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abStract Hydrophobization of alpha-helices is one of the general approaches used for improving the thermal 
stability of enzymes. A total of 11 serine residues located in alpha-helices have been found based on multiple 
alignments of the amino acid sequences of D-amino acid oxidases from different organisms and the analysis of 
the 3D-structure of D-amino acid oxidase from yeast Trigonopsis variabilis (TvDAAO, EC 1.4.3.3). As a result 
of further structural analysis, eight Ser residues in 67, 77, 78, 105, 270, 277, 335, and 336 positions have been se-
lected to be substituted with Ala. S78A and S270A substitutions have resulted in dramatic destabilization of the 
enzyme. Mutant enzymes were inactivated during isolation from cells. Another six mutant TvDAAOs have been 
highly purified and their properties have been characterized. The amino acid substitutions S277A and S336A 
destabilized the protein globule. The thermal stabilities of TvDAAO S77A and TvDAAO S335A mutants were 
close to that of the wild-type enzyme, while S67A and S105A substitutions resulted in approximately 1.5- and 
2.0-fold increases in the TvDAAO mutant thermal stability, respectively. Furthermore, the TvDAAO S105A 
mutant showed on average a 1.2- to 3.0-fold higher catalytic efficiency with D-Asn, D-Tyr, D-Phe, and D-Leu as 
compared to the wild-type enzyme.
KeyWordS D-amino acid oxidase from yeast Trigonopsis variabilis, protein engineering, hydrophobization of 
alpha-helices, site-directed mutagenesis, substrate specificity, thermal stability.

introduction
D-amino acid oxidase (DAAO, [ec 1.4.3.3]) belongs to a 
class of FAD-containing oxidoreductases and catalyzes 
the oxidative deamination of D-amino acids to the cor-
responding α-keto acids [1]. DAAO is widespread in na-
ture: the genes of this enzyme have been found in cells 
of molluscs, fishes, reptiles, amphibians, insects, birds, 
plants, mammals, as well as microorganisms, includ-
ing fungi, yeasts and bacteria, where it performs im-
portant physiological functions [2, 3]. the processes of 
synthesis of optically active compounds, α-keto acids, 
and 7-aminocephalosporanic acid using DAAO have 
been designed. this enzyme is also used in biosensors to 
determine the D-amino acid content [2, 4, 5]. two en-
zymes from yeasts Rhodotorula gracilis (rgDAAO) and 
Trigonopsis variabilis (tvDAAO) are the most widely 

used ones. tvDAAO exhibits the highest activity with 
cephalosporin c (cephc) [6] and the best thermal sta-
bility [7] among all known D-amino acid oxidases. For 
example, tvDAAO retains 100% activity when incu-
bated for 30 min at 45°c, while rgDAAO is completely 
inactivated under these conditions. the temperature 
stability of DAAO from Arthrobacter protophormiae 
and Candida boidinii was also studied. they are very 
similar to rgDAAO. thus, at 50°c they completely lose 
their activity in 30 minutes [5, 8, 9].

In our laboratory, the D-amino acid oxidase gene 
from T. variabilis yeast has been cloned, the overex-
pression system of the recombinant enzyme in Escheri-
chia coli cells in soluble and active form has been devel-
oped, and its properties have been studied [10]. native 
tvDAAO is a homodimer [11], which has a 2-fold sym-
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metry axis with the subunits mutually arranged in a 
“head-to-tail” manner. each subunit contains one FAD 
cofactor molecule at the active site.

Increasing the thermal stability of practically im-
portant enzymes is both a fundamental and applied 
problem. Data produced in such experiments provide 
a more comprehensive and deeper understanding of 
the relationship between the structure, function, and 
stability of the protein being studied. At the same time, 
solving this problem allows one to reduce the loss of 
enzyme during its isolation and facilitates the purifica-
tion process, which in turn reduces the cost of the final 
product. For example, mutant formate dehydrogenases 
from Pseudomonas sp. 101 with increased temperature 
stability were obtained in our laboratory. this allowed 
us to introduce the thermal treatment step to the pu-
rification process of the recombinant enzyme. Heating 
the cell-free extract at 60°c for 20-30 minutes resulted 
in increased purity of the preparation ranging from 50 
to 80-85% without a loss of the enzyme activity [12].

Very scarce data on increasing the thermal stabil-
ity of tvDAAO using protein engineering have been 
published so far. Only two papers report data on the 
obtained tvDAAO mutants with point amino acid 
substitutions, which demonstrated a slight increase in 
thermal stability as compared to the wild-type enzyme 
[13, 14]. the covalent crosslinking of two tvDAAO sub-
units with Lys-Leu dipeptide [15] was also reported. 
It resulted in increased tm

 by 2°c but worse catalytic 
properties with most substrates.

this paper presents the results of applying the gen-
eral approach of increasing thermal stability based on 
hydrophobization to D-amino acid oxidase from the 
yeast T.variabilis. Hydrophobization was achieved by 
replacing the serine residues with the alanine residues 
in the α-helical segments of the tvDAAO structure. 
the effect of these substitutions on the catalytic prop-
erties of the enzyme was also studied.

