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ABSTRACT Branched-chain higher alcohols (BCHAs), or fusel alcohols, including iso-
butanol, isoamyl alcohol, and active amyl alcohol, are useful compounds in several
industries. The yeast Saccharomyces cerevisiae can synthesize these compounds via
the metabolic pathways of branched-chain amino acids (BCAAs). Branched-chain
amino acid aminotransaminases (BCATs) are the key enzymes for BCHA production
via the Ehrlich pathway of BCAAs. BCATs catalyze a bidirectional transamination reac-
tion between branched-chain a-keto acids (BCKAs) and BCAAs. In S. cerevisiae, there
are two BCAT isoforms, Bat1 and Bat2, which are encoded by the genes BATI and
BAT2. Although many studies have shown the effects of deletion or overexpression
of BAT1 and BAT2 on BCHA production, there have been no reports on the enhance-
ment of BCHA production by functional variants of BCATs. Here, to improve BCHA
productivity, we designed variants of Bat1 and Bat2 with altered enzyme activity by
using in silico computational analysis: the Gly333Ser and Gly333Trp Bat1 and corre-
sponding Gly316Ser and Gly316Trp Bat2 variants, respectively. When expressed in
S. cerevisiae cells, most of these variants caused a growth defect in minimal medium.
Interestingly, the Gly333Trp Bat1 and Gly316Ser Bat2 variants achieved 18.7-fold and
17.4-fold increases in isobutanol above that for the wild-type enzyme, respectively.
The enzyme assay revealed that the catalytic activities of all four BCAT variants were
lower than that of the wild-type enzyme. Our results indicate that the decreased
BCAT activity enhanced BCHA production by reducing BCAA biosynthesis, which
occurs via a pathway that directly competes with BCHA production.

IMPORTANCE Recently, several studies have attempted to increase the production of
branched-chain higher alcohols (BCHAs) in the yeast Saccharomyces cerevisiae. The key
enzymes for BCHA biosynthesis in S. cerevisiae are the branched-chain amino acid ami-
notransaminases (BCATs) Bat1 and Bat2. Deletion or overexpression of the genes encod-
ing BCATs has an impact on the production of BCHAs; however, amino acid substitution
variants of Bat1 and Bat2 that could affect enzymatic properties—and ultimately BCHA
productivity—have not been fully studied. By using in silico analysis, we designed var-
iants of Bat1 and Bat2 and expressed them in yeast cells. We found that the engineered
BCATs decreased catalytic activities and increased BCHA production. Our approach pro-
vides new insight into the functions of BCATs and will be useful in the future construc-
tion of enzymes optimized for high-level production of BCHAs.

KEYWORDS Saccharomyces cerevisiae, yeast, branched-chain amino acid, branched-
chain higher alcohol, branched-chain amino acid aminotransaminase, Bat1, Bat2,
in silico computational analysis

he branched-chain higher alcohols (BCHAs), i.e., isobutanol (IUPAC: 2-methylpropan-1-
ol), isoamyl alcohol (IUPAC: 3-methylbutan-1-ol), and active amyl alcohol (IUPAC: 2-
methyl-1-butanol), belong to a group of alcohols with high aliphaticity that are formed
from the degradation products of branched-chain amino acids (BCAAs; e.g., valine [Val]
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FIG 1 Schematic metabolism of branched-chain amino acids (BCAAs) and branched-chain a-keto
acids (BCKAs) in S. cerevisiae. a-Ketoisovalerate (KIV) and a-keto-B-methylvalerate (KMV) are mainly
synthesized in mitochondria from two pyruvates for KIV or one pyruvate and a-ketobutyrate for KMV.
a-Ketoisocaproate (KIC) is produced from KIV by the reaction occurring in mitochondria and
cytoplasm. KIV, KIM, and KIC are then transaminated to valine (Val), isoleucine (lle), and leucine (Leu),
respectively, by branched-chain amino acid aminotransaminases (BCATs) localized in the mitochondria
(Bat1) or cytoplasm (Bat2). Bat1 and Bat2 can also catabolize BCAAs to BCKAs by the reaction of oxidative
deamination in the cytoplasm or mitochondria. BCKAs (KIV, KMV, and KIC) are further converted into
branched-chain higher alcohol (BCHAs; isobutanol, active amyl alcohol, and isoamyl alcohol, respectively)
by the reaction of a-keto acid decarboxylases (KDCs) and alcohol dehydrogenases (ADHs). The
biosynthetic enzymes, Ilv6, llvl, and Leu4/Leu9, are subject to feedback inhibition by Val, lle, and Leu,
respectively (shown in red).

degradation products to form isobutanol, leucine [Leu] into isoamyl alcohol, and isoleucine
[lle] into active amyl alcohol). BCHAs have elicited broad interest as potential next-genera-
tion biofuels to replace ethanol, because they have a higher energy density and octane
number and a lower hygroscopicity than ethanol (1, 2). In addition, BCHAs are widely used
in several industries as solvents and extractants for organic compounds (3). Within the
food industry, BCHAs and their acetate derivatives are well known as important flavor
compounds in several beverages (4-6), fermented foods (soy sauce, fermented milk, and
cheeses) (7, 8), and bread (9). With such a wide array of benefits in several industries, the
demand for BCHAs is continuously rising (China’s market is 500,000 tons/year for isobuta-
nol and more than 10,000 tons/year for each of isoamyl alcohol and active amyl alcohol).
BCHAs have been traditionally produced from petrochemical pathways (10). However, due
to environmental and sustainability concerns, microbial production of BCHAs is an attrac-
tive alternative approach (1, 11).

The yeast Saccharomyces cerevisiae has attracted interest as a better host for BCHA
production than bacteria, because it has a higher isobutanol tolerance than bacteria
(up to 20 g/L) and naturally produces a small amount of these compounds during fer-
mentation (12-14). In S. cerevisiae, BCHAs are synthesized from the metabolic pathways
of BCAAs (Val, Leu, and lle) through the key intermediates, branched-chain a-keto
acids (BCKAs) (Fig. 1). The biosynthesis of BCAAs mainly takes place in mitochondria.
Val and lle are synthesized from parallel reactions, starting from two molecules of pyru-
vate (for Val) or one pyruvate and one a-ketobutyrate (for lle). The sequential reactions
occur and convert two pyruvates or one pyruvate and one a-ketobutyrate into the key
intermediate BCKAs: a-ketoisovalerate (KIV) and a-keto- B-methylvalerate (KMV) for Val
and lle, respectively (15). For Leu biosynthesis, KIV undergoes the alternative reaction
sequences and transport out of mitochondria into a-ketoisocaproate (KIC) (16). Finally,
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the BCKAs are transaminated into BCAAs, with Val from KIV, Leu from KIC, and lle from
KMV, by branched-chain amino acid aminotransaminases (BCATs) (17). In contrast, degra-
dation of BCAAs mainly occurs in the cytosol via Ehrlich degradation of BCAAs (12). In fact,
BCAAs can be converted back into BCKAs by BCATs. Then, BCKAs are further converted by
a-keto acid decarboxylases (KDCs) and alcohol dehydrogenases (ADHs) into BCHAs: isobu-
tanol from Val, isoamyl alcohol from Leu, and active amyl alcohol from lle (Fig. 1).

