
VU Research Portal

Controlling Physico-Chemical Properties of Macrocyclic Peptides with Target-
Engaging Crosslinks
Wallraven, K.

2020

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Wallraven, K. (2020). Controlling Physico-Chemical Properties of Macrocyclic Peptides with Target-Engaging
Crosslinks. [PhD-Thesis - Research and graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 23. May. 2023

https://research.vu.nl/en/publications/40f0fe26-2281-4b7b-98fc-328e61c66598


 

Chapter 6 

Rational Design of Mechanism-
Based Inhibitors of CYP121 from 

Mycobacterium tuberculosis 

 

 

 

 

Parts of this chapter are published in: 
Ortega Ugalde, S.; Bruyneel, B.; Vermeulen, N. P. E.; Commandeur, J. N. M.; Bitter, W.; 
Wallraven, K.; Grossmann, T. N.; de Koning, C. P.; Vos, J. C. Linking cytochrome P450 
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cyclo(L-Tyr-L-Tyr)-analogs as mechanism-based inhibitors of CYP121A1 from 
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Contributions to chapter 

Design and execution of synthesis protocol for diketopiperazine derivatives. 

Abstract 

Mycobacterium tuberculosis (Mtb) is the main cause of tuberculosis (TB) disease. The 
recent emergence of multi-drug resistant Mtb strains has provoked the development 
of new TB-treatment strategies. In this regard, the cytochrome P450 enzyme (CYP) 
CYP121 appears to be essential for the Mtb viability and thereby serves as a promising 
new drug target. Herein, we investigated the molecular mechanism of the CYP121-
mediated substrate conversion. Considering the redox-activity and high substrate 
specificity for cYY, a series of six electrophile-containing derivatives was designed 
aiming for a mechanism-based inactivation of CYP121. Compounds 4a and 6, which 
harbor one or two alkyne-groups in para-position of the cYY scaffold, revealed a 
productive type I binding mode with moderate to good target affinities and inhibitory 
activities. Further mechanistic investigations suggested a covalent modification of the 
CYP121 apoprotein, which irreversibly inhibits the enzymatic activity.   
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Introduction 

Tuberculosis (TB) is an infectious disease, which is triggered by the pathogen 
Mycobacterium tuberculosis (Mtb)1 and appears to be one of most common causes for 
death worldwide according to the World’s Health Organization (WHO). About one fifth 
of the world’s population is expected to carry a latent Mtb infection, whereas only a 
relatively small rate of 5 – 10 % develops TB disease in an active state.2 Medication 
mostly involves the administration of four different drugs (isoniazid, rifampicin, 
ethambutol and pyrazinamide) over a period of six month.3 During the last decades a 
crisis in TB treatment has arisen due to an increasing emergence of multi-, extensive- 
and total-drug resistant strains.4 Therefore new drugs and treatment strategies are 
urgently needed to counter the uprising health threat by Mtb infections.5 In this 
context, McLean et al. identified the heme-containing cytochrome P450 enzyme (CYP) 
CYP121A1 (afterwards referred to as CYP121) from Mtb (Figure 1A),6 which appears to 
be essential for the cell survival and thereby serves as a potential drug target for the 
development of novel TB therapeutics.7 CYP121 shows a high substrate specificity for 
dicyclotyrosine (cYY) and mediates its conversion into mycocyclosin under formation 
of a C-C-bond in meta-position of the two tyrosine residues (Figure 1B). Interestingly, 
the physiological function of cYY and mycocyclosin has not been elucidated yet.8  

 
Figure 1: A) Crystal structure of cYY (red) in complex with Mtb CYP121 (white cartoon, PDB ID 3g5h) 
bearing a heme prosthetic group (black); B) Conversion of cYY into mycocyclosin by CYP121 of Mtb. 
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Based on cYY, CYP121 inhibitors have been designed using e.g. a piperazine 
scaffold to mimic the cyclodipeptide structure of the endogenous substrate, whereas 
up to now all cYY-derived ligands show a reversible inhibition.7,9–16 Furthermore, azole 
compounds generally exhibit high inhibitory activities for a broad range of CYP 
enzymes, including human CYPs.12 Due to this low selectivity, the application of azoles 
as inhibitors is likely to show drug-drug interactions and off-target effects, which 
render them less suitable as potential drugs. The broad target spectrum of azoles can 
be ascribed to their binding mechanism through direct coordination of the heme iron 
by a nitrogen atom (type II binding).13,17 Other CYP ligands have been shown to bind 
through indirect coordination of the heme iron via a water molecule (type I binding) or 
by interacting with protein residues in the active site (reverse type I binding).18 For 
selective and irreversible targeting of Mtb CYP121, mechanism-based inactivation 
(MBI or suicide inactivation) increasingly gains attention in drug design. Here, CYP 
recognizes the inhibitor as substrate and catalyzes its conversion under formation of a 
reactive metabolite (RM). Subsequently, the RM reacts with the enzyme or heme 
group resulting in an irreversible, covalent fashion. The approach of irreversible MBI is 
promising to be highly efficient as the enzyme function can only be restored by de 
novo protein biosynthesis.19,20 To successfully develop suicide inhibitors for CYP121, 
detailed knowledge about the reaction mechanism is required. Mtb CYPs are generally 
known to transform their substrates in a redox reaction using a class I-system for the 
electron transfer. Starting from the cofactor NAD(P)H, electrons are transferred onto a 
ferredoxin-reductase (FNR) and a ferredoxin (Fd) before reducing the heme iron of a 
CYP. Subsequently, conversion of the bound substrate can take place.21 The Mtb 
genome encodes for 20 CYPs as well as for several, cognate FNRs and Fds.22 
Preferences of the individual CYPs for certain FNR:Fd-systems were not studied yet. 
Thus, a more detailed investigation of CYP121 would allow further elucidation of the 
mechanism of biosynthesis and physiological function of mycocyclosin, which in turn is 
expected to support the design of potential inhibitors.23,24  

Results and discussion 

Elucidation of cognate redox partners for CYP121 

The Mtb genome comprises genetic information for two FNRs (FdrA, FprA) and five Fds 
(Fdx, FdxA, FdxC, FdxD, FdxE), which can serve as potential redox partners for the 
reduction of the CYP121 heme center. The efficiency of the electron transfer from 
different FNRs and Fds to CYP121 can be correlated to the mycocyclosin formation 
under consumption of cYY.25 However, high concentrations of pure cYY are required 
for in vitro studies to evaluate the FNR:Fd-dependent CYP121 activity. In Mtb, only a 
limited amount of the endogenous substrate cYY is produced by the enzyme cyclo-
dityrosine synthetase, which uses two L-Tyr-tRNA molecules for the biosynthesis.24  
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Thus, a three step synthesis was suggested starting from a Boc- and a methyl 
ester-protected tyrosine with tert-butyl (tBu) side chain modifications (i and ii, 
respectively, Figure 2). In solution phase, amide coupling between i and ii was 
performed providing the fully protected dipeptide iii with a good yield of 78 %. 
Subsequently, all acid labile protecting groups (Boc, tBu) were removed using a TFA-
containing solution. Without further purification, the deprotected dipeptide with 
remaining methyl ester was cyclized in a SN2-reaction under cleavage of methanol, 
whereupon the desired product cYY was obtained with a relatively low yield (8 % over 
2 steps).  

BocHN COOH
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OtBu

BocHN

OtBu

H
N

O
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HN
NH

O

O
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Figure 2: Synthesis of diketopiperazine cYY (1) starting from an N-terminally Boc-protected tyrosine i 
and a tyrosine bearing a C-terminal methyl ester ii. (a) 1 eq i, 0.9 eq ii, 1.2 eq EDC-HCl, 1.2 eq HOBt, 
3.2 eq DIPEA, DCM, room temperature, 4 h; (b) 1. DCM/TFA (4/1, v/v), room temperature, 30 min; 2. 
sec-butanol, 0.1 M AcOH, 1 eq NMM, 130 °C, 5 h. 

