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Abstract A novel assay has been developed for the de-
tection of (R)-phenylacetylcarbinol, (R)-PAC, a chiral in-
termediate in the industrial synthesis of ephedrine. It is
the product of a biotransformation of benzaldehyde catal-
ysed by the enzyme pyruvate decarboxylase. The assay,
using 2,3,5-triphenyltetrazolium chloride, enables high-
throughput photometric analysis of the activity of the en-
zyme thus avoiding time-consuming chromatographic
procedures.

Keywords High-throughput assay -
(R)-Phenylacetylcarbinol - Pyruvate decarboxylase -
Tetrazolium red

Abbreviations (R)-PAC (R)-Phenylacetylcarbinol -
PDC Pyruvate decarboxylase - IPTG Isopropyl-B-p-
thiogalactoside - MES 2-[N-Morpholino]ethanesulfonic
acid - ODjs,y,,,, Optical density at 510 nm - ThDP
Thiamine diphosphate

Introduction

One of the earliest examples of industrial biocatalysis is
the production of pseudoephedrine and ephedrine, both of
which are widely used for their decongestant and antial-
lergic properties. The process starts with the biotransfor-
mation of benzaldehyde to (R)-PAC, the first chiral inter-
mediate of the overall synthesis (Scheme 1).
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Scheme 1 Industrial production of pseudoephedrine. Yeast cells
synthesise pyruvic acid from sugar and finally convert it with ben-
zaldehyde to (R)-PAC. This step is catalysed by pyruvate decar-
boxylase. Isolated (R)-PAC is further converted chemically; reduc-
tive methylamination of (R)-PAC yields ephedrine, which can be
isomerised into pseudoephedrine

Since 1921 it has been known that yeast (Saccharo-
myces cerevisiae) can catalyse the formation of (R)-PAC
[1, 2]. Further synthetic steps from (R)-PAC to pseudo-
ephedrine are performed by classical chemical synthesis.
The process for pseudoephedrine production was patented
as early as 1932 [3].

The enzyme in yeast catalysing the synthesis of (R)-PAC
is pyruvate decarboxylase (PDC; EC 4.1.1.1). In vivo this
enzyme converts pyruvate to acetaldehyde. 2-o-Hy-
droxyethyl-ThDP (“activated acetaldehyde”) is an inter-
mediate of the catalytic cycle of this enzyme. Its o-car-
banion reacts with several aldehydes in a nucleophilic at-
tack to form the respective acyloins [4]. In this manner
benzaldehyde and pyruvic acid form (R)-PAC and CO,. It
has recently been shown that it is possible to replace pyru-
vate by acetaldehyde in the synthesis of (R)-PAC. This
avoids accumulation of CO, and a pH-shift of the reaction
mixture [5]. Pyruvate decarboxylase has been isolated
from several different sources [6]. In contrast with the en-


Verwendete Mac Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.
Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.

ALLGEMEIN ----------------------------------------
Dateioptionen:
     Kompatibilität: PDF 1.2
     Für schnelle Web-Anzeige optimieren: Ja
     Piktogramme einbetten: Ja
     Seiten automatisch drehen: Nein
     Seiten von: 1
     Seiten bis: Alle Seiten
     Bund: Links
     Auflösung: [ 2400 2400 ] dpi
     Papierformat: [ 595 785 ] Punkt

KOMPRIMIERUNG ----------------------------------------
Farbbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Graustufenbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Schwarzweiß-Bilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 600 dpi
     Downsampling für Bilder über: 900 dpi
     Komprimieren: Ja
     Komprimierungsart: CCITT
     CCITT-Gruppe: 4
     Graustufen glätten: Nein

     Text und Vektorgrafiken komprimieren: Ja

SCHRIFTEN ----------------------------------------
     Alle Schriften einbetten: Ja
     Untergruppen aller eingebetteten Schriften: Nein
     Wenn Einbetten fehlschlägt: Warnen und weiter
Einbetten:
     Immer einbetten: [ ]
     Nie einbetten: [ ]

FARBE(N) ----------------------------------------
Farbmanagement:
     Farbumrechnungsmethode: Alle Farben zu sRGB konvertieren
     Methode: Standard
Arbeitsbereiche:
     Graustufen ICC-Profil: 
     RGB ICC-Profil: sRGB IEC61966-2.1
     CMYK ICC-Profil: U.S. Web Coated (SWOP) v2
Geräteabhängige Daten:
     Einstellungen für Überdrucken beibehalten: Ja
     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja
     Transferfunktionen: Anwenden
     Rastereinstellungen beibehalten: Ja