The transamination step of the Ehrlich pathway was reported to be a rate-limiting
step for this pathway (18, 19). This transamination reaction is catalyzed by BCATs (12).
S. cerevisiae has two BCAT isoforms, mitochondria BCAT (mBCAT [Bat1], encoded by
the BATT gene) and cytosolic BCAT (cBCAT [Bat2], encoded by the BAT2 gene). These
two isozymes drive the bidirectional transamination reaction between the correspond-
ing BCKAs and BCAAs, i.e., KIV/Val, KIC/Leu, and KMV/lle, respectively, together with
the cosubstrates (glutamate [Glu] and a-ketoglutarate [KG]), which act as the amino
group donor and acceptor for Glu and KG, respectively. BCAT is one of the pyridoxal
5’-phosphate (PLP)-dependent aminotransaminase enzymes (20). Bat1 (393 amino acid
residues, size 43.6 kDa) and Bat2 (376 amino acid residues, size 41.6 kDa) proteins share
77% identity in amino acid sequence. The difference in size results from the mitochon-
drial-targeting signal (MTS; amino acid residues 1 to 17 of Bat1), which is attached at
the N terminus of Bat1 (17, 21). This MTS shuttles Bat1 into mitochondria. On the other
hand, Bat2 is located in the cytosol (22). Several studies have investigated the effects
of Bat1 and Bat2 (whether deleted or overexpressed) on BCHA production (18, 23-28).

Unlike yeast BCATSs, several amino acid substitutions that alter enzymatic activity
have been identified and studied in human BCATs, since these amino acid substitu-
tions are related to human diseases (29-33). The best-studied engineering on the yeast
BCATs is the substitution of the conserved catalytic lysine residue, Lys219, of Bat1 (cor-
responding to Lys202 of Bat2) to other amino acids, including Ala (K219A of Bat1, cor-
responding to K202A of Bat2), Arg (K219R, corresponding to K202R of Bat2), His
(K202H of Bat2), and Met (K202M of Bat2) (34, 35). However, those amino acid substitu-
tions led to diminished catalytic activity. Our recent study (26) also clarified that a sin-
gle amino substitution at position 234 in Bat1, from Ala to Asp (A234D), affected BCHA
production. Nonetheless, A234D also leads to the dysfunction of Bat1. Therefore, no
amino acid substitutions that change the enzymatic activity or substrate specificity and
that impact BCHA production have been reported.

Previously, enhancement of the availability of intracellular precursors or key inter-
mediates, BCKAs, was one of the traditional strategies for increasing BCHA production
(23, 25). However, the transamination step catalyzed by Bat1 and Bat2 is the rate-limit-
ing step, as described previously. In the present study, we aimed to improve BCHA pro-
duction in S. cerevisiae by altering enzymatic activity or catalytic preference of Bat1
and Bat2 through the rational design of BCATs. Other recent studies have attempted
the rational design of targeted enzymes as a means of either creating or optimizing
the specific features of biocatalysts, including substrate specificity, enantioselectivity,
or thermostability (36-38). We here applied in silico computational analysis to screen
for appropriate amino acid substitutions around the active site or substrate-binding
site of Bat1 and Bat2 to change their activity or catalytic preference, leading to
increased accumulation of BCKAs and production of BCHA.

RESULTS

In silico screening for amino acid substitutions on Bat2. The transamination step
of the Ehrlich degradation pathway is well-known as a rate-limiting step (18, 19). In
S. cerevisiae, this transamination process is catalyzed by Bat1 or Bat2. These two isozymes
have compatibility functions and impact BCHA production (18, 21, 25). However, many
studies have suggested that Bat2 has a greater physiological role on BCHA production
than Bat1 (6, 18, 19, 27, 39). Therefore, we performed an in silico analysis of Bat2.

To design the appropriate amino acid substitutions, we first modeled the homology
structure of Bat2 with SWISS-MODEL (see Fig. S1 in the supplemental material) using
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FIG 2 Amino acid residues interacting at the Bat2 active site. The yellow sphere represents substrates
that bind to the Bat2 active site. Pyridoxal 5’-phosphate (PLP) is shown as a purple stick. Amino acid
residues in the Bat2 active site that interact or surround substrates (5 A) are shown as gray sticks.

the human cytosolic BCAT (SMTL ID 2abj.1 [chain A]) as a template (see Fig. S2). This
step was necessary because the crystal structures of Bat1 and Bat2 have not yet been
studied. Moreover, the active form of the yeast BCAT is similar to that of the human
BCAT (as a dimer) (40, 41). Next, we performed a molecular docking simulation using
AutoDock Vina to select the candidate residues of Bat2 (see Fig.S3 and S4 and Tables
S2 and S3 in the supplemental material) and analyzed all the amino acid residues of
Bat2 that interacted either directly or indirectly with substrates, BCKAs (KIV, KIC, and
KMV) and BCAAs (Val, Leu, and lle), within a distance of 5 A from the substrates (Fig. 2).
As a result, 18 amino acid residues of Bat2 were obtained: Phe30, Tyr71, Phe76, Glu77,
Gly78, Tyr142, Arg144, Gly155, Val156, Tyr174, Lys202, Tyr207, Thr240, Gly316, Thr317,
Ala318, and Ala319. Among them, six residues (Tyr71, Tyr142, Arg144, Lys202, Tyr207, and
Thr317) were eliminated as candidates for engineering because they have been reported
to interact with PLP or substrates directly via hydrogen bonds in BCATs from Escherichia
coli and humans (42-44). Thus, a total of 12 residues (Phe30, Phe76, Glu77, Gly78, Leu154,
Gly155, Val156, Tyr174, Thr240, Gly316, Ala318, and Ala319) that indirectly interacted with
substrates (BCAAs and BCKAs) were designated for further in silico engineering.

We next performed a screening using CUPSAT, which can automatically change any of
the original amino acid resides to any other amino acid residue. As a result, 82 substitu-
tions on 12 designated residues in which protein stability was increased compared to the
original amino acid residue, were selected: Phe30 (F30C), Phe76 (F76C), Glu77 (E77T, E77Q,
E77K, E77D, and E77H), Gly78 (G78V, G78L, G78I, G78M, G78T, G78F, G78K, G78N, G78E,
G78R, and G78H), Leu154 (L154G, L154M, L154T, L154Q, L154K, L154E, L154R, and L154H),
Gly155 (G155A, G155P, G155T, G155F, G155Q, and G155Q), Tyr174 (Y174G, Y174A, Y174V,
Y174L, Y1741, Y174M, Y174P, Y174S, Y174T, Y174Q, Y174K, Y174N, Y174C, Y174E, Y174D,
Y174R, and Y174H), Thr240 (T240P, T240W, T240S, T240F, T240Q, and T240C), Gly316
(G316L, G316l, G316W, G316S, G316T, G316Q, G316K, G316Y, G316N, G316E, G316D,
G316R, and G316H), Ala318 (A318V, A318L, A318l, A318P, A318W, A318Q, A318Y, A318C,
and A318H), and Ala319 (A319V, A319P, A319W, A319T, and A319R) (see Table S4 in the
supplemental material). To screen for amino acid substitutions that might change the spe-
cific activity of variant BCATs, we further analyzed the effects of 82 amino acid substitu-
tions on the substrate-binding affinities using mCSM-lig. Among them, 7 amino acid
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TABLE 1 Predicted effect of amino acid substitutions on substrate-binding affinities