This small product quantity is likely to originate from the extensive purification 
efforts, which were required to achieve a high purity for a subsequent evaluation in a 
biological context. Another factor that possibly contributes to the limited synthesis 
outcome is the absence of a strong driving force, which promotes a nucleophilic attack 
of the terminal amine on the methyl ester carbonyl to generate the cyclic scaffold. 
Generally, such SN2-reactions are favored by increasing molecular size and potency of 
the leaving group. However, sterically more demanding ester residues appear to be 
unsuitable for the formation of a conformationally restricted, six membered ring as 
can be found in diketopiperazines (DKPs). Activation of the C-terminal carboxylic acid 
through introduction of a methyl ester therefore remains the preferred synthetic 
pathway for this SN2-reaction.26  

After successful synthesis, cYY was applied in incubations containing CYP121, an 
NAD(P)H regeneration system (NRS) and varying combinations of FNRs and Fds 
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(FdrA:Fdx, FprA:Fdx, FdrA:FdxA, FprA:FdxA, FdrA:FdxD, FprA:FdxD, FdrA:FdxE, 
FprA:FdxE, E. coli FNR:Flda). As a control, the E.coli FNR:Flda-system was employed, 
which is known to serve as suitable exogenous redox system for the CYP121 reduction. 
Previous experiments revealed a preference of FprA for NADPH as electron source and 
NADH as the only electron donor accepted by FdrA. The mycocyclosin formation after 
one hour incubation time was quantified by Sandra Ortega using a HPLC coupled to a 
time-of-flight (TOF) mass detector. 

 
Figure 3: Measured concentrations of mycocyclosin in CYP121 (5 µM) incubations with cYY, the 
NAD(P)H regeneration system (NRS, containing NAD(P)H, glucose 6-phosphate and glucose-6-
phosphate dehydrogenase) and different FNR:Fd redox-systems after 1 h (duplicate measurement, 
SEM) applying a molar ration of 1:5:10 for CYP121:FNR:Fd. 

Considering cognate redox partners of Mtb, only ferredoxins Fdx and FdxD were 
able to support CYP121-catalyzed mycocyclosin generation, whereas no enzymatic 
activity was detected when FdxA and FdxE were applied (Figure 3). For active Fds (Fdx 
and FdxD), product formation was achieved in combination with each FNR (FdrA and 
FprA) revealing a preference for FprA, which provided approximately two-fold higher 
mycocyclosin contents compared to FdrA. Consequently, both FprA-containing redox 
systems yielded almost equally good product concentrations (28 ± 3 µM for FprA:Fdx 
and 27 ± 5 µM for FprA:FdxD).25 Interestingly, the overall highest mycocyclosin 
formation was achieved by the exogenous E. coli FNR:Flda-system providing a product 
concentration of 98 ± 2 µM, which indicates an almost full conversion of the applied 
cYY (100 µM) after one hour.27–30 Taken together, this study verified that CYP121 
converts cYY into mycocyclosin depending on a class I-redox system with FprA:Fdx and 
FprA:FdxD as preferred endogenous electron transfer partners. 

Design, synthesis and evaluation of cYY derivatives as potential MBIs for CYP121 

Due to their redox activity, CYP enzymes are expected to show reactivity towards 
compounds with electrophilic groups. A well-studied example describes the CYP3A4-
mediated metabolism of the contraceptive agent 17-ethinylestradiol (EE), which 
harbors a terminal, electrophilic alkyne. The proposed mechanism for the CYP3A4 
inactivation by EE involves the conversion of the alkyne moiety into a ketene. 
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Subsequently, the highly reactive ketene undergoes a nucleophilic attack by a side 
chain residue of the target protein and thereby forms an irreversible, covalent bond.31–

34 Encouraged by this mechanism of inhibition, we proposed a series of electrophile-
containing cYY-derivatives as potential MBIs for CYP121. For the inhibitor design, 
diversification of the cYY-scaffold by varying functional groups, substitution positions 
and stereochemistry were considered. As functional groups, alkyne- and nitrile-
substituents were selected due to their electrophilic properties. These groups were 
introduced as para-substituent, in analogy to the substitution pattern of the natural 
substrate cYY, and as meta-substituent residing the adjacent position. Additionally, a 
derivative with inverted stereochemistry at both Cα positions was included to evaluate 
the stereospecificity of CYP121. To obtain the corresponding compounds, the 
previously used protocol for the cYY-synthesis has been adjusted accordingly. For 
nitrile-modified analogs 2 and 3, an N-terminally Boc-protected 4- and 3-
cyanophenylalanine (iii-a, iii-b), respectively, was applied in the synthesis instead of 
the previously used tyrosine (i), thereby replacing one hydroxy-substituent of cYY with 
a nitrile-group in either para- or meta-position (Figure 4A). Reaction conditions for all 
three synthesis steps involving amide coupling, N-terminus- and side chain-
deprotection as well as cyclization were adopted from the synthesis protocol 
established for cYY. Derivative 2 exhibited a similar synthesis efficiency (2 % yield) as 
cYY, whereas DKP 3 reveals a considerably higher yield (57 %), which probably arises 
from a lower formation of by-products thereby allowing a purification with minor 
losses of compound. The synthesis of alkyne-modified cYY-analogs 4a, 4b, 5 and 6 
involved a Sonogashira cross coupling in addition to the synthesis steps performed so 
far. For this purpose, appropriate iodine-containing amine- or carboxylic acid-
protected amino acids (v-a, v-b, vi-a and vi-b) were first reacted in an amide coupling. 
The resulting dipeptides (vii-a – vii-c) were further converted in a Sonogashira reaction 
using trimethylsilylacetylene to introduction the terminal alkyne moiety at the iodine-
substituted positions. Reaction conditions used herein facilitated simultaneous 
removal of the N-terminal Fmoc group. Residual tert-butyl- and trimethylsilyl-masked 
entities were deprotected by a DCM/TFA-solution as described previously. Subsequent 
cyclization provided compounds 4a, 5 and 6 in moderate up to good yields (38 %, 19 % 
and 76 %). Compound 4b differs from 4a only in its R-configured Cα atoms. 
Consequently, applying the same reaction conditions as for 4a but starting from the 
corresponding amino acid with R-configuration provided derivative 4b in a good yield 
(47 %). Taken together, all compounds 1 – 6 were obtained in sufficient quantities and 
purities to be applied in subsequent biological evaluations. 
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Figure 4: A) Synthesis of nitrile-substituted cYY-analogs 2 and 3. (a) 1 eq iii, 0.9 eq ii, 1.2 eq EDC-HCl, 
1.2 eq HOBt, 3.2 eq DIPEA, DCM, room temperature, 4 h; (b) 1. DCM/TFA (4/1, v/v), room 
temperature, 30 min; 2. sec-butanol, 0.1 M AcOH, 1 eq NMM, 130 °C, 5 h; B) Synthesis of alkyne-
substituted cYY-analogs 4a, 5 and 6. (a) 1 eq iii, 0.9 eq ii, 1.2 eq EDC-HCl, 1.2 eq HOBt, 3.2 eq DIPEA, 
DCM, room temperature, 4 h; (b) 1. 25 mol-% PdCl2(PPh3)2, 10 mol-% CuI, 2 eq (vii-a, vii-b) and 4 eq 
(vii-c) trimethylsilylacetylene (TMSA), Et3N/THF (5/2, v/v), 90 °C, 2 h; (c) 1. DCM/TFA (4/1, v/v), room 
temperature, 30 min; 2. sec-butanol, 0.1 M AcOH, 1 eq NMM, 130 °C, 5 h; *Yield over two steps. 
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To determine the binding types and dissociation constants Kd of compounds 1 – 6 
towards CYP121 (Figure 5A), spectrophotometric titration assays were performed by 
Sandra Ortega (Figure 5B). Alkyne-containing derivatives 4a, 5 and 6 revealed the 
same spectrum shape as the natural substrate 1 (cYY) with a peak at ~390 nm and a 
trough at ~420 nm (Figure 5C) indicating a type I binding mode. This substrate-like 
interaction renders a productive binding type, as these ligands can be possibly 
converted by the enzyme. Due to this fact, compounds 4a, 5 and 6 can be considered 
as potential MBIs for CYP121. However, nitrile-modified compound 2 generates a 
mirror image of type I binding spectra (trough at ~390 nm and peak at ~420 nm), 
which correlates to reverse type I binding. Although ligand 2 shows target 
engagement, the reverse type I binding mode limits its use as MBI. For compounds 3 
and 4b, elucidation of the interaction mode could not be achieved as no 
spectrophotometric signal was detected.  