ERWEITERT ----------------------------------------
Optionen:
     Prolog/Epilog verwenden: Nein
     PostScript-Datei darf Einstellungen überschreiben: Ja
     Level 2 copypage-Semantik beibehalten: Ja
     Portable Job Ticket in PDF-Datei speichern: Nein
     Illustrator-Überdruckmodus: Ja
     Farbverläufe zu weichen Nuancen konvertieren: Nein
     ASCII-Format: Nein
Document Structuring Conventions (DSC):
     DSC-Kommentare verarbeiten: Nein

ANDERE ----------------------------------------
     Distiller-Kern Version: 5000
     ZIP-Komprimierung verwenden: Ja
     Optimierungen deaktivieren: Nein
     Bildspeicher: 524288 Byte
     Farbbilder glätten: Nein
     Graustufenbilder glätten: Nein
     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja
     sRGB ICC-Profil: sRGB IEC61966-2.1

ENDE DES REPORTS ----------------------------------------

IMPRESSED GmbH
Bahrenfelder Chaussee 49
22761 Hamburg, Germany
Tel. +49 40 897189-0
Fax +49 40 897189-71
Email: info@impressed.de
Web: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<
     /ColorSettingsFile ()
     /LockDistillerParams false
     /DetectBlends false
     /DoThumbnails true
     /AntiAliasMonoImages false
     /MonoImageDownsampleType /Bicubic
     /GrayImageDownsampleType /Bicubic
     /MaxSubsetPct 100
     /MonoImageFilter /CCITTFaxEncode
     /ColorImageDownsampleThreshold 1.5
     /GrayImageFilter /DCTEncode
     /ColorConversionStrategy /sRGB
     /CalGrayProfile ()
     /ColorImageResolution 150
     /UsePrologue false
     /MonoImageResolution 600
     /ColorImageDepth -1
     /sRGBProfile (sRGB IEC61966-2.1)
     /PreserveOverprintSettings true
     /CompatibilityLevel 1.2
     /UCRandBGInfo /Preserve
     /EmitDSCWarnings false
     /CreateJobTicket false
     /DownsampleMonoImages true
     /DownsampleColorImages true
     /MonoImageDict << /K -1 >>
     /ColorImageDownsampleType /Bicubic
     /GrayImageDict << /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.9 >>
     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)
     /ParseDSCComments false
     /PreserveEPSInfo false
     /MonoImageDepth -1
     /AutoFilterGrayImages true
     /SubsetFonts false
     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /HSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.76 /ColorTransform 1 >>
     /ColorImageFilter /DCTEncode
     /AutoRotatePages /None
     /PreserveCopyPage true
     /EncodeMonoImages true
     /ASCII85EncodePages false
     /PreserveOPIComments false
     /NeverEmbed [ ]
     /ColorImageDict << /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.9 >>
     /AntiAliasGrayImages false
     /GrayImageDepth -1
     /CannotEmbedFontPolicy /Warning
     /EndPage -1
     /TransferFunctionInfo /Apply
     /CalRGBProfile (sRGB IEC61966-2.1)
     /EncodeColorImages true
     /EncodeGrayImages true
     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /HSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.76 /ColorTransform 1 >>
     /Optimize true
     /ParseDSCCommentsForDocInfo false
     /GrayImageDownsampleThreshold 1.5
     /MonoImageDownsampleThreshold 1.5
     /AutoPositionEPSFiles false
     /GrayImageResolution 150
     /AutoFilterColorImages true
     /AlwaysEmbed [ ]
     /ImageMemory 524288
     /OPM 1
     /DefaultRenderingIntent /Default
     /EmbedAllFonts true
     /StartPage 1
     /DownsampleGrayImages true
     /AntiAliasColorImages false
     /ConvertImagesToIndexed true
     /PreserveHalftoneInfo true
     /CompressPages true
     /Binding /Left
>> setdistillerparams
<<
     /PageSize [ 595.276 841.890 ]
     /HWResolution [ 2400 2400 ]
>> setpagedevice


1070

zymes from different yeast and fungi, pyruvate decar-
boxylase from the bacterium Zymomonas mobilis cataly-
ses the formation of substantial amounts of (R)-PAC from
acetaldehyde and benzaldehyde [4]. Because acetalde-
hyde is considerably cheaper than pyruvate, this approach
might have new development potential in the industrial
synthesis of ephedrine.

