resulted in wild-type level activities.

nterestingly, mutations K190A and P234A resulted in increased
ctivity for the reduction of cinnamic acid.
3.5. Motif analysis

The motif search revealed AMP-binding motifs in all CAR
subgroups and also, consistently throughout all sequences, an
AMP-binding domain signature (Fig. 3). Type I CARs are addition-
ally characterized by an AMP-binding enzyme C-terminal domain
(Pfam PF13193), which is not present in fungal CARs of type II–IV.
Phosphopantetheine attachment sites are rather short stretches
with low similarity among the four types. The NcCAR sequence is
the only one, for which a PROSITE pattern with the function “Phos-
phopantetheine attachment sites” was recognized. In alignments
with other CARs, only the phosphopantetheine binding serine and
a glycine are conserved within the 16 amino acid stretch of the
PROSITE pattern. The NAD-binding-4 domain in the R-domains of
all CARs begin with the typical G xx G xx G motif of Rossman fold
proteins (Kavanagh et al., 2008). Again, bacterial CARs (type I) are
characterized by a unique short-chain dehydrogenase/reductase
family signature (PROSITE Pattern) which is not present in fungal
CARs.

4. Conclusions and outlook
In conclusion, the detailed analysis of E.C.1.2.1.30 carboxylate
reductase enzymes (CARs) allows us to propose a CAR amino acid
signature and we also suggest a subgrouping into four CAR types,
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Fig. 3. Multiple sequence alignment of confirmed CARs of each CAR-type as shown in Fig. 2. Bold letters indicate residues conserved in all four CAR types. The phopspho-
pantetheinyl attachment residue (serine) is shown in bold and italics.
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Fig. 3. (Continued)
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Fig. 3. (Continued)

adder

b
v
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t

Fig. 4. SDS-PAGE of NcCAR wild-type and mutant proteins. L

ased on a bootstrapped distance analysis with 100% bootstrap
alue for each of the four types. We  are convinced that three fun-

al and one bacterial CAR types can be distinguished based on this
opology, respectively. We  are currently aiming to increase the
nderstanding of this enzyme class in general and another impor-
ant milestone in this direction will be the investigation of mutants
: PageRulerTM prestained Protein Ladder (Thermo Scientific).

of the CAR signature residues, which might reveal the real signifi-
cance of each of the residues contained in the signature sequence
in the future. The identification of the CAR active sites and a bet-
ter understanding of the CAR signature sequence will assist in the

identification of new carboxylate reductase enzymes in the future
and their application in biotechnological processes.
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