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function of Mycobacterium tuberculosis
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CYP142A1l is a cytochrome P450 (CYP) enzyme expressed in Mycobacterium tuberculosis (Mtb), which
supports the growth of Mtb H37Rv relying on cholesterol, in the absence of CYP125A1. Since cysteine
residues usually play a fundamental role in maintaining the structure and function of CYP enzymes, in
this study, we aimed to determine the potential biochemical functions of six cysteine residues except for
the heme-binding cysteine in the amino acid sequence of recombinant Mtb CYP142A1 by replacing each
one using site-directed mutagenesis. Recombinant CYP142A1 mutants were heterologously expressed,
purified, and analyzed using ESI-MS, far-UV CD spectroscopy, UV-vis spectrophotometric titration, and
metabolic function assays. Substitution of the cysteine residues caused various effects on the structure

and function of CYP142Al. Separate substitution of the six cysteine residues resulted in numerous
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Accepted 18th August 2022 changes in the secondary structure, expression level, substrate-binding ability, inhibitor-binding ability,
thermal stability and oxidation efficiency of the enzyme. These results contribute to our understanding of

DOI: 10.1039/d2ra04257f the biochemical roles of cysteine residues in the structure and function of Mtb CYP enzymes, especially
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Introduction

Tuberculosis (TB) is a chronic infectious disease caused by
Mycobacterium tuberculosis (Mtb), which kills millions of
patients every year. According to the global tuberculosis report
published by the World Health Organization (WHO) in 2020, an
estimated 10 million people were infected with TB globally in
2019, making it one of the top ten causes of death worldwide.*
The widespread occurrence of multidrug- or rifampicin-
resistant TB (MDR/RR-TB) has exacerbated this situation
owing to decreased effectiveness of the traditional front-line
anti-TB drugs, which include rifampicin, isoniazid, strepto-
mycin and ethambutol.* Therefore, novel anti-TB drugs with
unique mechanisms of action and new targets are now the main
strategies required to overcome increasing resistance to anti-TB
drugs.

Cytochrome P450 (CYP) enzymes belong to the mono-
oxygenase superfamily of possessing heme iron, which are
widely distributed in various life forms and play an essential
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their effects on the structure and function of CYP142A1.

role in biocatalytic reactions. Genomic sequencing has shown
that Mtb H37Rv encodes 20 CYP enzymes over the entire length
of the chromosomal DNA comprising 4.4 million base pairs,
whereas some bacteria such as Escherichia coli (E. coli) lack
CYP.** The dense distribution of coding genes in the genome
and their susceptibility to azole drugs suggest that CYPs are
promising targets for the development of anti-mycobacterial
drugs. Subsequently, some researchers studied the physiolog-
ical functions of Mtb CYPs and found that they play critical roles
in diverse biochemical processes of the pathogen, including
lipid metabolism and synthesis, cholesterol utilization and the
electron transport chain (ETC).®* Mth abundantly synthesizes
complex lipids that help this bacterium resist various chem-
icals, stimulate the host immune response during pathogen-
esis, and survive in the harsh environment of macrophages for
long periods. The cell wall lipids of Mtb are unusually complex
and genome sequencing predicted that at least 250 genes of Mth
are involved in processes related to lipid synthesis and metab-
olism. Cholesterol is widely distributed in animals, not only as
a cell membrane component, but also as an important anabolic
precursor of biosynthesized bile acids, vitamin D, and steroid
hormones. Although cholesterol is mainly synthesized in
animal cells, the cell membranes of plants and fungi also
contain small amounts of cholesterol. However, the biosyn-
thesis of sterols in bacteria has remained controversial because
it has been confirmed only in Methylococcus capsulatus and
Gemmata obscuriglobus; Mtb lacks the squalene monooxygenase
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and epoxy squalene cyclase necessary for sterol biosynthesis.”
Therefore, like most bacteria, Mtb can only obtain cholesterol
through host cells if necessary. Studies on Mtb survival inside
macrophages and mouse models of infection with defective
mutants have revealed a series of genes related to cholesterol
uptake and metabolism; by activation of the corresponding
genes and their translation products, Mth can obtain carbon
and energy sources by degrading the cholesteric ring and side
chains of cholesterol in the dormant, persistent or chronic
infection stage of the host.*** Some studies have also shown
that high levels of cholesterol in foods up-taken by the host can
greatly increase the Mtb load in the lungs and damage the
immune system,"' and the level of cholesterol in the host
lesion tissue is positively correlated with the Mtb infection to
some extent.'” Inhibition of cholesterol metabolism can cause
4-cholesten-3-one accumulation, leading to cell death and
bacteriostasis.” These laboratory data show that cholesterol
plays an important role in Mtb at various stages of infection and
in dormant retention. Among the Mtb CYP enzyme systems,
CYP125A1, CYP124A1 and CYP142A1 have been reported to be
involved in cholesterol metabolism. CYP125A1 participates in
cholesterol metabolism in Mth CDC1551 and acts as a steroid
C26 monooxygenase. In the absence of CYP125A1, CYP142A1,
rather than CYP124A1," supplemented the cholesterol catabo-
lism function of CYP125A1 to maintain Mtb H37Rv growth. Both
CYP142A1 and CYP125A1, which are considered as promising
drug targets,' oxidize cholesterol side chains and use choles-
terol to provide energy for pathogens through redox reactions.
CYP142A1 can oxidize cholesterol propionate in addition to
cholest-4-en-3-one and cholesterol. However, CYP125A1 cannot
oxidize cholesterol propionate and has lesser ability to oxidize
cholesterol sulfate than CYP142A1. Perhaps the unique three-
dimensional structure of CYP142A1 confers the ability to
oxidize cholesterol esters, providing an additional carbon
source for the growth of Mtb under specific conditions.*® Given
the importance of CYP142A1 in Mtbh cholesterol metabolism,
it might be considered as a potential target for screening anti-
TB drugs.