PDC from Z. mobilis was optimised by directed evolu-
tion to improve the performance of the catalyst. In essence,
directed evolution relies on generating several thousand
different variants of the enzyme by genetic engineering,
each of which must be tested individually for its catalytic
activity. A detailed description of this methodology is given
elsewhere [7]. Directed evolution requires a powerful and
specific high-throughput assay system to handle large li-
braries of enzyme variants.

Such a test system should be capable of analysing sam-
ples in parallel. Very often high-throughput assays rely on
spectroscopy for measuring the activity of the biocatalyst.
Chromatographic methods are rarely used, although there
are promising recent developments using, e.g., capillary
electrophoresis [8].

Chromogenic substrates are especially useful for as-
saying enzymes, because they form a coloured dye on re-
action with the enzyme. 5-Bromo-4-chloro-3-indolylderi-
vates or p-nitrophenyl substrates are well established ex-
amples [9, 10]. Another useful means of analysis of many
samples in parallel is IR spectroscopy, which has been
used to analyse a biotransformation with lipase, with high
throughput [11].

Occasionally the biocatalyst itself has spectroscopic
properties enabling direct determination in an assay. This
principle has been employed in the development of a
green-fluorescent protein with a shifted maximum of ab-
sorption [12].

We found the determination of (R)-PAC formed by
pyruvate decarboxylase was not manageable with either
approach. An easy and specific assay based on reduction
of a tetrazolium salt by (R)-PAC has therefore been devel-
oped. The test system enables rapid detection of (R)-PAC-
forming enzyme variants. It is the first assay system for
high-throughput analysis of aromatic acyloins.

Experimental
Expression of pyruvate decarboxylase

Escherichia coli harbouring a plasmid pPDC-Hisq with pyruvate
decarboxylase from Zymomonas mobilis was prepared as de-
scribed elsewhere [13]. Cells were grown at 37 °C in 96-well plates
using Luria—Bertani medium [14] supplemented with 100 g mL-!
ampicillin and 40 pug mL-! kanamycin. Three hours after inoculat-
ing with an overnight culture protein expression was induced by
adding IPTG (1 mmol L-! final conc.). After growing the cultures
for an additional 16 h cells were harvested by centrifugation
(5 min, 3850 g).

Enzyme incubation

Cell pellets were suspended in 200 UL substrate solution contain-
ing acetaldehyde (30 mmol L), benzaldehyde (40 mmol L-1),

MgSO, (20 mmol L), ThDP (2 mmol L!) in 50 mmol L-! MES-
buffer, pH 7.0. Agitating the microplates for 10 s increases the ef-
ficiency of cell lysis. After incubation of the mixture for 45 min at
25°C insoluble matter was removed by centrifugation (5 min,
3850 g). The supernatant was assayed for (R)-phenylacetyl-
carbinol.

Analysis of (R)-phenylacetylcarbinol

The determination of (R)-phenylacetylcarbinol was performed in
96-well plates. Addition of 20 UL tetrazolium red solution (0.2%
2,3,5-triphenyltetrazolium chloride dissolved in methanol) and
10 uL. NaOH (3 mol L) gives a red dye. This reaction was mea-
sured photometrically at 510 nm by use of a Molecular Devices
(Sunnyvale, CA, USA) Spectra Max 190 micro plate reader.

On each micro plate unmutated clones are assayed as stan-
dards. Colour development at 510 nm is compared with that for
these standards, for 2 min, to identify improved enzyme variants.
When scaled up appropriately the reaction can also be monitored
in a conventional spectrophotometer (e.g. Hewlett—Packard 8452A
diode-array spectrophotometer).

Interaction of tetrazolium red with other compounds of the en-
zyme incubation is not desirable. To examine the specificity of the
assay we checked for false positive reaction of tetrazolium red in
the presence of substrates (benzaldehyde and acetaldehyde) or by-
products (acetoin) of the reaction. Substrate solution was incu-
bated without pyruvate decarboxylase as described above. To esti-
mate the effect of acetoin a 3 mmol L-! solution in incubation
buffer (20 mmol L' MgSO,, 2 mmol L-! ThDP, 50 mmol L-! MES,
pH 7.0) was incubated for 45 min at 25 °C.