eXPerimental
Molecular Biology Grade reagents were used for the 
genetic engineering experiments. Bacto tryptone, yeast 
extract and agar (Difco, uSA), glycerol (99.9%) and 
calcium chloride (“ultra pure”), potassium hydrogen 
phosphate, sodium dihydrogen phosphate (“pure for 
analysis”), lysozyme (Fluka/Biochemika, Switzerland), 
isopropyl-β-D-thiogalactopyranoside (IPtG), 2,2’-az-
ino-bis (3-ethylbenzothiazoline-6-sulfonate) (ABtS), 
kanamycin and chloramphenicol (Sigma, uSA), and 
glucose and sodium chloride (“Ar grade”, ”Helicon”, 
russia) were used in the microbiological experiments. 
restriction endonucleases, DnA ligase of t4 phage, and 
Pfu-DnA polymerase (thermo Scientific) were used 
for cloning DnA fragments and site-directed mutagen-

esis. thermo Scientific reagent kits were used to isolate 
DnA from agarose gel and plasmids from E. coli cells. 
the oligonucleotides for the polymerase chain reaction 
(Pcr) and sequencing were synthesized by Synthol 
(russia). the MilliQ (Millipore, uSA) purified water 
was used in these experiments.

We used the following E. coli bacterial strains in our 
study:

E. coli DH5α: fhuA2 Δ(argF-lacZ)U169 phoA glnV44 
Φ80 Δ(lacZ)M15 gyrA96 recA1 relA1 endA1 thi-1 
hsdR17.

E. coli BL21(De3) pLysS codon Plus: B F– ompT 
hsdS(r

B
- m

B
-) dcm+ tetr gal λ(De3) endA Hte [pLysS 

argU ileY leuW camr].
All reagents for the electrophoresis of proteins were 

manufactured by Bio-rad (uSA). tris (tris (hydrox-
ymethyl) aminomethane, “reagent grad”) from Merck 
(Germany), racemic amino acids from Dia-M (russia), 
and reanal (Hungary), 2,2’-azino-bis (3-ethylbenzthi-
azoline-6-sulfonate) (ABtS) (Sigma, uSA), horseradish 
peroxidase (Dia-M, russia) were used for purification 
and characterization of the enzyme.

Site-directed mutagenesis
nucleotide substitutions were introduced using two-
step Pcr as described previously [13, 16]. the plasmid 
obtained based on pet-33b (+) with the tvdaao gene 
being under the control of a strong promoter of rnA 
polymerase of t7 phage was used as a template. the 
mutations were introduced using direct (t7_For) and 
reverse (t7_rev) primers at the beginning and at the 
end of the gene, respectively, as well as direct (Mut_
For) and reverse (Mut_rev) primers carrying the de-
sired replacements for the tvdaao gene. the primer 
sequences are shown below. the introduced mutations 
are highlighted in bold.

t7_For 5'-taatacgactcactataggg-3'
t7_rev 5'-gctagttattgctcagcgg-3' 
Ser67Ala_For 5'-gactacgatgccgtcgcttatcctatcttgcgagagctg-3'
Ser67Ala_rev 5'-cgcaagataggataagcgacggcatcgtagtcggc-3'
Ser77Ala_For 5'-tggctcgagccagccccgaggctggaa-3'
Ser77Ala_rev 5'-gggctggctcgagccagctctcgcaag-3'
Ser78Ala_For 5'-ctcgaagcgcccccgaggctggaattcg-3'
Ser78Ala_rev 5'-tcgggggcgcttcgagccagctctcg-3'
Ser105Ala_For 5'-gaaggtgccatggcggccatctgtcaacgcaac-3'
Ser105Ala_rev 5'-gacagatggccgccatggcaccttccagtttagg-3'
Ser270Ala_For 5'-ccgaacccgatcctgctctcacccatcgaatcctgt-3'
Ser270Ala_rev 5'-gatgggtgagagcaggatcgggttcggatgacc-3'
Ser277Ala_For 5'-ccatcgaatcctggctagagccctcgaccgattc-3'
Ser277Ala_rev 5'-cgagggctctagccaggattcgatgggtgagaga–3'
Ser335Ala_For 5'-gtgctggttaccaggcctcttacggcatggctgat-3'
Ser335Ala_rev 5'-gccgtaagaggcctggtaaccagcaccggc-3'
Ser336Ala_For 5'-ctggttaccagtccgcttacggcatggctgatgaag-3'
Ser336Ala_rev 5'-catgccgtaagcggactggtaaccagcaccg-3'.

the reaction mixture for Pcr contained 2.5 µl of a 
10x buffer for Pfu-DnA polymerase (200 mM tris-Hcl 
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(pH 8.8 at 25°c), 100 mM (nH
4
)

2
SO

4
, 100 mM Kcl, 1 mg/

ml BSA, 1% (v/v) triton X-100, 20 mM MgSO
4
); 2.5 µl 

of a dntP mixture (dAtP, dGtP, dttP, dctP with 
the concentration of each component 2.5 mM); 1 µl of 
the DnA template (≈10 ng/µL); 2 µl of each primer 
(10 nM/ml); 0.5 µl of Pfu-DnA polymerase (2.5 u/µl); 
and deionized water to the total volume of the mixture 
of 25 µl. Pcr was performed in a 0.5-ml thin-walled 
plastic tube (SSI, uSA) using the tertsik instrument 
(DnA-technologies, russia). A total of 30 µl of min-
eral oil was added to the tube before the Pcr to pre-
vent evaporation of the reaction mixture. the tube was 
heated for 5 min at 95°c, and the Pcr reaction was 
then initiated by addition of the enzyme. the reaction 
was done according to the following scheme: the first 
step at 95°c, 30 sec; the second step at 54-58°c, 60s; 
and the third step at 72°c, 2 min, a total of 25-35 cycles. 
After the last cycle, the reaction mixture was further 
incubated for 10 min at 72°c. the temperature at the 
second step was 3-5°c below the melting temperature 
of the duplexes (t

m
) formed by the primers. the empir-

ical formula was used to evaluate t
m

:

t
m

 = 2 (nA + nt) + 4 (nG + nc), 

where nX is the number of X-type nucleotides (X = A, 
t, c, G) in the primer.

