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Abstract: CpCR, an (R) specific carbonyl reductase, so named because it gave (R)-alcohols on
asymmetric reduction of ketones and ketoesters, is a recombinantly expressed enzyme from
Candida parapsilosis ATCC 7330. It turns out to be a better aldehyde reductase and catalyses
cofactor (NADPH) specific reduction of aliphatic and aromatic aldehydes. Kinetics studies against
benzaldehyde and 2,4-dichlorobenzaldehyde show that the enzyme affinity and rate of reaction
change significantly upon substitution on the benzene ring of benzaldehyde. CpCR, an MDR (medium
chain reductase/dehydrogenase) containing both structural and catalytic Zn atoms, exists as a dimer,
unlike the (S) specific reductase (SRED) from the same yeast which can exist in both dimeric and
tetrameric forms. Divalent metal salts inhibit the enzyme even at nanomolar concentrations. EDTA
chelation decreases CpCR activity. However, chelation done after the enzyme is pre-incubated
with the NADPH retains most of the activity implying that Zn removal is largely prevented by the
formation of the enzyme-cofactor complex.

Keywords: MDR—medium-chain reductase/dehydrogenase; ADH—alcohol dehydrogenase; enzyme
kinetics; EDTA (Ethylenediaminetetraacetic acid) chelation; ultrafiltration

1. Introduction

The MDR superfamily is a part of the oxidoreductase class and contains a family of zinc-dependent
alcohol dehydrogenases [1]. MDRs are hypothesized to have evolved from SDR (short-chain
reductases/dehydrogenases) superfamily and later incorporated zinc atoms within themselves to
facilitate divergence in catalytic abilities [2]. CpCR belongs to MDR superfamily and is reported to
catalyse reductions of ketoesters, ketones and aldehydes leading to the production of some important
pharmaceutical precursors [3]. It is one of the important enzymes present in Candida parapsilosis ATCC
7330, which is a well-known whole-cell biocatalyst [4]. CpCR, a heterodimer (PDB: 4OAQ), has two
different Zn atoms viz. catalytic Zn and the structural Zn. The former is coordinated to two Cys, His
and a water while the latter is coordinated to four Cys residues and lies away from the active site.
Aldehyde reduction by various ADHs from horse liver, human liver and Saccharomyces sp. is well
established [5–7]. CpCR reduces aliphatic and aromatic aldehydes with higher activity compared to
other carbonyl substrates.

Even though a lot of literature on understanding the role of Zn in MDR superfamily exists [8–17],
still there is some ambiguity in the function of structural Zn [8,9,16,17]. Chelation studies with
multi-dentate ligands, like EDTA and 1,10-phenanthroline on ADHs, indicate that they significantly
affect the activity by chelating one of the Zn atoms [9,17,18]. Dithiothreitol (DTT) at higher
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concentrations is known to cause heat lability of yeast ADH (YADH) by changing the Zn stoichiometry
in the enzyme [9]. Cofactor binding to the liver ADH (LADH) induces a large conformational change
where the two domains (catalytic and cofactor binding domains) rotate around 10 degrees to close the
active site cleft [19]. A similar observation was made in alcohol dehydrogenase from Arabidopsis thaliana
but the mechanism is different from that of LADH [20]. It is also established that the conformational
change induced by cofactor binding requires the presence of the nicotinamide part of NAD(P)H, while
the binding of ADP-ribose does not induce such a change [21]. Recently, cofactor binding to various
ADHs was studied using circular dichroism wherein the orientation of nicotinamide ring of the cofactor
at the active site could be observed [22]. Another study on cofactor binding shows that NAD+ and
NADH adopt different structures in water, but both fit in the enzyme’s active site in a semi-extended
conformation [23]. These studies are essential in understanding the initial step (binding of the cofactor
to the active site) of the reactions catalysed by NAD(P)H-dependent ADHs. Cofactor switching is also
an important aspect in obtaining enzymes with better catalytic ability and applications in metabolic
engineering [24–27]. However, the effect of this changed configuration upon cofactor binding on
enzyme activity has not been probed systematically to date. This is of importance because in nature
most enzymes exist bound to their natural cofactor as evidenced by typically low Kd values of the
cofactor [22].