Change in substrate-binding affinity
from the original amino acid residue®

Amino acid substitution KIV KIC KMV Val Leu lle
G78N —0.059 0.006 —0.016 0.063 0.061 0.1
L154Q 0.031 0.106 —0.01 0.00 0.001 0.145
Y174D 0.366 0.383 0.401 0.473 0.552 0.48
G316W —0.056 —0.011 0.016 0.037 0.248 0.081
G316S 0.638 0.716 0.749 0.824 1.034 0.888
A318Q 0.572 0.63 0.657 0.737 0.854 0.779
A319T 0.159 0.205 0.252 0.299 0.493 0.299

aThe values were calculated as the logarithmic change of binding affinity from the original amino acid residue
(calculated using mCSM-lig); positive and negative values indicate increased and decreased binding affinities,
respectively.

substitutions, Gly78 (G78N), Leu154 (L154Q), Tyr174 (Y174D), Gly316 (G316W and G3165),
Ala318 (A318Q), and Ala319 (A319T), showed an increase in substrate-binding affinities
compared with the original amino acid residue, especially when BCAA was the substrate
(Table 1).

In silico prediction results suggested that amino acid substitution from Gly to Ser at
position 316 of Bat2 (G316S) increases the protein stability and substrate-binding affin-
ities toward all BCAAs. Indeed, G316S was the best substitution candidate for further
in vivo and in vitro investigation. Notably, other amino acid substitutions at position
316, particularly from Gly to Trp (G316W), were suggested to increase protein stability
and to change substrate-binding affinities; this substitution increased binding affinities
toward BCAAs but decreasing binding affinities toward BCKAs compared to an original
residue. Therefore, these two amino acid substitutions of Bat2 (Bat2%3'¢° and Bat2G3'6W)
were selected for further in vivo experiments.

Effects of amino acid substitutions in BCATs on the growth phenotype. The
amino acid sequence alignments of Bat1 and Bat2 showed that Gly316 in Bat2 corre-
sponds to Gly333 in Bat1 (Fig. 3). We then constructed both Bat1 and Bat2 variants

BCAl_YEAST l MLORHSLKLGKFSIRTLATGAPLDASKLKITRNPNPSKPRPNEELVFGQTFTDHMLTIPW
BCA2_YEAST 1 —-———————————————- MTLAPLDASKVKITTTQHASKPKPNSELVFGKSFTDHMLTAEW

* kkkkkkk o kkk s kkkokk KkkkkkgokkkkkkKk

BCAl_YEAST 61 SAKEGWGTPHIKPYGNLSLDPSACVFHYAFELFEGLKAYRTPQNTITMFRPDKNMARMNK
BCA2_YEAST 44 TAEKGWGTPEIKPYQNLSLDPSAVVFHYAFELFEGMKAYRTVDNKITMFRPDMNMKRMNK

sheokkkhk Khhkk khkkkkkk khhkkkkkhkhhkohhkhkhkh ok dhkkkhkk *k *hkkk

BCAl_YEAST 121 SAARICLPTFESEELIKLTGKLIEQDKHLVPQGNGYSLYIRPTMIGTSKGLGVGTPSEAL
BCA2_YEAST 104 SAQRICLPTFDPEELITLIGKLIQQDKCLVPEGKGYSLYIRPTLIGTTAGLGVSTPDRAL

kk khkkkkkky Khhkkk * khkkokkk hhkokokhkhkhkhhhkkohhky khkkk Kk

BCAl_YEAST 181 LYVITSPVGPYYKTGFKAVRLEATDYATRAWPGGVGDKKLGANYAPCILPQLQAAKRGYQ
BCA2_YEAST 164 LYVICCPVGPYYKTGFKAVRLEATDYATRAWPGGCGDKKLGANYAPCVLPQLQAASRGYQ

khkhkk  hhkkkkhhhkkhkhkhkhhhhhhhhkhhhhhhk *hhhhhkhhrhkghhhhhhd *kkk

BCAl_YEAST 241 QNLWLFGPEKNITEVGTMNVFFVFLNKVTGKKELVTAPLDGTILEGVTRDSVLTLARDKL
BCA2_YEAST 224 QNLWLFGPNNNITEVGTMNAFFVFKDSKTGKKELVTAPLDGTILEGVTRDSILNLAKERL

dkhkkkhkhdhhkoohhhhhhhdhh K*hhk o dkhkkkhkhhhhhhhhhhdhdhhhhhhkkhkodk dkooo

BCAl_YEAST 301 DPQEWDINERYYTITEVATRAKQGELLEAFGS!TAAVVS PIKEIGWNNEDIHVPLLPGEQ
BCA2_YEAST 284 EPSEWTISERYFTIGEVTERSKNGELLEAFGSGTAAIVSPIKEIGWKGEQINIPLLPGEQ

ek kk Kk kkkoekk kke hokokkhkhhhhhhhhkhhhkodhhhhhhdhdhdhes Kokookdhhhhkhd

BCAl_YEAST 361 CGALTKQVAQWIADIQYGRVNYGNWSKTVADLN
BCA2_YEAST 344 TGPLAKEVAQWINGIQYGETEHGNWSRVVTDLN

* kekekhkhkkk *k kK cekhkkhk o koekkk
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FIG 3 Amino acid sequence alignments of Bat1l and Bat2. The alignment was performed using the Clustal
Omega program and the alignment tool in the Uniprot database. BCA1_YEAST and BCA2_YEAST indicate Bat1
and Bat2 of S. cerevisiae, respectively. The numbers are residue numbers. The red arrow indicates Gly333 in
Bat1 and Gly316 in Bat2. Asterisks indicate fully conserved residue positions. Colons indicate conservation
between groups of strongly similar properties (scoring > 0.5 in the Gonnet PAM 250 matrix). Periods indicate
conservation between groups of weakly similar properties (scoring =0.5 in the Gonnet PAM 250 matrix).

