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Abstract. Just like the drugs themselves, their metabolites 
have to be evaluated to succeed in a drug development and 
approval process. It is therefore essential to be able to predict 
drug metabolism and to synthesise sufficient metabolite 
quantities for further pharmacological testing. This study 
evaluates the possibility of using in vitro biotransformations 
to solve both these challenges in the case of testosterone as a 
representative component for steroids. The application of 
cells of Pichia pastoris with expressed membrane-associated 
human liver cytochrome P450 enzyme (P450) 3A4 in two 
cycles of a preparative-scale bioreactor experiment enabled 
the isolation of the common metabolites 6β-
hydroxytestosterone and 6β-hydroxyandrostenedione on a 
100 mg scale. Side-product formation caused by enzymes 
intrinsic to P. pastoris was reduced. In addition more polar 
testosterone metabolites formed by a P450  

3A4-catalysed bioconversion, than the known mono-
hydroxylated ones, are reported and 6-dehydro-15β-
hydroxytestosterone as well as the di-hydroxylated steroids 
6β,16β-dihydroxytestosterone, 6β,17β-dihydroxy-4-
androstene-3,16-dione and 6β,12β-
dihydroxyandrostenedione were isolated and verified by 
NMR analysis. Their respective biological significance 
remains to be investigated. Whole-cell P450 catalysts 
expressed in P. pastoris qualify as a tool for the 
preparative-scale synthesis of human metabolites. 
Biotransformation processes in combination with standard 
chemical procedures allow the isolation and 
characterisation even of minor drug metabolite products. 

Keywords: human drug metabolites; cytochrome P450 
3A4, Preparative-scale synthesis; steroids; whole cell 
biotransformation 

 

Introduction 

Poor pharmacokinetics or toxicity caused a major 
percentage of drugs to fail approval at a late stage of 
drug development processes,[1] although clinical trials 
are extremely costly and time-consuming.[2] Recently, 
the FDA acknowledged that individual drug 
metabolites might have a different pharmacological 
or chemical activity compared to the parent drug, and 
each must now be investigated separately to assess a 
drug’s safety.[3] Consequently, an efficient, quick and 
authentic identification as well as preparative 
production of metabolites is highly important to the 
pharmaceutical industry.[4]  

Traditional methods to elaborate a drug’s 
metabolic profile include animal models,[5–7] liver 
microsomes[8,9] – vesicles of fragmented endoplasmic 

reticulum containing cytochrome P450 
monooxygenases (P450s) – or computational 
predictions,[10,11] and there are also novel concepts 
emerging such as “organs-on-chips”.[12] However, 
none of these approaches can provide sufficient 
metabolite quantities. While conventional methods of 
chemical synthesis could produce the required 
amounts of such materials, it is often difficult and 
time-demanding to functionalise structurally complex 
drugs with specific regioselectivity. For these reasons 
the potential of biocatalysis, operating in a synthetic 
late-stage fashion,[13] was investigated by many 
studies for the preparative-scale production of human 
metabolites. There are several examples of successful 
applications of recombinant human P450s,[14–16] and 
for some specific products also microbial P450s were 
deemed successful at providing typical human drug 
metabolites at such a scale.[17–25] However, in many 
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cases microbial P450s resulted in different product 
profiles and desired metabolites were only obtained 
after time intensive enzyme engineering. 

The body’s mechanism for clearance of chemicals 
like drugs, typically consists of two enzymatic phases 
with different significance.[26,27] In phase I the 
compound is made more polar via hydrolytic 
conversions or oxidative functionalisation, while 
phase II consists of a conjugation step attaching polar 
units like peptides, acids or sugar moieties to the 
newly installed or liberated functional group. More 
than 90% of the phase I enzymatic drug degradation 
reactions are caused by human liver P450s.[28] Among 
those, P450 3A4 is the key player in human 
xenobiotic clearance. It is the most abundant enzyme 
in this group,[29,30] and, due to its versatility, 
responsible for the degradation of more than 50% of 
approved drugs including testosterone (Scheme 
1A).[28,31] Therefore, P450 3A4 in particular offers 
itself as a representative and meaningful model and 
tool for the study of enzymatic drug metabolism by 
P450 enzymes. The goal was to employ the hepatic 
function of this key enzyme for the preparative 
synthesis and identification of the respective 
metabolites to generate new data for future drug 
evaluations and models for drug metabolite 
predictions.  

Liver P450 3A4 expressed in recombinant E. coli 
was described to hydroxylate testosterone (1) at four 
different positions, namely 6β, 2β, 1β and 15β in 
descending order of rates.[32] Thus, 6β-
hydroxytestosterone (2) is typically used as the 
determinant of the overall testosterone bioconversion 
efficiency (Scheme 2A).[33] However, oxidation of 1 
at positions 2α, 6α, 7α, 11β, 16α and 17 (forming the 
ketone androstenedione (3)) was also observed when 
using isolated human liver microsomes.[32,34] In fact, 
upon applying 1 to hepatic rat microsomes Pfeiffer 
and Metzler could detect at least 17 metabolites by 
HPLC analysis, some of which included di-
hydroxylated derivatives of 1 and 3.[35] Although rats 
are not a reliable model to predict drug metabolism in 
humans,[36,37] it was still hypothesised that the 
conversion of 1 in the human liver may produce a 
similarly high number of metabolic products. Many 
enzymes can produce metabolites; the related human 
liver P450 2D6 for example also converts steroids, 
albeit poorly.[38] Still, in that case a further 
presumption was that P450 3A4 itself could be 
mainly responsible for such a large metabolic product 
spectrum due to its prevalence in the testosterone 
metabolism and its extraordinary active site 
promiscuity,[39,40] cooperativity[41] and multiple 
substrate binding sites.[42,43]  

In this study cells of Komagataella phaffii (Pichia 
pastoris) containing the main wild-type P450 3A4 at 
high expression level were used to simulate the 
human metabolism of testosterone and to synthesise 
its well-characterised metabolites such as 6β-
hydroxytestosterone at a 100 mg scale (Scheme 
1B).[44]  

P. pastoris was the host organism of choice 
because of the observed advantages in a comparative 
expression study for human liver P450 2D6/CPR 
catalysts in different standard expression hosts. P. 
pastoris was identified to be superior to Escherichia 
coli, Saccharomyces cerevisiae and Yarrowia 
lipolytica.[45] Furthermore, also compared to other 
yeasts convincing characteristics of P. pastoris are 
high cell density achievable in a cheap growth 
medium,[46] excellent capacity for native-like post-
translational modifications of eukaryotic proteins,[47] 
tolerance for membrane protein production such as 
for P450 3A4,[48,49] and strongly regulated promoters 
that enable controlled growth on two individual 
carbon sources (glycerol/glucose and methanol).[50,51] 
These features allow a highly productive cell 
cultivation and efficient bioconversion under 
controlled conditions in a bioreactor.[46,49] First 
successful expression of active human P450 3A4 was 
reported in 2013.[52] Here we demonstrated the almost 
complete conversion of about one gram of 
testosterone in a 1.3 litre bioreactor system, 
validating the potential of this system for further up-
scaling.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Scheme 1. Major routes of in vivo human drug metabolism 

are compared to an in vitro imitation approach. A) 

Administered testosterone drug (red) is metabolised in the 

liver by P450 3A4 (green) and conjugation enzymes 

(orange) in two phases to yield an O-glucuronide (pink) 

derivative for excretion. B) The same testosterone drug is 

added to cells of P. pastoris expressing recombinant P450 

3A4 to simulate human phase I metabolism in vitro, and 

allow isolation of metabolites. 
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Scheme 2. Illustration of the major reactions observed in 

this study employing whole-cell catalysts. A) Cytochrome 

P450 3A4 catalysed the conversion of testosterone (1) to 

6β-hydroxytestosterone (2); minor hydroxylation positions 

of 1 reported in the literature for this enzyme are indicated 

in blue. B) Competing redox enzymes intrinsic to P. 

