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Deficiency of 21-hydroxylase enzyme (CYP21A2) represents 90% of cases in congenital adrenal hyperplasia
(CAH), an autosomal recessive disease caused by defects in cortisol biosynthesis. Computational prediction and

functional studies are often the only way to classify variants to understand the links to disease-causing effects.

21-hydroxylase deficiency congenital adrenal hyperplasia CYP21A2

functional characterization

| 1. Introduction

Congenital adrenal hyperplasia (CAH) is an autosomal recessive disease caused by defects in steroid biosynthesis
(1. More than 90% of reported CAH cases are due to 21-hydroxylase (CYP21A2) deficiency (OMIM # 201910). The
CYP21A2 is a member of the cytochrome P450 superfamily and has 495 amino acids forming thirteen a-helix (A-
M) and nine B-sheets @&l This protein is located in the endoplasmic reticulum of the adrenal cortex and has a role
in both the glucocorticoid and mineralocorticoid biosynthesis by the hydroxylations of 17-hydroxyprogesterone into
11-deoxycortisol and progesterone into 11-deoxycorticosterone, which are then converted into cortisol and
aldosterone (Figure 1) L. Therefore, defects in CYP21A2 affect both the mineralocorticoid and glucocorticoid
biosynthesis, besides the increase in sex steroids biosynthesis due to changes in the steroidogenesis pathway by
elevated levels of sex steroid precursors 42!,
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Figure 1. Role of CYP21A2 in human steroid biosynthesis. CYP21A2 is a heme containing cytochrome P450

protein that requires cytochrome P450 reductase as a redox partner for its metabolic reactions [&l. Together with
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CYP11A1 in mitochondria and CYP17A1 and CYP19Al in the endoplasmic reticulum, CYP21A2 directs the

biosynthesis of steroids.

Glucocorticoid and mineralocorticoid levels determine the CYP21A2 deficiency phenotype, which can be (1) salt
wasting, when both types of steroids are not produced, causing the adrenal crisis by electrolytic deregulation with
infant mortality risks and severe virilization by elevated sex steroids; (2) simple virilizing, when there is some
residual synthesis of both glucocorticoid and mineralocorticoid that is enough to prevent the adrenal crisis; or (3)
non-classical (mild form) when just the glucocorticoid synthesis is partially affected and is linked to
hyperandrogenism and mild late-onset CAH. The first two are the classical forms of CAH, which have a worldwide
incidence ranging from 1:14,000 to 1:18,000 live births (. The non-classic form has a frequency around 1:100 to
1:1000 [, The frequencies of CAH vary with ethnicity and geographic population groups. However, the description
of SW vs. SV, SV vs. NC, etc. is rather arbitrary, hence caution must be employed when following [&l. The diagnosis
of CYP21A2 deficiency is confirmed by steroid profile, mainly 170HP in the first screening, which becomes
elevated 22, However, 170HP can be altered by a deficiency in other enzymes in the steroidogenic pathway, in
premature infants, and in unrelated diseases causing physiologic stress [BILOILLI2NASIAAN1S]  Therefore, the
molecular diagnosis is essential for the confirmation of complex cases and follow-up management of asymptomatic

CAH, avoiding unnecessary treatment, along with genetic counseling L1[Z6IL7],

The CYP21A2 gene is located on the short arm of chromosome 6 (6p21.3), situated 30 kb apart from its
pseudogene (CYP21A1P). These genes share 98% sequence identity for the exons and 96% among the introns
(18] Besides that, 95% of pathogenic variants of CYP21A2 originate in recombination events . More than 1300
variants in the CYP21A2 have been reported in the human gene mutation database (HGMD), and more than 200
of these are described to affect human health. With high variability between different ethnic groups and single

nucleotide variants (SNVs), missense and nonsense account for half of the total variations 21291,