Dashes indicate the absence of corresponding amino acid residues at those positions.
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FIG 4 Effects on cell growth of amino acid substitutions in Bat1 and Bat2. (A) Growth phenotypes of
BY4741bat1Abat2A cells expressing Bat1WT (strain Bat1-WT), Bat1%3335 (strain Bat1-G333S), Bat1%333W
(strain Bat1-G333W), and the wild-type strain BY4741 with the empty vector (strain WT). (B) Growth
phenotypes of BY4741bat1Abat2A cells expressing Bat2"T (strain Bat2-WT), Bat253'%> (strain Bat2-G3169),
and the wild-type strain BY4741 with the empty vector (strain WT). Yeast cells were cultivated in SD
medium. Each point represents the mean with standard deviations from three independent experiments.
*, significant difference where P was <0.05 for Bat1-G333W and Bat2-G316S versus WT, verified by
Student’s t test.

that had the same amino acid substitutions, i.e., the Bat1 variants Bat1%333% and
Bat16333W and the Bat2 variants Bat2%3'%> and Bat263'%W, The plasmids harboring the
genes for wild-type Bat1 (Bat1"VT) and its variants (Bat16333% and Bat1%333W) and for
wild-type Bat2 (Bat2WT) and its variants (Bat253'%> and Bat253'%W) were introduced into
BY4741bat1Abat2A cells. The resultant transformants expressed only one BCAT iso-
form, to eliminate the redundancy effect of Bat1 and Bat2. The control strains used in
this study were BY4741bat1Abat2A cells expressing Bat1"VT (strain Bat1-WT) and Bat2W"
(strain Bat2-WT), and the wild-type strain BY4741 with the empty vector (strain WT).
Unfortunately, BY4741bat1Abat2A cells expressing Bat2%3'%W (Bat2-G316W) were unable
to grow. Thus, the other six transformant strains (WT, Bat1-WT, Bat1-G333S, Bat1-G333W,
Bat2-WT, and Bat2-G316S) were used for further experiments.

We next investigated the growth phenotypes of yeast cells expressing the different
BCAT variants in minimal medium (Fig. 4). The growth of strain Bat1-G333S was almost
the same as that of strains Bat1-WT and WT. In contrast, a significant growth delay was
observed in strain Bat1-G333W compared to the other strains (Fig. 4A). In the case of
Bat2, strain Bat2-G316S grew more slowly than strains Bat2-WT and WT (Fig. 4B).

Effects of amino acid substitutions in BCATs on BCHA production. Our previous
study revealed that the growth defect of yeast cells lacking Bat1 is related to changes
in the production of metabolites (26). Hence, we next determined the contents of
BCHAs (isobutanol, isoamyl alcohol, and active amyl alcohol) in the fermentation broth
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FIG 5 Effects of amino acid substitutions in Bat1 and Bat2 on fusel alcohol production. (A) BCHA
contents of strains Bat1-WT, Bat1-G333S, Bat1-G333W, and WT. (B) BCHA contents of strains Bat2-WT,
Bat2-G316S, and WT. Yeast cells were cultivated in SD medium for 3 days. The supernatants from
each cultured broth were used to measure BCHA content by GC-MS. Each point represents the mean
with standard deviations from three independent experiments. **, significant differences where P was
<0.01 versus controls (Bat1-WT or Bat2-WT), verified by nonrepeated measured analysis of variance
(ANOVA) followed by the Bonferroni correction.

after cultivation of yeast cells for 3 days (Fig. 5). We found that strains Bat1-G333S and
Bat1-G333W exhibited higher amounts of isobutanol and isoamyl alcohol than strains
Bat1-WT and WT. Surprisingly, all BCHA contents (isobutanol, isoamy! alcohol, and
active amyl alcohol) of strain Bat1-G333W (131 = 43,79 = 11,and 13 = 1 ppm, respec-
tively) were much higher than the corresponding contents in strains Bat1-WT (16 = 3,
15 £ 2,and 4 = 1 ppm, respectively) and WT (7 = 1, 10 = 2, and 3 = 1 ppm, respec-
tively) (Fig. 5A). Likewise, the BCHA contents (isobutanol, isoamyl alcohol, and active
amyl alcohol) of strain Bat2-G316S (122 *+ 4, 81 = 2, and 16 = 1 ppm, respectively)
were also higher than those of strains Bat2-WT (45 * 2, 45 = 2, and 14 = 1 ppm,
respectively) and WT (7 £ 1, 10 = 2, and 3 = 1 ppm, respectively) (Fig. 5B). The levels
of production of isobutanol, isoamyl alcohol, and active amyl alcohol in strains Bat1-
G333W and Bat2-G316S were 18.7-fold and 17.4-fold, 7.9-fold and 8.1-fold, and 4.3-fold
and 4.6-fold higher than those of strain WT, respectively.

Effects of amino acid substitutions in BCATs on BCAA production. We next
measured the intracellular contents of BCAAs, which are also important metabolites
synthesized by BCATs (Fig. 6). Unlike in BCHAs, Leu and lle contents in strain Bat1-
G333S and all BCAA contents in strain Bat1-G333W were lower than those in strains
Bat1-WT and WT (Fig. 6A). On the other hand, Leu and lle contents in strain Bat2-
G316S were higher than those of strain Bat2-WT, but lower than those of strain WT
(Fig. 6B). Notably, in previous studies the BCAA contents of strain Bat2-WT were lower
than those of strain WT (21, 26). These results suggest that the enzymatic properties of
BCAT variants affect the contents of both extracellular BCHA and intracellular BCAA.
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FIG 6 Effects of amino acid substitutions in Bat1 and Bat2 on BCAA production. (A) BCAA contents of
strains Bat1-WT, Bat1-G333S, Bat1-G333W, and WT. (B) BCAA contents of strains Bat2-WT, Bat2-G316S,
and WT. Yeast cells were cultured in SD medium for 2 days, and intracellular BCAA contents were
analyzed by an amino acid analyzer. Each point represents the mean with standard deviations from
three independent experiments. *, significant differences where P was <0.05 versus controls (Bat1-WT
or Bat2-WT), verified by the nonrepeated measured ANOVA followed by the Bonferroni correction.

Effects of amino acid substitutions in BCATs on enzymatic activity. We next
attempted to purify the recombinant BCATs from Escherichia coli BL21(DE3) cells. However,
the wild-type Bat1 could not be purified using an Ni Sepharose 6 Fast Flow column (data
not shown). A similar phenomenon was reported for the human BCAT (40). Hence, we
removed the first 16 amino acid residues at the N terminus, to construct a truncated Bat1
named Bat1AN16"T. Those 16 amino acids are encoded as a mitochondrial-targeting sig-
nal (MTS) (21). Prohl et al. (41) also successfully purified a truncated Bat1 that lacked the
amino acid residues 1 to 16, and this truncated Bat1 can be used to measure the enzy-
matic activity. Thus, we finally purified Bat1AN16"T, Bat2"T, Bat1AN16%3335, and Bat2©3165
from E. coli BL21(DE3) cells (see Fig. S5 in the supplemental material) and assayed the
BCAT activities in vitro (Table 2).