 

Figure 5: A) General chemical structure of cYY 1 and derivatives 2 – 6; B) Series of potential CYP121 
inhibitors based on 1 (cYY) including stereochemical information, subsitution pattern, binding type, 
affinities (Kd) to CYP121 apoprotein and inhibition of CYP121 activity (inh.) after 2 h incubation with 
NADPH and NRS; C) Concentration dependent difference spectra indicating type I binding for 
compounds 1 and 4a, and reverse type I binding for compound 2. 

Binding affinities were derived from difference binding spectra and identified 4a 
(Kd = 11 µM) as the best binder for CYP121 within the given series of analogs (Figure 
5B) revealing a 1.7-fold lower Kd-value than compound 1 (Kd = 19 µM). The nitrile-
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modified ligand 2 (Kd = 14 µM) exhibits the second highest affinity with an improved 
binding strength by a factor of 1.3 compared to 1. Both compounds 2 and 4a harbor a 
modification in para-position (R1) and thereby retain the substitution pattern and 
stereochemistry of the natural substrate 1. Consequently, the high binding affinities 
towards CYP121 possibly originate from a structural similarity to the natural analog. 
Introduction of an alkyne in meta-position (R2, compound 5) leads to a moderate 
binding affinity (Kd = 32 µM), thereby rendering the meta-substitution less suitable for 
targeting CYP121. This hypothesis is supported by compound 3 with a meta-nitrile 
substitution and no detectable target binding (Kd > 120 µM). Also derivative 4b, which 
comprises a para-alkyne and -hydroxy substitution (R1, R3) with R/R-configuration, 
does not show any interaction with CYP121 (Kd > 120 µM). This is in line with 
previously reported results by Belin et al. for a R/R-configured cYY.9 Taken together, 
CYP121 shows a high substrate specificity towards para-modified (R1, R3) derivatives 
with S/S-configuration. Considering the variation of functional groups, we observed a 
preference for alkyne-substitutions over hydroxy- and nitrile-groups. 

Due to the C2-symmetry of natural substrate 1, we assumed two possible 
molecule orientations for binding. Based on this hypothesis and the fact that 
compound 4a displays the most affine CYP121 binder, we tested the di-substituted 
derivative 6 containing an alkyne group in each para-position (R1, R3) with S/S-
configuration. These modifications aimed to increase the local concentration of 
electrophilic groups and the probability to adopt a productive binding mode. 
Compound 6 revealed a binding type I spectrum with a 3.6-fold lower target affinity 
(Kd = 69 µM) than 1. This observation is supported by previous crystallization studies, 
which revealed the contribution of one cYY hydroxy-group in binding CYP121 through 
an water mediated hydrogen bond.9  

To investigate inhibitory potencies, the conversion of natural substrate 1 by 
CYP121 after 3 h pre-incubation with potential inhibitors 2 – 6 was measured by 
Sandra Ortega. In general, a good inhibition of enzyme activity by alkyne-modified 
derivatives 4a, 5 and 6 have been observed with compound 4a reveals the highest 
inactivation rate (inh. = 87 %), followed by its di-substituted analog 6 (inh. = 60 %). For 
latter, the good inhibitory potency is assumed to arise from the increased number of 
electrophilic alkyne groups per ligand molecule. However, meta-alkyne modified 
compound 5 moderately suppresses the CYP121 activity (inh. = 35 %), whereas the 
R/R-configured ligand 4b does not impair the cYY conversion at all (inh. = 1 %). For 
nitrile-substituted derivatives 2 and 3, only very low or no inhibitory potencies were 
detected (inh.(2) = 13 %, inh.(2) = 2 %).  

Mechanistic investigations of potential CYP121-inhibitors 4a and 6 

Since derivatives 4a and 6 display the most promising candidates for efficient CYP121-
inactivation, we aimed to investigate their inhibitory kinetics. For both compounds, 
time- and concentration-dependent measurements of CYP121-inactivation were 
performed by Sandra Ortega. Corresponding inhibitory constants KI and Kinact were 
obtained from a double-reciprocal plot (Kitz–Wilson plot, Figure 6A). To directly 
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compare these kinetic parameters, the inactivation rate efficiencies given by kinact/KI 
were determined,35 rendering ligand 4a (kinact/KI = 1.9·10-4 min -1µM-1) two-fold more 
potent than 6 (kinact/KI = 1.0·10-4 min-1µM-1). In contrast to the human CYP3A4-inhibitor 
EE (kinact/KI = 2.2·10-3 min-1µM-1), 4a and 6 exhibit a ten- and 20-fold lower inactivation 
rate efficiency, respectively.33 This observation might originate from the high substrate 
specificity of CYP121, whereas most CYP enzymes including CYP3A4 reveal a broad 
substrate range and thereby accept an increased structural diversity of potential 
inhibitors.36–38 

 
Figure 6: A) Kitz–Wilson plot for the determination of KI- and kinact-values of compounds 4a and 6 
through linear regression; B) Activity recovery of CYP121 after incubation with 4a, 6 and without 
potential inhibitor (control) in both presence and absence of NADPH, with and without subsequent 
dialysis. 

To learn more about the mode of action, the reversibility of CYP121-inactivation 
was investigated. In this context, incubations of CYP121 with substrate 1 were 
performed by Sandra Ortega in presence and absence of 4a or 6. Subsequent dialysis 
allows the dissociation of potentially competitive, non-covalent inhibitors from the 
CYP121 active site, which would result in the re-establishment of enzymatic activity. In 
turn, for irreversible, covalent inhibitors no activity recovery is expected. After 3 h 
incubation, remaining activities were measured as a function of the CYP121-mediated 
substrate 1 consumption and quantified by HPLC-MS methods. Herein, no recovery of 
activity was achieved as the residual activities measured without and with dialysis 
appear to be in the same range (4a: 47 % without dialysis and 42 %, with dialysis; 6: 
64 % without dialysis and 51 % with dialysis, Figure 6B). This observation implies an 
irreversible, covalent modification of the CYP121 active site by both ligands 4a and 6. 

Target-selectivities and minimal inhibitory concentrations of inhibitors 4a and 6 

The human genome codes for 57 CYP isoforms,39 therefore high target selectivities are 
required to inhibit a specific CYP without considerable side effects. Co-incubations of 
compounds 4a and 6 with the major human metabolizing CYPs (CYP1A2, CYP2A6, 
CYP2B6, CYP2C9, CYP2C19, CYP2D6, CYP2E1, CYP3A4) and their respective substrates 
were performed by Sandra Ortega to elucidate their selectivity and possible off-target 
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effects. In this context, remaining enzymatic activities were measured as a function of 
the substrate conversion, whereas incubations without potential inhibitor correspond 
to 100 % enzyme activity. For most human CYPs, both compounds 4a and 6 do not 
remarkably impair the enzymatic activity as substrate conversions of 80 – 96 % were 
detected (Figure 7A). Compound 6 shows a moderate inhibition of three human CYPs 
including CYP2C9 (48 %), CYP2C19 (55 %) and CYP3A4 (62 %), whereas CYP2C9 
represents 18 % of CYP enzymes in human liver microsomes (HLM). Consequently, 
compound 6 possibly exhibits drug-drug interactions with CYP2C9-substrates such as 
phenytoin, warfarin and tolbutamide, which might limit its applicability as potential 
antitubercular drug. Nevertheless, both ligands 4a and 6 reveal overall high 
selectivities towards various CYPs. This observation can be possibly explained by the 
structural similarity of 4a and 6 to cYY, the natural ligand of CYP121. 

