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ABSTRACT: Measurement of the active enzyme fraction in a
given enzyme preparation is a requirement for accurate kinetic
measurements and activity comparisons of, for example, engineered
mutants. @-Transaminases, enzymes capable of interconverting
ketones and amines by use of pyridoxal-S'-phosphate (PLP), can
be used for the production of pharmaceutically important chiral
amines but are subject to engineering to meet the practical require-
ments in synthesis reactions. Therefore, an active site quantification

method is needed. Such a method was developed by quantifying the

amount of consumed substrate in a virtually irreversible half transamination reaction. (S)-1-phenylethylamine was converted to
acetophenone, while the holo enzyme (E-PLP) was converted to apo enzyme with bound pyridoxamine-5'-phosphate (E:PMP). Further,
the mass of active enzyme was correlated to the absorbance of the holo enzyme to achieve a direct measurement method. The active
Chromobacterium violaceum -transaminase with bound PLP can be quantified at 395 nm with an apparent extinction coeflicient of

81mM ‘cm .
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B INTRODUCTION

Chiral amines are common motifs in pharmaceuticals and fine
chemicals."”> Compounds containing amines, such as amino
acids, are produced in vivo by enantioselective enzyme-catalyzed
transamination reactions.” Transaminases catalyze the reversible
transfer of an amino group from an amino donor to an amino
acceptor, a carbonyl compound, to yield an amine or an amino
acid. Known transaminases require the coenzyme pyridoxal '
phosphate (PLP). When substrate amines or amino acids with
more than one methylene between the carboxyl- and amino
groups are accepted, the enzyme can be classified as an w-
transaminase (w-TA). Generally, these enzymes display high
enantioselectivity and are useful for asymmetric synthesis of
chiral amines of high enantiomeric excess.*”” This attractive
biocatalyst, nonetheless, requires engineering to function as an
industrially feasible option. Obstacles, such as the commonly
unfavorable thermodynamic equilibrium, substrate and product
inhibition, poor thermostability, low solvent tolerability, insuffi-
cient enantioselectivity, or inadequate specific activity for desired
substrates, need to be surmounted. For this purpose, engineered
reactions and more eflicient mutants have successfully been
constructed,”” "> as well as discovery of naturally occurring
transaminase enzymes with desired properties."

To correctly assess the activity a measurement of the amount
of active enzyme is necessary. A comparison between different
enzyme batches or mutants by mass alone will be misleading. The
inactive fraction may differ in proportion or stability and activity
may be misinterpreted. Hence, active site quantification is of
paramount importance and it is a requirement for proper kinetic
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measurements. To our knowledge, a specific active site titration
or quantification method for w-transaminases has not been
published to date. Cycloserine and gabaculine have been shown
to be active site titrants (suicide inhibitors) for PLP-dependent
amino acid transaminases.'* In this paper the aim was to
determine the amount of active enzyme through a half-transa-
mination reaction per se, with substrate release.

The catalytically active enzyme coordinates PLP in the active
site by hydrogen bonding on the pyridinium nitrogen atom to an
acidic amino acid residue and by various hydrogen bond co-
ordinations to the phosphate group. In the enzyme resting state, a
covalent bond between a catalytic lysine and the PLP carbonyl
carbon forms an internal aldimine. The apo enzyme is catalyti-
cally inactive,'® the activity is proportional to the amount of
PLP-enzyme complex, the holo enzyme. In addition, the employ-
ment of an excess of the cofactor (PLP) has been shown to be
detrimental to the observed initial rate of an w-transaminase
variant of Arthrobacter citreus.> The ®-transaminases are as-
sumed to follow a two step reaction mechanism revealed for o
transaminases."® According to this reaction mechanism (Scheme 1),
an amino group is transferred from an amino donor to PLP
yielding pyridoxamine-5’-phosphate (PMP), while the amino
donor is released as the corresponding ketone. Then, an
amino acceptor keto compound reacts with PMP to form the
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Scheme 1. Transaminases Follow a Two-Step Reaction Mechanism Consisting of Two Half-Transamination Reactions”
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“In resting state, a catalytic lysine coordinates to PLP to form an internal aldimine. In the first half-transamination reaction, an amino donor reacts with
the internal aldimine to form pyridoxamine-5'-phosphate (PMP) and a keto by-product. In the second half-transamination reaction, an amino acceptor