pastoris can oxidise 1 to furnish 4-androstene-3,17-dione 

(3); Overexpressed P450 3A4 also accepted the latter as a 

substrate to yield the corresponding 6β-

hydroxyandrostenedione 4, confirming observations of 

previous studies.[31] 

 

Results and Discussion 

The analysis of steroids is symptomatically 
challenging because of the small polarity changes 
induced upon functionalisation of the large 
hydrophobic scaffolds.[53] The development of a high-
resolution separation method was therefore key to the 
successful analysis and isolation of steroidal 
metabolites, which is why the proven HPLC 
conditions of Pfeiffer and Metzler[35] were adapted. 
Commercial human P450 3A4/hCPR expressing P. 
pastoris cells (stored as frozen cells at -80 °C) were 
diluted to obtain standardised whole-cell catalyst 
stock solutions of a cell concentration of OD600 = 200, 
which was used for all experiments. Figure 1 
displays the metabolite profile obtained from a 1 mL-
scale test experiment using 2.0 mM 1 after a 22 hours 
biotransformation. The high number of peaks with a 
wide Rf spread suggested the formation of various 
products with rather different polarity. Peaks eluting 
at 46.5, 28.7 and 48.8 min could be assigned to 
compounds 1, 2 and 3, respectively, with the aid of 
authentic reference materials. The peak of compound 
4 was deduced from corresponding results shown in 
Figure 3. The other peaks around 2 and 4 could only 
partly be assigned during the course of this study.  

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 1. The HPLC analysis of metabolites of 1 obtained 

by the bioconversion of 1 with P450 3A4 (2 mM 1, 1 mL 

total volume, cell concentration = 200 OD600, 225 rpm, 

22h, 30 °C,). 

Formation of ketones 3 and 4 occurred, although 
P450 3A4 is not known to oxidise 1 at position 17. In 
fact, this oxidation happened regardless of the 
presence of the expressed P450 as shown by the 
corresponding negative control experiment using 
wild-type P. pastoris cells, indicating the existence of 
an intrinsic oxidase or dehydrogenase in P. pastoris, 
competing with P450 3A4 for the substrate. After 24 
hours more than 50% of 1 had been converted to 3 
(Figure 2). This side reaction was noticed to be 
reversible by subjecting 3 as the sole substrate, which 
yielded an equilibrium between the two components 
as a consequence of the redox state of the host cells 
(Figure S1). The prevalence of low amounts of these 
additional oxidation products compared to the control 
reaction employing cells expressing no P450 3A4 
indicated high efficiency of the expressed human 
P450 enzyme.  

Furthermore, these results suggested the 
responsibility of a dehydrogenase for this reaction 
rather than an oxidase. The same effect had been 
noticed in the related yeasts S. cerevisiae and 
Schizosaccharomyces pombe (S. pombe)[54] and the 
intrinsic glucose-6-phosphate dehydrogenase was 
suggested as a possible candidate for steroid 
interconversion in S. cerevisiae.[55] In P. pastoris 
related intrinsic alcohol dehydrogenases (ADHs) 
might be responsible for the oxidation of 1 to 3 over 
time. However, many dehydrogenases can be found 
in the organism’s genome as dehydrogenases play a 
role in different biochemical pathways.[56] For 
example, three ADHs of P. pastoris that catalyse the 
reversible oxidation of alcohols with simultaneous 
reduction of the cofactor NAD(P)+ to NAD(P)H had 
been described in more detail.[57] The identification of 
the one(s) specifically accounting for the observed 
steroid conversion remains to be investigated. 
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Figure 2. HPLC monitoring of a bioconversion of 1 using 

the empty vector control strain lacking P450 3A4 

expression, which shows oxidation to 3 by P. pastoris’ 

intrinsic enzymes (2.5 mM 1, 30 mL, OD600 = 200, 130 

rpm, 24h, 28 °C). After 24h, the concentration of ketone 3 

exceeded that of substrate 1. 

Yet, due to efficient overexpression of the 
recombinant enzyme, the presented yeast model does 
not lead to an unrealistic metabolite profile for human 
testosterone metabolism in the liver as ketone 
formation also happens when using human liver 
microsomes as mentioned before.[34] However, the 
side-product formation negatively affected the 
preparative-scale metabolite synthesis, as the yield of 
individual components was reduced, and their 
subsequent separation became more complicated. 
Since 3 is likewise accepted by P450 3A4 as a 
substrate (Scheme 2B),[31] this leads to a much more 
complex product mixture, essentially composed of 
duplicate sets of complementary metabolites when all 
derivatives of 1 were produced in the equivalent 
ketone form.  

Controlling the reaction progress thus became 
crucial to maximise product yield by anticipating the 
time, at which the rate of oxidation of 2 to 4 was 
higher than the rate of its formation, in order to stop 
the conversion beforehand. As indicated best in 
Figure 3 (upper traces, 4.5 mM 1), concentrations of 
1 decreased over time while those of 3 increased, and 
likewise the peaks of the desired product 2 
diminished, while those of 4 rose correspondingly. 
Because peaks of 2 at 8 hours reaction time were 
slightly lower than at 4 hours both for runs with 2.5 
and 4.5 mM 1, the optimum point in time had already 
passed in between. With 0.5 mM of 1, one hour was 
sufficient to fully exhaust the substrate (data not 
shown). In comparison, a concentration of 4.5 mM 1 
was too high for the biocatalyst to be fully used-up 
within 20 hours, indicating decay in enzyme activity 
over time or potential substrate/product inhibition at 
higher concentrations. Consequently, for subsequent 
biotransformations 2.5 mM of substrate 1 was chosen.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. HPLC traces of the bioconversion of 1 at 

different concentrations (0.5, 2.5 and 4.5 mM shown in red, 

blue and green, respectively) by P450 3A4 in shake flasks 

(30 mL, 130 rpm, 24h, 28 °C, OD600 = 200). Samples of 

each biotransformation were taken at three different time 

points in between 4 and 20 hours. 

Having established the optimal reaction time, it was 
attempted to further minimise the side-product 
formation by either changing the availability of the 
ADHs or their co-factors within the cells. The former 
can be achieved by addressing the ADH expression 
levels, which depend on the cell’s metabolic state. 
Usually strains of P. pastoris are grown on glucose or 
glycerol as carbon source, and the recombinant 
expression of the desired protein is subsequently 
induced by the addition of methanol in MutS-type 
strains (Methanol utilisation Slow), only then 
activating the responsible, tightly regulated 
promoter.[58] A change in metabolism will also trigger 
or suppress the expression of ADHs.[59] Following 
methanol induction, cells were thus again exposed to 
either glucose or glycerol for 3 hours before the 
biotransformation. In another attempt to enhance the 
availability of reduced cofactors, methanol was added 
to the biotransformation not only to limit the 
availability of NAD(P)+, but also to supply a 
substrate competing with 1 for the ADH active site. 
In addition, high NAD(P)H concentrations supply 
sufficient electrons to P450 3A4 via the reductase, 
which often represents the rate-limiting step.[60] 
Because high methanol concentrations are rather 
lethal to P. pastoris,[61] three different concentrations 
from 0.5 to 3% were tested. The results of both these 
strategies are presented in Figure 4.  
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Figure 4. Conversion of 1 (black) to the respective fraction 

of mono-hydroxylated derivatives of 1 (red) are shown for 

biotransformations with cells in microwell plates under 

standard conditions (2.5 mM testosterone, 0.4 mL, 310 

rpm, 17h, 28 °C, OD600 = 200) without (---) and with the 

addition of methanol (0.5, 1 and 3% MeOH), or with cells 

pre-treated by 3 hours cultivation in glycerol (3h GOL) or 

glucose (3h GLC) and a combination of cultivation and 

methanol addition (3h GOL, 1% MeOH; 3h GLC, 1% 

MeOH). For a comparison, the calculated Ref% indicates 

the percentage of formed conversion to mono-

hydroxylated products relative to the total uptake of 1. 