 
Figure 7: A) Heatmap representing the impact of potential CYP121-inhibitors 4a and 6 on the activity 
of various human CYPs. As a control, substrate conversions without potential inhibitor (-) represent 
100 % enzyme activity; B) Dose response curve of Mtb H37Rv cell growth inhibition by compounds 4a, 
4b, 5 and 6 and inhibition of MspA-bearing Mtb H37Rv cells by compounds 4a and 6, respectively. 
Minimum inhibitory concentration (MIC) determined as concentration required to inhibit 90 % of 
bacterial growth.  

Furthermore, we aimed to evaluate the applicability of potential inhibitors 4a 
and 6 on a cellular level. Therefore, incubations of Mtb cells (H37Rv strain) with 
inhibitors 4a and 6 were performed by Dr. Alexander Speer and Sandra Ortega to 
determine their minimal inhibitory concentration (MIC), which is required to suppress 
cell growth by 90 %. Compounds 4b and 5 served as control, since they revealed no or 
only low inhibitory effects on recombinant CYP121 in previous experiments (Figure 
4B). As expected, 4b and 5 do not show any antimycobacterial activities 
(MIC > 10 mM), whereas compound 4a exhibits a low inhibitory effect (MIC = 4 mM, 
Figure 6B). For ligand 6, the determination of a precise MIC-value was comprised by a 
limited compound solubility of 1 mM under the given assay conditions. Noteworthy, 
the measured MIC-values for inhibitors 4a and 6 are 20-fold higher than the 
corresponding KI-values (KI(4a) = 236 μM, KI(6) = 145 μM). This discrepancy is assumed 
to originate from a low cellular uptake of the tested compounds. Generally, Mtb cells 
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are known to feature a particularly lipophilic cell wall, which exposes various multi-
substrate efflux transporters.12 These conditions render a successful cell penetration 
by potential antitubercular drugs highly challenging. To evaluate the effect of 4a and 6 
with increased intracellular concentrations, additional incubations using a Mtb cell line 
with overexpressed MspA sporins, which enhance the cell permeability of the outer 
membrane, were performed. Corresponding dose response curves indicated an 
improved inhibition of bacterial growth. However, due to the restricted inhibitor 
solubility only a small number of measuring points was collected, which hampered the 
determination of reliable MIC-values. 

Conclusion and future perspectives 

Successful synthesis of cYY facilitated experiments, which identified both FprA:Fdx and 
FprA:FdxD in combination with NAPDH as the preferred cognate redox systems for the 
reduction of the CYP121 heme center. Encouraged by the redox-activity of CYP121, we 
designed and synthesized a series of potential mechanism-based inhibitors (MBIs, 2 – 
6) based on the natural substrate cYY (1). Reactions performed herein provided all 
desired intermediates and products in moderate up to good yields with only low 
product quantities for compounds 1 and 2, which can be ascribed to a difficult 
purification. Derivatives with one or two para-alkyne modifications (compound 4a and 
6) revealed a type I binding mode, sufficient target affinities and good inhibitory 
activities against recombinant CYP121, thereby suggesting 4a and 6 as potential MBIs 
of CYP121. The inability to re-establish the CYP121 enzymatic activity after co-
incubations with 4a or 6 indicated a covalent target modification resulting in an 
irreversible inactivation, whereas current efforts in the group of Jan Commandeur aim 
to elucidate the mechanism of action in more detailed. Additionally, no considerable 
off-target effects or drug-drug interactions have been observed for 4a and 6 in 
combination with various human CYP isoforms. However, only low antimycobacterial 
activities were determined in initial cell-based experiments. When using Mtb cells with 
enhanced membrane permeability an improved inhibition of cell growth was 
indicated. Consequently, further structural development of compounds 4a and 6 
towards a higher cellular uptake could promote their intracellular inhibitory activities.   
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Methods 
 

Chemical methods 

General procedure A: Synthesis of dipeptides 

To a solution of N-terminal protected amino acid (1 eq), HOBt (1.2 eq) and EDC 
(1.2 eq) in DCM (25 mL/ mmol) was added DIPEA (3.2 eq). The solution was stirred for 
10 min at room temperature before the methyl ester-protected amino acid (0.9 eq) 
was added. After stirring for an additional 4 h at room temperature the reaction 
mixture was neutralized by using a sat. NH4Cl-solution. The aqueous phase was 
extracted with EtOAc (3x), before the combined organic layers were dried over MgSO4 
and the solvent was removed under reduced pressure. The residual solid was purified 
by column chromatography on silica (cyclohexane:EtOAc = 2:1) to yield the desired 
dipeptide as a white solid. 

Boc-(S)-Tyr(OtBu)-(S)-Tyr(OtBu)-OMe 

Boc-(S)-Tyr(OtBu)-(S)-Tyr(OtBu)-OMe was synthesized 
according to general procedure A using Boc-(S)-Tyr(OtBu)-
OH (172 mg, 0.51 mmol, 1 eq) and H-(S)-Tyr(OtBu)-OMe*HCl 
(132 mg, 0.46 mmol, 0.9 eq). The pure product was obtained 
as a white solid (207 mg, 0.36 mmol, 78 % yield).  

1H NMR (600 MHz, DMSO-d6) δ = 8.29 (d, J = 7.6 Hz, 1H), 7.12 
(t, J = 8.1 Hz, 3H), 6.88 – 6.81 (m, 4H), 4.47 (td, J = 8.4, 6.1 

Hz, 1H), 4.16 (ddd, J = 10.5, 8.9, 4.1 Hz, 1H), 3.57 (s, 3H), 2.99 (dd, J = 13.9, 5.9 Hz, 1H), 
2.92 (dd, J = 13.9, 8.8 Hz, 1H), 2.81 (dd, J = 13.9, 4.1 Hz, 1H), 2.60 (dd, J = 13.9, 10.6 Hz, 
1H), 1.28 (s, 9H), 1.25 (s, 9H), 1.25 (s, 9H). 

13C NMR (151 MHz, DMSO-d6) δ = 171.88 (1C), 171.79 (1C), 155.02 (1C), 153.64 (1C), 
153.31 (1C), 132.64 (2C), 131.57 (2C), 129.63 (2C), 123.49 (2C), 123.27 (2C), 77.91 (1C), 
77.64 (1C), 77.53 (1C), 55.55 (1C), 53.47 (1C), 51.77 (1C), 36.94 (1C), 36.03 (1C), 28.52 
(6C), 28.09 (3C). 

Boc-(S)-Phe(4-CN)-(S)-Tyr(OtBu)-OMe 

Boc-(S)-Phe(4-CN)-(S)-Tyr(OtBu)-OMe was synthesized 
according to general procedure A using Boc-(S)-Phe(3-CN)-
OH (200 mg, 0.69 mmol, 1 eq) and H-(S)-Tyr(OtBu)-
OMe*HCl (133 mg, 0.62 mmol, 0.9 eq). The pure product 
was obtained as a white solid (295 mg, 0.56 mmol, 82 % 
yield). 
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1H NMR (600 MHz, DMSO-d6) δ = 8.38 (d, J = 7.6 Hz, 1H), 7.74 (d, J = 8.2 Hz, 2H), 7.44 
(d, J = 8.0 Hz, 2H), 7.12 (d, J = 8.5 Hz, 2H), 6.94 (d, J = 9.0 Hz, 1H), 6.87 (m, J = 8.5 Hz, 
2H), 4.47 (td, J = 8.3, 6.2 Hz, 1H), 4.22 (ddd, J = 10.6, 8.9, 4.2 Hz, 1H), 3.57 (s, 3H), 2.99 
(dd, J = 14.0, 6.0 Hz, 1H), 2.97 – 2.90 (m, 2H), 2.74 (dd, J = 13.7, 10.7 Hz, 1H), 1.27 (s, 
9H), 1.25 (s, 9H). 