Cysteine residues play an important role in maintaining the
basic structure and enzymatic function of CYPs. First, the thiol
group of cysteine residues is very active and easily oxidized to
form disulfide bonds, which are necessary for stabilizing the
secondary and tertiary structures of a protein.”* Second,
a heme-thiolate complex, the catalytic active center for CYP
enzymes, is composed of a Fe(m) heme prosthetic group and
a cysteine thiol group, through which the bound molecular
oxygen is reduced in CYP450-catalyzed redox reaction. When
the cysteine residues constituting the active central axis are
mutated to other amino acid residues, the redox state of the
active center of the enzyme changes, consequently affecting the
state of Fe(ur)/Fe(u) complexes and the progress of redox reac-
tions.”” In addition, in some proteins containing heme-thiolate
complex other than CYPs, cysteine residues work as heme
sensing sites to help control the aggregation and disintegration
of the heme complex. Moreover, structurally important
hydrogen bonds and activity regulation via posttranslational
modification are also related to cysteine in some specific
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proteins such as membrane proteins on the Golgi apparatus.”
In summary, the contribution and role of cysteine residues in
the structural stability and/or enzymatic activity of Mth CYP
deserves a comprehensive study. The amino acid sequence of
the CYP142A1 monooxygenase contains seven cysteine resi-
dues. One is thought to reside in the active center, while six
might have regulatory effects on enzymatic structure and
activity, but their specific functions need to be further explored
through experimental methods such as mutations. Therefore,
we conducted a systematic functional study of the six cysteine
residues except for the heme binding one using mutational
analysis. To the best of our knowledge, this is the first
description of roles that cysteine residues play in the regulation
of the structure and function of Mtb CYP142A1.

Experimental
Bacterial strains, plasmids and DNA isolation

Mth H37Rv genomic DNA was obtained from the Department of
Pharmacology, Beijing Tuberculosis and Thoracic Tumor
Research Institute, Beijing Chest Hospital. The expression
plasmid pET30a for transformation into E. coli BL21 DE3
(TransGen Biotech, Beijing, China) was amplified in E. coli
DH5a. (TransGen Biotech). E. coli strains were cultured in Luria-
Bertani medium (Affymetrix, Cleveland, OH, USA) with appro-
priate antibiotics. Plasmid DNA was isolated using EasyPure
HiPure Plasmid MiniPrep Kits (TransGen Biotech). Fragments
of DNA generated by PCR were extracted from agarose gels
using EasyPure Quick Gel Extraction Kits (TransGen Biotech).

Chemicals

All solvents and reagents were of the highest purity commer-
cially available, unless noted otherwise. Isopropyl-p-p-thio-
galactopyranoside (IPTG), acrylamide, N,N'-
methylenebisacrylamide, ammonium persulfate, 30% acryl-
amide, TEMED, glycine, Tris, DTT, ampicillin sodium, kana-
mycin sulfate, chloramphenicol, hydroxypropyl NADH, NADPH,
glucose-6-phosphate, glucose-6-phosphate  dehydrogenase,
catalase and ammonium sulfate were all purchased from San-
gon Biotech (Shanghai, China). Cholesterol, cholesterol propi-
onate, NADPH, 5-aminolevulinic acid, spinach ferredoxin
(spFDX) and spinach ferredoxin reductase (spFDR) were ob-
tained from Sigma-Aldrich (St. Louis, MO, USA). 4-Cholesten-3-
one and methyl-B-cyclodextrin were purchased from J&K
Scientific Ltd. (Beijing, China). Taq DNA polymerase, PrimeS-
TAR HS DNA Polymerase (with GC buffer), T4 DNA ligase,
restriction endonucleases Nde I and Xho I, T-A cloning kits and
DNA MW markers were purchased from Takara (Dalian, China).
Cholesterol sodium sulfate was purchased from Ark Pharm Inc.
(Libertyville, IL, USA).