All biotransformations were intentionally 
incubated for 17 hours, i.e. beyond the optimal 
reaction time, to intensify a potential reduction effect 
on the 17-ketone formation. “Ref%” was calculated 
for better quantification and facilitated comparison of 
the individual approaches. For the total conversion of 
1 (black bars) all cumulated conversions caused by 
P450 3A4 were considered, while disregarding ADH 
involvement; thus 4 was included since hydroxylation 
must have preceded the oxidation, but not 3. The total 
conversion data also acknowledge only three mono-
hydroxylated derivatives of 1 leaving many extra 
peaks unaccounted (Figure S2). A significant 
difference could be observed across the different 
approaches relative to untreated cells. Addition of 
methanol alone increased the total conversion of 1 
and the fraction of mono-hydroxylated products as 
seen by a slight increase in Ref%. Upon pre-
incubation with glucose, the conversion increased to 
a similar level as for methanol addition, while 
glycerol pre-treatment had almost no effect. 
Interestingly though, less oxidation to ketones 
occurred in both cases as represented by significantly 
higher Ref% values suggesting that the ADHs present 
in P. pastoris cells that were tuned to carbon source 
metabolism cause less steroid oxidation. In 
combination with methanol addition both cases 
generally experienced a slight further boost. 

Therefore, it seems like both strategies for increasing 
product selectivity were successful individually as 
well as in combination, and suppression of ADH 
oxidation could enhance selectivity from 54% for 
untreated conditions to a peak value of 79% (glucose 
and methanol). A study demonstrated how the co-
expression of the human 17β-hydroxysteroid 
dehydrogenase type 3 could further suppress the side-
product formation in P. pastoris.[55] Another option 
would be the generation of knock-out strains lacking 
ADH genes via knock-out, eg. using recently 
established CRISPR/Cas9 technology.[62]  

With reaction conditions optimised, a scale-up 
biotransformation (BT1) from a several 10 mL scale 
in 2.5 L cultivation flasks to 1.3 litres in a bioreactor 
under controlled conditions was performed next 
(Figure 5). Almost 1 gram of 1 was used with 
implementation of 1% methanol addition.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. HPLC monitoring of the scale-up 

biotransformation (BT1) in a bioreactor under controlled 

conditions is shown (2.5 mM of 1 = 959 mg, 1.3 L, 400 

rpm, 8h, 28 °C, OD600 = 200, pH 7.0, air flow = 5.0 L/min). 

After 8 hours (black trace) a conversion of 85% and a 
mono-hydroxylation selectivity factor of 62% had 
been achieved, similar to the results in shake flasks 
(Figure 3), but significantly better than by 96-well 
plate cultivation (Figure 4). Enzyme stability and 
oxygen-transfer rates were considered to be some of 
the major limitations of P450s. Quite likely, the 
oxygen requirements of P450s had been met more 
accurately by the greater oxygen supply in the 
bioreactor.[63] A high cell density needs careful 
adaptation to match the enzyme’s oxygen demand, 
and thus the full potential of a cell density at OD600 = 
200 might not have been fully exploited.[64] On the 
other hand, the known rather poor stability of P450 
3A4[30] may account for the observed shrinking in 
conversion rate from 21% (Ref% = 87%) during the 
first 15 minutes (15 min, orange) to 45% (81%) after 
one hour (1h, turquoise) and 73% (70%) after five 
hours (5h, green) of reaction time despite the 
application of whole-cell biocatalysts, which supports 
membrane-bound enzymes with the supply of 
cofactors and electrons.[60,65]  
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The recovered cells from the first batch were used for 
a second cycle of biotransformation (BT2) in the 
bioreactor under identical conditions in order to test 
the durability of the catalyst system and the amount 
of testosterone substrate that can be metabolised. In 
fact, within 9 hours (9h, blue) of the second cycle 
another 66% of 1 gram of the substrate was converted 
(Figure 6) with a Ref% of 58% that dramatically 
dropped afterwards. This is an extraordinary 
performance of a human P450 considering their poor 
stability and short lifetime usually described in 
literature.[66]  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. HPLC monitoring for the second cycle of the 

scale-up biotransformation (BT2) in a bioreactor under 

controlled conditions (2.5 mM of 1 = 959 mg, 1.3 L, 400 

rpm, 8h, 28 °C, OD600 = 200, pH 7.0, air flow = 5.0 L/min) 

is shown. 

Between 17 (not shown) and 37 hours the peaks of 
compounds 1 and 2 had vanished completely. 
Nevertheless, the biotransformation was continued 
for a total of 105 hours to ensure all derivatives of 1 
had been dehydrogenated to their respective ketone 
equivalents. The reduced number of peaks simplified 
the HPLC analysis and revealed only those peaks 
belonging to derivatives of 3. The controlled reactor 
conditions, efficient performance of the biocatalyst, 
large amount of substrate and frequent sampling 
provided a more comprehensive picture about the 
kinetics of substrate consumption and sequence of 
metabolite formation. Apparently, all metabolite 
peaks in Figures 5 and 6 clustered into four distinct 
zones A to D according to their polarity and their 
elution times (marked in blue). Because zone D 
comprises the untreated, non-hydroxylated substrates 
1 and 3 and zone C the mono-hydroxylated 
metabolites 2 and 4, it seemed logical to assume di-
hydroxylated metabolites in zone B and even tri-
hydroxylated ones in zone A. The extent the 
regiochemistry of hydroxylation affects the polarity 
of the molecule decreases with rising degree of 
hydroxylation matching the smaller zone widths 
towards shorter elution times. Analysis of the same 

HPLC samples by mass detector indeed strongly 
supported such hypothesis (Figure S3). This 
experiment also indicated the presence of five, not 
just four mono-hydroxylated derivatives of 1.  
A zoomed-in perspective of zones A and B from 
Figure 6 was not sufficient to analyse the different 
compounds in detail (Figure S4). Another HPLC 
method was developed specifically for compounds 
eluting in zones A and B and revealed a complex 
picture of more than ten different peaks as displayed 
in Figure 7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. An illustration of the HPLC traces of zones A 

and B of BT2. A new HPLC method was used for better 

separation of the more polar metabolites. 

For isolation and product characterisation, the 
extracted metabolite mixtures from runs BT1 and 
BT2 were separately pre-purified by manual column 
chromatography in order to simplify the product 
isolation by preparative HPLC. However, further 
HPLC purification was obsolete because clean 
fraction of 2 and 4 could be collected, which 
furnished 108 mg of 2 from the mixture of the first 
bioreactor cycle (yield = 11.3%, productivity[67] [g / 
g] using dry cell weight = 0.16%) and 87 mg of 4 
from the second (9.1%, 0.13%). Higher masses were 
reported for human metabolites of other drugs,[68] but 
to the best of the author’s knowledge the quantities 
isolated here represent the highest reported in 
literature for these particular metabolites in 
comparison to other preparative studies.[16,69,70] 
Additionally, a refinement or repetition of the 
purification procedure holds the potential of 
increasing the yield further.  