In this study we used various concentrations of EDTA for chelation studies against CpCR and
employed ultrafiltration for rapid removal of EDTA. To the best of our knowledge this is the first report
to elucidate the kinetic characteristics of cofactor-enzyme complex.

2. Results and Discussion

2.1. Purification of CpCR, Expanding Its Substrate Scope and Kinetic Studies

The purification protocol was modified, keeping in mind the yield and the stability of the enzyme.
Compared to the previous protocol [28], the modified protocol increased the yield ten times and fold
purification by 3.7 times. CpCR, an MDR, is a Zn-containing enzyme and it is very important that
the Zn coordination stays unaffected by the buffer conditions in which it is purified/stored. Earlier
purifications of CpCR had DTT in the buffers to maintain a reducing environment for the four free
cysteine residues present in the enzyme. DTT, a reducing agent is known to reduce the Cys residues
coordinated to the zinc and release it [9]. CpCR and YADH belong to the same MDR superfamily.
Thus, the enzyme was purified without the addition of DTT in the buffering system and the effects
were clear with the increase in the activity by more than three times. The presence of MgCl2 in the
storage buffer was also omitted as the Mg ion does not have any significant interactions with the
protein surface (PDB: 4OAQ). HEPES replacing Tris-HCl buffer was based on the fact that the pH of
the Tris buffer is sensitive to changes in temperature.

Our previous study reported an asymmetric reduction of ketones and ketoesters by CpCR, but the
activity with aldehydes was better [3]. Thus, in this work, a detailed study of aldehydes, i.e., aliphatic
and various substituents of benzaldehyde as the substrates for CpCR, was carried out. Aldehyde
reduction is NADPH-specific. Aliphatic aldehydes show 60–70% activity as that of benzaldehyde
(Table 1). Any substitution on any position of benzaldehyde decreases the activity, due to electronic
and steric effects. 2, 4-dichlorobenzaldehyde (substrate 15) shows the least activity. Among the ortho
and para substituted benzaldehydes, electron withdrawing groups like NO2 and CN (substrates 13
& 12) show less activity as they can destabilise the benzene ring. Bromo and floro substitutions along
with electron donating groups such as CH3 and O-CH3 at ortho and para positions (substrates 4, 9, 10
and 11) show comparatively better activity than substrates which contain electron-withdrawing groups
(substrates 6, 12 and 13). It is expected that substitutions on ortho and para positions behave similarly
but in the case of ortho bromo (substrate 5), steric effects dominate. Substrate 9 shows comparatively
better activity than substrates 10 and 11 due to the presence of the smaller methyl group.
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Table 1. The specific activity of CpCR against various aldehydes that were not reported earlier.

Entry Substrate Specific Activity (U mg−1) 1
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The kinetic parameters, i.e., enzyme affinity and the catalytic rates of CpCR with two different 
substrates (benzaldehyde and 2, 4-dichlorobenzaldehyde) show drastic differences in activity (Table 
2). The dramatic decrease in activity with 2,4-dichlorobenzaldehyde could be because of its poor fit 
in the substrate cleft as reflected in >20 fold higher Km value as compared to that of benzaldehyde. A 
similar decreased activity can be seen in case of the ortho and para substituted benzaldehydes (Table 
1). The presence of two Cl substitutions (inductive electron withdrawing groups) in 2,4-
dichlorobenzaldehyde cause significant instability of the benzene ring which does not favour the 
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The dramatic decrease in activity with 2,4-dichlorobenzaldehyde could be because of its poor fit in
the substrate cleft as reflected in >20 fold higher Km value as compared to that of benzaldehyde.
A similar decreased activity can be seen in case of the ortho and para substituted benzaldehydes
(Table 1). The presence of two Cl substitutions (inductive electron withdrawing groups) in
2,4-dichlorobenzaldehyde cause significant instability of the benzene ring which does not favour the
reduction of the carbonyl group. Thus, both electronic and steric factors can explain the low activity of
compound seen in entry 15, Table 1. Overall, the affinity of CpCR towards benzaldehyde decreases
with increase in substitution on the benzene ring.

Table 2. Kinetics of CpCR.