(a carbonyl compound) reacts with PMP to yield a chiral amine.

corresponding chiral amine and thereby regenerates the PLP.'* If
no amino acceptor is present, only the first half-transamination
reaction can occur. Accordingly, in a virtually irreversible reaction
the holo enzyme will not be regenerated.

B EXPERIMENTAL SECTION

Cloning, Protein Expression, and Purification. The gene for
Chromobacterium violaceum w-transaminase was a kind gift from
Professor Wolfgang Kroutil, previously described by Koszelewski
et al.> PCR amplification was performed with the following primers:

Forward primer with Nhel restriction site, S'-CATATGGC-

TAGCCAGAAACAGCG-3

Reverse primer with Hindlll restriction site, 5'-GCAGAA-

GCTTTTAGGCCAGACC-3'

After digestion (Nhel, HindllI), the product was inserted in
the plasmid pET28a(+) with an N-terminal Hiss-tag and se-
quence verified (Eurofins MWG Operon, Ebersberg, Germany).
The construct was transformed to Escherichia coli BL21(DE3) by
electroporation. Expression was done by mixing a 20 mL over-
night culture with 180 mL of Luria—Bertoni (LB) medium with
50 mg/L kanamycin and 0.4 mM IPTG and incubating for 24 h at
25 °C (150 rpm, baffled flask). The cells were thereafter separated
from the medium by centrifugation, resuspended in IMAC binding
buffer (20 mM sodium phosphate, 500 mM sodium chloride, pH
7.4), and disrupted by addition of BugBuster 10x (Merck); cell
debris was removed by centrifugation and filtration. The obtained
solution was applied to a column with Chelating Sepharose FastFlow
resin (GE Healthcare) pretreated with a saturated water solution of
Cobalt(IT) chloride. After it was washed with the binding buffer, the
Hiss-tagged enzyme was eluted with IMAC elution buffer (20 mM
sodium phosphate, 500 mM sodium chloride, 500 mM imidazole, pH
7.4). An excess of cofactor (PLP) was added and the solution was
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incubated at room temperature for 20 min, before desalting on a
PD10 column (GE Healthcare). The holo enzyme, dissolved in
50 mM Na,HPOy,, pH 7.0, was lyophilized.

Active Site Quantification. The lyophilized enzyme was
quantified by weight, with correction for the buffer content by
lyophilization of an equal volume of pure buffer and subtracting
its mass from that of the enzyme lyophilized in the same bulffer.
Milli-Q-H,O was added and the lyophilized enzyme was redis-
solved, the absorbance at 280 and 395 nm was recorded. Racemic
1-phenylethylamine was added to 200 uM to solutions of
different enzyme concentrations (6.57, 13.1, 19.7, 26.3, and
32.9 uM). The resulting mix could be spectrophotometrically
studied at 245 nm to follow the formation of acetophenone. After
completion of the reaction, when the absorbance no longer
increased significantly, the solutions were acidified by addition of
HCIO, and filtered through 0.45 um syringe filters. HPLC
analysis was performed with UV detection at 254 nm (Waters
616 pump, Waters 600S Controller, Waters 486 tunable absor-
bance detector) with a Crownpak CR(+) column (Daicel),
isocratically with H,O/HCIO, pH 1.6 as mobile phase. Reten-
tion times for the enantiomers of 1-phenylethylamine were
36 min (S) and 47 min (R).