two Pcrs using t7_For/Mut_rev (fragment 
1) and Mut_For/t7_rev (fragment 2) primer pairs 
were used to obtain fragments containing the de-
sired substitution. the Pcr products–fragment 1 and 
fragment 2–were purified using electrophoresis in a 
1% agarose gel. the third uniting Pcr was then per-
formed with t7_For and t7_rev primers, wherein 
the previously obtained fragments 1 and 2 were used 
as the DnA template. the product of the third Pcr 
was purified in a similar way using a 1% agarose gel 
and treated with two restriction endonucleases. ncoI 
and Bsp119I were used in the case of substitutions at 
the 67, 77, 78, and 105 positions, while Bsp119I and 
XhoI were used for substitutions at the 270, 277, 335, 
and 336 positions. DnA fragments were purified using 
electrophoresis in a 1% agarose gel and ligated into 
the original vector, treated with the same restric-
tion endonucleases. the ligation mixture was used to 
transform E. coli DH5α cells. the cells were then plat-
ed onto Petri dishes with an agar medium containing 
kanamycin (30 µg/ml) and incubated for 16 hours at 
37°c. three colonies of each mutant were taken from 
each plate and used to isolate plasmids. the presence 
of only desired mutations was proved by sequencing 
using the plasmid DnA at the center for collective use 
“Genome” (V.A. engelhardt Institute of Molecular Bi-
ology, russian Academy of Sciences).

Expression of TvDAAO mutants in E. coli cells.
tvDAAO and its mutants were expressed in E. coli cells 
BL21 (De3) codonPlus/pLysS. the cells were trans-
formed using the appropriate plasmid and plated on 
Petri dishes with an agar medium containing kanamy-
cin (30 µg/ml) to obtain the producer strain. A single 
colony was taken from the plate and cultured for 16 
hours at 30°c in 10 ml of a 2Yt medium (Bacto tryp-
tone 16 g/l, yeast extract 10 g/l, sodium chloride 5 g/l, 
pH 7.5) in the presence of 30 µg/ml kanamycin and 
25 µg/ml chloramphenicol to prepare the inoculum. In 
the morning, the cells were subcultured to a fresh me-
dium (dilution 1: 100) and cultured at 30°c until the ab-
sorbance of A600 ≈ 0.6-0.8 at 600 nm was reached. the 
inoculum was placed into the culture flasks in amounts 
of 10% of the total volume of a medium (LB modified 
medium – yeast extract 10 g/l, Bacto tryptone 5 g/l, 
glucose 5 g/l, sodium dihydrogen phosphate 1.5 g/l, di-
potassium hydrogenphosphate 1 g/l, pH 7.5) containing 
l kanamycin 30 µg/m. cultivation was carried out in 1l 
baffled conical flasks (the volume of the medium did 
not exceed 10-15% of the flask volume). the cultiva-
tion temperature ranged from 18 to 27°c, and the rota-
tion rate of the shaker was 120-160 rpm. After reach-
ing A600 ≈ 0.6–0.8, enzyme expression was induced by 
adding IPtG to the medium to a final concentration of 
0.1 mM. After induction, the cells were cultivated for 24 
hours and then pelleted using the eppendorf 5403 cen-
trifuge (5 minutes, 5000 rpm, 4°c). the resulting pellet 
was resuspended in a 0.02-M tris-Hcl buffer (pH 8.0 
at 25°c) in a ratio of 1: 4 (wt.). the resulting suspension 
was stored at –20°c.

Isolation and purification of TvDAAO mutants
cell suspension in the 20 mM tris-Hcl buffer with pH 
8.0 was twice frozen and thawed, and the cells were 
then disrupted using a Branson Sonifier 250 (Ger-
many) under continuous cooling to isolate mutant 
tvDAAO. the precipitate was removed by centrifu-
gation on an eppendorf 5804 r centrifuge (11000 rpm, 
30 min).

Purification of the enzyme included ion exchange 
chromatography on a MonoQ Hr 10/10 column using 
the FPLc instrument manufactured by Pharmacia Bi-
otech (Sweden) and desalting on a Sephadex G-25 car-
rier. [17] the purity of the preparations was monitored 
by analytical electrophoresis in a 12% polyacrylamide 
gel in the presence of 0.1% sodium dodecyl sulphate on 
a MiniProtean III instrument (Biorad, Austria) accord-
ing to the manufacturer’s protocols.

Kinetic assay 
the activity of D-amino acid oxidase was determined 
using the bi-enzymatic system, including DAAO and 
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horseradish peroxidase. D-methionine was used as a 
substrate for the first enzyme, and ABtS was used 
as a substrate for the second enzyme. the activity 
was measured at 30°c based on the concentration of 
the ABtS oxidation product (absorbance at 414 nm, 
ε

414
 = 36600 l/mol/cm) on a Shimadzu uV-1800 spectro-

photometer (Japan). A total of 770 µl of a 50-mM potassi-
um phosphate buffer (PPB), pH 8.0, pre-saturated with 
air, 200 µl of a 100-mM sodium D-Met solution in 50 mM 
PPB, 20 µl of a ABtS water solution (16 mg/ml), and 
10 µl of a peroxidase solution in 50 mM PPB (5 mg/ml) 
were added to the spectrophotometer’s cuvette (work-
ing volume 1 ml, optical path 1 cm). After incubation for 
10 min at 30°c, a sample of wild-type tvDAAO or the 
corresponding mutant was added to the cuvette (30 µl).