Cloning and site-directed mutagenesis of CYP142A1

The CYP142A1 gene (Rv3518c) was amplified by PCR from Mth
H37Rv genome DNA (NC_000962.2) using PrimeSTAR® HS DNA
Polymerase with GC buffer (Takara Bio Inc., Kusatsu, Japan).
The oligonucleotide PCR primers were designed according to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the Mtb genomic sequence (ESI Table S2t). The forward primer
contained an Nde I site permitting cloning into the pET30a, and
the reverse primer contained a Xho I site. The amplification
conditions were 98 °C for 3 min, then 30 cycles at 98 °C for 15 s,
56 °C for 15 s and 72 °C for 20 s, then 72 °C for 10 min.
Amplicons were cloned into a similarly restricted pET30a vector
and expressed via a T7 promoter under IPTG induction to
produce a recombinant CYP protein with a C-terminal 6-His tag.
The recombinant plasmid was then transformed into E. coli
BL21 (DE3), and kanamycin-resistant colonies containing
cloned cyp142, were confirmed by PCR and sequencing. A
positive clone was selected for plasmid extraction, and cysteine-
to-serine mutants were created using a Fast MultiSite Muta-
genesis System (Transgen Biotech, Beijing, China). The muta-
tions were verified using DNA sequencing.

Expression and purification of recombinant proteins

Recombinant CYP142A1, C110S, C118S, C123S, C281S, C296S,
C316S and C340T proteins were heterologously expressed in the
E. coli BL21 (DE3) strain (Takara) as described.* Transformed E.
coli BL21 (DE3) cells containing wild-type or cysteine mutants of
PET30a-cyp142 were incubated in LB medium supplemented
with 50 pg mL ™" of kanamycin at 37 °C until the ODg, reached
0.6. Protein expression was induced by shaking the cells with
0.1 mM IPTG with 0.5 mM 5-aminolevulinic acid at 150 rpm for
30 h at 16 °C. Pelleted cells harvested by centrifugation at
4000xg (10 min, 4 °C) were washed twice with 0.85% NaCl,
resuspended in binding buffer (200 mM sodium phosphate,
500 mM NaCl, 20 mM imidazole, pH 7.4), then again sedi-
mented by centrifugation at 4000xg (10 min, 4 °C). The cells
were resuspended in phosphate buffer (pH 7.4) and sonicated
on ice (4 s rest/2 s sonication, 38%). Cell debris was removed
and the sonicates were subsequently separated by centrifuga-
tion at 12 000xg for 30 min at 4 °C. The supernatants con-
taining crude enzyme extracts were passed through a 0.22 um
filter (Merck KGaA, Darmstadt, Germany) for subsequent puri-
fication. The filtrates were loaded onto a HisTrap™ HP column
(GE Healthcare, Madison WI, USA) using an AKTA purification
system (GE Healthcare), and fractions were eluted with a linear
gradient of 20~500 mM imidazole. Fractions containing rela-
tively pure samples were pooled, desalinated and concentrated
to =500 pL using a 10 kDa ultrafiltration tube (Merck KGaA) at
4 °C. Proteins were then fractionated by molecular size exclu-
sion chromatography using Superdex 75 10/300 GL. Fractions
were concentrated in 50 mM Tris-Cl with 30% glycerin (pH 7.4)
by ultrafiltration.

Evaluation of molecular weight

Purified proteins (2 uM) were injected directly via an injection
pump at a rate of 6 pL, min~ " into an Orbitrap Fusion Lumos
mass spectrometer with an ESI ion source. The experimental
parameters comprised: Intect Protein mode, MS Scan, Orbitrap
detector, resolution 30 000, scan range 150-2000 m/z, 60% RF
lens and 10 microscans. Raw data were analyzed by using
Protein Deconvolution software.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Far-UV circular dichroism (CD) spectroscopic and UV-visible
spectroscopic assays

The buffer (0.1% formic acid) containing proteins was
exchanged with water using an Ultra 10,000-MWCO filter
(Thermo Fisher Scientific, Waltham, MA, USA). Circular
dichroism of the enzymes in solutions was measured at 190-
260 nm using a Jasco J-815 CD spectropolarimeter (Jasco Corp.,
Hachioji, Japan). Heat-induced denaturation of recombinant
CYP142A1 and all cysteine mutants was determined in dupli-
cate at 222 nm with a temperature increase from 10 °C to 85 °C
in 1°C min~" increments. The UV-visible (UV-vis) absorbance of
the proteins was measured using a PerkinElmer EnSpire® 2300
Multimode Plate Reader (PerkinElmer Life and Analytical
Sciences Inc., Waltham, MA, USA) a 96-well UV plate (Corning
Inc., Corning, NY, USA) and spectra were recorded between 350
and 700 nm at 25 °C. Samples were diluted to 2.0 pM with
phosphate buffer (pH 7.4). Econazole was dissolved in DMSO
and added to samples to a final concentration of 100 nM.*