CYP21A2 variants are classified according to the impact on the enzyme activity. Group Null consists of deletions or
nonsense variants that critically affect the enzyme activity, resulting in a complete loss of function due to altered
enzyme stability, steroid or heme binding, and membrane anchoring. The most common variants are thirty kilobase
deletion (30-kb del), eight base pairs, Cluster E6 (p.1237N, p.V238E, p.M240K), p.Q319X, p.R357W, and p.L307fs
Bl Group A is composed of a variant in which the enzyme activity is minimal, around 0-1%. This group is
represented by an intron variant IVS2-13A/C>G, which is created by an additional splice acceptor site causing
retention of 19 intronic nucleotides of the intron 2 2122, Homozygous or compound heterozygote variants with the
null group are often associated with the salt-wasting form, but approximately 20% of cases have a simple virilizing
phenotype B, Group B has a residual activity of 1-10%, which is enough to prevent adrenal crisis. The p.1173N
variant is representative of this group and is associated with the simple virilizing form of 21-hydroxylase deficiency
(23] Finally, group C has an enzyme activity of about 20-60% and is associated with the mild form of CAH. The

variants common in this group are p.V282L, p.P454S, and p.P31L, which show phenotype variability (241,

The biochemical correlation for CYP21A2 activity works well for the CAH diagnosis. However, external factors or a

combination of genetic diseases can change the steroid levels, making genotype elucidation an important tool for
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patient management U7 |n general, there is a good genotype-phenotype correlation for CAH, and the
elucidation of new variants found in each population is important to improve the correct treatment 221281 |nitially,
the bovine CYP21A2 structure was used as a template to elucidate the impact of variants damage from 2011 to
2015 (PDB ID 3QZ1), but the human CYP21A2 crystal structures have recently become available. Human
CYP21A2 is deposited in the RSCB Protein Data Bank (PDB) under entries 4Y8W and 5VBU, with two different
steroid ligands (progesterone in 4Y8W and 17-hydroxyprogesterone in 5VBU). The human structure has just one

steroid-binding site, which is different from the bovine enzyme, which has two catalytic sites 2271,

| 2. Variant Collection and Description

Researchers selected six missense variants that had patient genotype and phenotype available in researchers'
literature review after the initial screening described in methods. Four of these variants were found in Brazilian
(p.P35L, p.L199P, p.E352V, and p.R484L) and two in Portuguese (p.W202R and p.P433L) populations. Genetic
and clinical data describing the carriers of the selected SNVs are summarized in Table 1. These data were

collected from the original papers.

Table 1. Genetic and clinical features of the subjects carrying the selected SNVs (bold) in the CYP21A2 gene. All
data are from the original papers. Normal values for 17a-hydroxyprogesterone (170HP) are <30 nmol/L, serum
sodium between 132-142 mmol/L and potassium 3.6—6.1 mmol/L. LGC, large gene conversion; 30-kb del, large
deletion from CYP21A1P to CYP21A2 gene; nd, non-determined; DSD, ambiguous/atypical genitalia; AC, adrenal
crisis; M, male; F, female. 2 Age at diagnosis, ® non-diluted measurements (reference value 5.97 nmol/L), ¢ after
ACTH stimulation.

Genotypes 170HP Na+/K+

ini a
Allele 1 Allele 2 Phenotype Clinical Data Sex (nmoliL) (mmoliL) Age 2 Reference

P35L, N .
H63L, 30- LGC sSw d;’ﬁ”;::t%n M 493  116/9.2 2&]8 | Czogl"oet
kb del Y al. ( )
P35L N .
: [28]
H63L, 30- Q319X Sw vomiting, - o5b o088 1S Coeli et
dehydratlon m al. (2010)
kb del
P35L, .
H63L,30- c.920_921insT  SW DSD (Prader = gb 119553 1° coeli et
- V) d al. (2010)
kb del
P35L, vomiting, 28] .
H63L, 30- R357W sw dehydration, M  >200°  119/9.7 2d8 | Cz";l"oet
kb del AC al. ( )
DSD (Prader [29] Silveira
L199P normal ND ) F 408.5 nd et al. (2009)
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170HP Na+/K+
(nmol/L) (mmol/L)