When determining the maximum reaction rate (V
m

) 
and Michaelis constant (K

M
), the concentration of the 

corresponding D-amino acid was varied from 0.5 to 
5 K

M
. An approximate K

M
 value was determined in a 

separate experiment by measuring the reaction rate at 
concentrations of the corresponding D-amino acid of 
0.1, 0.5, 1.0, 5.0, 10.0, and 50 mM. the kinetic parame-
ters V

m
 and K

M
 were calculated by nonlinear regression 

using the OriginPro 8.5 Sr1 (OriginLab) program. the 
catalytic constant k

cat 
was calculated based on the V

m
 

value. the concentration of the active enzyme was de-
termined spectrophotometrically based on absorbance 
at 455 nm using a FAD molar absorption coefficient of 
10,800 m-1cm-1 [6].

Thermal inactivation study
the temperature stability of mutant tvDAAO and the 
wild-type enzyme was studied in a 0.1-M potassium 
phosphate buffer, pH 8.0. A series of 0.5 ml plastic test 
tubes containing 100 µl of the enzyme solution were 
prepared for each experiment. the tubes were placed 
to a preheated to the desired temperature water ther-
mostat (temperature control accuracy ± 0.1°c). the test 
tubes were sampled one by one after fixed time inter-
vals, rapidly cooled for 1-2 min in ice, and the enzyme 
activity was measured as described above. the sam-
pling interval was adjusted to achieve a decrease in the 
enzyme activity to 10-15% of the baseline value during 
the experiment. the time dependence of the residual 
activity of the enzyme was plotted in semilogarithmic 
coordinates and processed using the OriginPro 8.5 Sr1 
(OriginLab) program as described in [18] to calculate 
the inactivation rate constant.

Computer simulation 
Analysis of the tvDAAO structure, computer simula-
tion of tvDAAO with amino acid mutations, and vis-
ualization of the protein globule was performed using 
the Accelrys Discovery Studio 2.1 software package.

reSultS and diScuSSion 

Selection of amino acid residues for 
site-directed muthagenesis
rational protein design is a powerful method for stud-
ying the structure-function relationships and side-di-
rected changes in an enzyme’s properties. comparison 
of the amino acid sequences of the enzymes of inter-
est and the enzymes from thermophilic organisms, as 
well as analysis of the three-dimensional structure (if 
it is available for at least one enzyme in the family) is 
used for directional increase of thermal stability of the 
enzymes by means of identifying the amino acid res-
idues that play an important role in the stability [19]. 
However, this approach is not applicable in the case of 
tvDAAO, since it is the most stable enzyme among the 
presently studied D-amino acid oxidases, and no ami-
no acid sequences of DAAO from thermophilic micro-
organisms have been identified so far. therefore, we 
decided to use one of the common approaches based on 
the hydrophobization of the α-helices in the enzyme’s 
structure [19, 20] to improve the thermal stability of 
tvDAAO. this can be achieved using various substi-
tutions, e.g., Ser → Ala (most frequently used), Lys → 
Arg, Gly → Ala, Ser → thr, Lys → Ala, thr → Ala, Lys → 
Glu, Glu → Arg, and Asp → Arg [21]. Ser → Ala substi-
tution usually gives the highest stabilizing effect. For 
example, the hydrophobization of α-helices by means 
of Ser → Ala substitution was used to increase the tem-
perature stability of the formate dehydrogenase from 
Pseudomonas sp. 101 [22].

We have analyzed the 3D-structure of tvDAAO to 
identify potential Ser residues in α-helices. the fol-
lowing points were taken into account when select-
ing the Ser residues that can be replaced by Ala: 1) 
the residues should be part of α-helices; 2) and they 
should not be conserved as well as located at the ac-
tive site of the enzyme. the analysis of the tvDAAO 
structure has revealed a total of Ser 11 residues in the 
α-helices (Fig. 1). comparison of DAAO amino acid 
sequences from different sources has shown that the 
Ser44 residue is conserved. It is located in the cofac-
tor-binding domain of tvDAAO, and its side chain 
forms two hydrogen bonds with the FAD molecule, 
as established by computer analysis (Fig. 2A). there-
fore, this residue was excluded from the list of poten-
tial replacement candidates. the Ser157 and Ser161 
residues are located at the intersubunit area. there-
fore, replacement of these residues is also undesir-
able, despite the fact that they do not participate in 
the formation of intersubunit hydrogen bonds [11]. 
thus, eight Ser residues were selected to be replaced 
with Ala residues (positions 67, 77, 78, 105, 270, 277, 
335, and 336). the Ser67, Ser105, Ser335, and Ser336 
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residues are located inside the protein globule, while 
Ser77, Ser78, Ser270, and Ser277 are exposed to the 
solution. Figure 2B-F shows the position of the select-
ed residues in more detail. Ser67 is located in the mid-
dle, while the Ser77 and Ser78 residues are at the end 
of α3-helix. Ser105 is located in the short α4-helix, and 
Ser270 and 277 are located at the beginning and in the 
middle of the α9-helix, respectively. the Ser335 and 
Ser336 residues are located at the beginning of the 
α13-helix. All eight serine residues form two to six hy-
drogen bonds. Ser78, Ser105, and Ser270 form hydro-
gen bonds with other amino acid residues of the poly-
peptide chain including only the atoms involved in the 
peptide bonds. Since the side chains of these serines 
residues are not involved in hydrogen bonding with 
other amino acids, the replacement of these three res-
idues with Ala should not result in loosing of hydrogen 
bonds. the Ser residues at positions 67, 77, 277, 335, 
and 336 form hydrogen bonds both with the peptide 
bond atoms and with the side chain hydroxy-groups 
of other amino acids (see Fig. 2). On the one hand, the 
substitution of these five serine residues will result 
in a loss of the hydrogen bonds formed by the side 
chains, which can negatively affect the stability of the 
enzyme, but on the other hand, increased hydropho-