Spectrophotometric binding assays

Spectrophotometric titration of the recombinant CYP142A1
and cysteine mutants with the substrates, cholesterol, cholest-
4-en-3-one, cholesteryl propionate and cholesteryl sulfate and
inhibitor econazole nitrate proceeded at 25 °C as described.*®
All ligand binding assay titrations were conducted in triplicate
in 50 mM potassium phosphate buffer (pH 7.4) containing
150 mM NacCl using an EnSpire® 2300 Multimode Plate Reader
(PerkinElmer). Cholesterol and cholest-4-en-3-one stock solu-
tions (5.0 mM) were prepared in warm 10% (w/v) methyl-B-
cyclodextrin (MBCD) dissolved in water, sonicated for 10 min,
and finally diluted to 1.0 mM in 2% MBCD. Cholesteryl
propionate was dissolved in chloroform-acetone (1:10 v/v)
containing 0.05% Tween 20 (v/v), dried and resuspended in
reaction buffer. Cholesteryl sulfate and econazole nitrate were
dissolved in methanol. Proteins (0.2 mL; 2.0 mM) in the buffer
were placed in 96-well plates. The same volume of buffer
without proteins served as the blank control to account for the
absorbance of each tested compound. After background scan-
ning, equal volumes of ligand solution were added to wells
containing buffer and proteins and mixed well. The equivalent
volume of titrant was added to blank wells to correct for solvent
effects. Difference spectra were recorded between 350 and
700 nm. Titration data points were fitted to the quadratic
equation using GraphPad Prism 5.0 to determine the Ky, values
In eqn (1) shown below: A,y is the absorption shift determined
at any ligand concentration; A,ay is the maximum change in
absorbance; Kp, in the Hill equation is the apparent dissocia-
tion constant; [S] is the ligand concentration; n is the Hill
coefficient. The results represent mean + SD of three replicate
experiments.

Aops = Amax[([S] + [E] + [KD]) - (([S] + [E] + KD)2
— (4S]LED)*)2(E] 1)
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Steady-state kinetic studies

Reactions of six mutants were carried out as previously re-
ported.”® Briefly, CYP142A1 (0.2 uM) were preincubated for
5 min with choles-4-en-3-one of gradient concentration in
50 mM potassium phosphate buffer (pH 7.5) containing 0.45%
(w/v) MBCD, 150 mM NaCl, and 10 mM MgCl,. Reactions were
started by adding 1 uM spinach ferredoxin, 0.2 U mL™" spinach
ferredoxin-NADP+ reductase, 0.3 mM NADPH, 0.1 mg mL "
bovine liver catalase, 5 mM glucose-6-phosphate, and 0.4 U
mL ™! glucose-6-phosphate dehydrogenase. Aliquots of 50 pL
were taken at 20 min and mixed with 150 uL of acetonitrile and
50 uM ergosterol as an internal standard (Johnston et al., 2010).
Reactions were analyzed using an Agilent Series 1200 HPLC
system and a reverse phase C18 column (Waters Xterra C18
column, 3.5 pm, 2.1 x 50 mm) at a flow rate of 0.5 mL min~?
(solvent A, H,O + 0.1% formic acid; solvent B, CH3CN + 0.1%
formic acid) monitoring at 240 nm. Gradient elution started
from 70% solvent B for 1 min and ramped up to 100% solvent B
over 12 min. Then the solvent was maintained at 100% solvent B
up to 14 min and then decreased to 70% solvent B within 1 min.
The enzymatic reaction rate was calculated using the reduced
amount of substrate. To determine the K, and k., values, the
data points were fitted to the Michaelis-Menten equation using
GraphPad Prism. All data represent mean + SD of three repli-
cate experiments.

Statistical analysis

Results are presented as means + standard error (SE). Paired
comparisons were analyzed by Student's ¢-tests. All data were
statistically analyzed using GraphPad Prism 5.0, values with P <
0.05 were considered as significant.

Results

Purification and basic properties of recombinant CYP142A1
and cysteine mutants

We constructed a set of mutants with replaced serine residues
to determine whether any of the six non-heme binding cysteine
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residues are structurally or functionally important for
CYP142A1. We cloned the cyp142 gene from the Mth H37Rv
genome (Fig. 1A), and expressed CYP142A1 using a vector as
described in the Materials and methods section.

The Cys110, Cys118, Cys123, Cys281, Cys296 and Cys316
residues were separately mutated to serine using the Fast
MultiSite Mutagenesis System (Fig. 1B). Recombinant
CYP142A1 and mutants were expressed in the T7-based vector
pET30a with a C-terminal His-tag, and transformed into E. coli
BL21 (DE3). The expression levels of mutants in whole cell
lysates were tentatively evaluated by the absolute coefficient for
the extensively low-spin (LS) substrate-free CYP142A1 of ¢415 =
140 mM ' em ! (ref. 18) (Fig. S17). All His-tagged proteins were
obtained in a soluble form in E. coli lysates, and the purified
fractions displayed a brown-red-color, which indicates the
presence of heme center.

All the mutated cysteine residues were marked in 3D struc-
ture of CYP142A1 by Pymol 2.4 (Fig. 2A). According to the crystal
structure of Mtb CYP142A1," the Cys123 and Cys281 are located
on the B-sheets, while Cys118 located prior to B-sheets and
Cys296 located next to B-sheets. Cys110 is located on the a-helix
and Cys 316 is located on the loop. And Cys281 is located next to
the Arg282, which is the binding site of HEM. We further
investigated changes in the mutants using ESI-MS and far-UV
CD spectroscopy and by determining the molecular weight
(MW) of all the mutants. Table S21 shows that the MW of all
mutants was decreased by serine replacement, and that the
decrease was minimal in C123S. Far-UV CD spectroscopy
showed similar curves among the mutated proteins, with
prominent peaks at 222 and 208 nm (Fig. 3A). These findings
indicated that the secondary structures of the mutants
remained almost identical to that of the wild-type.