From both mixtures of the two cycles of 
biotransformations executed in the bioreactor, two 
sets of two samples of about 10 mg each could also 
be isolated by column chromatography. They 
contained more polar compounds than 2 or 4 
seemingly pure as determined by TLC analysis. NMR 
and HPLC analysis, however, clearly indicated the 
need for further purification, which was done by 
collecting the fractions manually using an analytical 
HPLC instrument as illustrated in Figure S5. At a 
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wavelength of 270 nm the metabolites had only about 
10% absorbance enabling a more precise isolation of 
specific peaks than a preparative HPLC would have 
achieved (Figures S6-S9). Compounds 1β- (5) and 
15β-hydroxytestosterone (6) could be isolated from 
BT1,[71,72] which confirmed the results published by 
Guengerich et al.[32] In addition, 6-dehydro-15β-
hydroxytestosterone (7) could be uncovered as the 
minor component of a mixture with 6. More polar 
compounds of BT1 were only present as mixtures and 
with quantities of less than 1 mg each, making an 
identification by NMR spectroscopy impossible. The 
same was true with many of the isolated fractions of 
samples of BT2. However, for the first time the NMR 
spectra of four isolated peaks confirmed the 
formation of the di-hydroxylated compounds 6β,16β-
dihydroxytestosterone (8) 6β,17β-dihydroxy-4-
androstene-3,16-dione (9) and 6β,12β-
dihydroxyandrostenedione (10). Compounds 7, 8 and 
10 were also confirmed by high-resolution mass 
spectrometry, while the spectrum for 9 was 
inconclusive due to the presence of several other 
compounds. Their elution times and their structures 
are displayed in Figure 8. Compound 5 eluted 
between the peaks of 2 and 4. Most likely, the peak 
eluting just after 4 is 2β-hydroxytestosterone, which 
was not isolated in this study. Consequently, the rate 
of formation of the mono-hydroxylated metabolites 
reported by Guengerich et al.[32] could not be 
confirmed here, but looks rather like 6β > 15β ≈ 2β > 
1β.  

Although the discovered metabolites 7 – 10 occupy 
a noteworthy area of the HPLC profile at least in this 
study, their existence remained unknown until now. 
Having found evidence for the presence of di-
hydroxylated metabolites of P450 3A4, the peaks 
around those of 8 and 10 will likely be either of the 
same sort or of other oxidised species like 9 or 7. 
Given the fact that many NMR spectra indicated the 
presence of compound mixtures, although some of 
these were derived from just one HPLC peak, there 
must be even a larger amount of individual di-
hydroxylated compounds formed than represented by 
the number of peaks.  

Remarkably, poly-hydroxylated testosterone 
products have barely been considered in combination 
with microsomal liver enzymes. Database searches 
yielded only few articles that suggested the presence 
of poly-hydroxylated testosterone metabolites since 
1968.[35,73,74] Perhaps this might be due to the 
chronically bad stabilities and thus short lifetimes of 
recombinant human P450s causing a rapid decline in 
enzyme activity after a few hours in the most 
commonly used microbial host organisms.[45]  

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 8. Display of the elution times of the newly 

discovered metabolites 6-dehydro-15β-

hydroxytestosterone (7), 6β,16β-dihydroxytestosterone (8), 

6β,17β-dihydroxy-4-androstene-3,16-dione (9) and 6β,12β-

dihydroxyandrostenedione (10) relative to the already 

known 15β-hydroxytestosterone (6). 

 
Providing more stable catalysts in combination 

with highly efficient (co-)expression levels of these 
enzymes could therefore generate a different 
metabolic profile. Here, high stability was achieved 
in form of whole-cell biocatalysts using robust yeast 
chassis, which also allows cost effective scale up and 
independence of NADPH addition or regeneration. 
Alternatively ancestral sequence reconstruction of the 
P450 3 family was also found to enhance stability of 
the enzyme itself without a loss in activity, albeit 
slightly changing its regioselectivity.[75]  

Another reason might be that such profile is 
beyond the normal expectations. Not realising the 
complexity of the human liver P450s and their 
metabolic spectrum generated, which is still not 
completely understood nowadays,[31] many studies 
focused on the major metabolite 2, which is accessed 
most easily and promises good results more quickly. 
Furthermore, the hydroxylation of 1 is not a 
prerequisite for entering phase II metabolism because 
the molecule already has an alcohol functional group 
attached (Scheme 1). The majority of phase I steps 
rather involve 17-oxidation, reductions of the A ring 
or the 3-position making consecutive hydroxylation 
steps less predictable.[76] Nevertheless, just like 
compound 5 was discovered in 2004 as a novel 
metabolite[32] and in-vitro experiments pointed 
towards some physiological potential,[77] the 
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existence of such poly-hydroxylated products might 
as well have pharmacological relevance, which is yet 
to be investigated.  

Hydroxylated testosterone products may be already 
minor metabolites in the human liver,[76] though it is 
still desirable and necessary to identify and synthesise 
such minor metabolites in sufficient quantities.[78] 
Clearly, efficient biocatalysis enables access to 
them.[79] Owed to its high cell density, P. pastoris is 
frequently advertised by literature as excellently 
suitable for its application in large-scale bioreactor 
experiments[49,80–83]. Human P450 3A4 enzyme 
catalyst preparations based on P. pastoris[84–86] are 
commercially available from several companies, 
claiming also multiple cycles of biotransformation.[70] 
However, no peer-reviewed example of the 
bioreactor-scale application of human P450 enzymes 
produced by P. pastoris followed by several cycles of 
whole-cell biotransformations and description of 
experimental procedure for such scalable human 
P450-catalysed biotransformations had been 
published so far.  

Reliable expression levels are difficult to obtain for 
membrane-bound proteins and hardly give 
representable information about the catalytic 
efficiency of an enzyme that is so dependent on the 
electron-transfer from the reductase to the heme 
domain.[60,87,88] The volumes used for cultivation and 
the subsequent biotransformation outcome provide 
better comparability: While in a bioreactor 
experiment using whole-cell E. coli[16] human P450 
3A4 catalysts, Vail et al. needed more than 3 L of the 
E. coli culture to perform their conversion of 1 and to 
isolate 59 mg of 2 in 20.5% yield. In this study the 
reaction employed less than 0,5 L of the yeast culture 
broth to obtain 108 mg of the same metabolite (Table 
1). In addition due to their size P. pastoris cells are 
easy to remove from the reaction broth. Yields of 
other metabolites than 2 were not discussed in the E. 
coli based biotransformation. Furthermore, 
confirmation of the identity of their product was only 
provided using LC-MS.  

While P450 3A4 was also successfully expressed 
in other yeasts,[89,90] no preparative biotransformation 
with testosterone was performed with those catalysts. 
On the other hand, using S. pombe excellent human 
P450 expression and biocatalysis was exemplified by 
Drăgan et al., but no direct comparison is possible as 
a different human P450 converting another drug was 
reported for their preparative synthesis.[68]  
 
Table 1: Comparison of the cultivation and 
biotransformation parameters between this study and 
a previous publication of Vail et al.[16]  
 
 

Vail et al.[16] BT1, this 
study 

Cultivation 
Volume 

10 L 5 L 

Wet cell wt. 
produced 

~ 300 g ~ 2000 g 

Wet cell wt. 
used 

100 g 200 g 

Substrate 1 
used 

288 mg 
(25 mL, 40 mM) 

959 mg 
(3.33 mL, 1 M) 

Product 2 
isolated 

59 mg 108 mg 

Yield of 2 (%) 20.5% 11.3% 

Productivity[67] n.d. (no dry cell 
wt. data 

available) 

0.16% 

 
Alternatively, E. coli expressing microbial 

monooxygenases was used to make some individual 
metabolites of testosterone with excellent 
yields.[21,79,91,92] Those enzymes are soluble, can be 
easily tuned via directed evolution, are often self-
sufficient with high coupling efficiencies and 
turnover numbers, and have a more narrow substrate 
tolerance than the human liver P450s. However, often 
non-human metabolites are formed as main products 
and long lasting enzyme engineering was necessary 
to change the substrate and product selectivity, 
making it inconvenient human drug metabolites of 
new drug candidates.  