Kinetic Experiments. Reaction rates for the amination of
acetophenone (1.2 mM or otherwise specified) with isopropy-
lamine (200 mM or otherwise specified) as donor were measured
by following the consumption of acetophenone at 285 nm'>'® on
a dual-beam spectrophotometer (Cary300, Varian Inc.). Isopro-
pylamine solutions were prepared by mixing Milli-Q-H,O, the
desired buffer salts, isopropylamine (1.0 M), and HCI (1.0 M).
After heating to the desired temperature the pH was set. A pH
profile was made by mixing different buffer salts (HEPES, TRIS,
borate, and CHES, S0 mM) to afford a buffer mix suitable over a
large range, thereafter the reaction rate was measured at pH 6.0,
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Scheme 2. (A) Complete Two-Step Transamination Reac-
tion and (B) a Half Transamination Reaction with 1-Pheny-
lethylamine as the Amino Donor Forming Acetophenone and
apo Enzyme*
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“This equilibrium reaction is in aqueous media strongly shifted towards
products because of the consumption of a water molecule, and also
because of stabilizing electron resonance effects in the formed aceto-
phenone.

6.5,7.0,7.5,7.75, 8.0, 8.25, 8.5,9.0 9.5 and 10.0. The individual
effect of different buffer salts (HEPES, TRIS, diethanolamine or
potassium borate, S0 mM) was performed at pH 8.3. The
reaction rate and time dependent activity loss at different
temperatures (25, 30, 35, 37, 40, and 45 °C) was evaluated at
pH 8.3 in HEPES buffer (50 mM). Michaelis—Menten kinetics
were performed using HEPES buffer (50 mM) at pH 8.3, the
pseudo-one substrate kinetics were performed by keeping the
isopropylamine concentration constant and varying the aceto-
phenone concentration (0.3, 0.6, 0.9, 1.05, 1.2, 1.35, 1.5, 1.8, 2.1,
2.4, 2.7, 3.0, 3.3, and 3.6 mM), or keeping the acetophenone
concentration constant and varying the isopropylamine concen-
tration (2.0, 4.0, 8.0, 10, 20, 40, 50, 80, 100, and 200 mM).

B RESULTS

Active Site Quantification for o-Transaminase. A method
for quantifying the amount of active sites of an w-transaminase,
based on a half transamination reaction per se, was constructed
and verified with Chromobacterium violaceum w-transaminase. A
complete enzymatic transamination reaction occurs as an or-
dered ping-pong reaction.'> After amination of the cofactor
(PLP) the enzyme is in apo form (with bound PMP). Thereafter
an amino acceptor, a ketone, can be aminated by PMP, and the
holo enzyme is regenerated. Without an amino acceptor present
the holo enzyme can only be regenerated by reformation of the
amino donor. The quantification of the active sites can therefore
be done by employing only an amino donor, if it results in a
virtually irreversible reaction, by quantifying the remaining
unreacted amino donor or formed ketone. The half transamina-
tion reaction is in water by itself strongly shifted toward the
products since a water molecule is consumed. Scheme 2A shows
a complete transamination reaction. The chosen half transami-
nation reaction of 1-phenylethylamine to form acetophenone is
depicted in Scheme 2B. In this case the formed ketone, aceto-
phenone, is more stable than the corresponding amine due to
electron resonance effects.
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Figure 1. Activity (initial reaction rate as percent of maximum) of C.
violaceum w-transaminase versus the excess of the cofactor (PLP). The
studied reaction, which was followed spectrophotometrically at 285 nm,
was the amination of acetophenone by isopropylamine to produce (S)-
1-phenylethylamine and acetone.
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Figure 2. Consumed (S§)-1-phenylethylamine ((S)-1-PEA) versus en-
zyme concentration. The fraction of active enzyme was in this case
calculated to 86%.

Chromobacterium violaceum w-transaminase was expressed in
E. coli BL21(DE3) using the vector pET28a(+), with an N-term-
inal Hisg-tag. The cultivation was done by adding a 20 mL
overnight culture to 200 mL of LB-medium and directly inducing
with IPTG. The average yield was 135 mg/L after 20 h of
expression. The enzyme was, after IMAC purification, subjected
to an excess of PLP and thereafter desalted. The procedure of
desalting after adding excess cofactor ensures a balanced amount,
no excess PLP remaining. This was shown to yield the most
active enzyme in terms of initial rate measurements, well in
accordance with previous results with an optimized variant of
Arthrobacter citreus -transaminase in a similar expression
system.'” Figure 1 shows the initial rate as a function of the ex-
cess of cofactor.