2,3,5-Triphenyltetrazolium and acetoin were obtained from
Sigma Chemicals (Deisenhofen, Germany); authentic (R)-phenyl-
acetylcarbinol was a gift from BASF PharmaChemikalien (Min-
den, Germany).

Results and discussion

Several methods for detecting (R)-PAC and similar acyloins
are described in literature [15]. Those which are based on
chromatographic procedures (e.g. Ref. [13]) are too slow
to be employed in a high-throughput screening process. A
colorimetric method using the Voges—Proskauer reaction
has been described [15] and subsequently modified [16].
This method is not sufficiently specific, because it also
detects acetoin (3-hydroxy-2-butanone), a by-product of
the PDC-reaction formed by addition of acetaldehyde to
2-o-hydroxyethyl-ThDP. Interference by acetoin should
be avoided in an assay for (R)-PAC.

Reagents based on tetrazolium blue chloride have been
described for detection of acyloins after paper chromatog-
raphy [17]. Tetrazolium blue (3,3’- [3,3’-Dimethoxy-(1,1’-bi-
phenyl)-4,4’-diyl]-bis [2,5-diphenyl-2H-tetrazolium] di-
chloride) is reduced by acyloins and other compounds with
a similar reduction potential. When used for photometric
detection of (R)-PAC, however, tetrazolium blue turned
out to be inappropriate, because a precipitate was observed
concomitant with the formation of the respective form-
azane. This precipitation dramatically affected photomet-
ric quantification.

The reactivity of 2,3,5-triphenyltetrazolium (tetrazo-
lium red) is similar to that of tetrazolium blue (Scheme 2).
When tetrazolium red was used for detection of (R)-phe-
nylacetylcarbinol no precipitate was detected during the
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Scheme 2 (R)-PAC reduces 2,3,5-triphenyltetrazolium chloride to
the respective formazane which has an intense red colour
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Fig.1 UV-visible spectrum of the formazane dye produced by re-
duction of tetrazolium red with 0.2 mmol L' (R)-phenylacetyl-
carbinol

reaction. Thus the assay can easily be performed in a
spectrophotometer. Figure 1 shows the UV—-visible spec-
trum of the red formazane dye after reduction of tetra-
zolium red by (R)-PAC.

Figure 2 shows the specificity of the microplate-assay
for (R)-PAC. It is known that pyruvate decarboxylase also
catalyses the synthesis of acetoin from two acetaldehyde
molecules. To estimate any interference by this by-prod-
uct the response of the assay to acetoin was tested. Cells
harbouring the PDC-plasmid were grown and the crude
extract containing pyruvate decarboxylase was incubated
as described above. Significant formation of the red form-
azane is observed only when both active enzyme and
the respective substrates are present in the reaction mix-
ture (samples 2 and 3). The positive control (sample 2)
gives an intense red colour (ODs;q,,=0.523). This is
equivalent to 0.2 mmol L' (R)-PAC. Both acetaldehyde
and benzaldehyde alone do not react with tetrazolium red
(sample 4). When assaying 3 mmol L' acetoin only a
very faint reddish hue (ODs;(,,=0.15, sample 6) was ob-
served.

Comparison of the results from samples 2 and 6 shows
the specificity to be approximately 70 for (R)-PAC over
acetoin. When (R)-PAC (0.2 mmol L) is analysed in the
presence of 3 mmol L-! acetoin (sample 3) the absorption
is increased by 2.9%only. Acetoin, the by-product of the
biotransformation does not interfere substantially with
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Fig.2 Detection of (R)-PAC with tetrazolium red. Formation of
the red formazane dye can be observed only in the presence of
active PDC and its substrates (samples 2 and 3). In sample 2
0.2 mmol L' R-PAC are formed No colour is observed when ei-
ther substrates or catalyst, or both are omitted from the reaction
mixture (samples 7, 4, and 7). Acetoin (3 mmol L) gives rise
to much less colour (samples 5, 6, and 8) and does not affect
(R)-PAC-detection (sample 3)
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Fig.3 Time course of colour development after use of different
concentrations of (R)-phenylacetylcarbinol (crosses, 0.1 mmol L-1;
triangles, 0.2 mmol L!; squares, 0.3 mmol L; circles, 0.4 mmol L")

colour formation resulting from the presence of (R)-PAC.
A 15-fold excess of acetoin yields only a small increase of
the assay response. Under standard assay conditions the
concentration of acetoin formed by pyruvate decarboxy-
lase is less than 15% of (R)-PAC. Thus when screening
for PDC activity the additional formation of formazane by
acetoin is negligible.