Incubation of 2 with the empty plasmid cells as the 
negative control showed no conversion, other than 
the alcohol oxidation ruling out an influence of the 
yeast’s ADHs. Therefore it seems like 2 and 4 are 
also acceptable substrates of P450 3A4 as already 
implied by the study of Pfeiffer and Metzler, who 
identified their di-hydroxylated metabolites by adding 
mono-hydroxylated ones to the liver microsomes.[35] 
The presence of a 6β-hydroxyl seems to change the 
enzyme’s hydroxylation regioselectivity relative to 1 
because positions 16 and 12 were observed as the 
second hydroxylation site. These results are in line 
with those by Guengerich et al.,[35] whose results 
suggested a major selectivity difference of P450 3A4 
upon the small change in the substrate structure 1 to 
dihydrotestosterone with a reduced Δ4,5-bond. 
However, the here discovered α,β,γ,δ-unsaturated 
compound 7 was formed either after sequential or 
step-wise hydroxylation i.e. Δ6,7-elimination after the 
first or second hydroxylation at positions 6 and 15. 
This means that position 15 is either a conserved 
target of P450 3A4 with 2 as the substrate or the 
regioselectivity was not affected by the structural 
changes of double unsaturation. It seems also 
plausible that just like the 17β- and 16β-hydroxyl 
oxidation, the Δ4,5-bond reduction was caused by the 
ADHs, and compounds 7, 9 and 10 are therefore no 
natural metabolites generated by P450 3A4 
biocatalysis alone. But it seems reasonable to assume 
that the 17β-alcohol equivalent of compound 10 will 
be such metabolite. Interestingly, P450 3A4 seems to 
have a stereoselective preference for the β-face of the 
steroidal scaffold in agreement with the observations 
of Guengerich et al.[93] Not only all mono-, but also 
the newly identified di-hydroxylations of 1 occurred 
on the β-face. 
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Conclusion 

Human liver enzyme P450 3A4 apparently diversifies 
the steroidal scaffold of 1 in a late-stage fashion to a 
larger extent than previously thought.[32] Not only 
four mono-hydroxylated derivatives at positions 1β, 
2β, 6β and 15β are formed,[13] but also several di-
hydroxylated and perhaps even at least one tri-
hydroxylated metabolite. In this work so far the 
positions 16β and 12β could be clearly identified as 
accessible sites for a second hydroxylation by P450 
3A4. However, the data presented suggest the 
presence of a vast number of additional poly-
hydroxylated steroids opening up the opportunity for 
many interesting future discoveries with the help of 
an improved HPLC separation method combined 
with highly advanced analytical instrumentation used 
by Guengerich et al.[32]  
This study displays how enzymatic metabolite 
production can balance the industrial production 
requirements of time, quantity and profile 
authenticity.[63] The constraints of efficiency, stability 
and scalability of recombinant human P450s often 
reported in literature[14,66] could be successfully 
bypassed using P. pastoris-based whole-cell 
biocatalysts at efficient expression levels. Such robust 
tool enabled the synthesis of new human metabolites 
at a preparative scale for the first time. The yeast’s 
protein production features allow for easy 
transferability of the results to further scale-up 
strategies and potential industrial application[80] 
because the optimal conditions (pH, oxygen content, 
temperature, nutrient supply) for biomass growth, 
P450 enzyme expression and substrate conversion 
can differ dramatically among individual hosts and 
chemical reactions.[4,63] Hence, easy adaption to a 
bioreactor is just as important as strategies for 
optimisation strategies.[66] Moreover, the application 
of surprisingly simple standard chemical procedures 
for reaction work-up, product purification and 
analytical identification should make the 
implementation of this approach worthwhile for 
chemists and industry alike.  

Experimental Section 

All solvents and chemicals were purchased from Sigma-
Aldrich/Merck (Steinheim/Darmstadt, Germany), VWR 
International (Fontenay-sous-Bois, France), Carl Roth 
GmbH (Karlsruhe, Germany) or Fisher Scientific 
(Loughborough, UK) in best available purity and were 
used as received without further purification. HPLC tubes 
were bought from Macherey-Nagel (Düren, Germany) and 
the corresponding caps and inserts from Bruckner 
Analysentechnik (Linz, Austria). In experiments (A) and 
(B) an Agilent Technologies 1100 Series HPLC was used, 
for experiments (C) and (D) an Agilent Technologies 1200 
Series HPLC system coupled with a G1956B mass 
selective detector (MSD) and an Agilent Technologies 
1100 Series HPLC system (D) were employed, 
respectively. The bioreactor Biostat Cplus from Sartorius 
BBI Systems was used for experiment (D). The cells of P. 
pastoris with expressed P450 3A4 were obtained from 
Bisy GmbH (Hofstaetten, Austria). OD measurements 
were executed with an Eppendorf BioPhotometer plus. 
They had been cultivated, then stored as frozen pellets at -

80 °C. NMR spectra were recorded with a Varian/Agilent 
Inova 500 MHz NMR spectrometer equipped with an 
indirect detection probe 5 mm.  

 (A) Reaction tube biotransformation: HPLC 
profile analysis (Figure 1) 

Test tubes with screw caps (20x150 mm) were used. A cell 
concentration OD600 of 200 was generated by resuspending 
cells in 100 mM phosphate buffer (pH 7.4). The 
biotransformation was started by adding 25 μL of 100 mM 
testosterone in DMSO to 975 μL of the cell solution and 
the reaction mixture was incubated at 28 °C and 225 rpm. 
The biotransformation was stopped after 22 hours by 
adding 1 mL of a 1:1 mixture (v/v) of acetonitrile/methanol. 
The resulting mixture was vortexed, centrifuged at top 
speed and the supernatant taken for HPLC analysis. 
Compounds were separated via a reverse-phase column 
Zorbax SB-C18 (21.2 mm i.d. x 25 cm). Water containing 
0.1% acetic acid (A) and acetonitrile (B) were used for 
elution at 25 °C in the following ratios: 0 min: A/B 75/25; 
50 min: A/B 0/100; 52 min: A/B 75/25; 60 min: A/B 75/25. 

(B) 2.5 L shake flask biotransformations: 
Kinetic study (Figures 2 and 3) 

Cells were resuspended in 30 mL of phosphate buffer until 
an OD600 of 200 was obtained and the broth was filled into 
a sterile 2.5 L shake flask, 0.5, 2.5 or 4.5 mM of 100 mM 
testosterone in DMSO or 2.5 mM of 100 mM 
androstenedione in DMSO was added. For the negative 
control, wild-type cells of P. pastoris were handled as the 
other samples with a 2.5 mM testosterone end 
concentration. The flasks were shaken at 130 rpm for 24 
hours. Samples (1 mL) were taken after 4, 8, 20 and 24 
hours, and treated as well as analysed as described above. 