Different amounts (<40 M) of the C. violaceum enzyme were
mixed with an excess of racemic 1-phenylethylamine (200 xM)
at pH 7.0. The formation of acetophenone could be continuously
followed spectrophotometrically at 245 nm.'® The absorbance
increased with decreasing rate over a period of approximately 3 h
after which it reached a constant level. This was interpreted as the
production of acetophenone and apo enzyme. Prolonged mea-
surement (up to 24 h) resulted in a decrease, presumingly
because of evaporation of acetophenone. Initially the absorbance
change was measured and tested as a method for quantifying the active
sites. However, it was found that the background absorbance from
other compounds in the mix was high. This, combined with the volatile
nature of acetophenone, gave inaccurate measurements. Instead the
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Figure 3. Absorbance at 395 nm versus consumed (S)-1-phenylethy-
lamine. By assuming that the PLP—enzyme complex is proportional to
active enzyme, the active site concentration can be measured by
absorbance with an extinction coefficient of 8.1 mM ' cm™ . The
absorbance measurement was performed prior to the proceeding of the
reaction.
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Figure 4. Pseudo-one substrate Michaelis—Menten kinetics showing
substrate inhibition. Initial rates were measured spectrophotometrically
as the consumption of acetophenone, with isopropylamine as amino
donor. In A, the isopropylamine concentration was 200 mM; in B, the
acetophenone concentration was 1.2 mM.

amount of consumed (S)-1-phenylethylamine was quantified by
HPLC. In this case the E-value of the enzyme was high (E = 154,
S-selective), so the peak corresponding to the R-enantiomer was
used as internal standard. This procedure also corrected for the
amount of imine formed by reaction of the acetophenone with
the 1-phenylethylamine, which would occur in equal proportion
with both enantiomers. Figure 2 shows the amount of consumed

substrate versus the amount of enzyme. There is a clear linear
relationship with a slope of 0.86, that is, an active enzyme fraction
of 86%.

Figure 3 shows the absorbance at 395 nm (corresponding to
where a peak was found in the absorbance spectrum of a solution
of PLP-enzyme complex) plotted against the amount of con-
sumed (§)-1-phenylethylamine. The absorbance was measured
prior to the start of the reaction to ensure the presence of PLP-
enzyme complex. Upon addition of 1-phenylethylamine to the
enzyme solution the yellow color gradually cleared.

When the enzyme was left in phosphate buffer at room
temperature aggregation was observed; after filtration, treatment
with PLP and desalting the absorbance difference at 395 nm was
proportional to the decrease in measured activity. When an
excess of enzyme was added no (S)-1-phenylethylamine could be
detected after completion of the reaction; this verifies that the
equilibrium is shifted toward the products.

Kinetics. Previously, phosphate buffer has been shown to have
a detrimental effect on enzyme activity.'” Also borate lowered the
observed initial rate drastically in our experiments. In HEPES
buffer the observed specific activity increased significantly
(129%) after incubation in room temperature overnight or 4 h
in 37 °C, after the IMAC purification. This effect was observed
without supplementary addition of PLP.

Pseudo-one substrate Michaelis—Menten kinetics for the
amination of acetophenone by isopropylamine, yielding (S)-1-
phenylethylamine and acetone, was measured. The curves
(Figure 4) both show the presence of substrate inhibition. At
the found optimum conditions, i.e. 50 mM HEPES pH 8.3,
37 °C, also found by Ward et al,'”!® at the found optimal
substrate concentrations (1.2 mM acetophenone, S0 mM iso-
propylamine) the specific activity was 0.0072 ¢mol/min/mg.