Different amounts of (R)-PAC were analysed to evalu-
ate the correlation between (R)-PAC concentration and as-
say response. Figure 3 shows the increase of absorbance
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Fig.4 Correlation between ODsgm [A.U.] slope [A.U.*min"']
(R)-phenylacetylcarbinol con- 1.4 0.035
centration and formation of the 1.2 0.030
red formazane dye. (a) ODsignm /. 0.025 P
measured 2 min after addition /(

: . 0.8 0.020
of 2,3,5-triphenyltetrazolium /
chloride to different amounts 0.6 s 0.015
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Fig.5 Microplate with different variants of pyruvate decarboxy-
lase. Cells were lysed and incubated for (R)-PAC synthesis. (R)-PAC
was detected by use of tetrazolium red as described above. Stan-
dard clones are highlighted

Fig.6 Data analysis of mi-

concentration of (R)-PAC (Fig.4). We observed a linear
correlation between (R)-PAC concentration and ODs;q,,,.
(R)-PAC concentrations higher than 0.5 mmol L' cannot
be assessed by measurement of ODs;¢,,,. Two minutes af-
ter addition of 2,3,5-triphenyltetrazolium chloride absorp-
tion data are no longer within the linear range of the pho-
tometer (Fig.4a), although plotting the slope of the linear
range between 0 and 70 s against (R)-PAC concentration
results in good correlation between these parameters in
the range 0.05 to 1 mmol L' (Fig. 4b).

In addition, analysis of (R)-PAC produced by biotrans-
formation of benzaldehyde can be quantified with this as-
say system with high throughput. Crude extracts of re-
combinant E. coli expressing the PDC gene were used to
synthesise (R)-PAC. To achieve high reliability of high-
throughput analysis plate-to-plate differences must be
minimised. This was achieved by growing un-mutated
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standard clones on every plate. Possible variation between
different plates can be neglected when enzyme variants
are only compared with standards on the same plates.
A typical plate from a high-throughput analysis of pyru-
vate decarboxylase variants is shown in Fig. 5. The (R)-PAC
content of the wells in the plate was measured spec-
trophotometrically. These analyses can be evaluated in a
kinetic representation showing the increase of ODs as a
function of time (Fig. 6a). Alternatively, it is also feasible
to record slopes and maximum absorption of each well as
numerical values (Fig.6b). For every plate the results of
all wells are finally compared with data from the respec-
tive standard samples to identify pyruvate decarboxylase
muteins with altered catalytic properties.

Conclusions

Pyruvate decarboxylase is the catalyst for the synthesis of
(R)-phenylacetylcarbinol, a chiral intermediate in the syn-
thesis of pseudoephedrine. A spectrophotometric assay
has been developed for the determination of (R)-PAC.
(R)-PAC reduces 2,3,5-triphenyltetrazolium chloride to an
intensely coloured formazane dye. Tetrazolium red is ap-
parently a very useful indicator for detection of (R)-PAC.
Acetoin, a by-product of the pyruvate decarboxylase does
not interfere with the assay, because tetrazolium red is
more specific for (R)-PAC. It was also found that it can
also be used to detect an isomer of (R)-phenylacetyl-
carbinol, i.e. 2-hydroxypropiophenone [18]. This com-
pound is not, however, formed by pyruvate decarboxy-
lase, but by benzoylformate decarboxylase (EC 4.1.1.7).
This assay is a prerequisite for the optimisation of pyru-
vate decarboxylase by directed evolution. This is the first
assay system for high-throughput analysis of aromatic
aclyoins. It is suitable for testing large libraries of enzyme
variants. Depending on the laboratory automation 50,000
clones can easily be assayed per day.
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By use of this analytical procedure, the entire process
of enzyme preparation, incubation, and (R)-PAC-detec-
tion can be performed automatically in micro-plate for-
mat.
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