(C) 96-well plate biotransformations: Change 
in metabolism (Figure 4) 

Cells were resuspended in 40 mL of 100 mM phosphate 
buffer (pH 7.4) until an OD600 of 200 was obtained and the 
broth was filled into a sterile 250 mL shake flask. Then 
1030 μL of 20% glucose, 340 μL of 60% glycerol were 
added to obtain a final concentration of 0.5%. Control cells 
were left untreated. The cells were shaken for 3 hours at 
140 rpm before they were used for biotransformation. The 
cell broth was added into a 96-deep-well-plate (390 μL 
each) and the reaction was started with the addition of 10 
μL of 100 mM testosterone in DMSO. Methanol was 
added into the respective wells to obtain a final methanol 
concentration of 0.5, 1 or 3%. For each variation of the cell 
conditions, 14 repeats were tested. The plates were 
incubated at 28 °C at a speed of 320 rpm in a tilted 
orientation on the shaker to ensure maximal oxygen 
availability. The addition of 1 mL of a 1:1 mixture (v/v) of 
acetonitrile/methanol stopped the reaction. The plate was 
then centrifuged at 16,100 g for 10 min and the supernatant 
was transferred into 96-well GreinerV plates for HPLC 
analysis. Separation was carried out via a Kinetex C18 
(100 Å; 50 x 4.6 mm; 2.6 μm) reverse-phase column. A 
positive electrospray ionisation mode was selected for the 
mass spectrometer. Water containing 0.1% acetic acid (A) 
and acetonitrile (B) were used for elution at 25 °C in the 
following ratios: 0 min: A/B 80/20; 1 min: A/B 80/20; 3 
min: A/B 0/100; 5 min: A/B 0/100; 5.01 min: A/B 80/20; 6 
min: A/B 80/20.  

(D) Preparative-scale biotransformation in a 
bioreactor (Figures 5, 6, 7 and 8) 

The obtained cells (ca. 200 g wet corresponding to 68 g 
dry cell weight) were resuspended in 100 mM phosphate 
buffer (pH 7.4) and filled up to 1.3 L to obtain an OD600 of 
200. The cell broth was filled into the previously sterilised 
bioreactor, stirred at 400 rpm and kept at pH 7.4 with 1M 
solutions of potassium hydroxide and phosphorous acid. 
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The biotransformation was started with the addition of 13.3 
mL of methanol and 3330 μL of a 1 M solution of 
testosterone (959 mg) in DMSO. Samples were taken 
regularly during the course of the reaction and 
simultaneously analysed using HPLC for end point 
determination. The biotransformation was stopped after 8 
hours by centrifugation of the collected reaction broth and 
washing the cells twice with phosphate buffer. After the 
final centrifugation the cell pellet was suspended again in 
1.3 L of phosphate buffer, filled into the same bioreactor 
and the second cycle of biotransformation was carried out 
analogously to the first one. Samples were taken with 
increasing time intervals and the biotransformation was 
stopped after 105 hours as before. Both aqueous reaction 
broths were worked up individually by liquid-liquid 
extraction washing the aqueous phase several times with 
ethyl acetate (3x 150 mL). The resulting organic layer was 
dried over MgSO4, concentrated by rotary evaporation and 
loaded onto the column for chromatographic purification 
(50% EtOAc in hexane). 6β-hydroxytestosterone (108 mg, 
11.3% yield, 0.16% productivity[67] [g / g] using dry cell 
weight for the catalyst) was isolated as a white crystalline 
solid, and 6β-hydroxyandrostenedione (87 mg, 9.1%, 
0.13%) as an off-white solid. Mixtures of other mono- or 
dihydroxylated metabolites were also collected with 
masses up to 10 mg. These mixtures were further purified 
with the help of an Agilent Technologies 1100 Series 
HPLC system adapted for manual preparative collection. 
Separation was carried out via a reverse-phase Purospher 
Star RP-18e (5.0 μm; 250 x 4 mm) column at 35 °C and a 
flow rate of 1 mL/min, and water containing 0.1% acetic 
acid (A) and acetonitrile (B) were used as the eluents in a 
steadily increasing gradient. Then methanol (C) was mixed 
in to wash the column thoroughly. Mono-hydroxylated 
metabolites were purified using the following method with 
the ratios: 0 min: A/B 80/20; 31 min: A/B 75/25; 31.01 
min: B/C: 60/40; 34.00 min: B/C 60/40; 34.01 min: A/B 
80/20; 36 min: A/B 80/20. Di-hydroxylated metabolites 
were purified using the method with the ratios: 0 min: A/B 
85/15; 33.50 min: A/B 80/20; 33.51 min: B/C: 60/40; 
36.00 min: B/C 60/40; 36.01 min: A/B 85/15; 38 min: A/B 
85/15. The aqueous HPLC solvents were removed under a 
stream of nitrogen. The compounds 1β- (5) and 15β-
hydroxytestosterone (6), 6-dehydro-15β-
hydroxytestosterone (7) and, 6β,16β-dihydroxytestosterone 
(8), 6β,17β-dihydroxy-4-androstene-3,16-dione (9) and 
6β,12β-dihydroxyandrostenedione (10) could be identified. 
Compounds 5, 6, 7 and 8 were obtained as white/off-white 
solids, the appearance of 9 and 10 was hardly definable 
because of too little quantities. For the same reason other 
isolated compounds, which were also present as mixtures, 
could not be elucidated. 

6β-hydroxytestosterone (2, C19H28O3, white crystalline 
solid, 108 mg, 11%): 1H NMR (300 MHz, CDCl3): δ = 
5.80 (1H, s, 4-H), 4.34 (1H, m, 6α-H), 3.65 (1H, dd, J = 
10.3, 8.1 Hz, 17α-H), 2.50 (1H, ddd, J = 14.9, 4.5, 2.0 Hz, 
2β-H), 2.40 (1H, ddd, J = 15.6, 4.3, 2.2, 2α-H), 2.02 (4H, 
m, 16α-H, 1α-H, 7β-H, 8-H), 1.88 (1H, ddd, J = 12.2, 4.1, 
3.0 Hz, 12β-H), 1.70 (1H, dd, J = 14.2, 4.2 Hz, 1β-H), 1.61 
(1H, m, 15α-H), 1.57 (1H, m, 11α-H), 1.49 (1H, m, 11β-H), 
1.45 (1H, m, 16β-H), 1.40 (1H, m, 15β-H), 1.38 (3H, s, 19-
CH3), 1.21 (1H, m, 7α-H), 1.09 (1H, dd, J = 12.8, 4.3 Hz, 
12α-H), 0.98 (1H, m, 14-H), 0.90 (1H, m, 9-H), 0.81 (3H, s, 
18-CH3). 13C NMR (75 MHz, CDCl3): δ = 200.5 (C-3), 
168.5 (C-5), 126.5 (C-4), 81.8 (C-17), 73.1 (C-6), 53.9 (C-
9), 50.6 (C-14), 43.1 (C-13), 41.1 (C-10), 38.2 (C-7), 37.3 
(C-1), 36.6 (C-12), 34.4 (C-2), 30.6 (C-16), 29.9 (C-8), 
23.4 (C-15), 20.7 (C-11), 19.7 (C-19), 11.2 (C-18).  