bicity of the α-helix can stabilize the protein globule, 
so that the total effect will be positive. therefore, the 
replacement of these serine residues is of theoretical 
interest in terms of the influence of these two factors 
on the stability of tvDAAO.

Preparation of TvDAAO mutants 
with Ser / Ala substitutions
the nucleotide substitutions in the tvdaao gene that 
resulted in the desired mutation were introduced us-
ing Pcr. three plasmids were sequenced for each of 
the eight mutant tvdaao genes. It has been shown that 
in all cases only the desired mutations in the tvdaao 
gene were present and that there were no other nucle-
otide changes. Plasmids with mutated tvDAAO genes 
were used to transform E. coli BL21 (De3) codon Plus 
/ pLysS cells. the resulting recombinant strains were 
cultivated as described in the experimental section. 
All eight tvDAAO mutants were synthesized in a sol-
uble form and demonstrated enzymatic activity. two 
tvDAAO mutants with Ser78Ala and Ser270Ala sub-
stitutions could not be obtained in the purified form, as 
they were rapidly inactivated during cell disruption, 
which is indicative of strong destabilization of the pro-
tein globule. the remaining six tvDAAO mutants with 
Ser67Ala, Ser77Ala, Ser105Ala, Ser277Ala, Ser335Ala, 
and Ser336Ala substitutions were isolated and purified 
using anion exchange chromatography. their purity 
was at least 99% according to the results of analytical 
electrophoresis in a polyacrylamide gel in the presence 
of sodium dodecyl sulfate (see Fig. 3, lanes 1-6).

Catalytic properties of TvDAAO mutants
the Michaelis constant (KM

) and catalytic constant (k
cat

) 
with various D-amino acids were determined for the 
six tvDAAO mutants, including Ser67Ala, Ser77Ala, 
Ser105Ala, Ser277Ala, Ser335Ala, and Ser336Ala sub-
stitutions. the values of k

cat
, K

M
 and catalytic efficien-

cy k
cat

/K
M

 of the tvDAAO mutants and the wild-type 
enzyme with various D-amino acids are shown in Table 
1. the improvement of the kinetic parameter as com-
pared to that of the wild-type enzyme is shown in bold 
on a gray background. For clarity, Fig. 4 shows the cat-
alytic efficiency values ((k

cat
/K

M
)mut/(k

cat
/K

M
)wt 100%) 

of the tvDAAO mutants with respect to the values of 
the wild-type enzyme (100%). Table 1 and Fig. 4 show 
that the substitutions resulted in significant changes 
in the substrate specificity spectrum. the Ser335Ala 
tvDAAO mutant was the only enzyme that retained 
enzymatic activity with D-lysine, while Ser77Ala was 
the only mutant that retained activity with D-threo-
nine. Furthermore, it should be mentioned that virtu-
ally all substitutions resulted in an increased catalytic 
efficiency with D-leucine.

Fig. 1. General view of one subunit of TvDAAO with Ser 
residues located in alpha-helices

Ser44

Ser67

Ser77

Ser78

Ser105

Ser157

Ser161

Ser270

Ser277

Ser335

Ser336
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the following points in relation to the individual mu-
tants should be emphasized:

1. the properties of Ser67Ala tvDAAO are similar to 
those of the wild-type enzyme with many substrates. A 
significant increase in the catalytic efficiency (2.5 fold) 
was observed only with D-Leu. the enzyme was inac-
tive with D-thr and D-Lys.

2. Ser77Ala tvDAAO shows higher catalytic effi-
ciency only with D-Asn. the enzyme is inactive with 
D-thr, and the activity with D-tyr, D-Met, and D-Val 

is significantly decreased. Only this mutant retained its 
activity with D-Lys.

3. Ser105Ala tvDAAO has the best catalytic param-
eters between all mutant forms, except for the lack of 
activity with D-thr and D-Lys. the catalytic efficien-
cy decreased by 1.3-fold with D-trp and 1.6-fold with 
D-Met, but it increased by 1.6-, 1.7-, and 3.0-fold with 
D-tyr, D-Phe and D-Leu, respectively.