Genotypes

a
Allele 1 Allele 2 Age * Reference

Phenotype Clinical Data Sex

[30] }
DSD, salt <2 ~santos
W202R LGC SW . F nd nd Silva et al.
wasting m
(2019)
(18] pe
E352V E6 cluster SV nd F nd nd nd Carvalho et
al. (2016)
(18] pe
E352V IVS-13A/C>G SW nd M nd nd nd Carvalho et
al. (2016)
18] pe
E352V IVS-13A/C>G SW nd M nd nd nd Carvalho et
al. (2016)
(18] pe
E352V G425S SV nd M nd nd nd Carvalho et
al. (2016)
[31]
P433L P454S NC nd F o 427°¢ nd 7 Carvalho  hg (Taple
y etal. (2012)
ried three
R484L, - 1e genetic
IVS- DSD (Prader <4 Silveira
13A/C > Del CYP21A2 SW -1V) F 1537.2 134/4.9 m et al. (2009) searchers
G
R484L, i g
IVS- . <9  [Xsijlveira Malia an
13A/C > Q319X SW undefined M 1358.7 130/6.2 etal. (2009) , authors,
G

tted in the
screening were likely due to the premature birth. The impact of this new variant has been unknown, as it was not

possible to infer the consequence once it was identified in heterozygosis.

The variant p.W202R was found as compound heterozygous with large gene conversion in a Portuguese female
(Table 1). This patient presented atypical genitalia and salt wasting, being diagnosed with classical CAH at <2

months old.

The variant p.E352V was identified in a compound heterozygous state in four classical CAH patients from Brazil
(Table 1), two of them with the same intronic mutation, IVS2-13A/C>G heterozygous with p.E52V. These two
patients showed the classical CAH form with salt-wasting. One female presented p.R484L as compound
heterozygous with Cluster E6. These patients presented the simple virilizing CAH form. The latter has the p.R484L
and p.G425S, which resulted in the simple virilization form of CAH.

The variant p.P433L was identified in a Portuguese female who presented it as compound heterozygous with the

mild mutation p.P454S (Table 1). This patient was diagnosed at 17 years old with a nonclassical form of CAH after
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ACTH stimulation, which indicated the 170OHP elevation characteristic of that form of CAH.

The variant p.R484L was found as compound heterozygous in two Brazilian patients (Table 1). Both present
classical CAH form, with salt-wasting and high 170HP levels detected during newborn screening. One allele in
both cases has p.R484L together with a splice variant IVS2-13A/C>G. The second allele in one patient was a
CYP21A2 deletion and in the other p.Q319X.

3. Computational Characterization Indicated the Structural
Impact of the SNVs

Researchers performed a screening with five predictive tools that have different approaches, PolyPhen-2, SNAP2,
MutPred2, Meta-SNP, and PredictSNP. Results obtained for the six variants chosen in this work are shown in Table
2. The variants p.L199P, p.E352V, and p.R484L were predicted to damage the protein by all predictor tools, while
p.P35L had damage predicted by four tools, p.W202R by three, and p.P433L by two.

Table 2. Prediction of the possible impact on the structure and/or function of CYP21A2 by genetic variants. Seven
variants were used to validate the method, with four polymorphisms (e) and three with a known negative impact
(1). @ SNV nomenclature according to UniProt ID Q16874-1. Scores =0.5 by PolyPhen-2, MutPred2, and Meta-SNP
indicate protein damage. SNAP2 scores >50 indicate a strong signal for effect, between 50 and —-50 weak signal

and <-50 strong signal for neutral effect.

In Silico Tools

Enzyme
SNVa 4SNP rs# PonIZDhen- Score SNAP2 Score MutPred2 Score '\g(;'\ltg' Score PredictSNP Aoc/;“(’)'fty

Control
R1:)3L rs6474 Benign 0.023 Neutral -47 Neutral 0.191  Neutral 0.310 Neutral 120
D1;4E rs397515531 Benign 0.000 Neutral -85 Neutral 0.260  Neutral 0.412 Neutral 100
Szg9T rs6472 Benign 0.016 Neutral -93 Neutral 0.076  Neutral  0.340 Neutral 103
I1713N rs6475 Damage  1.000 Effect 70 Pathogenic 0.838 Disease 0.811 Deleterious 1.1
V2;2L rs6471 Benign 0.273  Neutral -76 Neutral 0.084  Neutral 0.344 Neutral 16.4