Entry Substrate Vmax (µmol min−1 mg−1) Km (mM)

1
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2.3. Effect of Chelating Agent EDTA and Divalent Metal Salts on Activity of CpCR

2.3.1. Effect of Time on Chelation

Addition of EDTA to the enzyme solution in a 1:3 enzyme: EDTA mole ratio, resulted in a drop of
the specific activity of the enzyme immediately by 30% (from around 36 U/mg to 25 U/mg). Prolonged
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incubation of the mixture for up to 120 min showed that the specific activity remained around 25 U/mg
for the entire duration. Furthermore, this experiment when repeated with a four-fold increased EDTA
concentration (1:12—enzyme: EDTA mole ratio) over a lesser duration of 30 min showed the exact
same trend (Figure S1). This indicates that EDTA binding to zinc in the enzyme is a fast process, and
since the equilibrium is established, prolonged incubation is unnecessary.

2.3.2. Removal of EDTA

Different amounts of EDTA were incubated with a fixed concentration of enzyme in order to
determine the effective concentration of EDTA necessary to remove zinc from the enzyme. However,
it was found that despite the wide range of mole ratio tested, the specific activity of the protein samples
containing EDTA remained the same (Figure S2). This was indicative of the fact that although EDTA
binds to the enzyme quickly, it has to be removed in order to remove the zinc. This is consistent with
what has been reported in literature [11,17,18].

The specific activities obtained after EDTA removal from samples by dialysis shows a decreasing
trend in specific activity with increasing EDTA content (results not shown), indicating that the EDTA
removal is necessary for zinc removal. A similar trend was observed in CPCR2 where the loss of
activity of the enzyme is a function of loss of catalytic Zn [17]. However, the dialysis method was
time consuming (12 h) and not feasible for this enzyme as it is not very stable. The specific activities
obtained after EDTA removal from samples by ultrafiltration shows a similar decreasing trend using
dialysis (Figure 2A). This method takes 3 h, and is likely to be associated with a gradual loss of specific
activity which has to be taken into account. The protein recovery from this method is very high and,
therefore, this method was optimized for use in future experiments.
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Figure 2. Activity of CpCR after chelation with EDTA (A) Effect of EDTA on CpCR activity at various
concentrations; (B) Change in specific activity of CpCR before and after incubation at 4 ◦C.

Prolonged incubation during the EDTA removal on the enzyme sample was also studied.
Two controls were designed to check spontaneous loss of activity—a temperature control that was
placed at 4 ◦C for three hours and a centrifugal control that was placed in the filtration unit without
EDTA treatment. The specific activity values were measured for all the controls and a sample treated
with 10:1 enzyme:EDTA (Figure 2B). It was seen that there is a decrease of specific activity from 35 U/mg
to 30 U/mg due to the three-hour incubation. However, the loss due to EDTA treatment was much
more significant.

2.3.3. Inhibition of CpCR by Divalent Metal Salts

Attempts were made to restore specific activity of the enzyme samples treated with EDTA by
addition of zinc chloride. Surprisingly, it was found that the addition of external zinc decreased
the specific activity of not only the EDTA treated sample but also of the control sample without any
EDTA (Figure 3A). This has been previously reported for carboxypeptidase-A and could be caused
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by bridging of the water molecule bound to the catalytic zinc to the external zinc thereby preventing
substrate entry [30]. It was confirmed that this phenomenon is not just specific to zinc but to divalent
ions of size similar to zinc as shown in Figure 3B. Reports on inhibition of ADHs by divalent metal ions
suggest that the inhibition can be pH dependent and the mechanism mainly involves the replacement
of native metal ion present in the catalytic site or by the coordination of added divalent metal ions with
the sulphydryl groups of the enzyme. The inhibition can be reversed by addition of EDTA to remove
the excess Zn ions [31–34]. Currently we are investigating the mechanism of inhibition of CpCR by
such divalent metal salts.
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2.4. Cofactor Pre-Treatment Prevents CpCR Activity Loss