6β-hydroxyandrostenedione (4, C19H26O3, off-white solid, 
87 mg, 9%): 1H NMR (300 MHz, CDCl3): δ = 5.77 (1H, s, 
4-H), 4.35 (1H, s, 6α-H), 2.49-2.36 (3H, m, 2α-H, 2β-H, 
16β-H), 2.16-1.96 (5H, m, 1β-H, 7β-H, 8-H, 15α-H, 16α-
H), 1.84 (1H, ddd, J = 12.4, 3.7, 2.7 Hz, 12β-H), 1.71-1.59 
(3H, m, 1α-H, 11α-H, 15β-H), 1.51 (2H, ddd, J = 14.04, 
13.3, 3.5 Hz, 11β-H), 1.36 (3H, s, 19-CH3), 1.29-1.19 (3H, 
m, 7α-H, 12α-H, 14-H), 1.01-0.95 (1H, m, 9-H), 0.90 (3H, 
s, 18-CH3). 13C NMR (75 MHz, CDCl3): δ = 220.1 (C-17), 

200.5 (C-3), 168.3 (C-5), 126.4 (C-4), 72.6 (C-6), 53.7 (C-
9), 50.9 (C-14), 47.7 (C-13), 38.1 (C-10), 37.3 (C-7), 37.1 
(C-1), 35.8 (C-12), 34.2 (C-2), 31.3 (C-16), 29.5 (C-8), 
21.8 (C-15), 20.3 (C-11), 19.6 (C-19), 13.8 (C-18) 

1β-hydroxytestosterone (5, C19H28O3, white crystalline 
solid, 1 mg, 0.1%): 1H NMR (500 MHz, CDCl3): δ = 5.79 
(1H, s, 4-H), 4.04 (1H, dd, J = 7.6, 7.0 Hz, 1α-H), 3.67 – 
3.62 (1H, m, 17-H), 2.54 (2H, d, J = 7.8 Hz, 2α-, 2β-H), 
2.49 (1H, dddd, J = 14.8, 13.8, 5.3, 1.3 Hz, 6β-H), 2.33 
(1H, dddd, 14.2, 4.4, 2.6, 0.4 Hz, 6α-H), 2.11-2.03 (1H, m, 
11α-H), 2.02-1.97 (1H, m, 16α-H), 1.91 – 1.85 (2H, m, 7β-, 
12β-H), 1.69 – 1.57 (3H, m, 8-, 11β-, 15α-H), 1.49 – 1.41 
(2H, m, 16β-H, 1β-OH), 1.33 – 1.29 (1H, m, 15β-H), 1.25 
(3H, s, 19-H), 1.16 – 1.08 (2H, m, 9-, 12α-H), 1.06 – 0.94 
(2H, m, 7α-, 14-H), 0.80 (3H, s, 18-H). 

In the COSY spectrum the carbinol proton (δ 4.04 ppm) of 
interest was found to couple with protons in the region of 
2.54 ppm corresponding to those of positions 2 or 6, and 
with a proton of the doublet at 1.46 ppm, which should 
correspond to the newly introduced hydroxyl group. No 
coupling to 8-H at δ 1.69 ppm was observed as previously 
described by Guengerich et al.[80,81] Additionally, the 
HSQC spectrum revealed the carbinol proton (δ 4.02 ppm) 
to be attached to the carbon at 74.0 (C-1) ppm. With the 
carbon shifts in hand, the HMBC spectrum confirmed the 
hydroxylation at C-1 due to the coupling of the 18-Hs to C-
10, -9, -5 and the carbinol carbon -1. The NOESY 
spectrum indicated interactions between the carbinol 
proton and protons at 2.53 (2α- and 2β-H), 1.69 ppm (11β-
H), 1.47 (1β-OH) and 1.11 (9-H). The correlation with 
11β-H and the lack of it with the H-19 protons proved the 
hydroxylation having occurred at 1β. 

15β-hydroxytestosterone (6, C19H28O3, white solid, 1 mg, 
0.1%): 1H NMR (500 MHz, CDCl3): δ = 5.75 (1H, s, 4-H), 
4.24 – 4.20 (1H, m, 15α-H), 3.59 (1H, dd, J = 14.0, 8.7 Hz, 
17α-H), 2.66 – 2.60 (1H, m, 16α-H), 2.47 (1H, ddd, J = 
15.6, 15.3, 5.0 Hz, 6β-H), 2.43 (1H, dd, J = 14.1, 5.0 Hz, 
2β-H), 2.37 – 2.28 (2H, m, 2α-, 6α-H), 2.13 – 2.08 (1H, m, 
7β-H), 2.07 – 2.03 (1H, m, 1β-H), 2.00 (1H, ddd, J = 11.4, 
10.8, 2.95, 8-H), 1.87 – 1.83 (1H, m, 12β-H), 1.72 (1H, 
ddd, J = 14.2, 14.1, 4.3 Hz, 1α-H), 1.63 – 1.57 (2H, m, 
11α-, 16β-H), 1.47 (1H, ddd, J = 13.2, 13.1, 3.9 Hz, 11β-
H), 1.35 (1H, d, 15β-OH), 1.24 (3H, s, 19-H), 1.16 – 1.04 
(2H, m, 7α-, 12α-H), 1.07 (3H, s, 18-H), 1.00 (1H, ddd, J = 
12.3, 11.3, 4.0, Hz, 9-H), 0.85 (1H, dd, J = 11.3, 5.6 Hz, 
14-H). 13C NMR (75 MHz, CDCl3): δ = 199.8 (C-3), 171.3 
(C-5), 124.0 (C-4), 81.2 (C-17), 69.2 (C-15), 55.3 (C-14), 
54.4 (C-9), 42.4 (C-13), 38.9 (C-10), 38.0 (C-12), 35.9 (C-
1), 34.0 (C-2), 32.8 (C-6), 31.6 (C-8), 31.2 (C-7), 20.7 (C-
11), 17.5 (C-19), 13.9 (C-18).  

6-dehydro-15β-hydroxytestosterone (7, C19H26O3, white 
solid, 3 mg, 0.3%): 1H NMR (500 MHz, CDCl3): δ = 6.30 
(1H, d, J = 9.86 Hz, 7-H), 6.16 (1H, dd, J = 9.86, 2.72 Hz, 
6-H), 5.69 (1H, s, 3-H), 4.41 – 4.37 (1H, m, 15α-H), 3.65 – 
3.60 (1H, m, 17-H), 2.70 – 2.66 (1H, m, 16α-H), 2.56 (1H, 
dd, J = 14.23, 5.41 Hz, 2β-H), 2.51 (1H, dd, J = 5.34, 1.53 
Hz, 2α-H), 1.17 (3H, s, 19-C), 1.12 (3H, s, 18-H). HRMS 
(TOF-EI+) m/z: calcd. for C19H28O4 302.1882, found 
302.1864. 

This compound was isolated as the minor component in a 
mixture with 15β-hydroxytestosterone as reflected by 
HPLC, NMR and HRMS analysis. The peaks at 6.30 and 
6.16 ppm implied the presence of another alkene group and 
the roof effect observed between two shifts indicates a 
strong second-order coupling effect. This was supported by 
their strong correlation in the NOESY spectrum. In the 
HMBC spectrum the 18-Hs at 1.13 ppm coupled with 
carbons at 80.9 (C-17), 52.8 (C-14), 43.8 (C-13) and 37.7 
(C-12) ppm, and the 19-Hs at 1.19 ppm with carbons at 
163.4 (C-5), 51.1 (C-9), 36.8 (C-10) and 32.6 (C-1) ppm 
ruling out the known α,β-unsaturated compound 1-
dehydrotestosterone. The interaction of the proton at 6.16 
ppm with the H-4 (5.69 ppm) in the NOESY spectrum 
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therefore revealed the alkene to be between positions 6 and 
7. Here, a correlation between the other alkene proton 
(6.30 ppm) and the carbinol proton (4.39 ppm) also 
strongly pointed towards the hydroxylation to have 
occurred at position 15, on the β-face of the steroid due to 
the lack of a coupling to 18-H. Indeed, the carbinol proton 
(4.40 ppm) was attached to a carbon with a shift of 69.0 
ppm in the HSQC spectrum, comparing well with the shifts 
of position 15 of 15β-hydroxytestosterone. Additionally, 
the carbinol proton (4.40 ppm) coupled to a proton at 2.69 
ppm in the COSY spectrum, which in turn was found to 
correlate with 17-H (3.62 ppm), fitting well to 15α-H and 
16α-H, respectively.  