13C NMR (151 MHz, DMSO-d6) δ = 172.30 (1C), 171.80 (1C), 155.54 (1C), 154.13 (1C), 
144.63 (1C), 132.34 (2C), 132.00 (1C), 130.79 (2C), 130.08 (2C), 123.97 (2C), 119.45 
(1C), 109.54 (1C), 78.57 (1C), 78.14 (1C), 55.47 (1C), 54.01 (1C), 52.27 (1C), 38.04 (1C), 
36.45 (1C), 29.00 (3C), 28.51 (3C). 

Boc-(S)-Phe(3-CN)-(S)-Tyr(OtBu)-OMe 

Boc-(S)-Phe(3-CN)-(S)-Tyr(OtBu)-OMe was synthesized 
according to general procedure A using Boc-(S)-Phe(3-CN)-
OH (200 mg, 0.69 mmol, 1 eqand H-(S)-Tyr(OtBu)-OMe*HCl 
(133 mg, 0.62 mmol, 0.9 eq). The pure product was 
obtained as a white solid (183 mg, 0.35 mmol, 51 % yield). 

1H NMR (600 MHz, DMSO-d6) δ = 8.38 (d, J = 7.6 Hz, 1H), 
7.69 (t, J = 1.7 Hz, 1H), 7.66 (d, J = 7.7 Hz, 1H), 7.58 (d, J = 

7.8 Hz, 1H), 7.48 (t, J = 7.7 Hz, 1H), 7.13 (d, J = 8.5 Hz, 2H), 6.92 (d, J = 9.0 Hz, 1H), 6.87 
(d, J = 8.5 Hz, 2H), 4.48 (td, J = 8.2, 6.1 Hz, 1H), 4.22 (ddd, J = 10.6, 9.0, 4.1 Hz, 1H), 3.57 
(s, 3H), 3.00 (dd, J = 14.0, 6.0 Hz, 1H), 2.97 – 2.91 (m, 2H), 2.71 (dd, J = 13.7, 10.7 Hz, 
1H), 1.27 (s, 9H), 1.25 (s, 9H). 

13C NMR (151 MHz, DMSO-d6) δ = 171.84 (1C), 171.28 (1C), 155.05 (1C), 153.67 (1C), 
139.74 (1C), 134.32 (1C), 132.78 (1C), 131.50 (1C), 130.01 (1C), 129.60 (2C), 129.21 
(1C), 123.50 (2C), 118.92 (1C), 110.88 (1C), 78.08 (1C), 77.66 (1C), 55.03 (1C), 53.54 
(1C), 51.80 (1C), 37.04 (1C), 36.00 (1C), 28.51 (3C), 28.02 (3C). 

Fmoc-(S)-Phe(4-I)-(S)-Tyr(OtBu)-OMe 

Fmoc-(S)-Phe(4-I)-(S)-Tyr(OtBu)-OMe was synthesized 
according to general procedure A using Fmoc-(S)-Phe(4-I)-
OH (284 mg, 0.55 mmol, 1 eq) and H-(S)-Tyr(OtBu)-
OMe*HCl (142 mg, 0.49 mmol, 0.9 eq). The pure product 
was obtained as a white solid (305 mg, 0.41 mmol, 75 % 
yield). 

1H NMR (600 MHz, CDCl3): δ = 7.79 (d, J = 7.5 Hz, 2H), 7.62 
(d, J = 7.9 Hz, 2H), 7.56 (m, 2H), 7.44 (m, 1H), 7.43 (m, 1H),  7.34 (m, 2H), 6.93 (d, J = 
7.1 Hz, 2H), 6.90 (d, J = 8.1 Hz, 2H), 6.88 (t, J = 7.0 Hz, 2H), 6.16 (d, J = 7.6 Hz, 1H), 5.25 
(d, J = 7.9 Hz, 1H), 4.73 (q, J = 6.7 Hz, 1H), 4.48 (dd, J = 10.6, 7.2 Hz, 1H), 4.37 (d, J = 7.9 

FmocHN
H
N

O
O

O

OtBu

I

BocHN
H
N

O
O

O

OtBu

NC



Chapter 6 

 

162 
 

Hz, 2H), 4.22 (t, J = 7.0 Hz, 1H), 3.70 (s, 3H), 3.07 (d, J = 5.4 Hz, 1H), 3.04 (d, J = 5.8 Hz, 
1H), 3.01 (d, J = 5.9 Hz, 1H), 2.99 (d, J = 7.2 Hz, 1H), 1.32 (s, 9H). 

13C NMR (600 MHz, CDCl3): δ = 171.41 (2C), 154.72 (2C), 141.48 (4C), 137.89 (2C), 
131.51 (1C), 130.26 (1C), 129.72 (4C), 127.92 (2C), 127.25 (2C), 125.13 (1C), 124.36 
(2C), 120.19 (2C), 92.76 (1C), 78.62 (1C), 67.26 (2C), 55.83 (1C), 53.56 (1C), 52.58 (1C), 
47.25 (1C), 37.41 (2C), 29.00 (3C). 

Fmoc-(R)-Phe(4-I)-(R)-Tyr-OMe  

Fmoc-(R)-Phe(4-I)-(R)-Tyr-OMe was synthesized according 
to general procedure A using Fmoc-(R)-Phe(4-I)-OH 
(719 mg, 1.4 mmol, 1 eq) and H-(R)-Tyr-OMe*HCl (300 mg, 
1.3 mmol, 0.9 eq). The pure product was obtained as a 
white solid (259 mg, 0.38 mmol, 29 % yield). 

1H NMR (600 MHz, DMSO-d6) δ = 9.22 (s, 1H), 8.40 (d, J = 7.5 
Hz, 1H), 7.88 (d, J = 7.6 Hz, 4H), 7.66 – 7.55 (m, 5H), 7.41 (m, 

2H), 7.34 – 7.22 (m, 2H), 7.10 (d, J = 8.3 Hz, 1H), 6.99 (d, J = 8.2 Hz, 2H), 6.68 – 6.64 (m, 
1H), 4.41 (td, J = 7.8, 6.2 Hz, 1H), 4.25 (ddd, J = 10.8, 8.9, 4.0 Hz, 1H), 3.57 (s, 3H), 3.02 
– 2.81 (m, 3H), 2.68 (dd, J = 13.8, 10.9 Hz, 1H). 

13C NMR (151 MHz, DMSO-d6) δ = 171.87 (1C), 171.47 (1C), 156.03 (1C), 155.68 (1C), 
143.80 (2C), 143.65 (2C), 140.64 (1C), 136.73 (2C), 131.71 (2C), 129.99 (2C), 127.57 
(2C), 127.02 (2C), 126.85 (1C), 125.22 (2C), 120.06 (2C), 115.05 (2C), 92.23 (1C), 65.62 
(1C), 55.58 (1C), 53.99 (1C), 51.80 (1C), 46.53 (1C), 36.87 (1C), 35.93 (1C). 

Fmoc-(S)-Phe(3-I)-(S)-Tyr(OtBu)-OMe 

Fmoc-(S)-Phe(3-I)-(S)-Tyr(OtBu)-OMe was synthesized 
according to general procedure A using Fmoc-(S)-Phe(3-I)-
OH (250 mg, 0.49 mmol, 1 eq) and H-(S)-Tyr(OtBu)-
OMe*HCl (126 mg, 0.44 mmol, 0.9 eq). The pure product 
was obtained as a white solid (250 mg, 0.34 mmol, 77 % 
yield). 