Pre-treatment of enzyme samples with cofactors NADPH/NADP+ prevented the loss of specific
activity upon EDTA treatment in a concentration-dependent manner (Figure 4A). This is also reported
with 1,10-phenanthroline when YADH is pre-incubated with the cofactor [18]. It was seen that
pre-treatment with 1 mM NADP+ gave 50% more specific activity as compared to the EDTA treated
sample without cofactor treatment, while 2 mM NADPH retained the entire specific activity of the
initial control. This may be due to retaining zinc and not allowing EDTA to access it possibly a result
of structural changes due to cofactor binding.Catalysts 2019, 9, 702 7 of 10 
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The kinetics of the cofactor-bound enzyme were determined by the enzyme obtained from the
modified purification protocol presented in this study with changes in the kinetic parameters duly
noted. It was observed that the Km value for both cofactor bound and unbound CpCR remained
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more or less constant at 0.23 mM, implying that substrate binding remained largely unchanged in the
cofactor-bound enzyme. However, there was a two-fold decrease in Vmax of cofactor-bound enzyme
(Figure 4B). The structure of CpCR is significantly similar to LADH (PDB: 1HLD) with a p-value of
1.41 × 10−13 [35]. The decreased Vmax value may also be attributed to the structural changes in the
cofactor bound enzyme resulting in narrowing of the catalytic cleft and hindering the entry of the
substrate [36]. Overall, the conversion of the apo enzyme to the holo form seems to affect the rate of the
reaction significantly even though the enzyme affinity towards the substrate is retained.

3. Materials and Methods

3.1. Chemicals and Media

All the chemicals and media were purchased from SRL, Chennai, India and HiMedia, Mumbai,
India. AKTA protein purification system and GST affinity column were purchased from GE Healthcare
Life Sciences, Bangalore, India. The ultra-centrifugal filters were obtained from Merck, Mumbai, India.

3.2. Enzyme Expression and Purification

The overexpression and purification of CpCR were performed as per the reported methodology
using GST affinity chromatography [28]. For all the experiments, except cofactor binding studies,
the enzyme obtained from this protocol was used. Slight modifications to the protocol were done to
obtain better yield and stability of the enzyme. They include: 1. Removal of DTT and MgCl2 from all
the buffers and replacing the Tris HCl with HEPES buffer. 2. Cell disruption was done using a 150 W
ultra-sonicator. 3. The cleared lysate was loaded onto the GST column at a flow rate of 1 ml min−1.
4. The use of a superdex column was skipped. The yield and fold purifications were obtained by
checking the specific activity of CpCR against benzaldehyde.

The composition of the buffers used are as follows: Equilibration and wash buffer: 50 mM HEPES
pH 7.5, 500 mM NaCl, 2.5% glycerol; Elution buffer: 50 mM HEPES pH 7.5, 20 mM Glutathione;
Desalting buffer: 20 mM HEPES pH 7.5, 50 mM NaCl.

3.3. Specific Activity, Substrate Scope and Kinetic Studies of CpCR

The protocol used for determining the specific activity of the enzyme against different substrates
was the same as reported previously [3]. The activity of CpCR against benzaldehyde substituents
and aliphatic aldehydes was checked. Substrate concentrations varying from 0–4 mM were used to
determine the specific activity of CpCR and the Lineweaver–Burk plot gave the Km and Vmax of CpCR
against the specific substrates.

3.4. Oligomeric State of CpCR

Gel filtration chromatography was done to find out the oligomeric state of CpCR [37]. Mixture of
standard proteins containing ribonuclease (13.7 kDa), chymotrypsin (25 kDa), ovalbumin (43 kDa),
albumin (67 kDa), aldolase (158 kDa), catalase (232 kDa), ferritin (440 kDa) and thyroglobulin (669 kDa)
were used to calibrate the Sephadex 200 HR column. A plot of Log Mol. Wt. and Kav was made to
calculate the molecular weight of CpCR.

A plot of velocity (µmoles min−1) vs. concentration of CpCR (µM) was made to find the presence
of higher oligomeric state of CpCR at its higher concentrations of up to 500 µM.

3.5. Treatment of CpCR with EDTA, Divalent Metal Salts

Benzaldehyde was used as the substrate to check the activity of CpCR against the effects of EDTA
and other metal salts. The mixture containing the ratio of 1:3 and 1:12 (number of moles of CpCR to the
number of moles of EDTA) was checked for the activity instantaneously and compared to the untreated
CpCR. Another experiment with the same mixtures incubated for up to two hours at 4 ◦C with the
activity checked every 15 min from the start of incubation was also done. Additionally, different ratios
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of the number of moles of CpCR to EDTA were tried to see the instantaneous effect on the activity
of CpCR.