When BCKAs (KIV, KIC, and KMV) were used as substrates for BCAA synthesis (i.e., for
monitoring the forward reaction of BCAT), Bat1AN163335 exhibited higher apparent K,,,
values than did BatTAN16WT. Bat253'%° also showed apparent K, values toward BCKAs
that were higher than the apparent K, values of Bat2"". Also, the apparent k., values
of BatTAN1663335 and Bat2%3'%5 were lower than those of Bat1AN16WT and Bat2"WT.
Therefore, the apparent k./K,, values of Bat1AN16%333% and Bat237%5 were significantly
lower than those of BatTAN16WT and Bat2"'. Using BCAAs as a substrate for monitor-
ing the reverse reaction of BCAT, we found that Bat1AN16%3335 and Bat2%3'%5 also dis-
played a similar trend in their forward reactions, which reduced the catalytic properties
compared with those of BatTAN16"T and Bat2"T, respectively. The apparent K,, values
of BatTAN16%3335 and Bat2%3'%% were significantly higher than those of BatTAN16WT
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TABLE 2 Kinetic parameters of wild-type and variant BCATs

k(at/Km
Substrate Enzyme K, (mM)“ K (s71)° (mM-T.s")
KIV BatTAN16WT 0.298 = 0.100 9.55 *+1.92 32.1
Bat1AN166333% 273 £324 2.05*1.70 0.751
Bat2WT 0.180 * 0.0444 8.05 £ 1.02 44.7
Bat263165 1.73 = 0.826 1.79 = 0.521 1.03
KIC Bat1AN16WT 0.323 £ 0.101 154 =292 47.7
Bat1AN1663335 1.57 £ 0.505 495 *+ 0.945 3.15
Bat2WT 0.212 = 0.0610 11.6 = 1.82 54.7
Bat2©316s 0.681 = 0.189 542 +0.615 7.96
KMV Bat1AN16WT 0.218 £ 0.111 4,73 = 1.29 21.7
Bat1AN1663335 0.548 + 0.455 1.46 = 0.435 2.66
Bat2WT 0.150 * 0.0594 548 = 1.04 36.5
Bat263165 0.308 = 0.134 2.01 £0.282 6.53
Val Bat1AN16WT 0.454 = 0.123 337 +£0.37 7.42
Bat1AN166333% 7.70 £ 737 0.834 = 0.319 0.108
Bat2WT 0.511 £0.111 271 £0.23 5.30
Bat263165 133 =344 140 = 0.17 0.106
Leu Bat1AN16WT 0.285 += 0.0679 3.51 £0.31 123
Bat1AN1663335 3.08 £ 1.42 0.701 £0.102 0.228
Bat2WT 0.189 * 0.0600 230 £0.24 12.2
Bat263165 3.89 £ 1.06 1.61 £ 0.15 0.414
lle Bat1AN16WT 0.220 = 0.102 3.74 £ 0.59 17.0
Bat1AN1663335 423 +539 0.769 = 0.312 0.182
Bat2WT 0.119 = 0.0389 261 £0.24 219
Bat263165 340 £1.14 1.80 = 0.20 0.529

aThe values are the means = standard deviations of results from three independent experiments.

and Bat2"T. Similarly, both Bat1AN16%3335 and Bat2%3'%5 exhibited apparent k., values
that were significantly lower than those of BatTAN16"T and Bat2"'. The significantly
higher K, and lower k_,, values of BCAT variants eventually led to a major reduction in
apparent k.,/K,, values of Bat1AN163335 and Bat253'%° compared to the corresponding
values for Bat1AN16"T and Bat2"T. In conclusion, all of the kinetic parameters of the
BCAT variants (Bat1AN16%3335 and Bat2%3'%%) showed an increase in the K, values with
a decrease in the k., and k./K, values relative to the corresponding wild-type
enzymes (Bat1AN16"T and Bat2'"V"), indicating that the catalytic activities of the BCAT
variants were reduced.

DISCUSSION

Here, we engineered Bat1 and Bat2 by in silico computational analysis and then investi-
gated the effects of the Bat1 and Bat2 variants on the cell growth and production of
metabolites (BCAAs and BCHAs). Finally, we examined the effects of amino acid substitu-
tions on catalytic properties using the recombinant enzymes. The parental yeast strain
BY4741bat1Abat2A has an auxotrophic phenotype in culture media without BCAAs (17,
41). Thus, the BCAAs produced by a functional Bat1 or Bat2 are crucial for the cell growth
of those transformants in minimal media without BCAA supplementation. In this study,
the phenotypes of BY4741bat1Abat2A cells expressing Bat1"T or Bat2"T were consistent
with those in the previous studies (21, 26). Hence, we concluded that all BCATs (Bat1"T,
Bat163335, Bat1¢333W, Bat2WT, and Bat2%3'%5) are functional.

Interestingly, yeast cells expressing Bat163335, Bat16333W, and Bat2%3'¢S produced
higher levels of isobutanol and isoamyl alcohol than the cells expressing Bat1"T and
Bat2"T (Fig. 5). The BCHA productivity of yeast cells expressing BCAT variants was cor-
related with the variants’ enzymatic activities (Table 2). In fact, the kinetic parameters
of Bat1%333% and Bat2%3'%> showed lower apparent k., and higher apparent K, values
than those of Bat1"T and Bat2"T, respectively. Therefore, the apparent k_,/K,, values of
the BCAT variants were lower than those of Bat1"T and Bat2"T, which was particularly
true of the k., /K,, values toward BCKAs (synthesis of BCAAs), in association with a
decrease in BCAA contents compared to the WT strain (Fig. 6). Hence, the high-level
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production of BCHAs by BCAT variants was probably due to a decrease in the catalytic
activities of the BCAT variants. The enzymatic analysis also indicated that Bat1"" and
Bat2WT prefer to synthesize BCAAs (using BCKAs as the substrates) under certain condi-
tions. However, the k/K, values toward BCKAs of BCAT variants (Bat1¢333% and
Bat26316%) were significantly lower than those for Bat1¥" and Bat2"T, which would pro-
mote the efficiency of BCHA production. In other words, the low catalytic activity of
BCAT variants directly decreased the rate of the reaction competing with BCHA pro-
duction, namely, BCAA biosynthesis. Our recent study suggested that in yeast cells
lacking Bat1, elevated levels of BCKAs, which are produced in mitochondria and then
flow from the mitochondria to cytosol, are involved in an increase in BCHA levels (26).
Moreover, BCAAs cause feedback inhibition of key enzymes involved in the biosyn-
thetic pathway (15, 16), which would also affect the BCKA pool and, consequently,
BCHA biosynthesis. The decreased catalytic activities of BCAT variants may reduce the
feedback inhibition by BCAA, as the BCAA contents in strains Bat1-G333S and Bat1-
G333W were lower than those in strain WT (Fig. 6).