RA27H rs151344504 Damage  1.000 Effect 82 Pathogenic 0.821 Disease 0.827 Deleterious 0.5

P35L rs200648381 Damage  0.988 Effect 13 Pathogenic 0.676 Disease 0.624 Neutral 13

Among the variants with known activity, the neutral variants (p.R103K, p.D183E, and p.S269T) agreed with all

tools. However, among the three variants known to cause damage, researchers had different results. The two
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SNV a

L199P
W202R
E352V

P433L

SNV 2

P35L

L199P

W202R

E352V

dbSNP rs# P°'V'2°he“'

Damage
Damage
Damage

rs751456004 Benign

Structure/Protein
Localization

N-term
coil/Region of the
membrane
protein orientation

F-helix/Close to
the active site; a-
helix stabilization

Turn of the F-
helix/close to the
active site and
steroid-bound
residue (R234)

K-helix/ERR-triad
associated with
the heme group

Score SNAP2 Score MutPred2 Score

0.997 Effect

1.000 Effect
a

0.693 Effect

0.402 Effect

In Silico Tools

68 Pathogenic
45 Pathogenic
90 Pathogenic
15 Pathogenic

Physicochemical

Properties
WT MUT
Hydrophobic;
Polar residue Short side
with a ring at chain;
the N-term Folding
interactions
Hydrophobic;

Sl _Slde Polar residue
chain; ) :
6l with a ring at

Interactions; thsil\ls-;%r? [

H: 1195 and ’

S203
Hydrophobic;
. Long,
Hydrophobic; flexible?and
Large, r|g|d posit.
aromatic .
. charged side
group; H: I
V198 chain; lonics-
bound; H:
V198
Hydrophobic;
Long, slightly
flexible side Hydrophobic;
chain; Short side
Strongly neg. chain;
charged,; Folding
lonics-bound,; interactions;
Fix metal H: A348 and
iron; H: A348, L356
R355 P, L356
and W406

0.875

0.577

0.919

0.614

-0.58

0.79

111

1.23

Meta-
SNP

Disease

Neutral

Disease

Neutral

(Mean *

SD)

13.2 %
1.56%

10.3 +
0.33%

1.2+
0.34%

11+
0.11%

Score PredictSNP

0.711 Deleterious
0.451 Neutral
b
0.937 Deleterious
0.372 Neutral
The

(Hypothesis)

Disturbs the
protein
orientation
in the
membrane

Breaks the
secondary
structure
close to the
active site

Positive
charge
addition
causes
disorder in
heme
binding

Disorder of
the ERR-
triad
decreases
heme-
binding and
stability

) variant
Enzyme

Activitysented a
% of

Control
10.3
hem can
1.2
:n bonds
1.1
7.5

AAG Enzyme Molecular Mutation
(kcal/mol) Activity Mechanism Group

©
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Physicochemical

SNV 2 Structure/Protein Properties
Localization
WT MUT
Hydrophobic;
L-helix/Adjacent Polar residue Short side
to essential with a ring at chain;
PassL residues for the the N-term; Folding
heme bond H: A435 interactions;
H: A435
Hydrophobic;
Long, .
. Hydrophobic;
C-term ﬂexé)bol;’tand Short side
R484L coﬂ/Hydrgphob!c charged side cha!n;
cluster with ionic . . Folding
. chain; lonics- . .
connection interactions;
bound; H: H: A449
Q482, A449, ’
and M486

AAG Enzyme Molecular Mutation
(kcallmol) Activity Mechanism Group
(Hypothesis)

(Mean *

-1.47

SD)

7.5+
0.67%

34+
0.8%

The

Changes
the natural
orientation

of heme-

binding
residues

R427 and

C429

Loss of
hydrophobic
organization

at the C-
term region

e and the
| of CYPs

I damage

is residue
guanine)

harged to

a nonpolar and aliphatic residue, increasing the structural stability, AAG -0.58 kcal/mol (Table 3). PolyPhen-2,

SNAP, Meta-SNP, and MutPred2 predicted the effect of this mutation on the protein stability and functionality.

Besides that, MutPred2 predicts two structural effects: gain of helix and alteration of transmembrane features.