4. Ser335Ala tvDAAO has a higher catalytic activity 
with D-Ser as compared to that of the wild-type en-

Fig. 2. Loca-
tion and inter-
actions of the 
Ser residues in 
alpha-helices 
in TvDAAO 
globule
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zyme. Moreover, only this mutant enzyme retained its 
activity with D-thr.

unlike the other enzymes, the Ser277Ala and Ser-
336Ala tvDAAO mutants were characterized by a 
complete loss of activity with D-Ser, along with re-
tained activity with D-Ala, which can be used for the 
selective detection of D-Ala in biological samples in 
the presence of D-Ser. these enzymes are also inactive 
with D-thr and D-Lys, but they exhibit higher cata-
lytic efficiency with D-Leu.

temPerature Stability oF tVdaao mutantS

Stability of Ser78Ala and Ser270Ala TvDAAO
As noted above, Ser78Ala and Ser270Ala substitutions 
led to strong destabilization of the protein globule, so 
that the enzymes were inactivated during their isola-
tion from the cells. computer simulations have shown 
that the side chains of Ser78 and Ser270 do not form 
hydrogen bonds with neighboring residues. However, 
they are located in the immediate vicinity of the Glu80 
and Asp268 residues, respectively, which can form hy-
drogen bonds in solution, both directly and through a 
water molecule, since in both cases the distance be-
tween the hydroxy group of serine and the carboxyl 
group is about 4 Å. Ser78 and Ser270 are located on the 
bends at the end of the α3-helix and at the beginning 
of the α9-helix, respectively, and therefore they appear 
to play an important role in maintaining the stability of 
tvDAAO secondary structure elements, as evidenced 
by the strong destabilization upon their replacement by 
alanine residues.

Stability of Ser67Ala, Ser77Ala, 
Ser105Ala, Ser277Ala, Ser335Ala, and 
Ser336Ala TvDAAO mutants
Figure 5A, B shows the time dependence of the residual 
activity of the tvDAAO mutants at the same concen-
tration. As it can be seen from Fig. 5A, Ser77Ala and 
Ser335Ala substitutions result in slightly reduced sta-
bility. Ser67Ala substitution does not affect the stabili-
ty of the enzyme, while Ser105Ala substitution results 
in noticeable stabilization. the most significant desta-
bilization of the protein globule is observed in the case 
of Ser277Ala and Ser336Ala substitutions (Fig. 5B). the 
incubation temperature had to be reduced from 56 to 
52°c to obtain inactivation curves comparable to those 
of the other tvDAAO mutants.

mecHaniSm oF inactiVation  
oF tVdaao mutantS
We showed [11, 13, 16] that inactivation of wild-type 
tvDAAO and its various mutants at elevated temper-
atures proceeds according to the following dissociative 
mechanism:

According to this mechanism, the first step includes 
reversible dissociation of the e

2
 active dimer to form 

two inactive monomers e. Irreversible transition of e 
to the denatured monomer e

d
 then occurs. this mech-

anism was analyzed in details by O.I. Poltorak et al. 
[18]. the time dependence of the residual activity of 
the enzyme in this mechanism is described by a sum 
of two exponential functions, and the inactivation rate 
of the enzyme depends on its concentration [11, 13, 16]. 
the dissociative mechanism of the wild-type tvDAAO 
thermoinactivation is only observed within a tempera-
ture range of 50-60°c, when the rate constants k

1
 and 

k
2
 are comparable to each other. the rate constant k

1
 

increases more rapidly than the rate constant k
2
 upon 

increasing temperature; therefore, the first and second 
steps become the limiting ones at temperatures below 
50 and above 60°c, respectively, and the kinetics of in-
activation is described by a single exponential function 
under these conditions, similarly to that of unimolecu-
lar reactions.

Analysis of the time dependence of the residual 
activity shows that the thermal inactivation mecha-
nism of the Ser67Ala, Ser77Ala, Ser105Ala, Ser335Ala 
tvDAAO mutants (Fig. 5A) and Ser277Ala and Ser-
336Ala tvDAAO mutants (Fig. 5B) also does not differ 
from that of the wild-type enzyme. As an example, Fig. 
6A, B shows the residual activity of Ser77Ala tvDAAO 
mutant vs incubation time in semilogarithmic coordi-
nates at various temperatures and concentrations. Sim-

Fig. 3. Analysis by 12% SDS-PAGE of soluble mutant 
TvDAAOs with amino acid changes: 1 – Ser67Ala, 2 – 
Ser77Ala, 3 – Ser105Ala, 4 – Ser277Ala, 5 – Ser335Ala, 
6 – Ser336Ala and 7 – wild-type enzyme. M – molecu-
lar-mass size marker

1  2 3 4 5 6 7 M 
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Fig. 4. Relative catalytic efficiencies ((k
cat

/K
M

)mut/(k
cat

/K
M

)wt*100%) of mutant TvDAAOs with Ser67Ala, Ser77Ala, 
Ser105Ala, Ser277Ala, Ser335Ala, and Ser336Ala substitutions. The catalytic efficiency of the wild-type TvDAAO is 
taken as 100%
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Fig. 5. A – Time dependence of the residual activity of the wild-type and mutant TvDAAOs S67A, S77A, S105A, and 
S335A at 56°С. 0.1 M potassium phosphate buffer, pH 8.0. Enzyme concentration is 10 µg/ml
B – Time dependence of the residual activity of the wild-type and mutant TvDAAOs S277A and S336A at 52°С. 0.1 M 
potassium phosphate buffer, pH 8.0. Enzyme concentration is 10 µg/ml

ilar dependences were obtained for all other mutant 
enzymes. the presence of the break points on the ther-
mal inactivation curves in semilogarithmic coordinates 
at different temperatures and increase in the slope of 
the second linear section along with a decrease in the 