The ratios of Helix, Turn, and Random were increased and
that of Beta was decreased in C118S, C123S, C281S, C296S and
C316S proteins, whereas the Helix and Random ratios were
respectively increased and decreased in C110S. The far-UV CD
spectrum of the enzyme solution at 222 nm, representing o.-
helices, was monitored over a temperature increase from 10 °C
to 85 °C. Fig. 3B shows that the secondary structure of C296S

MTEAPDVDLADGNFYASREARAAYRWMRANQPVFRDRNGLAAAST
YQAVIDAERQPELFSNAGGIRPDQPALPMMIDMDDPAHLLRRKLVNA
GFTRKRVKDKEASIAALCDTLIDAVCERGECDFVRDLAAPLPMAVIG
DMLGVRPEQRDMFLRW SDDLVTFLSSHVSQEDFQITMDAFAAYNDF
TRATIAARRADPTDDLVSVLVSSEVDGERLSDDELVMETLLILIGGDE
TTRHTLSGGTEQLLRNRDQWDLLQRDPSLLPGAIEEMLRWTAPVKN
MCRVLTADTEFHGTALCAGEKMMLLFESANFDEAVFCEPEKFDVQR
NPNSHLAFGFGTHFCLGNQLARLELSLMTERVLRRLPDLRLVADDSV

LPLRPANFVSGLESMPVVFTPSPPLG

(A) Gel electrophoresis of cypl142 gene cloned by PCR. Lane 1, DL2000 DNA marker. Lane 2, cyp142. The whole gel electrophoresis was

shown in Fig. S8.1 (B) Amino acid sequence of CYP142A, with cysteine residues marked in red.
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(A) Three-dimensional model of CYP142A1 (PDB ID: 2XKR) 18, the cysteine residues and Heme (HEM) are represented in sticks model, and

the Fe atom is represented in ball model. (B) UV-vis spectra of recombinant CYP142A1 and mutants recorded at 2.0 uM with Soret band at 418 nm

and smaller bands at 566 and 535 nm.

and C316S decomposed at ~70 °C, whereas that of the other
mutants and the wild-type decomposed at 60 °C.

Spectral features of recombinant CYP142A1 and cysteine
mutants

The electronic spectrum of purified CYP142A1 indicates an
extensively low-spin (LS) ferric P450 enzyme, with a Soret band
at 418 nm and smaller bands at 566 and 535 nm."® Fig. 2B shows
that C118S, C281S, C296S, and C316S were LS ferric P450
enzymes, which is consistent with the wild-type CYP142A1.
Moreover, CYP142A1 undergoes a heme optical Soret shift to
423 nm, which is typical of P450 enzymes, upon binding the
heme-coordinating inhibitor econazole nitrate. The Soret bands
of all cysteine mutants except C110S and C123S shifted toward
the red end of the spectrum to 423 nm after inhibition with
econazole nitrate (Fig. S21). C110S and C123S have a Soret band
at 423 nm at a state of inhibitor free. And the maximum
absorbance of C110S and C123S slightly changed to 424 nm
when econazole nitrate was added.

A

——CYP142A1
——C1108
—C1188
—C1238
——C2818
——C2968
——C3168

CD [mdeg]
>
1

T T T T T T T T
190 200 210 220 230 240 250 260
Wavelength [nm]

Fig. 3

Spectrophotometric binding assays

Substrates (including cholest-4-en-3-one, cholesterol, Fig. 1
cholesteryl propionate, and cholesteryl sulfate) and inhibitor
(econazole nitrate) binding were determined by measuring
changes in optical absorption spectra. The absolute Soret region
in the absorption spectra of mutants after incubation with
cholest-4-en-3-one or cholesterol were consistent with that of
CYP142A1."® Adding cholest-4-en-3-one or cholesterol led to the
complete conversion of enzymes to the high spin (HS) form due
to displacement of the water molecule coordinated to the heme
iron atom, as evidenced by a clear Type I shift of the Soret band
from 418, to 393 nm, and a clear LS/HS isosbestic point at
406 nm (Fig. S3-S41). We also monitored cholesteryl sulfate and
cholesteryl propionate binding as substrate-induced spectral
changes of heme iron. Binding by both cholesterol esters
produced a Type I absorption shift Fig. S5-56.7>° CYP142A1 was
converted to the LS state by econazole nitrate in all proteins,
with a Type II shift of the Soret band to 423 nm (Fig. S27).

—CYP142A1
——C1108
——C1188
—C1238
——C2818
——C2968
——C3168

(=}
1

CD [mdeg]

-10+ 4
0

A0 0 e e A e s e B e S S B e
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Temperature [ °C]

(A) Far-UV CD spectra of recombinant CYP142A1 and cysteine-to-serine mutants. (B) Heat-induced changes in secondary structure of

recombinant CYP142A1 and cysteine-to-serine mutants determined by far-UV CD spectroscopy at 222 nm.
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Table 1 The ratios of the residual secondary structure parameters of
proteins, calculated from the far-UV CD spectroscopy

Ratio
Fraction CYP142A1 C110S C118S C123S (C281S C296S (C316S
Helix 34.9 39 43.1 44.5 45 45.6 47.3
Beta 42.5 42.1 21.3 21.5 17.2 16.9 13.1
Turn 0 0 8.7 8.2 9.6 9.9 11.2
Random 22.6 18.9 27 25.7 28.2 27.7 28.4
Total 100 100 100 100 100 100 100

The Kp values of CYP142A1 and the cysteine mutants for
cholest-4-en-3-one, cholesterol, cholesteryl propionate and
cholesteryl sulfate and econazole nitrate were determined from
spectral titration curve-fitting using GraphPad Prism. Plots of
the induced spectral change versus steroid and the azole
concentrations were fitted to a quadratic tight binding equation
(eqn (1)) to generate Ky, values (Table 2).