PredictSNP classified this variant as neutral (Table 2).

Figure 2. Structural model of CYP21A2. (A) Researchers built the missing extremity based on PDB ID 4Y8W with

I-TASSER and visualized by PyMOL. The amino acids mutated in researchers' study are identified with black

arrows. Progesterone and protoporphyrin containing Fe3* are in the middle of the structure colored in grey. (B)

Contact map with progesterone binding site in 210H structure. The studied residue p.W202 is shown at the top.

(C) Contact map with heme (protoporphyrin containing Fe) binding site in 210H structure. The residues p.C429

https://encyclopedia.pub/entry/19554

7/17



CYP21A2 Deficiency | Encyclopedia.pub

and p.R427 are near the studied residue p.P433. Heme and progesterone contact maps were built with the
structure of CYP21A2 (PDB # 4Y8W). Residue ligand contact maps were generated with LigPlot+ v.2.2.4 software
using as maximum hydrogen -acceptor/-donor distance 2.7 A and 3.35 A (green line), respectively, while for non-

bonded, the minimum contact distance was 2.9 A and the maximum 3.9 A.

Al P31 P31 B

Figure 3. A closeup of the amino acid studied on the CYP21A2 structure. The protein structure is based on PDB ID
4Y8W. Wild-type amino acids are colored in green and mutated in cyan; in both of them, oxygen is red, nitrogen is
blue, and sulfur is yellow. The distance measured between the main amino acids connections is with less than 4 A.
Hydrogen bonds are represented with black lines, while any other measurement between atoms is represented
with yellow lines. Progesterone and heme are colored grey. (A) p.P35 and p.P35L, (B) p.L199 and p.L199P, (C)
p.W202 and p.W202R, (D) p.E352 and p.E352V, (E) p.P433 and p.P433L, (F) p.R484 and p.R484L.
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Figure 4. Amino acid conservation of the human CYP21A2. A CYP21A2 structure (PDB # 4Y8W) structure was
used as a reference for ConSurf analysis. Multiple sequence alignment was built using CLUSTALW with 200-
cytochrome P450 sequences homologous to the human protein 21-hydroxylase. The species considered for final
alignment were from Homo sapiens, Bos taurus, Canis lupus familiaris, Cavia porcellus, Capra hircus, Felis
catus, Gorilla gorilla gorilla, Lynx lynx, Mesocricetus auratus, Macaca fascicularis, Macaca mulatta, Mus
musculus, Oryctolagus cuniculus, Ovis aries, Rattus norvegicus and Sus scrofa. (A) A representative part of the
alignment from MSA. The specific positions of the six wild-type residues analyzed in this work are marked with a
dot (e). (B) CYP21A2 structure with black marks on the six wild-types residues on the protein structure. Residues
p.P35, p.E352, and p.R484 showed to be conserved, while p.L199, p.W202, and p.P433 are variable. Color-code:

from pink (conserved) to cyan (variable).

Table 4. ConSurf amino acid conservation score. The score is from 1 (variable) to 9 (conserved). Cl: Confidence

interval of the score. @ PDB ID 4Y8W. Details of any known variations in the amino acid positions studied are given
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in Table S3 (supplementary could be found in https://www.mdpi.com/1422-0067/23/1/296#supplementary).

SNV 2 Conservation Score Cl Residue Variety
P35 9 9to 8 L,PG
L199 3 4102 TNLV,FELAS G M
W202 1 2to1 TERWG,CMLAILNQDVFS
E352 9 9t0 9 E
P433 3 4102 R,K,G,M,L,V,H,A S, I,T,PEQ
‘e it forms
R484 9 9t0 9 R, T,L a-helix F

(Figure 3 and Table S1). This residue shows mild conservation, being found in 10 different sequences at this
position (Figure 4, Table 4). The variant p.L199P changes a nonpolar and aliphatic residue to a polar and
uncharged residue, losing the hydrogen bond with p.1195 (Table S2). All predictor tools showed that this mutation
causes damage to the protein, and MutPred2 predicted an alteration of coiled-coil and transmembrane regions;
AAG was 0.79 kcal/mol.