initial concentration of the enzyme provides evidence 
that thermal inactivation occurs through a dissociative 
mechanism [18]. We have calculated the rate constants 
of the thermal inactivation of the Ser67Ala, Ser77Ala, 
Ser105Ala, Ser277Ala, Ser335Ala, and Ser336Ala 
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Fig. 7. Temperature dependences of the inactivation rate 
constants of the first (A) and second (B) stages for mutant 
TvDAAOs with S67A, S77A S105A, S335A mutations and 
wild-type TvDAAO in semi logarithmic coordinates ln(k

in
) 

vs 1/T. 0.1 M potassium phosphate buffer, pH 8.0
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Fig. 6. Time dependence of the residual activity of mutant 
TvDAAO S77A in semi-logarithmic coordinates. A – ther-
mal inactivation at different temperatures and fixed en-
zyme concentration of 15 µg/ml, B – thermal inactivation 
at different enzyme concentrations and temperature of 
56°С. 0.1 M potassium phosphate buffer, pH 8.0

tvDAAO mutants for both stages of the process on the 
basis of the experimental dependence of the residual 
enzyme activity vs incubation time (Table 2).

Ser277Ala and Ser336Ala mutations in tvDAAO re-
sulted in a shift in the temperature range associated 
with the dissociative mechanism by 4°c towards lower 
temperatures as compared to that of the wild-type en-
zyme. the Ser336Ala tvDAAO mutant was the least 
stable of all the mutants that were obtained and puri-
fied (see Fig. 5B , Tab. 2). At a temperature of 52°c (cor-
responding kinetic curves are shown in Fig. 5B), Ser-
277Ala and Ser336Ala mutations led to 3.9- and 7.7-fold 
increases in the first-step inactivation rate constants 
and 1.2- and 5.9-fold increases in the second-step in-

activation rate constants, respectively (Tab. 2). there-
fore, Ser336Ala mutation results in a destabilizing ef-
fect associated with both the first step of inactivation 
(enzyme dissociation into monomers), and the second 
step (denaturation of the protein globule). Ser277Ala 
substitution leads mainly to an increase in the first-step 
inactivation rate, but the effect is not as significant as 
that associated with Ser336Ala substitution. the high-
er effect of the enzyme destabilization associated with 
Ser336Ala substitution may be due to the fact that the 
Ser336 residue is located at the end of the α13-helix 
and forms a hydrogen bond with the peptide bond of 
the tyr333 residue, which, in turn, is in close contact 
with the Si-side of the isoalloxazine cycle of FAD and 
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Table 2. Kinetic parameters of dissociative thermal inactivation of mutant and wild-type TvDAAOs

enzyme Parameter
temperature, °С

46 48 50 52 54 56 58 60

tvDAAO Ser67Ala
k

1
·104, s-1 - - - 4.45 7.8 14.4 27.4 41.8

k
2
·104, s-1 - - - 2.51 3.25 4.44 5.7 9.6

tvDAAO Ser77Ala
k

1
·104, s-1 - - - 3.92 8.3 15.1 26.7 -

k
2
·104, s-1 - - - 2.31 4.20 7.9 18.5 -

tvDAAO Ser105Ala
k

1
·104, s-1 - - - 2.43 3.37 5.4 12.6 21.9

k
2
·104, s-1 - - - 2.48 3.44 5.8 7.2 9.7

tvDAAO Ser277Ala
k

1
·104, s-1 3.02 5.4 10.2 14.4 25.9 - - -

k
2
·104, s-1 0.93 1.41 3.25 3.91 7.6 - - -

tvDAAO Ser335Ala
k

1
·104, s-1 - - 3.47 4.80 6.8 10.3 17.7 -

k
2
·104, s-1 - - 2.43 3.23 6.1 8.9 17.9 -

tvDAAO Ser336Ala
k

1
·104, s-1 2.88 6.8 13.8 28.4 - - - -

k
2
·104, s-1 0.90 3.67 9.3 18.5 - - - -

wt-tvDAAO
k

1
·104, s-1 - - 2.86 3.67 9.2 11.6 21.5 40.5

k
2
·104, s-1 - - 2.28 3.13 5.6 7.1 10.8 19.4

* The decrease in inactivation rate constants of mutants as compared to the wild-type enzyme is marked with a green 
background; the increase is marked with a red background. Different shades show the extent of the effects – a greater 
effect corresponds to the darker color.

conserved residue Ser44 (Fig. 2F). In addition, Ser336 
and tyr333 occur in corresponding positions of the 
D-amino acid oxidases being the most homologous to 
tvDAAO, and apparently they play an important role 
in maintaining the conformation required for cofactor 
binding. the Ser277 residue is located in the middle of 
the α9-helix on the surface of the enzyme (Fig. 2D) and 
forms a hydrogen bond with the carbonyl oxygen atom 
of the peptide bond of the His273 residue. the loss of 
this hydrogen bond could have a negative effect on the 
thermal stability of tvDAAO.

the temperature range, in which inactivation of the 
enzyme associated with substitutions of four Ser resi-
dues (67, 77, 105 and 335) occurs through the dissoci-
ative mechanism, remained the same, but the values 
of the thermal inactivation rate constants changed as 
compared to those of the wild-type enzyme (Tab. 2).

As mentioned above, the temperature dependenc-
es of the first- and second-stage rate constants differ. 
Figure 7A, B shows the dependence of ln(k) vs 1/t for 
the first- and second-stage rate constants, respectively.