1H NMR (600 MHz, CDCl3) δ = 7.77 (d, J = 7.6 Hz, 2H), 7.60 – 
7.53 (m, 4H), 7.40 (td, J = 7.4, 2.8 Hz, 2H), 7.32 (tdd, J = 7.4, 2.7, 1.1 Hz, 2H), 7.15 (d, J = 
7.8 Hz, 1H), 7.01 (t, J = 7.8 Hz, 1H), 6.86 (d, J = 8.1 Hz, 1H), 6.13 (d, J = 6.4 Hz, 1H), 5.30 
(d, J = 7.2 Hz, 1H), 4.74 (d, J = 6.6 Hz, 1H), 4.44 (dd, J = 10.6, 7.0 Hz, 1H), 4.39 – 4.29 (m, 
2H), 3.68 (s, 3H), 3.06 – 2.93 (m, 4H), 1.29 (s, 9H). 

13C NMR (151 MHz, CDCl3) δ = 171.40 (2C), 154.70 (1C), 143.80 (2C), 141.43 (2C), 
138.47 (2C), 136.37 (2C), 130.52 (2C), 130.25 (2C), 129.73 (2C), 128.77 (2C), 127.90 
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(1C), 127.26 (1C), 1245.15 (1C), 124.31 (1C), 120.15 (2C), 94.74 (2C), 67.38 (1C), 52.55 
(1C), 47.24 (1C), 37.44 (1C), 28.97 (3C). 

Fmoc-(S)-Phe(4-I)-(S)-Phe(4-I)-OMe  

Fmoc-(S)-Phe(4-I)-(S)-Phe(4-I)-OMe was synthesized according 
to general procedure A using Fmoc-(S)-Phe(4-I)-OH (334 mg, 
0.65 mmol, 1 eq), H-(S)-Phe(4-I)-OMe*HCl (200 mg, 0.59 
mmol, 0.9 eq) and THF as solvent. The pure product was 
obtained as a white solid (305 mg, 0.41 mmol, 75 % yield). 

1H NMR (600 MHz, DMSO-d6) δ = 8.46 (d, J = 7.7 Hz, 1H), 7.88 
(dt, J = 7.6, 0.9 Hz, 2H), 7.65 – 7.57 (m, 7H), 7.43 – 7.39 (m, 2H), 7.29 (dtd, J = 21.3, 7.4, 
1.1 Hz, 2H), 7.09 (d, J = 8.3 Hz, 2H), 7.02 (d, J = 8.3 Hz, 2H), 4.50 (td, J = 8.2, 5.8 Hz, 1H), 
4.24 (ddd, J = 10.6, 8.8, 4.3 Hz, 1H), 4.18 – 4.12 (m, 3H), 3.59 (s, 3H), 3.00 (dd, J = 13.9, 
5.7 Hz, 1H), 2.94 – 2.84 (m, 2H), 2.68 (dd, J = 13.7, 10.6 Hz, 1H). 

13C NMR (151 MHz, DMSO-d6) δ = 171.50 (1C), 171.47 (1C), 155.65 (1C), 143.81 (2C), 
143.62 (2C), 140.66 (2C), 137.80 (1C), 136.94 (1C), 136.76 (1C), 136.75 (1C), 131.68 
(2C), 131.56 (2C), 127.57 (2C), 127.02 (2C), 125.23 (2C), 120.08 (2C), 92.52 (1C), 92.23 
(1C), 65.64 (1C), 55.57 (1C), 53.24 (1C), 51.96 (1C), 46.53 (1C), 36.79 (1C), 36.00 (1C). 

General procedure B: Sonogashira reactions 

A solvent mixture (40 mL/mmol) of triethlyamine:THF (5:2) was evaporated twice in a 
flame-dried flask before adding iodo-substituted dipeptide (1 eq), 25 mol-% 
PdCl2(PPh3)2 and 10 mol-% CuI under argon atmosphere. Afterwards 
trimethylsilylacetylene (TMSA) was added over a period of 30 min. 2 and 4 eq. TMSA 
were used for mono- and diiodo-substituted dipeptides, respectively. The solution was 
stirred for 2 h at 90 °C. After cooling down to room temperature the reaction mixture 
was filtrated over celite and neutralized with a 2 M HCl solution, then the aqueous 
phase was extracted with EtOAc (3x). The solvent was removed under reduced 
pressure and the residue was purified by silica column chromatography (EtOAc + 0.1 % 
trimethylamine). 

H-(S)-Phe(4-TMS-acetylene)-(S)-Tyr(OtBu)-OMe 

H-(S)-Phe(4-TMS-acetylene)-(S)-Tyr(OtBu)-OMe was 
synthesized according to general procedure B using 
Fmoc-(S)-Phe(4-I)-(S)-Tyr(OtBu)-OMe (430 mg, 0.58 
mmol, 1 eq). The pure product was obtained as a 
white solid (216 mg, 0.44 mmol, 76 % yield). 

1H NMR (600 MHz, CDCl3) δ = 7.38 (d, J = 8.0 Hz, 
2H), 7.13 (d, J = 8.0 Hz, 2H), 6.94 (d, J = 8.7, 2H), 
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6.87 (d, J = 8.4, 2H), 4.54 (q, J = 6.9 Hz, 1H), 4.13 (td, J = 7.7, 7.1, 5.7 Hz, 1H), 3.60 (s, 
3H), 3.17 (dd, J = 14.0, 6.2 Hz, 1H), 3.05 (dd,  J = 14.0, 7.3 Hz, 1H), 2.98 (dd, J = 14.1, 6.3 
Hz, 1H), 2.91 (dd, J = 14.1, 7.2 Hz, 1H), 1.29 (s, 9H), 0.23 (s, 9H). 

13C NMR (151 MHz, CDCl3) δ = 171.20 (1C), 167.88 (1C), 154.50 (1C), 134.31 (1C),  
132.79 (2C), 130.32 (1C), 129.73 (2C), 129.48 (2C), 124.46 (2C), 123.13 (1C), 95.22 (1C), 
78.84 (1C), 54.74 (1C), 54.30 (1C), 52.60 (2C), 37.34 (1C), 36.82 (1C), 28.93 (3C), 0.08 
(3C). 

H-(R)-Phe(4-TMS-acetylene)-(R)-Tyr-OMe  

H-(R)-Phe(4-TMS-acetylene)-(R)-Tyr-OMe was 
synthesized according to general procedure B using 
Fmoc-(R)-Phe(4-I)-(R)-Tyr-OMe (500 mg, 0.67 mmol, 
1 eq). The pure product was obtained as a white 
solid (232 mg, 0.53 mmol, 79 % yield). 

1H NMR (600 MHz, DMSO-d6) δ 9.28 (s, 1H), 8.87 (d, J 
= 7.6 Hz, 1H), 8.09 (m, 2H), 7.42 (d, J = 8.2 Hz, 2H), 7.26 (d, J = 8.2 Hz, 2H), 7.00 (d, J = 
8.4 Hz, 2H), 6.68 (dt, J = 8.5, 2.7 Hz, 2H), 4.48 (td, J = 7.8, 6.0 Hz, 1H), 4.03 (dd, J = 8.3, 
5.3 Hz, 1H), 3.61 (s, 3H), 3.10 (dd, J = 14.2, 5.2 Hz, 1H), 2.97 – 2.90 (m, 2H), 2.84 (dd, J = 
14.0, 8.1 Hz, 1H), 0.22 (s, 9H). 

13C NMR (151 MHz, DMSO-d6) δ = 171.22 (1C), 168.02 (1C), 156.18 (1C), 135.78 (1C), 
131.50 (1C), 131.43 (1C), 130.02 (1C), 129.82 (1C), 128.78 (1C), 128.70 (1C), 126.48 
(1C), 121.07 (1C), 115.16 (2C), 94.22 (1C), 54.12 (1C), 52.99 (1C), 52.02 (2C), 36.76 (1C), 
36.02 (1C), -0.08 (3C). 

H-(S)-Phe(3-TMS-acetylene)-(S)-Tyr(OtBu)-OMe  

H-(S)-Phe(3-TMS-acetylene)-(S)-Tyr(OtBu)-OMe was 
synthesized according to general procedure B using 
Fmoc-(S)-Phe(3-I)-(S)-Tyr(OtBu)-OMe (500 mg, 0.67 
mmol, 1 eq). The pure product was obtained as a 
white solid (258 mg, 0.52 mmol, 78 % yield). 