Ultrafiltration was done to remove the low Mol. Wt. EDTA from the above mixtures to later
determine the change in the activity of CpCR. The chelator treated protein (100–500 µg) in a volume <

500 µL was placed in 0.5 mL filter (Amicon, 10 kDa mol. wt. cutoff) and the volume was made up to
500 µL using a desalting buffer. The samples were then concentrated at 14,000 g at 4◦ C for 30 min,
following which the volume was again made up to 500 µL. This process was repeated for a total of six
times over three hours. At the end of the process, the enzyme was recovered and its concentration was
determined by Bradford’s method [38] followed by its activity assay.

The addition of micro- and nanomolar concentrations of ZnSO4 to the EDTA treated CpCR was
also studied. The metal salt in question was directly added to the assay solution from a 1 M stock
to obtain the desired concentration after addition of substrate and enzyme to determine the activity
spectrophotometrically. Effects of divalent metal salts like CoCl2, NiCl2, MgCl2, CuCl2, MnCl2 and
ZnCl2 at nanomolar concentrations on the CpCR activity were noted.

3.6. CpCR—Cofactor Binding Studies

For this study, the modified protocol for purification was used. NADPH was added to 100 µg
of the protein from 10 mM and 20 mM stock of cofactor to a final concentration of 1 mM and 2 mM
respectively, and the solution was incubated at 4 ◦C for one hour. Following this, the sample was
treated with EDTA maintaining a 1:1000 enzyme: EDTA mole ratio. The EDTA was removed by
ultra-centrifugation, and the specific activity of the sample was determined. Kinetic studies of CpCR
against benzaldehyde were compared with the CpCR pre-incubated with 2 mM NADPH.

4. Conclusions

CpCR substrates include substituted benzaldehydes and aliphatic aldehydes. Substituted
benzaldehydes showed lower activity as compared to benzaldehyde. The oligomeric state of the
enzyme was confirmed to be dimeric at all concentrations, in agreement with the crystal structure.
In chelation studies with EDTA, a decrease in enzyme activity with an increase in EDTA concentration
is seen after removal of the EDTA from the solution by ultrafiltration. All the divalent metal ions
inhibit the activity of CpCR even at nanomolar concentrations. The protocol for CpCR purification
was modified to obtain 10 times more yield and > 3-fold purification and used in studying the cofactor
binding studies. The pre-incubation of CpCR with cofactor makes the enzyme resist the Zn removal
by EDTA chelation and retains activity. The apo and holo forms of CpCR do not differ in their affinity
towards benzaldehyde but differ in their reaction rates.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/9/702/s1;
Figure S1. Time study of chelation; Figure S2. Concentration based chelation without removing the chelator.

Author Contributions: Conceptualization, A.C., V.K.K. and D.C.; Experiments carried out by, V.K.K. and D.C.;
Formal analysis, A.C., V.K.K. and D.C.; Writing—original draft preparation, V.K.K.; Writing—review and editing,
A.C.; Supervision, A.C.

Funding: This research received no external funding.

Acknowledgments: One of the authors, Vinay Kumar Karanam, expresses his gratitude to IIT Madras, India,
for the fellowship.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Persson, B.; Hedlund, J.; Jörnvall, H. Medium- and short-chain dehydrogenase/reductase gene and protein
families: The MDR superfamily. Cell. Mol. Life Sci. 2008, 65, 3879–3894. [CrossRef] [PubMed]

http://www.mdpi.com/2073-4344/9/9/702/s1
http://dx.doi.org/10.1007/s00018-008-8587-z
http://www.ncbi.nlm.nih.gov/pubmed/19011751


Catalysts 2019, 9, 702 9 of 10

2. Jörnvall, H.; Hedlund, J.; Bergman, T.; Oppermann, U.; Persson, B. Biochemical and Biophysical Research
Communications Superfamilies SDR and MDR: From early ancestry to present forms. Emergence of three
lines, a Zn-metalloenzyme, and distinct variabilities. Biochem. Biophys. Res. Commun. 2010, 396, 125–130.
[CrossRef] [PubMed]