The results shown in Table 2 suggest that the abilities of the BCAT variants to bind
with substrates and to convert substrates into products of variant enzymes were lower
than those of the wild-type enzyme. By in silico comparative analysis of the structures
of Bat26316% and Bat2"T (Fig. 7A and B), Ser316 was found to display an additional inter-
action with Met241 that did not exist in Bat2"". In the human BCAT, Asn242 is known
to directly interact with a pyridoxal 5’'-phosphate (PLP) cofactor (see Fig. S2 in the supple-
mental material) (43). Met241 is located near Asn242. Thus, an additional interaction
between Ser316 and Met241 would impact the catalytic engines of Bat2¢3'%5, Moreover,
the amino acid residue at position 316 of Bat2 is located in close proximity to the phos-
phate group of PLP (within 4.5 A) (Fig. 8A and B), which is the catalytic center where trans-
amination reactions occur (45). The side chain of Ser, which is larger and bulkier than that
of Gly (46), easily blocks or affects substrate binding and interaction with the phosphate
group of PLP. Hence, a Gly-to-Ser substitution at position 316 in Bat2 may affect the enzy-
matic properties. It is noteworthy that Ser316 and Met241 in Bat2 were conserved in Bat1
(Ser333 and Met258) (Fig. 3). In fact, the kinetic parameters were similar between Bat15333%
and Bat263'%%, indicating that the Gly-to-Ser substitution decreases the catalytic activity of
BCAT. However, the phenotypes of cell growth and BCHA production in strain Bat2-G316S
were quite distinct from those of strain Bat1-G333S (Fig. 4 and 5). These differences could
be explained by the differences in localization, stability, expression, and transcriptional
regulation between Bat1 and Bat2 (22, 47, 48). In fact, yeast cells expressing only Bat2 in
the cytosol (bat1A cells) basically exhibited a growth defect with an increase in BCHA con-
tent compared to yeast cells expressing only Bat1 in mitochondria (bat2A cells) (21, 25, 26)
(Fig. 5). Accordingly, Ser substitution at position 316 on Bat2 has a greater impact on the
phenotypes of cell growth and BCHA production than Ser substitution at position 333 on
Bat1.

Interestingly, strain Bat1-G333W exhibited a major increase in BCHA levels but also
a decrease in BCAA content compared to the other strains (Fig. 5A and 6A). The in silico
investigation of Bat2 revealed that Trp substitution at position 316 resulted in addi-
tional intramolecular interactions with many more residues (Tyr174, Gly314, Ala319,
and Ser322) compared to Ser substitution at position 316 (Fig. 7B and Q). It is worth
noting that these residues were located within the area of substrate binding (within 5
A) and indirectly interacted with substrates (see Tables S2 and S3 in the supplemental
material). Importantly, these residues (Tyr174, Gly314, Ala319, and Ser322 of Bat2) are
fully conserved in Bat1 (Tyr191, Gly331, Ala336, and Ser339 of Bat1) (Fig. 3). Indeed, Trp
substitution in Bat1 has more impact on enzymatic properties than Ser substitution.
This Trp substitution leads to the lower catalytic activity of Bat1%333W compared to
Bat1%333%, and it consequently has a higher impact on cell growth and BCHA produc-
tion. Moreover, while a lack of Bat1 is a well-known and effective approach to overpro-
duce BCHA (25, 26, 49), it is intriguing that the BCHA production of strain Bat1-G333W
was much greater than in those of strains WT and Bat1-WT. Another important
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FIG 7 Schematic interatomic interactions between amino acid residues at position 316 in Bat2"" (A),
Bat243' (B), and Bat2%3'*W (C). Gly316, Ser316, and Trp316 are shown in green, red, and red boxes,

respectively. The amino acid residues that interact with Ser316 and Trp316 but do not interact with
Gly316 are shown with red fonts.

phenotype of strains Bat1-G333W and Bat2-G316S is the growth defect when cultured
in minimal medium (Fig. 4), which was considered to be related to metabolite produc-
tion. Actually, the productivities of BCAAs in these strains were significantly lower than
in the wild-type strain (Table 2). Such insufficient levels of BCAAs might affect cell
growth of the BCAT variants, consistent with the lower BCAA contents of Bat1-G333W
and Bat2-G316S compared to the wild-type strain (Fig. 6A and B).

In this study, the BCAT variants (Bat1AN16%3335 and Bat2%3'%%) showed a decrease in cat-
alytic activity compared to the wild-type Bat1 and Bat2 (Bat1AN16"" and Bat2"") (Table 2),
even though the in silico analysis indicated that the Bat2 variants had greater binding affin-
ities toward the substrates (Table 1). The in silico simulations (molecular docking and
mCSM-lig) that were mainly used in this study are static and fairly rough determinants of
the properties of BCAT variants based on binding affinity with the substrate. These meth-
ods are currently the most effective to clarify or predict their biological performance of
enzyme variants (50). However, the catalytic activity of an enzyme is highly dynamic; con-
formational fluctuation or movement of amino acids around the active site and vibration
of the backbone interrelate to yield the characteristic catalytic function (51-53). A recent
study clarified a catalytic mechanism of histidine decarboxylase, one of the PLP-dependent
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FIG 8 Schematic active center of Bat2"" (A), Bat2®*'®* (B), and Bat2*'*V (C). Gly316 in Bat2"" is
marked in cyan. Ser316 and Trp316 in Bat2%%'% and Bat2%%'®¥, respectively, are marked in yellow
color. The distance between Ser316 or Trp316 and the phosphate group of PLP (orange-red end) is
~45 A (measured with UCSF Chimera).
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enzymes, based on molecular dynamics simulation and hybrid quantum mechanics and
molecular mechanics (QM/MM) studies (54). Also, the unbinding of ligands (substrates or
products of enzyme) has been reported to have a positive effect on enzyme turnover,
which can improve the biocatalyst properties of an enzyme (55). Hence, complementing
static simulations with dynamic simulations, including molecular dynamic simulation, QM/
MM studies, and the unbinding kinetics of ligands, would deepen our understanding of
the enzyme dynamics and could eventually yield BCAT variants with improved catalytic
activities for specific biotechnological applications.
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In terms of the efficiency of BCHA production, strains Bat1-G333W and Bat2-G316S
produced approximately 20 times more isobutanol than the wild-type strain in syn-
thetic dextrose (SD) minimal medium with 2% glucose (Fig. 5). A previous study
reported an =13-fold increase in isobutanol production in the engineered strain
BY4741 with deletion of BATT and overexpressing ILV, which is involved in BCKA bio-
synthesis, when cultured in synthetic complete (SC) medium with 10% glucose (25).
Moreover, the isoamyl alcohol and active amyl alcohol contents were also remarkably
increased in strains Bat1-G333W and Bat2-G316S (Fig. 5). In the present study, we pro-
pose a novel approach for overproducing BCHAs by using engineered BCATs with
altered catalytic activities. Using the Bat1 and Bat2 variants, further studies can be per-
formed to enhance BCHA productivity by combination with the previous successful
approaches: engineering of other enzymes, mitochondrial compartmentalization of
the BCHA biosynthetic pathways, and increase of glucose content or nutrients in the
culture medium (25, 56, 57).

MATERIALS AND METHODS

In silico design of Bat2 variants. The homology structure of Bat2 with PLP was modeled from the
SWISS-MODEL (58) using human cytosolic BCAT (hBCATc; SMTL ID 2abj.1; chain A) as a template.
Structural validation was validated based on homology structure quality by SWISS-MODEL quality esti-
mation (QSQE, GMQE, QMEAN) connecting with SWISS-MODEL web server and PROCHECK analysis
(Ramachandran plots and G-factors) (59), connecting with the PDBsum database (60). The structures of
Bat2 variants were constructed using the Rotamers tool, connecting with UCSF Chimera (61), using the
Dunbrack (2010) Rotamer library (62). Structural minimization of the wild-type and variants of Bat2 was
performed in UCSF Chimera to remove atomic clashes and contacts using the 1,000 steepest descent
steps (step size, 0.02 A). The net charge of PLP (—2) was computed using ANTECHAMBER (63). The
interatomic interaction between Bat2 and its variant structures was analyzed and visualized with the
Arpeggio web server (64).