1H NMR (600 MHz, DMSO-d6) δ = 8.96 (d, J = 7.5 Hz, 1H), 8.10 (s, 2H), 7.43 (d, J = 1.7 
Hz, 1H), 7.37 (dt, J = 7.7, 1.5 Hz, 1H), 7.33 (t, J = 7.5 Hz, 1H), 7.28 (dt, J = 7.7, 1.6 Hz, 
1H), 7.13 (d, J = 8.5 Hz, 2H), 6.90 (d, J = 8.4 Hz, 2H), 4.54 (td, J = 7.9, 6.2 Hz, 1H), 4.04 
(dd, J = 8.7, 4.6 Hz, 1H), 3.60 (s, 3H), 3.04 (m, 2H), 2.92 (m, 2H), 1.27 (s, 9H), 0.23 (s, 
9H). 

13C NMR (151 MHz, DMSO-d6) δ = 171.19 (1C), 168.13 (1C), 153.83 (1C), 135.30 (1C), 
132.68 (1C), 131.08 (1C), 130.42 (1C), 130.37 (1C), 129.61 (2C), 128.88 (1C), 123.54 
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(2C), 122.34 (1C), 94.17 (1C), 77.76 (1C), 53.87 (1C), 53.09 (1C), 52.01 (2C), 36.57 (1C), 
35.96 (1C), 28.53 (3C), -0.12 (3C). 

H-(S)-Phe(4-TMS-acetylene)-(S)-Phe(4-TMS-acetylene)-OMe 

H-(S)-Phe(4-TMS-acetylene)-(S)-Tyr(OtBu)-
OMe was synthesized according to general 
procedure B using Fmoc-(S)-Phe(4-I)-(S)-Phe(4-
I)-OMe (150 mg, 0.19 mmol, 1 eq). The pure 
product was obtained as a white solid (77 mg, 
0.15 mmol, 78 % yield). 

1H NMR (600 MHz, DMSO-d6) δ = 8.91 (d, J = 
7.7 Hz, 1H), 7.94 (s, 2H), 7.41 (dd, J = 18.7, 8.2 Hz, 3H), 7.24 (m, 4H), 4.58 (td, J = 8.1, 
5.9 Hz, 1H), 3.98 (t, J = 6.9 Hz, 1H), 3.62 (s, 3H), 3.08 (dt, J = 14.1, 5.1 Hz, 2H), 2.95 (m, 
2H), 0.23 (s, 9H), 0.23 (s, 9H). 

13C NMR (151 MHz, DMSO-d6) δ = 170.95 (2C), 137.80 (2C), 131.75 (2C), 131.63 (2C), 
129.82 (1C), 129.44 (1C), 121.03 (1C), 120.59 (1C), 94.20 (1C), 94.07 (1C), 53.41 (2C), 
53.13 (2C), 52.13 (1C), 36.91 (1C), 36.52 (1C), -0.07 (6C). 

General procedure C: Cyclization 

TMS-, Boc- and/or tBu-protected dipeptides were dissolved in DCM and cooled down 
to 0 °C, before TFA was added to yield a solvent mixture of DCM/TFA (4/1, v/v). After 
stirring the reaction mixture at 0 °C for 30 min, the solvent was removed under 
reduced pressure. The residual was dissolved in water and lyophilized overnight. 
Afterwards the remaining solid and NMM (N-Methylmorpholine, 1 eq) were dissolved 
in a 0.1 M AcOH solution in sec-butanol. After heating up to 130 °C for 5 h the solvent 
was removed under reduced pressure, before purification by column chromatography 
on silica (5 % methanol in DCM). A second chromatography was performed using a 
PoraPak column (20 % ACN in water).  

Compound 1 (cYY, cyclo-(S)-Tyr-(S)-Tyr) 

Compound 1 (cYY, cyclo-(S)-Tyr-(S)-Tyr) was synthesized 
according to general procedure C using H-(S)-Tyr(OtBu)-
(S)-Tyr(OtBu)-OMe (500 mg, 0.72 mmol, 1 eq) with an 
additional purification using a semi-preparative HPLC-
system. The pure product was obtained as a white solid 

(19 mg, 0.06 mmol, 8 % yield over 2 steps). 

Structure is known in literature.9  
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Compound 2 (cyclo-(S)-Phe(4-CN)-(S)-Tyr) 

Compound 2 (cyclo-(S)-Phe(4-CN)-(S)-Tyr) was 
synthesized according to general procedure C using Boc-
(S)-Phe(4-CN)-(S)-Tyr(OtBu)-OMe (240 mg, 0.57 mmol, 
1 eq) with an additional purification using a semi-

preparative HPLC-system. The pure product was obtained as a white solid (4 mg, 
0.01 mmol, 2 % yield over 2 steps). 

1H NMR (600 MHz, DMSO-d6) δ = 9.27 (s, 1H), 8.06 (d, J = 2.4 Hz, 1H), 7.93 (d, J = 2.6 
Hz, 1H), 7.72 (d, J = 8.3 Hz, 2H), 7.17 (d, J = 8.2 Hz, 2H), 6.91 (d, J = 8.5 Hz, 2H), 6.71 (d, 
J = 8.5 Hz, 2H), 4.03 (ddq, J = 5.7, 4.5, 1.9 Hz, 1H), 3.96 (m, 2H), 2.63 (ddd, J = 5.7, 4.5, 
1.9 Hz, 1H), 2.54 (m, 1H), 2.14 – 2.05 (m, 1H). 

13C NMR (151 MHz, DMSO-d6) δ = 166.29 (1C), 165.95 (1C), 156.25 (1C), 142.95 (1C), 
131.95 (2C), 131.08 (2C), 130.53 (2C), 126.15 (1C), 118.96 (1C), 115.01 (2C), 109.17 
(1C), 55.62 (1C), 54.86 (1C), 38.02 (2C). 

Compund 3 (cyclo-(S)-Phe(3-CN)-(S)-Tyr) 

Compund 3 (cyclo-(S)-Phe(3-CN)-(S)-Tyr) was 
synthesized according to general procedure C using 
Boc-(S)-Phe(3-CN)-(S)-Tyr(OtBu)-OMe (120 mg, 0.26 
mmol, 1 eq). The pure product was obtained as a white 
solid (50 mg, 0.15 mmol, 57 % yield). 

1H NMR (600 MHz, DMSO-d6) δ = 9.24 (s, 1H), 8.05 (d, J = 2.4 Hz, 1H), 7.97 (d, J = 2.5 
Hz, 1H), 7.66 (dt, J = 7.8, 1.4 Hz, 1H), 7.44 (t, J = 7.7 Hz, 1H), 7.39 (t, J = 1.7 Hz, 1H), 7.30 
(dt, J = 7.8, 1.4 Hz, 1H), 6.86 (d, J = 8.4 Hz, 2H), 6.66 (d, J = 8.4 Hz, 2H), 3.99 (m, 2H), 
2.65 – 2.51 (m, 4H). 

13C NMR (151 MHz, DMSO-d6) δ = 166.34 (1C), 165.96 (1C), 156.16 (1C), 138.33 (1C), 
134.61 (1C), 133.07 (1C), 130.98 (2C), 130.24 (1C), 129.30 (1C), 126.09 (1C), 118.94 
(1C), 114.96 (2C), 111.07 (1C), 55.52 (1C), 54.88 (1C), 38.80 (1C), 37.95 (1C). 

Compound 4a (cyclo-(S)-Phe(4-acetylene)-(S)-Tyr) 

Compound 4a (cyclo-(S)-Phe(4-acetylene)-(S)-Tyr) was 
synthesized according to general procedure C using H-
(S)-Phe(4-TMS-acetylene)-(S)-Tyr(OtBu)-OMe (232 mg, 
0.47 mmol, 1 eq). The pure product was obtained as a 
white solid (59 mg, 0.18 mmol, 38 % yield over 2 steps). 