3. Aggarwal, N.; Ananthathamula, R.; Karanam, V.K.; Doble, M.; Chadha, A. Understanding substrate specificity
and enantioselectivity of carbonyl reductase from Candida parapsilosis ATCC 7330 (CpCR): Experimental and
modeling studies. Mol. Catal. 2018, 460, 40–45. [CrossRef]

4. Chadha, A.; Venkataraman, S.; Preetha, R.; Padhi, S.K. Candida parapsilosis: A versatile biocatalyst for organic
oxidation-reduction reactions. Bioorg. Chem. 2016, 68, 187–213. [CrossRef] [PubMed]

5. Kvassman, J.; Pettersson, G. Kinetic Transients in the Reduction of Aldehydes Catalysed by Liver Alcohol
Dehydrogenase. Eur. J. Biochem. 1976, 69, 279–287. [CrossRef] [PubMed]

6. Deetz, J.S.; Luehr, C.A.; Vallee, B.L. Human Liver Alcohol Dehydrogenase Isozymes: Reduction of Aldehydes
and Ketones. Biochemistry 1984, 23, 6822–6828. [CrossRef]

7. Pal, S.; Park, D.H.; Plapp, B.V. Activity of yeast alcohol dehydrogenases on benzyl alcohols and benzaldehydes.
Characterization of ADH1 from Saccharomyces carlsbergensis and transition state analysis. Chem. Biol. Interact.
2009, 178, 16–23. [CrossRef]

8. Jelokova, J.; Karlsson, C.; Estonius, M.; Jornvall, H.; Hoog, J.O. Features of structural zinc in mammalian
alcohol dehydrogenase. Site-directed mutagenesis of the zinc ligands. Eur. J. Biochem. 1994, 225, 1015–1019.
[CrossRef]

9. Magonet, E.; Hayen, P.; Delforge, D.; Delaive, E.; Remacle, J. Importance of the structural zinc atom for the
stability of yeast alcohol dehydrogenase. Biochem. J. 1992, 287 Pt 2, 361–365. [CrossRef]

10. Auld, D.S.; Bergman, T. Medium- and short-chain dehydrogenase/reductase gene and protein families: The
role of zinc for alcohol dehydrogenase structure and function. Cell. Mol. Life Sci. 2008, 65, 3961–3970.
[CrossRef]

11. Kägi, J.H.R.; Vallee, B.L. The Role of Zinc in Alcohol Dehydrogenase. J. Biol. Chem. 1960, 235, 3188–3192.
12. Baker, P.J.; Britton, K.L.; Fisher, M.; Esclapez, J.; Pire, C.; Bonete, M.J.; Ferrer, J.; Rice, D.W. Active site dynamics

in the zinc-dependent medium chain alcohol dehydrogenase superfamily. Proc. Natl. Acad. Sci. USA 2009,
106, 779–784. [CrossRef]

13. Drum, D.E.; Harrison, J.H.; Li, T.K.; Bethune, J.L.; Vallee, B.L. Structural and functional zinc in horse liver
alcohol dehydrogenase. Proc. Natl. Acad. Sci. USA 1967, 57, 1434–1440. [CrossRef]

14. Vallee, B.L.; Auld, D.S. Active-site zinc ligands and activated H20 of zinc enzymes. Proc. Natl. Acad. Sci. USA
1990, 87, 220–224. [CrossRef]

15. Ryde, U. The coordination chemistry of the structural zinc ion in alcohol dehydrogenase studied by ab initio
quantum chemical calculations. Eur. Biophys. J. 1996, 24, 213–221. [CrossRef]

16. Wang, J.; Sakakibara, M.; Matsuda, M.; Itoh, N. Site-directed Mutagenesis of Two Zinc- binding Centers of
the NADH-dependent Phenylacetaldehyde Reductase from Styrene- assimilating Corynebacterium sp. Strain
ST-10. Biosci. Biotechnol. Biochem. 2014, 63, 2216–2218. [CrossRef]

17. Man, H.; Loderer, C.; Ansorge-Schumacher, M.B.; Grogan, G. Structure of NADH-dependent carbonyl
reductase (CPCR2) from Candida parapsilosis provides insight into mutations that improve catalytic properties.
ChemCatChem 2014, 6, 1103–1111. [CrossRef]