Density functional theory-optimized structures of the BCAAs (Val, Leu, and lle) and BCKAs (KIV, KIC,
and KMV) were obtained using the Gaussian 09 program package (65) at the B3LYP/6-311+G(d,p) level
of theory (66-68). All the B3LYP/6-311+G(d,p)-optimized structures were converted to the format of the
Protein Data Bank (PDB) for molecular docking. The most robust binding was considered the most stable
configuration based on each docking simulation’s binding affinity or energy. The docking simulations
were performed using the AutoDock Vina v.1.1.2 (69). Docking simulations and analyses were performed
using the ADT/PMV/Viewer v.1.5.6 software (70). The interaction configurations between the Bat2 and
variant proteins with all substrates were analyzed and visualized using the LigPlot+ v. 2.2.4 software via
the academic free license (71). The catalytic center of Bat2 and its variants were visualized using UCSF
Chimera.

Preliminary screening of amino acid substitutions for Bat2 was performed using the CUPSAT web
server (72). The mutations, which affect protein stability, were quantified as the change in folding free
energy (AAG). CUPSAT estimates AAG upon mutation by using mean force atom pair and torsion angle
potential. The amino acid substitutions that stabilize the folding stability of the protein structure were
selected for further analysis. An effect of mutations on protein-small molecule affinity was further inves-
tigated by using the mCSM-lig web-server (73). mCSM-lig can predict the change in binding affinity
upon mutation compared to that with the original amino acid residue using a graph-based signature.
Hence, the amino acid substitutions that stabilized substrate-binding affinities (i.e., increased substrate-
binding affinities than with the original amino acid residue) were selected.

Strains and media. The yeast S. cerevisiae strain BY4741bat1Abat2A (BY4741Abat1:kanMX6Abat2::
hphNTT), constructed as for the previous study (21), was used as a host strain for the construction of
transformants. S. cerevisiae strain BY4741 (MAT« his3A1 leu2A0 met15A0 ura3A0) was also used as an
original wild-type strain. An Escherichia coli DH5« strain [F~ ¢ 80dlacZAM15 A(lacZYA-argF)U169 deoR
recA1 endA1 hdR17 (r,~ m,") phoA supE44 X~ thi-1 gyrA96 relAT] was used as a host for the construction
and extraction of plasmids. Yeast strains were cultured in a nutrient-rich yeast extract-peptone-dextrose
(YPD) medium {10 g/L yeast extract (Becton Dickinson [BD], Franklin Lakes, NJ), 20 g/L peptone (BD), and
20 g/L glucose} or a synthetic dextrose (SD) minimal medium (1.7 g/L yeast nitrogen base without amino
acid [BD], 5 g/L ammonium sulfate, and 20 g/L glucose at pH 6.0). The antibiotics Geneticin (150 ng/mL)
and hygromycin B (50 ug/mL) were appropriately supplemented to maintain the gene-disrupted status.
An E. coli DH5« strain was cultivated in Luria-Bertani (LB) complete medium (5 g/L yeast extract, 10 g/L
tryptone [BD], and 10 g/L NaCl). Cultures were supplemented with ampicillin (100 xg/mL) to maintain
the transformant status. For the bacterial cells harboring pDONR221, 50 ng/mL of kanamycin was added
to LB medium. Otherwise, the bacterial cells harboring pET53 were cultured in LB with an addition of
100 uwg/mL ampicillin. In the case of BCAT proteins expressed in E. coli BL21(DE3) cells (F- ompT hsdS(rg”
mg) gal dem A(DE3) (lacl lacUV5-T7 genel ind1 sam7 nin5), bacterial cells were cultured in M9 (4 g/L glu-
cose, 246 mg/L MgSO,, - 7H,0, 6 g/L Na,HPO,, 3 g/L KH,PO,, 0.5 g/L NaCl, and 1 g/L NH,CI) plus 20 g/L
casamino acid (M9CA) with supplementation of ampicillin (100 wg/mL). If necessary, all media were sol-
idified by adding 2% agar.
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Construction of expression plasmids and transformants. BCAT proteins were expressed in S. cere-
visiae BY4741bat1Abat2A using pRS416-BATT and pRS416-BAT2, which were used in the previous study
(21). Site-directed mutagenesis was performed using pRS416-BAT1 and pRS416-BAT2 as templates. The
following primers were used to introduce mutations in the BAT1 gene: from Gly333 to Ser333, G333S_F
(5'-GCC TTC GGT TCT AGT GCT GCT GTC-3") and G333S_R (5'-GAC AGC AGC AGT ACT AGA ACC GAA
GGC-3'), and from Gly333 to Trp333, G333W_F (5'-GCC TTC GGT TCT TGG ACT GCT GCT GTC-3') and
G333W_R (5'-GAC AGC AGC AGT CCA AGA ACC GAA GGC-3'). The following primers were used to intro-
duce mutations in the BAT2 gene: from Gly316 to Ser316, G316S_F (5'- GCC TTT GGT TCT AGT ACT GCT
GCG ATT-3') and G316S_R (5'-AAT CGC AGC AGT ACT AGA ACC AAA GGC-3'), and from Gly316 to
Trp316, G316W_F (5'-GCC TTT GGT TCT TGG ACT GCT GCG ATT-3') and G316W_R (5'- AAT CGC AGC AGT
CCA AGA ACC AAA GGC-3'). The double-underlined nucleotides reveal the corresponding amino acid
substitution in Bat1 and Bat2. The subsequent PCR products were cut with Dpnl and transformed into E.
coli DH5« cells (74). After obtaining PCR products and designed plasmids, DNA sequences of the prod-
ucts were verified by using a DNA sequencer (ABI PRISM 3130 Genetic Analyzer; Applied Biosystems,
Waltham, MA, USA). Corresponding Bat1 variants (Bat1%333% and Bat1°3*3V) and Bat2 variants (Bat263'65
and Bat2%3'*W) in pRS416 series were cotransformed with plasmid pRS415-CgHIS3MET15 (21) using the
high-efficiency transformation method (75) to complement the auxotrophic phenotype of the BY4741
strain. SD agar plates were used to select the transformant colonies for corresponding experiments.