The binding affinity of the C118S, C281S, and C316S to
cholest-4-en-3-one did not significantly differ, whereas that of
C1108S, C123S, and C296S was much lower than that of wild-type
CYP142A1, with Kp values of 0.22 + 0.0187, 0.17 + 0.012, and
0.14 + 0.046 pM respectively. And the binding affinity of all the
mutants to cholesterol except for C296S was much lower than
that of wild-type CYP142A1. The binding affinity of C110S and
C123S to cholesteryl propionate was higher than other mutants,
with Kp values of 35 + 4.9 and 23 + 5.0 uM, whereas that of
C1188S, C123S, C296S, and C316S was similar with that of wild-
type CYP142A1. The binding affinity of C110S, C118S, C123S,
and C281S to cholesteryl sulfate were lower than that of wild-
type CYP142A1. Fig. S71 shows that the C110S, C118S and
C123S peaks for inhibitor binding at 435 nm were not as sharp
as those of the other mutants, leading to higher Kp. Further-
more, the binding affinity of C281S, C296S, and C316S
improved at K, values of 0.52 £ 0.081, 0.56 + 0.086, and 0.36 +
0.064 uM, respectively.

Steady-state kinetic studies

We analyzed turnover rates by reconstituting CYP142A1 and the
cysteine mutants with spFDR and spFDX and an NADPH
regenerating system over a concentration gradient of substrates
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Fig. 4 Enzyme kinetic curve of cholest-4-en-3-one by recombinant
CYP142A1 and cysteine-to-serine mutants. Statistical analysis was
performed between CYP142A1 and mutants by t-test, p < 0.05.

to determine the effect of the cysteine residues on CYP142A1
enzyme activity. Steady-state kinetics was measured, and the
parameters were calculated using a nonlinear regression of the
Michaelis—-Menten equation. Fig. 4 shows curves of enzyme
kinetic for cholest-4-en-3-one. Table 3 shows the parameters.
The values calculated from the oxidation of cholest-4-en-3-
one after incubation with CYP142A1 and the cysteine mutants
differed. The K, range for the oxidation of cholest-4-en-3-one
was 18-23 uM for most cysteine mutants, while that for C110S
was 34 uM, which was similar with CYP142A1. The K, values of
all the mutants were lower than the wild-type, and those of
C118S, C123S, C281S, C296S and C316S were much lower. Table
3 also lists k., values that directly reflect catalytic production
under specific conditions. The second-order rate constants k,./
K., provided parameters for comparing the cysteine mutants,

Table 3 Steady-state kinetic constants of CYP142Al and serine
mutants towards cholest-4-en-3-one, p < 0.05

Enzyme K (WM) Kea (min™?) Keat/Km (min™ pM )
CYP142A1 35+ 5.4 7.7 £ 0.43 0.22
C110S 34 +9.7 6.6 + 0.68 0.20
C118S 18 £ 4.3 5.6 £ 0.38 0.30
C123S 22 + 5.1 5.1 £ 0.37 0.23
C281S 20+ 4.4 5.5 £ 0.37 0.27
C296S 23 + 5.6 4.6 £ 0.35 0.20
C316S 22 + 5.3 4.7 + 0.37 0.21

Table 2 Dissociation constants of the spectrophotometric titrations of selected substrates and inhibitor (econazole nitrate), p < 0.05

Kp

Cholest-4-en-3-one

Cholesteryl Cholesteryl sulfate Econazole nitrate

Protein (uM) Cholesterol (uM) propionate (uM) (uM) (M)
CYP142A1 0.032 £ 0.0036 0.0039 + 0.0028 45+ 7.0 27 £ 6.9 2.1 +£0.17
C110S 0.22 + 0.018 0.34 + 0.082 35+4.9 37 £8.7 43 £1.2
C118S 0.033 £ 0.0022 0.067 £ 0.030 43 £ 10 33 £4.3 7.2 +1.6
C123S 0.17 + 0.012 0.11 + 0.012 23 £5.0 35+£9.3 39 £+ 8.6
C281S 0.032 £ 0.0053 0.012 £ 0.0051 47 £7.6 37 £ 8.8 0.52 + 0.081
C296S 0.14 £ 0.046 0.0042 + 0.0023 48 £ 5.9 25 £ 9.6 0.56 + 0.086
C316S 0.020 £ 0.00047 0.019 £ 0.0099 46 + 6.8 26 + 8.0 0.36 = 0.064
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and the data in Table 3 show that replacing cysteine residues at
various sites caused changes in enzyme activity.