18. Dickinson, F.M.; Berrieman, S. The reactions of 1,10-phenanthroline with yeast alcohol dehydrogenase.
Biochem. J. 1977, 167, 237–244. [CrossRef]

19. Dołega, A. Alcohol dehydrogenase and its simple inorganic models. Coord. Chem. Rev. 2010, 254, 916–937.
[CrossRef]

20. Chen, F.; Wang, P.; An, Y.; Huang, J.; Xu, Y. Structural insight into the conformational change of alcohol
dehydrogenase from Arabidopsis thaliana L. during coenzyme binding. Biochimie 2014, 108, 33–39. [CrossRef]

21. Colonna-Cesari, F.; Perahia, D.; Karplus, M.; Eklund, H.; Brädén, C.I.; Tapia, O. Interdomain motion in liver
alcohol dehydrogenase. Structural and energetic analysis of the hinge bending mode. J. Biol. Chem. 1986, 261,
15273–15280.

22. Marolt, M.; Lüdeke, S. Studying NAD(P)H cofactor-binding to alcohol dehydrogenases through global
analysis of circular dichroism spectra. Phys. Chem. Chem. Phys. 2019, 21, 1671–1681. [CrossRef]

23. Satheesan Babu, C.; Lim, C. Efficient Binding of Flexible and Redox-Active Coenzymes by Oxidoreductases.
ACS Catal. 2016, 6, 3469–3472. [CrossRef]

http://dx.doi.org/10.1016/j.bbrc.2010.03.094
http://www.ncbi.nlm.nih.gov/pubmed/20494124
http://dx.doi.org/10.1016/j.mcat.2018.09.011
http://dx.doi.org/10.1016/j.bioorg.2016.08.007
http://www.ncbi.nlm.nih.gov/pubmed/27544073
http://dx.doi.org/10.1111/j.1432-1033.1976.tb10884.x
http://www.ncbi.nlm.nih.gov/pubmed/186264
http://dx.doi.org/10.1021/bi00321a084
http://dx.doi.org/10.1016/j.cbi.2008.10.037
http://dx.doi.org/10.1111/j.1432-1033.1994.1015b.x
http://dx.doi.org/10.1042/bj2870361
http://dx.doi.org/10.1007/s00018-008-8593-1
http://dx.doi.org/10.1073/pnas.0807529106
http://dx.doi.org/10.1073/pnas.57.5.1434
http://dx.doi.org/10.1073/pnas.87.1.220
http://dx.doi.org/10.1007/BF00205102
http://dx.doi.org/10.1271/bbb.63.2216
http://dx.doi.org/10.1002/cctc.201300788
http://dx.doi.org/10.1042/bj1670237
http://dx.doi.org/10.1016/j.ccr.2009.12.039
http://dx.doi.org/10.1016/j.biochi.2014.10.023
http://dx.doi.org/10.1039/C8CP04869J
http://dx.doi.org/10.1021/acscatal.6b00743


Catalysts 2019, 9, 702 10 of 10

24. Thompson, M.P.; Turner, N.J. Two-Enzyme Hydrogen-Borrowing Amination of Alcohols Enabled by a
Cofactor-Switched Alcohol Dehydrogenase. ChemCatChem 2017, 9, 3833–3836. [CrossRef]

25. Cahn, J.K.B.; Werlang, C.A.; Baumschlager, A.; Brinkmann-Chen, S.; Mayo, S.L.; Arnold, F.H. A General Tool
for Engineering the NAD/NADP Cofactor Preference of Oxidoreductases. ACS Synth. Biol. 2017, 6, 326–333.
[CrossRef]

26. Chen, H.; Zhu, Z.; Huang, R.; Zhang, Y.H.P. Coenzyme Engineering of a Hyperthermophilic
6-Phosphogluconate Dehydrogenase from NADP+ to NAD+ with Its Application to Biobatteries. Sci. Rep.
2016, 6, 1–8. [CrossRef]

27. You, C.; Huang, R.; Wei, X.; Zhu, Z.; Zhang, Y.H.P. Protein engineering of oxidoreductases utilizing
nicotinamide-based coenzymes, with applications in synthetic biology. Synth. Syst. Biotechnol. 2017, 2,
208–218. [CrossRef]