6β,16β-dihydroxytestosterone (8, C19H28O4, off-white 
solid, 1 mg, 0.1%): 1H NMR (500 MHz, CDCl3): δ = 5.82 
(1H, s, 4-H), 4.36 (1H, br, 6α-H), 4.22 – 4.17 (1H, m, 16α-
H), 3.40 (1H, dd, J = 8.86, 7.98 Hz, 17-H), 1.40 (3H, s, 19-
H), 0.94 (1H, ddd, J = 11.8, 11.2, 3.9 Hz, 9-H), 0.90 (3H, s, 
18-H), 0.83 (1H, ddd, J = 13.2, 10.7, 7.1, 14-H). HRMS 
(TOF-EI+) m/z: calcd. for C19H28O4 320.1988, found 
320.1975. 

The first carbinol proton at 4.36 ppm was attached to a 
carbon at 73.0 ppm as determined by HSQC. Therefore it 
did not only have the same proton and carbon shifts as the 
6α-H of 2, but was also found to couple with protons of 
peaks at 2.04 (7β-H) and 1.23 (7α-H) ppm in the COSY 
spectrum. A slight coupling to a proton at 1.58 ppm was 
also visible in the COSY spectrum, which is likely the 6β-
OH as it showed no other coupling and appeared as a broad 
singlet in the proton spectrum. In addition, the first 
carbinol proton (4.36 ppm) showed a clear correlation to 4-
H in the HMBC and NOESY spectrum. The latter 
spectrum also revealed hydroxylation to have occurred at 
the β-face of testosterone by the lack of any correlation 
with the protons at position 19. The second carbinol proton 
at 4.19 ppm was attached to a carbon at 69.9 ppm as 
determined by HSQC. A strong correlation with 17-H in 
the COSY spectrum clearly indicated the other 
hydroxylation to have occurred at C-16. The presence of 
the same interaction in the NOESY spectrum in 
combination with the lack of a correlation with the C-18 
methyl group suggested the hydroxyl group being in the 
equatorial position.  

6β,17β-dihydroxy-4-androstene-3,16-dione (9, C19H26O4, 
<1 mg, <0.1%): 5.85 (1H, s, 4-H), 4.40 (1H, br, 6α-H), 
3.78 (1H, br, 17α-H), 2.62 (1H, d, J = 3.22 Hz, 17β-OH), 
2.58 – 2.51 (1H, m, 2β-H), 2.45 – 2.36 (2H, m, 2α-, 15β-
H), 1.62 (1H, br, 6β-OH), 1.42 (3H, s, 19-H), 1.15 – 1.10 
(1H, m, 9-H), 0.81 (3H, s, 18-H) 

The interaction between the first carbinol proton at 4.39 
ppm and H-4 (5.96 ppm) in the NOESY spectrum pointed 
towards the hydroxylation to have occurred at position 6. 
In the HSQC spectrum the carbinol proton is attached to a 
carbon with a shift of 72.3 ppm fitting the usual 6α-proton 
shifts. It was also found to couple with protons at 1.98 (7α-
H) and 1.36 (7β-H) ppm as well as to one proton at 1.62 
ppm likely to be the 6β-OH in the COSY spectrum. The 
latter coupling is visible with the same shift and peak 
shape as in the proton spectra of 6β,16β-
dihydroxytestosterone and 6β,12β-
dihydroxyandrostenedione. In the HMBC spectrum a 
proton at 1.95 ppm was found to interact with a carbon at 
215.0 ppm indicating the presence of a second ketone like 
in derivatives of androstenedione. However, the 18-Hs 
showed coupling to C-17 at 85.5 ppm as well as to other 
carbons in a range from 35 to 45 ppm. Consequently, the 
ketone had to be at a different position than 17. The 19-Hs 
coupled to C-5 at 158.7 ppm and to other carbons in a 
range from 30 to 53 ppm. The shifts of the A-ring in 
general were the same as for 6β-hydroxytestosterone. The 
peak shape of 9-H is quite distinct and could be identified 
easily in the proton spectrum. The proton interacted with 
carbons below 60 ppm. Therefore only positions 15 and 16 
qualified having the ketone functional group attached. In 
the COSY 17α-H correlated with a proton at 2.58 ppm, 

however, quite likely this is 17β-OH as it appears as a high 
doublet signal in the 1H spectrum integrating to only 0.6 
protons. In contrast to the first carbinol proton H-6α of this 
compound or 17α-H of any other testosterone derivative 
determined here, no evidence for any other interaction of 
17α-H was noticeable in the COSY spectrum. The same 
was observed in the NOESY spectrum, where 17α-H only 
coupled with two protons at 2.09 (12α-H) and 1.54 (14-H). 
The lack of coupling to neighbouring protons at position 
16 strongly pointed towards their absence. In addition, C-
17 (85.5 ppm) must have experienced a deshielding effect 
compared to its usual shift of about 81 ppm supporting the 
presence of a vicinal ketone functional group at position 16.  

6β,12β-dihydroxyandrostenedione (10, C19H26O4, <1 mg, 
<0.1%): 1H NMR (500 MHz, CDCl3): δ = 5.85 (1H, s, 4-
H), 4.42 – 4.40 (1H, m, 6α-H), 3.80 (1H, dd, J = 11.5, 4.6 
Hz, 12α-H), 3.50 – 3.48 (1H, m, 17-H), 1.63 (1H, br, 6β-
OH), 1.42 (3H, s, 19-H), 1.08 (1H, ddd, J = 12.5, 11.5, 3.9 
Hz, 9-H), 1.03 (3H, s, 18-H). HRMS (TOF-EI+) m/z: calcd. 
for C19H26O4 318.1831, found 318.1828. 

In the proton spectrum two carbinol protons were found at 
4.41 and 3.80 ppm, which are attached to carbons at 72.7 
and 72.4 ppm, respectively. For this compound the HMBC 
spectrum was very informative. The coupling of the 18-Hs 
to a carbon at 222 ppm indicated that this compound had to 
be an androstenedione derivative with a ketone functional 
group at C-17. In addition to this interaction, the 18-Hs 
(1.05 ppm) couple with three other carbons at 48.7, 51.5 
and 72.3 ppm corresponding to C-13, -14, and -12, 
respectively. Therefore, one of the hydroxylations occurred 
at C-12. The NOESY spectrum revealed that this carbinol 
proton at C-12 should be in the axial position because a 
correlations to 9-H (1.08 ppm), 14-H (1.27 ppm) and 11α-
H (1.81 ppm) was visible. The other hydroxylation pattern 
(4.41, 72.7 ppm) compared well with the shifts of 6β-
hydroxyandrostenedione. In the NOESY spectrum a strong 
interaction to the 4-H proton (5.85 ppm) was the most 
convincing. Two interactions with other protons at 2.15 
and 1.29 ppm (7α-H and 7β-H), as well as one to a proton 
at 1.63 ppm in both the NOESY and COSY spectra left no 
room for doubt. The latter shift was assigned to the 6β-OH 
as it is a broad singlet in the proton spectrum with no other 
interactions in the COSY, just as for 6β,16β-
dihydroxytestosterone and 6β,17β-dihydroxy-4-
androstene-3,16-dione.  
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