Ser105Ala substitution results in a higher stability of 
the enzyme throughout the whole temperature range 
of 52 to 60°c (Tab. 2, Fig. 5A). the dependences of the 

thermal inactivation rate constants for both stages are 
very close to those of the wild-type enzyme, but they 
are lower on the respective charts over the range from 
52 to 60°c, as shown below (Fig. 7A, B). Ser105Ala sub-
stitution on average led to two-fold higher thermal sta-
bility of tvDAAO as compared to that of the wild-type 
enzyme at the first stage of thermal inactivation and 1.5-
fold higher stability at the second stage, which is rather 
significant for this enzyme. A similar stabilizing effect 
was observed at the second stage of inactivation of the 
Ser67Ala tvDAAO mutant (about 1.6-fold), and the 
temperature dependence of the inactivation rate con-
stant is also close to that of the wild-type enzyme, but 
the parameters of the first stage of the thermal inactiva-
tion of Ser67Ala tvDAAO are slightly inferior to those 
of the wild-type enzyme over the entire temperature 
range; i.e., the stability decreased by by 20% on aver-
age. nevertheless, this substitution also results in overall 
stabilization of the enzyme, although this stabilization 
is lower than in the case of Ser105Ala substitution. the 
Ser67 and Ser105 residues are located inside the protein 
globule in the middle of the α3-helix and short α4-helix. 
the hydroxy-group of Ser105 residue forms no hydro-
gen bonds with neighboring residues and is adjacent to 
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the hydrophobic residues Leu100, Ala103, and Ile107, 
while the hydroxy-group of Ser67 forms two hydrogen 
bonds with the polypeptide chain atoms of the Gln334 
and tyr337 residues, and it is also located in close vicini-
ty to the hydrophobic residues trp51, Leu70, Leu71, and 
the benzene ring of the tyr337 residue. Ser105Ala sub-
stitution facilitates hydrophobic interactions within the 
protein globule without breaking any hydrogen bonds, 
which probably leads to an increase in the thermal sta-
bility of tvDAAO. Furthermore, the three dimensional 
structure of the enzyme may apparently undergo some 
conformational changes resulting in the stabilization of 
the dimer and improvement of its catalytic properties. 
By contrast, Ser67Ala substitution results in the loss of 
two hydrogen bonds with the tyr337 and Gln334 resi-
dues, which are located in the spatially close α13-helix, 
but could result in stronger hydrophobic interactions, 
which contributes to stabilization of the protein globule, 
as evidenced by the results of experiments.

Ser77Ala and Ser335Ala tvDAAO mutants differ 
from the rest of mutants in the temperature depend-
ences of the rate constants of the first and the second 
stages of inactivation (Fig. 7A, B). the first- and the 
second-stage rate constants of the Ser77Ala mutant in-
crease more rapidly with increasing temperature than 
those of the wild-type enzyme, and the dependence is 
more significant in the case of k2 

(Fig. 7B), which results 
in a lower overall stability of Ser77Ala tvDAAO at tem-
peratures above 54°c, whereas at lower temperatures 
this mutant is more stable than the wild-type enzyme. 
In case of Ser335Ala tvDAAO, the temperature de-
pendences of the inactivation rate constants k

1 
and k

2
 

oppositely differ from those of the wild-type enzyme. In-
crease in k

1
 with temperature is less pronounced, while 

k
2
 is more strongly temperature-dependent. As a result, 

Ser335Ala tvDAAO is more stable than the wild-type 
enzyme at the first stage of inactivation at temperatures 
> 54°c; and at the second stage, at temperatures <50°c. 
thus, due to the complex temperature dependence of 
the constants of both inactivation stages, the stability 
of Ser335Ala tvDAAO at each temperature is given by 
the ratio of the constants of each inactivation stage. nev-
ertheless, the overall stability only slightly differs from 
that of the wild-type enzyme.

concluSion
the effect of hydrophobization of α-helices in the 
structure of the D-amino acid oxidase from yeast 
Trigonopsis variabilis was studied by replacing eight 
serine residues with alanine residues. From the view-
point of the structure-stability relationship, it is inter-
esting that replacement of Ser residues on the surface 
of tvDAAO at positions 77, 78, 270, and 277 results in 
destabilization of the enzyme, while replacement of Ser 
67, 105, 335, and 336 inside the protein globule leads to 
a reduced stability only in one case out of four. It should 
also be noted that replacement of the serine residues 
located at the ends of α-helices also negatively affects 
the thermal stability of the enzyme. these data are di-
rectly in contradiction to the results obtained for the 
formate dehydrogenase from the Pseudomonas sp. 101 
bacteria [22]. the highest enzyme stabilization effect 
(1.6-fold) was observed upon replacing the Ser131 lo-
cated on the surface of the protein globule, with the 
Ala residue. Furthermore, stabilization effect was also 
observed upon replacing Ser184, which is located at 
the end of the α6-helix [22]. We therefore can conclude 
that, despite the generality of the approach based on 
hydrophobization of α-helices, the value and effect of 
stabilization depend directly on the structural features 
of the particular protein or enzyme.

In conclusion, we would like to mention that there 
are cases in protein engineering when a single amino 
acid substitution results in a significant stabilization 
of the enzyme [23, 24]. However, usually the improve-
ment of thermal stability can be achieved by combining 
several successful point mutations. each of these indi-
vidual mutations has a moderate stabilization effect, 
while the temperature stability of a multipoint mutant 
enzyme becomes significant [12]. thus, the method of 
hydrophobization of α-helices cannot be considered as 
the basic one, but rather as the additional approach to 
improving the stability of enzymes, due to the low sta-
bilization effects of point amino acid mutations.

This work was supported by the Russian Foundation 
for Basic Research (grant № 14-04-00859-a).
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