H DISCUSSION

The active site quantification method here described provides
a means for measuring the active enzyme fraction based on a half
transamination reaction. This includes the conversion of PLP to
PMP and (S)-1-phenylethylamine to acetophenone. The equi-
librium reaction on which the quantification is based is virtually
completely shifted toward products. This allows accurate com-
parison of cultivation batches and mutants, and may be feasible
for any w-transaminase which is capable of performing the
chosen reaction. If one assumes that only a negligible amount
of inactive enzyme binds the cofactor, i.e. the amount of bound
PLP is proportional to the amount of active enzyme after the
desalting step described above; the active enzyme can be quantified
by directly measuring the amount of PLP-enzyme complex. This is a
fair assumption since unexpected binding modes of PLP, for example,
to lysine residues, are likely to be disfavored or of constant amount. In
other words, stabilized binding of PLP is assumed to be present in
active enzyme and to negligible extent in inactive enzyme. This can be
said to be consistent with the linear regression in the graph in Figure 3,
which closely passes through origo. According to this graph and the
given assumptions, the active enzyme can be measured as the
absorbance at 395 nm, after desalting an enzyme solution with excess
PLP, with an apparent extinction coefficient of 8.1 mM " cm ™. This
is only valid for freshly desalted enzyme, before a significant amount
has been degraded. If this measurement would be performed with a
mutant the stability of the PLP-enzyme complex would have to be
assured, since poor cofactor retention is likely to lead to a measure-
ment error regarding the active enzyme fraction; if PLP is released and
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degraded in solution'® before the desalting step the apo enzyme will
not be included in the measurement. Still, any following rate
measurements will yield the specific activity provided that no extra
PLP is added. Correlation of the active enzyme amount to the ab-
sorbance reading is required. If the PLP-enzyme complex is stable
during and before the desalting additional PLP may be added after the
absorbance based recording of holo enzyme, should it be necessary.

When freshly purified enzyme was kept in HEPES buffer at
room temperature overnight or at 37 °C for four hours the
activity increased by 129%. This may be a result of complete
dimerization to form active enzyme. The active site is formed by
both subunits of the homodimer. Since no PLP had to be added
to observe the activity increase, the monomer alone has to be able
to bind PLP; the enzyme was submitted to an excess of PLP
before being desalted, before the time-dependent activation was
observed.

Possibly, the presence of phosphate or borate can disturb the
binding of PLP, which contains a phosphate group, in the active
site. The low activity in phosphate or borate buffer may be inter-
preted as a competitive inhibitor effect.

It is possible that apo enzyme with bound PMP is formed after
expression of the enzyme in E. coli which, unless purged, will
cause an error in the active site quantification. Intact E:PMP will
not contribute to the consumption of the (S)-1-phenylethyl-
amine, still, it should be considered as active enzyme. Seo et al.
have recently shown that the E:PMP can in fact be used for
amination of the keto substrate.”® In our case significant abun-
dance of PMP is improbable since the enzyme was effectively
rinsed when bound to the IMAC column and then subjected to
an excess of PLP, which binds more effectively than PMP. When
necessary a suitable amino acceptor, for example, pyruvate, may
be added together with the excess of PLP after the purification to
ensure the complete formation of E-PLP even though E:PMP is
present.

Il CONCLUSION

An active site quantification method for w-transaminases was
devised, based on the simple procedure of adding an amino
donor, in this case 1-phenylethylamine, but no amino acceptor,
to enzyme with a balanced amount of the cofactor (PLP). This
results in the conversion of PLP to PMP, and production of the
corresponding ketone, acetophenone in this case. This equilib-
rium reaction greatly favors the products. Hence, the amount of
active sites can be measured by quantifying the substrate. The
obtained data was compared to the absorbance reading at
39S nm, a quantification of the amount of PLP-enzyme complex.
The absorbance at 395 nm can be used for quickly measuring the
amount of active enzyme, once the relation between the absorp-
tion and the active site concentration has been determined,
assuming that all PLP-enzyme complexes are active or inactive to
a negligible amount.