Tryptophan at position 202 is also located <4 A from the CYP21A2 catalytic site, on the a-helix F with a hydrogen
bond with p.V198 (Figure 3). This residue presented a low conservation score, being highly variable between its
homologous sequences (Figure 4 and Table 4). The variant p.W202R changes a hydrophobic residue to a
hydrophilic and positively charged residue, decreasing the CYP21A2 structural stability with a AAG of 1.11
kcal/mol, but without losing the hydrogen bond (Table S2). Two predictor tools classified that residue replacement
as neutral (Meta-SNP and PredictSNP), while the three others predicted damage to the protein. An altered coiled-

coil region was predicted by MutPred?2.

Glutamate at position 352 is located in a-helix K, presenting five hydrogen bonds, four on the same helix (one with
p.A348 and p.L356 and two with p.R355) and one with a coil (p.W406) (Figure 3 and Table S1). This residue is
highly conserved across species, and there is no other variation on CYP21A2 homologs (Figure 4 and Table 4).
The variant p.E352V changes a negatively charged residue to a nonpolar aliphatic residue. The stability of the
CYP21A2 structure was increased, and the changed residue lost three hydrogen bonds with W406 and p.R355
(Table _S2). All the predictor tools showed that p.E352V results in protein damage (Table 2). The MutPred2

predicted alteration of an interface, loss of allosteric site at p.E352, and altered metal binding.

Proline at position 433 is located at a-helix M, where it has a hydrogen bond with p.A435 in the same helix (Figure
3 and Table S1). This residue is close to the central heme group, but it is not a conserved residue, as it is found
interchangeable as 14 different residues among the CYP21A2 homologous group (Figure 4 and Table 4).
However, this indicates the evolution of this residue across species with different roles and different redox partners.
The exchange of a polar and uncharged amino acid with a nonpolar and aliphatic showed AAG 0.39 kcal/mol
(Table 3). The SNAP2 predictor tool showed damage in the protein with the variant and MutPred2 a gain of helix

and loss of catalytic site at p.E432; however, the other three predictors indicated a neutral effect (Table 2).
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Arginine at position 484 is located on the protein surface in a coil that makes a cluster with nine other amino acids.
This residue has three hydrogen bonds, one with p.M486 in the same coil; one with p.Q482, located at stand 39;
and one with p.A449, which makes the connection between a-helix M and (38 (Figure 3 and Table S1). This
residue showed the highest conservation score, with just two other amino acids found in the homology analysis
(Figure 4 and Table 4). The variant p.R484L changes a positively charged polar residue to a nonpolar and
uncharged residue, losing the two hydrogen bonds with p.M486 and Q482 (Table S2). This amino acid exchange
showed damage by all predictor tools used, and stability increased with a AAG of -1.47 kcal/mol (Table

2 and Table 3). Loss of intrinsic disorder was predicted by MutPred2, as well.

| 5. Functional Testing for the Validation of In Silico Results

HEK293 cells were transfected with plasmids expressing CYP21A2 WT or variants p.P35L, p.L199P, p.W202R,
p.E352V, p.P433L, p.R484L, p.I173N, and p.V282L as two controls with known activity (~2% and 18-60%,
respectively) 42324 The CYP21A2 activity was quantified for both WT and variants. Using the TLC analysis,
researchers could assess the conversion ratio of progesterone to 11-deoxycorticosterone and compare the activity
of each variant with the WT enzyme (Figure 5A). Variants p.W202R and p.E352V showed only residual conversion
(<2% enzyme activity), similar to p.I73N, which is associated with the classical form of CAH. Variants p.P35L and
p.L199P showed partial activity, with the catalytic activities being 13.2% and 10.3% of the WT, similar to the
p.V282L variant, which is associated with a nonclassical form of CAH. Variants p.P433L and p.R484L presented
activity between the two controls, being 7.5% and 3.4% of the WT activity, respectively (Figure 5C).
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Figure 5. Functional characterization of the variants in the CYP21A2 gene by relative steroid conversion of
progesterone (Prog; P) to 11-deoxyprogesterone (DOC). The activity was obtained using 210H wild-type (WT) and
mutated expressed in the HEK293t cell where researchers measured the steroid conversion by the percentage of
radioactivity in DOC to the whole sample. (A) Thin-layer chromatography (TLC) shows that all variants reduce the
activity of 21-hydroxylase (210H). (B) Semiquantitative 210OH expression level obtained by western blot with anti-
flag antibody for the 210H (53 KDa) and normalized by B-actin (42 KDa) expression with anti-B-actin antibody.
Negative control (NC) presents the basal HEK293 cells. (C) The 210H activity expressed accordingly with TLC
spots densitometry and related to the WT. Bars represent the standard error from three samples. Inside the box is
plotted the activity (total) and the specific activity (specific) of the three variants that showed statistically significant
difference (* p < 0.05) between these values. The specific activity was obtained by dividing the enzyme activity by