For expression of BCATs using E. coli BL21(DE3) cells, the BATT gene was amplified from genomic
DNA of S. cerevisiae BY4741 using the following primers: F-BATTAN16-attB1 (5" GGG GAC AAG TTT GTA
CAA AAA AGC AGG CTT ACT CGC TAC TGG TGC CCC ATT-3’) and R-BATT-attB2 (5'-GGG GAC CAC TTT
GTA CAA GAA AGC TGG GTT GTT CAA GTC GGC AAC AGT TT-3’). The resultant PCR fragments of BAT1
were introduced into the pDONR221 vector (Thermo Scientific, Waltham, MA, USA) using BP clonase Il
(Thermo Scientific), resulting in pDONR221-BATTAN16. Site-directed mutagenesis was performed using
pPDONR221-BAT1AN16 as a template and using the same primers as for pRS416-BATT variants construc-
tion, resulting in pPDONR221-BATTAN16%3335, For the construction of pDONR221-BAT2 and pDONR221-
BAT2 variants, both the wild-type and mutant BAT2 genes were directly amplified from pRS416-BAT2 and
pRS416-BAT2 variants by using the following primers: F-BAT2-attB1 w/o SD (5'- GGG GAC AAG TTT GTA
CAA AAA AGC AGG CTT AAT GAC CTT GGC ACC CCT AGA-3’) and R-BAT2-attB2 w/o SC (5'-GGG GAC
CAC TTT GTA CAA GAA AGC TGG GTT GTT CAA ATC AGT AAC AAC CCT-3’). The following resultant PCR
fragments of the BAT2 series were also introduced into the pDONR221 vector by using BP clonase I,
resulting in pDONR221-BAT2 and pDONR221-BAT25%'%5, DNA sequences of the BATT series and BAT2 se-
ries in pDONR221 were confirmed and transferred into a pET53-dest expression vector (Thermo
Scientific) using LR clonase Il (Thermo Scientific). Finally, the corresponding E. coli expression vectors
with BCATs, pET53-BATT1AN16, pET53-BATTAN16%3335, pET53-BAT2, and pET53-BAT2531%5 were obtained.

Measurement of cell growth. Yeast cells were precultured in 5 mL of SD medium at 30°C for 18 h.
Then, the cell suspensions were transferred to 50 mL of SD medium with an initial optical density at 600
nm (ODy,,) of 0.1. The OD,,, was measured every 4 h until the culture time reached 24 h. After 24 h, the
ODy,, Was measured every 6 h until the culture time reached 48 h in order to trigger the growth
phenotype.

Measurement of BCAT metabolites. Yeast cells were precultured in 5 mL of SD medium at 30°C for
18 h. Then, the cell suspensions were transferred to 50 mL of SD medium with an initial OD,, of 0.1.
After 48 h of incubation, yeast cells were collected and adjusted an ODy,, of 10. Amino acid contents
were quantified using the same method as the previous study (26).

For the quantification of fusel alcohols content, the supernatants obtained from yeast cells cultured
in SD medium with shaking for 3 days were collected. Gas chromatography-mass spectrometry (GC-MS)
was also used to quantify fusel alcohol content, with a similar method as in the previous study (26).

Expression and purification of the recombinant BCATs. N-terminal His-tagged recombinant
BCATs were expressed using E. coli BL21(DE3) cells harboring pET53-BAT1AN16, pET53-BATTAN165333,
pET53-BAT2, and pET53-BAT2531%5, DE3 cells were precultured in LB medium containing ampicillin at
37°C for 18 h. Then, the cell suspensions were transferred to 50 mL M9CA with an initial ODy,, of 0.05.
The cells were cultured at 37°C until the ODg,, reached 0.6 to 0.8. Isopropyl 3-D-1-thiogalactopyranoside
(IPTG) at 0.25 mM and 0.5 mM concentrations for the series of Bat1 and Bat2, respectively, was added to
induce protein expression. After cultivation at 18°C for 20 h, the cells were harvested by centrifugation
and resuspended in 5 mL of buffer A (50 mM Tris-HCI [pH 8] and 300 mM NaCl]. The cell suspensions
were homogenized and insoluble fractions were removed by centrifugation under cooling. The superna-
tants were loaded onto the nickel affinity column (Ni Sepharose 6 Fast Flow; GE Healthcare Life
Sciences). After washing the column with buffer A containing 20 mM and 40 mM imidazole (for Bat1
and Bat2, respectively), buffer A with 500 mM imidazole was applied to the column to elute the recombi-
nant BCATSs. Dialysis was performed to remove imidazole together with exchanging the buffer from Tris-
HCI to potassium phosphate and addition of dithiothreitol (DTT) to maintain and maximize the recombi-
nant BCAT activities (40) using buffer B which contained 50 mM potassium phosphate buffer (pH 8.0),
300 mM NacCl, and 1 mM DTT.

Assay of BCAT activity. The recombinant BCAT activities were measured from triggering the pro-
duction or extermination of NADH by coupling the transamination reaction with NAD-dependent gluta-
mate dehydrogenase (GTD-211; Toyobo, Osaka, Japan) as described for previous studies with some
modification (41, 47, 76) (see Fig. S2 in the supplemental material). The NADH level was monitored by
measuring the absorbance at 340 nm using a DU-800 spectrophotometer (Beckman Coulter, Brea, CA).
All reaction mixtures were maintained at 30°C for 15 min, with pre-equilibration of the reaction mixture
for 2 min at 30°C. The forward reaction of BCAT was defined as conversion of BCKAs (KIV, KIC, and KMV)
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to BCAAs (Val, Leu, and lle) as monitored by NADH production. In contrast, the reverse reaction of BCAT
was defined as a conversion of BCAAs (Val, Leu, and lle) to BCKAs (KIV, KIC, and KMV), which was
monitored by the extermination of NADH. Amino acid group donor (Glu) and receptor (KG) was added
to forward (Glu was added) and reverse (KG was added) reaction mixtures with the appropriate
concentration.

Steady-state kinetics of the recombinant BCATs were assayed for both forward and reverse reactions
of BCAT. For determining steady-state kinetics for the forward reaction assay, the concentration of Glu was
kept at 100 mM for both wild-type and variant recombinant BCATs. Meanwhile, the concentration of
BCKAs was varied (0.075 to 5 mM and 0.15 to 20 mM, respectively for the wild type [Bat1AN16"" and
Bat2""] and variant [Bat1AN16%333% and Bat2%3'5] BCATSs. The other mixture components for determination
of steady-state kinetics for the forward reaction assay contained: 200 mM potassium phosphate buffer (pH
8.0), 0.25 mM NADH, 100 mM NH,Cl, 50 M PLP, 100 mM Glu, 12 U of glutamate dehydrogenase (GDH),
and 2 ug of purified recombinant BCATs. Each BCKA at a certain concentration was added to initiate the
forward reaction. Otherwise, for determining the steady-state kinetics for the reverse reaction assay, the
concentration of KG was kept at 2 mM for both wild-type and variant recombinant BCATs. The concentra-
tion of BCAAs was varied (0.25 to 50 mM and 5 to 150 mM for wild-type [Bat1AN16"" and Bat2"'] and var-
iant [Bat1AN16%3335 and Bat2%3'%%] BCATS, respectively). Then, 2 mM KG was added to initiate the reverse
reaction. The other mixture components in determining the steady-state kinetics for the reverse reaction
contained 200 mM potassium phosphate buffer (pH 8.5), 5 mM NAD*, 50 M PLP, 24 U of GDH, and 2 u.g
of purified recombinant BCATs. One unit of BCAT activity was defined as the amount of enzyme required
to produce 1 umol of KG per min (for forward reaction) or the amount of enzyme required to produce
1 wmol of Glu per min (for reverse reaction). Kinetic parameters of each enzyme were calculated with
GraphPad Prism version 9 (GraphPad Software) using nonlinear regression analysis.

Data availability. The data underlying this article are available in the article.
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