Bl AUTHOR INFORMATION

Corresponding Author
*Fax: +46 8 5537 8468. Tel: +46 8 5537 8366. E-mail: per.berglund@
biotech kth.se.

Present Addresses
"These authors contributed equally to this work.

B ACKNOWLEDGMENT

The authors express their gratitude towards VINNOVA (The
Swedish Governmental Agency for Innovation Systems) for
financial support and Prof. Wolfgang Kroutil, Graz University,
Austria, for supplying the gene for C. violaceum w-transaminase.

B REFERENCES

(1) Ward, J.; Wohlgemuth, R. Curr. Org. Chem. 2010, 14, 1914-1927.

(2) Nestl, B. M.; Nebel, B. A; Hauer, B. Curr. Opin. Chem. Biol. 2011,
15, 187-93.

(3) Voet, D.; Voet, J. G.; Pratt, C. W. Fundamentals of Biochemistry:
Life at the Molecular Level; 2nd ed.; Wiley: New York, NY, 2006.

(4) Hohne, M.; Bornscheuer, U. T. ChemCatChem 2009, 1, 42-51.

(S) Koszelewski, D.; Pressnitz, D.; Clay, D.; Kroutil, W. Org. Lett.
2009, 11, 4810-4812.

(6) Koszelewski, D.; Lavandera, L; Clay, D.; Guebitz, G. M.; Rozzell,
D.; Kroutil, W. Angew. Chem., Int. Ed. 2008, 47, 9337-9340.

(7) Koszelewski, D.; Goritzer, M.; Clay, D.; Seisser, B.; Kroutil, W.
ChemCatChem 2010, 2, 73-77.

(8) Martin, A. R;; DiSanto, R.; Plotnikov, I.; Kamat, S.; Shonnard, D.;
Pannuri, S. Biochem. Eng. J. 2007, 37, 246-255.

(9) Svedendahl, M.; Branneby, C.; Lindberg, L.; Berglund, P.
ChemCatChem 2010, 2, 976-980.

(10) Truppo, M. D.; Rozzell, J. D.; Moore, J. C.; Turner, N. J. Org.
Biomol. Chem. 2009, 7, 395-398.

(11) Truppo, M. D.; Turner, N. J.; Rozzell, J. D. Chem. Commun.
2009, 2127-2129.

(12) Cassimjee, K. E.; Branneby, C.; Abedi, V.; Wells, A.; Berglund,
P. Chem. Commun. 2010, 46, 5569-5571.

(13) Hohne, M.; Schatzle, S.; Jochens, H.; Robins, K.; Bornscheuer,
U. T. Nat. Chem. Biol. 2010, 6, 807-813.

(14) Soper, T.S.; Manning, J. M. . Biol. Chem. 1981, 256, 4263-4268.

(15) Silverman, R. B. The Organic Chemistry of Enzyme-Catalysed
Reactions; Academic Press, Elsevier Science: London, 2000.

(16) Schatzle, S.; Hohne, M.; Redestad, E.; Robins, K.; Bornscheuer,
U. T. Anal. Chem. 2009, 81, 8244-8248.

(17) Kaulmann, U.; Smithies, K.,; Smith, M. E. B,; Hailes, H. C,;
Ward, J. M. Enzyme Microb. Technol. 2007, 41, 628-637.

(18) Schell, U.; Wohlgemuth, R.; Ward, J. M. J. Mol. Catal. B: Enzym.
2009, 59, 279-285.

(19) Hill, M. P; Carroll, E. C;; Vang, M. C.; Addington, T. A;
Toney, M. D; Larsen, D. S. ]. Am. Chem. Soc. 2010, 132, 16953-16961.

(20) Seo, J. H; Kyung, D.; Joo, K;; Lee, J.; Kim, B. G. Biotechnol.
Bioeng. 2011, 108, 253-263.

1055 dx.doi.org/10.1021/cs200315h |ACS Catal. 2011, 1, 1051-1055