the 210H protein estimated by western blot. All results were analyzed on GraphPad software. * p value < 0.05.

To determine if the reduction in activity was associated with the decrease in protein expression, researchers
guantified CYP21A2 protein in WT and variants using western blot assay (Figure 5B). Normalized by B-actin
expression, researchers found the expression level was less than 50% of the WT for the p.P35L, p.v282L,
p.E352V, and p.R484L variants, while p.W202R had 119% of WT. Therefore, researchers also calculated the
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specific activity of each variant compared to WT by dividing the activity obtained from the TLC results by the
CYP21A2 expression level (Figure 5C). The specificity activity for p.W202R, p.E352V, and p.R484L present a
significant difference (p < 0.05) when compared with the non-protein normalized activity. The variant p.W202R had
a decrease in activity to <1%, while p.E352V and p.R484L had an increase in activity by two-fold and three-fold,
respectively. Altogether, researchers' results indicated that all variants tested significantly impacted the activity of
CYP21A2. The variants p.W202R, p.E352V, and p.R484L also impacted the protein expression (Figure 5C).

| 6. Kinetic Analysis of CYP21A2 Variants

The apparent kinetic constant revelated saturation for the 210H WT with the Michaelis-Menten constant (K,) of
1.57 uM for progesterone and an apparent maximal reaction velocity (Vyax) of 0.360 nmol-min~t-mg™ (Figure
6 and Table 4). The apparent saturation was a similar rate of the WT for p.P35L (K., 2.06 uM) and p.P433L (Km
1.91 pM), but it was six times higher for p.L199P (K,, 10.24 uM), indicating that p.L199P decreases the protein
affinity for the substrate progesterone. The apparent V,,.x was lower than the WT for p.Pro35Leu (0.085
nmol-min~t-mg), p.L199P (0.252 nmol-min~1-mg™t), and p.P433L (0.055 nmol-min~t-mg™'). The apparent catalytic
efficiencies of the mutated proteins were also lower than those of WT, and p.P35L had catalytic efficiency of 18%
compared to the WT, p.L199P of 11%, and p.P433L of 13% (Table 5, Figure 6).
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Figure 6. Kinetics assay shows a decrease in reaction velocity for three variants which have still presented activity
in the functional assay. (A) Representative thin layer chromatography (TLC) from three replicates shows the
CYP21A2 conversion of progesterone (Prog) (0.1, 0.3, 1, 3, and 5 uM) into 11-deoxycorticosterone (DOC). (B) The
left-hand plot presents the linear plots of enzymatic activity of 210H WT and mutations between 1/Velocity
against 1/Prog (progesterone concentration) for the conversion of progesterone to DOC. Additionally, the right-
hand plot presents the Michaelis Menten nonlinear curve with velocity reactions against the substrate

progesterone used to obtain V.« and K, values.
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Table 5. Apparent kinetic constants and catalytic efficiency were calculated from three independent experiments.

Wild-Type P35L L199P P433L
Vimax (NMol-min~t-mg1) 0.360 0.086 0.252 0.055
Ky (M) 1.57 2.07 10.24 1.91
Vimax/Km 0.229 0.041 0.025 0.029

Researchers' results show that the p.L199P variant, which is located close to the catalytic site, affects the substrate
binding. In contrast, p.P35L and p.P433L showed inhibition of the enzyme activity through a decrease in reaction
velocity.
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