Discussion

Cysteine is a nucleophilic amino acid residue with low abun-
dance but usually highly conserved in proteins. Since the thiol
group of cysteine renders its unique biochemical properties at
functional sites, such as the formation of disulfide bonds and
binding to high-affinity metals, the amino acid residue plays an
irreplaceable role in maintaining structural stability and acti-
vating the catalytic, binding and regulatory functions of many
proteins.>””® CYP142A1 is one of the major monooxygenases in
Mtb that catalyze the oxidation of cholesterol and fatty acid from
host cells, by which the pathogen can obtain carbon source and
energy during chronic or latent phases of infection.™ Similar to
CYP125A1 (a primary P450 enzyme responsible for the growth of
Mth on cholesterol), CYP142A1 can oxidize the aliphatic side-
chain of cholesterol or cholest-4-en-3-one at C-26 to the
carboxylic acid, which is a necessary step for Mtbh to utilize
cholesterol and survive in macrophages.'”*® And catalytic assays
revealed that the ability of CYP142A1 enzyme to oxidize cho-
lesteryl propionate and cholesteryl sulfate was much more
efficient than CYP125 enzymes.* In previous studies, the ability
of CYP142A1 to bind and oxidize the cholest-4-en-3-one,
cholesterol, cholesteryl propionate, and cholesteryl sulfate was
analyzed by spectral titration and enzyme kinetics along with
the ability to bind inhibitors such as azole-drugs, because of
which, it is considered to be a promising anti-TB drug
target.'®**** When comparing the amino acid sequences of
CYP125A1 and CYP142A1, it was found that there were 3
cysteine residues in CYP125A1, while up to 7 cysteine residues
(Cys110, Cys118, Cys123, Cys281, Cys296, Cys316 and Cys340)
were observed in CYP142A1. Given the importance of CYP142A1
for the lipid metabolism and survival of Mth during host
infection, it is reasonable to believe that the seven cysteine
residues may play different roles in the structure and catalytic
activity of the P450 enzyme. Thus in this study, we focused on
these cysteine residues to discover their potential roles in the
structure and function of Mtbh CYP142A1. Given the similarity in
the structural framework,* cysteine residues were replaced with
serine residues, individually, to obtain mutant proteins.
Among the seven cysteine residues, Cys340 locates at the
active center in the C-terminal part of CYP142A1 and has been
revealed to coordinate the heme iron by forming a Fe-S bond to
support the monooxygenase activity.'®** Previous studies have
found that the replacement of the axial cysteine residue led to
the collapse of the substrate binding site’® and the other six
cysteine residues were located out of the letterbox-shaped entry-
exit channel formed by the FG-loop, the BC-loop and the I-helix
N-terminal region." However, very limited information on the
contribution of the cysteine residues beyond Cys340 to the
structure and function of CYP142A1 has been known. Thus in
this study, cysteine-to-serine mutations were performed and
a series of experiments were followed to majorly explore the
roles of the six cysteine residues. For the six cysteine mutants, as
measured using ESI-MS, substitution of cysteine with serine led

© 2022 The Author(s). Published by the Royal Society of Chemistry
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to a slight decrease in the molecular weight relative to the wild-
type (Table S21), which was consistent with the lower molecular
weight of serine than cysteine. The level of expression of
CYP142A1 was affected by single cysteine mutations. There was
a 60% decrease in the level of C123S mutant expression and 10—
40% for others (Fig. S1f). The UV-Vis spectra of all the six
cysteine mutants are almost identical to the wild-type (Fig. 2B),
which means that any substitution of these cysteines does not
produce a noticeable impact on the structure of the active core
center of the enzyme. In the resting state of CYPs, water mole-
cules usually act as distal ligands in the active center of CYP.
When a substrate binds to the active site, it will replace the
water ligand and result in a specific UV-vis spectrum called type
I shift. Inhibitors can also replace water ligands, but they
usually coordinate with the heme iron through the lone pairs of
electrons from heteroatoms, which produces a characteristic
UV-vis spectrum called type II shift. Typical type I and type II
shift* were observed in all cysteine-to-serine mutants.

Studies have shown that the substitution of C-terminal
cysteine increased the thermal stability of argininosuccinate
lyase from Mtb.** According to the far-UV CD spectra (Fig. 3B),
the secondary structure of C296S and C316S decomposed at
about 70 °C, 10 °C higher than wild-type, representing the
enhancement in thermal stability. In terms of the parameters
calculated from far-UV CD spectra in present study (Table 1),
except that C110S had a secondary structure very similar to the
wild-type, the remaining 5 cysteine mutants (C118S, C123S,
C281S, C296S and C316S) all possessed significantly higher
composition ratios of Helix, Turn and Random, but a lower ratio
of Beta relative to the wild-type, with C316S owning the highest
proportion of helix-turn-random and the lowest proportion of
beta motif. All the results were basically consistent with the
locations of the cysteine residues. To our surprise, the
replacement of Cys316, which is located on the loop, brought
apparent changes on the secondary structure and thermal
stability. Overall, it appeared that the closer the C-terminal
cysteine substitution resulted in a higher proportion of
folding changes, suggesting that Cys118, Cys123, Cys281,
Cys296 and Cys316 contribute notably to the correct folding
state of CYP142A1 and show a “polarity-like” effect on the
secondary structure of the enzyme.