28. Aggarwal, N.; Mandal, P.K.; Gautham, N.; Chadha, A. Expression, purification, crystallization and preliminary
X-ray diffraction analysis of carbonyl reductase from Candida parapsilosis ATCC 7330. Acta Crystallogr. Sect. F
Struct. Biol. Cryst. Commun. 2013, 69, 313–315. [CrossRef]

29. Sudhakara, S.; Chadha, A. A carbonyl reductase from Candida parapsilosis ATCC 7330: Substrate selectivity
and enantiospecificity. Org. Biomol. Chem. 2017, 15, 4165–4171. [CrossRef]

30. Larsen, K.S.; Auld, D.S. Carboxypeptidase A: Mechanism of Zinc Inhibition. Biochemistry 1989, 28, 9620–9625.
[CrossRef]

31. Maret, W.; Yetman, C.A.; Jiang, L.J. Enzyme regulation by reversible zinc inhibition: Glycerol phosphate
dehydrogenase as an example. Chem. Biol. Interact. 2001, 130, 891–901. [CrossRef]

32. Ying, X.; Wang, Y.; Badiei, H.R.; Karanassios, V.; Ma, K. Purification and characterization of an iron-containing
alcohol dehydrogenase in extremely thermophilic bacterium Thermotoga hypogea. Arch. Microbiol. 2007, 187,
499–510. [CrossRef]

33. Stiborová, M.; Leblová, S. Effect of Metals on Rape Alcohol Dehydrogenase. Biochem. Physiol. Pflanz.
2017, 174, 39–43. [CrossRef]

34. Jin, L.; Szeto, K.Y.; Zhang, L.; Du, W.; Sun, H. Inhibition of alcohol dehydrogenase by bismuth. J. Inorg.
Biochem. 2004, 98, 1331–1337. [CrossRef]

35. Ye, Y.; Godzik, A. FATCAT: A web server for flexible structure comparison and structure similarity searching.
Nucleic Acids Res. 2004, 32, 582–585. [CrossRef]

36. Brändén, C.; Eklund, H. Coenzyme-induced Conformational Changes and Substrate Binding in Liver Alcohol
Dehydrogenase. In CIBA Foundation Symposium 60—Molecular Interactions and Activity in Proteins; Porter, R.,
Fitzsimons, D.W., Eds.; Ciba Foundation: London, UK, 2009; pp. 63–80.

37. Aggarwal, N. Cloning, Purification, Biochemical Characterisation and Crystallisation of a Carbonyl Reductase
from Candida parapsilosis ATCC 7330: Towards Understanding Its Enantioselectivity at the Molecular Level.
Ph.D. Thesis, Indian Institute of Technology Madras, Chennai, India, 2013.

38. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing
the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/cctc.201701092
http://dx.doi.org/10.1021/acssynbio.6b00188
http://dx.doi.org/10.1038/srep36311
http://dx.doi.org/10.1016/j.synbio.2017.09.002
http://dx.doi.org/10.1107/S1744309113003667
http://dx.doi.org/10.1039/C7OB00340D
http://dx.doi.org/10.1021/bi00451a012
http://dx.doi.org/10.1016/S0009-2797(00)00243-X
http://dx.doi.org/10.1007/s00203-007-0217-x
http://dx.doi.org/10.1016/S0015-3796(17)30544-9
http://dx.doi.org/10.1016/j.jinorgbio.2004.03.016
http://dx.doi.org/10.1093/nar/gkh430
http://dx.doi.org/10.1016/0003-2697(76)90527-3
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Purification of CpCR, Expanding Its Substrate Scope and Kinetic Studies 
	Oligomeric State of CpCR 
	Effect of Chelating Agent EDTA and Divalent Metal Salts on Activity of CpCR 
	Effect of Time on Chelation 
	Removal of EDTA 
	Inhibition of CpCR by Divalent Metal Salts 

	Cofactor Pre-Treatment Prevents CpCR Activity Loss 

	Materials and Methods 
	Chemicals and Media 
	Enzyme Expression and Purification 
	Specific Activity, Substrate Scope and Kinetic Studies of CpCR 
	Oligomeric State of CpCR 
	Treatment of CpCR with EDTA, Divalent Metal Salts 
	CpCR—Cofactor Binding Studies 

	Conclusions 
	References