1H NMR (600 MHz, DMSO-d6) δ = 9.23 (s, 1H), 7.93 (d, J = 2.5 Hz, 1H), 7.87 (d, J = 2.7 
Hz, 1H), 7.37 (d, J = 8.1 Hz, 2H), 7.1 (d, J = 8.1 Hz, 2H), 6.87 (d, J = 8.4 Hz, 2H), 6.69 (d, J 
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= 8.4 Hz, 2H), 4.11 (s, 1H), 3.97 – 3.93 (m, 1H), 3.92 – 3.89 (m, 1H), 2.60 – 2.52 (m, 2H), 
2.39 (dd, J = 13.7, 5.5 Hz, 1H), 2.06 (dd, J = 13.7, 7.0 Hz, 1H). 

13C NMR (151 MHz, DMSO-d6) δ = 166.24 (1C), 166.06 (1C), 156.18 (1C), 137.92 (1C), 
131.49 (2C), 130.93 (2C), 129.90 (2C), 126.30 (1C), 119.80 (1C), 115.03 (2C), 83.50 (1C), 
80.46 (1C), 59.74 (2C), 38.42 (2C). 

Compound 4b (cyclo-(R)-Phe(4-acetylene)-(R)-Tyr) 

Compound 4b (cyclo-(R)-Phe(4-acetylene)-(R)-Tyr) was 
synthesized according to general procedure C using H-
(R)-Phe(4-TMS-acetylene)-(R)-Tyr(OH)-OMe (101 mg, 
0.23 mmol, 1 eq). The pure product was obtained as a 
white solid (36 mg, 0.11 mmol, 47 % yield over 2 steps). 

 1H NMR (600 MHz, DMSO-d6) δ = 9.23 (s, 1H), 7.93 (d, J = 2.5 Hz, 1H), 7.87 (d, J = 2.6 
Hz, 1H), 7.37 (d, J = 7.9 Hz, 2H), 7.01 (d, J = 8.0 Hz, 2H), 6.88 (d, J = 8.4 Hz, 2H), 6.7 (d, J 
= 8.5 Hz, 2H), 3.95 (q, J = 3.9, 3.1 Hz, 1H), 3.90 (d, J = 7.3 Hz, 1H), 2.58 (dd, J = 13.7, 4.7 
Hz, 1H), 2.53 (d, J = 5.1 Hz, 1H), 2.39 (dd, J = 13.6, 5.6 Hz, 1H), 2.06 (dd, J = 13.6, 6.9 Hz, 
1H). 

13C NMR (151 MHz, DMSO-d6) δ = 166.24 (1C), 166.06 (1C), 156.19 (1C), 137.92 (1C), 
131.49 (2C), 130.93 (2C), 129.90 (2C), 126.30 (1C), 119.80 (1C), 115.04 (1C), 80.46 (1C), 
80.45 (1C), 55.67 (1C), 55.18 (1C), 38.42 (2C). 

Compound 5 (cyclo-(S)-Phe(3-acetylene)-(S)-Tyr)) 

Compound 5 (cyclo-(S)-Phe(3-acetylene)-(S)-Tyr) was 
synthesized according to general procedure C using H-
(S)-Phe(3-TMS-acetylene)-(S)-Tyr(OtBu)-OMe (258 mg, 
0.52 mmol, 1 eq). The pure product was obtained as a 

white solid (32 mg, 0.1 mmol, 19% yield over 2 steps). 

1H NMR (600 MHz, DMSO-d6) δ 9.22 (s, 1H), 7.92 (m, 2H), 7.32 (m, 1H), 7.28 (t, J = 7.6 
Hz, 1H), 7.14 (s, 1H), 7.06 (dt, J = 7.6, 1.5 Hz, 1H), 6.84 (m, 2H), 6.66 (m, 2H), 4.17 (s, 
1H), 3.97 – 3.93 (m, 1H), 3.92 – 3.88 (m, 1H), 2.53 (dt, J = 13.6, 4.9 Hz, 2H), 2.21 (m, 
2H). 

13C NMR (151 MHz, DMSO-d6) δ = 166.27 (1C), 166.01 (1C), 156.11 (1C), 137.24 (1C), 
132.99 (1C), 130.85 (2C), 130.45 (1C), 129.86 (1C), 128.52 (1C), 126.31 (1C), 121.58 
(1C), 114.98 (2C), 80.58 (1C), 80.56 (1C), 55.25 (2C), 38.60 (2C). 
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Compound 6 (cyclo-(S)-Phe(4-acetylene)-(S)-Phe(4-acetylene)) 

Compound 6 (cyclo-(S)-Phe(4-acetylene)-(S)-Phe(4-
acetylene)) was synthesized according to general 
procedure C using H-(S)-Phe(4-TMS-acetylene)-(S)-
Phe(4-TMS-acetylene)-OMe (62 mg, 0.12 mmol, 1 eq). 
The pure product was obtained as a white solid (26 mg, 

0.08 mmol, 76 % yield over 2 steps). 

1H NMR (600 MHz, DMSO-d6) δ = 8.03 (d, J = 2.4 Hz, 2H), 7.39 (d, J = 8.0 Hz, 4H), 7.04 
(d, J = 8.0 Hz, 4H), 4.10 (s, 2H), 4.02 (td, J = 5.4, 2.3 Hz, 2H), 2.61 (dd, J = 13.6, 5.1 Hz, 
2H), 2.37 (dd, J = 13.7, 5.9 Hz, 2H). 

13C NMR (151 MHz, DMSO-d6) δ = 166.11 (2C), 137.66 (2C), 131.51 (4C), 130.07 (4C), 
119.96 (2C), 83.39 (2C), 80.55 (2C), 55.11 (2C), 43.71 (2C). 

 

Protein purification 

After heterologous expression of His-tagged CYP121A1 using a pET28a+/CYP121A1 
expression clone in Escherichia coli (E. coli) BL21(DE3) cells, affinity chromatography 
was performed on a HisTrap HP column (5 mL, nickel nitrilotriacetic acid (NTA) beads, 
GE Healthcare) for purification. Non-tagged proteins were eluted using washing buffer 
A (50 mM tris(hydroxymethyl)aminomethane (TRIS) pH 7.4, 50 mM NaCl, 1 mM 
histidine). To separate the desired His-tagged CYP121A1 from other proteins with 
chelating properties, we gradually exchanged buffer A with elution buffer B (50 mM 
TRIS pH 7.4, 50 mM NaCl, 250 mM histidine) by increasing the content of buffer B from 
0 % to 100 % in 80 min with a flow rate of 1 mL·min-1. Subsequent ultrafiltration at 4 °C 
and 4000 rpm was performed to exchange elution buffer B by cleavage buffer C 
(50 mM TRIS-HCl pH 8.0, 100 mM NaCl, 2.5 mM CaCl2, 1 mM dithiothreitol (DTT)) and 
to concentrate the eluted, His-tagged CYP121A1 up to a protein concentration of 
about 10 mg·mL-1. Afterwards, thrombin digestion was conducted to remove the His-
tag. Here, the protein solution was supplemented with water, buffer C and a thrombin 
solution (5 mg·mL-1) (His-tagged CYP121A1/ H2O/buffer C/ thrombin, v/v/v/v, 4/4/1/1). 
The resulting mixture was incubated at room temperature for 6 h. Afterwards, 
removal of the residual His-tag and thrombin was carried out by size exclusion 
chromatography (SEC) on an ÄKTA Pure system using a HiPrep 26/60 Sephacryl S-200 
HR column (GE Healthcare) and SEC buffer D (25 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) pH 7.4, 50 mM NaCl, 2 mM DTT). Fractions 
containing CYP121A1 were concentrated by ultracentrifugation (4 °C, 4000 rpm) to a 
final protein concentration of 18 mg·mL-1, flash-frozen with liquid nitrogen and stored 
at - 80 °C.  
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