In order to analyze the potential roles of the six cysteines on
the enzymatic functions of CYP142A1, the classical spectro-
photometric titration experiments were utilized to determine
and compare the dissociation constants from the cysteine
mutants and wild-type that interacted with several substrates
and an inhibitor, econazole nitrate, in vitro. Summarized from
Table 2, higher K, values (about >4 times of the wild-type) were
observed from C110S-cholest-4-en-3-one, C110S-cholesterol,
C118S-cholesterol, C123S-cholest-4-en-3-one, C1238-
cholesterol, C296S-cholest-4-en-3-one, and C316S-cholesterol,
while a lower K, value (63% of the wild-type) was obtained
from C316S-cholest-4-en-3-one, which means that each of these
cysteines may play different but moderately regulating roles in
the direct binding strength of CYP142A1 to the cholest-4-en-3-
one and cholesterol. To cholesterol derivatives, lower Kp
values were observed in C110S-cholesteryl propionate and
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C123S-cholesteryl propionate, while higher Ky values were
observed in C110S-cholesterol sulfate, C118S-cholesterol
sulfate, C123S-cholesterol sulfate, and C281S-cholesterol
sulfate. The allosteric effect may explain these phenomenon,
but more verification is needed.

It seems that Cys296 and Cys316 have limited effects on the
binding of the enzyme to some of the substrates, while Cys110,
Cys118, Cys123, and Cys281 contributes more to the dissocia-
tion of the enzyme from the substrates, except for Cys110 and
Cys123 in the binding to cholesteryl propionate. As shown in
Fig. S2,7 when econazole nitrate was added, the type II shifts of
C1108S, C118S, and C123S, toward 423 nm was smaller than that
of wild-type. In the titration analysis of econazole nitrate, the
absorption changes between 435 nm and 416 nm from C110S,
C118S or C123S binding with econazole were not as abrupt as
that from the wild-type CYP142A1 binding with econazole
(Fig. S7t), which meant higher Ky, values and the relatively lower
affinity of the three cysteine-to-serine mutants to econazole.
Whereas, the Kp, value of C281S, C296S or C316S with econazole
decreased significantly (about 17-27% of the wild-type) in
comparison to that of the wild-type. Thus, it can be presumed
that the cysteine residues at the C-terminus (Cys281, Cys296,
and Cys316) may contribute to the binding of the enzyme with
the inhibitor, while the cysteine residues at the N-terminus
(Cys110, Cys118, and Cys123) may play the opposite roles.

In order to investigate the possible effects of the cysteines on
this metabolic function of the P450 enzyme, we further analyzed
and compared the steady-state kinetic constants (K, kca, and
keat/Km) of the cysteine mutants and the wild-type through
reconstituting the enzymatic reaction system with spFDR/
SspFDX as redox partners and monitoring product formation in
vitro. Steady state kinetic analysis of cholest-4-en-3-one binding
reveals that the K, values of C118S, C123S, C281S, C296S and
C316S were reduced to 53-65% relative to that of the wild-type,
while the K,, values of C110S were not significantly altered,
which suggests that Cys118, Cys123, Cys281, Cys296 and Cys316
have a relative obvious improvement on the affinity of
CYP142A1 to the substrate. All the mutants showed decreased
keat values, while for k.../K, values, C118S and C281S increased.
Thus, it can be speculated that Cys118 and Cys281 have a more
obvious improvement on the CYP142A1 oxidation efficiency of
cholest-4-en-3-one than the other cysteine residues. According
to the location of these cysteine residues in the 3D structure, we
can speculate that they may facilitate the enzymatic reaction to
a certain extent by promoting the association of the enzyme to
the substrate as the influence on the B-sheet. In general, it can
be recognized that when CYP142A1 catalyzes cholest-4-en-3-
one, the cysteine residues in different positions may play
different regulatory roles.

Conclusions

In summary, the seven cysteine residues at various positions in
CYP142A1 have distinct biochemical functions. Among them,
Cys340 is indispensable for the active center of the enzyme, and
its mutation or deletion could lead to the complete destruction
of the enzyme structure and loss of activity. The six cysteine
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residues outside the active center play roles in maintaining the
correct folding and function of the enzyme. Since the crystal
structure of CYP142A1 (PDB ID 2XKR) shows that no disulfide
bond was identified among the seven cysteine residues, func-
tional roles of the cysteine residues majorly depend on their
positions and the local environment, as well as whether it is
interior or solvent-exposed.*® In present study, separate substi-
tution of the six cysteine residues resulted in numerous changes
in the secondary structure, expression level, substrate-binding
ability, inhibitor-binding ability, thermal stability and oxida-
tion efficiency of the enzyme. Although most substitutions in
cysteine residues led to a relative mild effect on the interactions
between the enzyme and cholesterol-like substrates, some of
the substitutions at C-terminal have a pronounced effect on the
interactions between enzymes and inhibitors, which will
provide some clues for the design of Mth CYP inhibitors in the
future. And substitutions of cysteine residues located near or on
the B-sheet resulted in changes in enzyme activities. At the same
time, the results of this study also improve our understanding
of the structure and function of CYP142A1, especially the
function of cysteine residues in the P450 enzyme and the
consequences of their substitution. These findings will even-
tually encourage the development of inhibitors against Mth
CYP142A1.
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