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Abstract

Congenital methemoglobinemia due to NADH-cytochrome b5 reductase 3 (CYB5R3) deficiency
is an autosomal recessive disorder that occurs sporadically worldwide, although endemic clusters
of this disorder have been identified in certain ethnic groups. It is present as two distinct
phenotypes, type | and type I1. Type I methemoglobinemia is characterized by CYB5R3 enzyme
deficiency restricted to erythrocytes and is associated with benign cyanosis. The less frequent type
Il methemoglobinemia is associated with generalized CYB5R3 deficiency affecting all cells and is
lethal in early infancy. Here we describe the molecular basis of type I methemoglobinemia due to
CYB5R3 deficiency in four patients from three distinct ethnic backgrounds, Asian Indian,
Mexican and Greek.

The CYB5R3 gene of three probands with type | methemoglobinemia and their relatives were
sequenced revealing several putative causative mutations; in one subject multiple mutations were
present. Two novel mutations, S54R and F157C, were identified and the previously described
A179T, V253M mutations were also identified. All these point mutations mapped to the NADH
binding domain and or the FAD binding domain. Each has the potential to sterically hinder
cofactor binding causing instability of the CYB5R3 protein. Wild type CYB5R3 as well as two of
these novel mutations, S54R and F157C, were amplified, cloned, and purified recombinant
peptide obtained. Kinetic and thermodynamic studies of these proteins show that the above
mutations lead to decreased thermal stability.
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INTRODUCTION

NADH-Cytochrome b5 reductase 3 (Diaphorase-1, also known as NADH-methemoglobin
reductase) (B5R: EC 1.6.2.2:UniProt knowledgebase) is a flavin adenine dinucleotide (FAD)
containing enzyme catalyzing electron transfer from NADH to cytochrome b5. A single
gene located on chromosome 22¢13 (GenelD: 1727) produces two protein variants. A
soluble form is present predominantly in erythrocytes and a membrane-bound form is
localized to the endoplasmic reticulum (ER), mitochondria, nuclei, peroxisomes and plasma
membranes of somatic cells[1;2;3].

Deficiency of CYB5R3 leads to hereditary methemoglobinemia. This is a rare autosomal
recessive disorder that presents as two distinct phenotypes, type | and type I1. Type |
methemoglobinemia (OMIM 250800) has CYB5R3 enzyme deficiency restricted to
erythrocytes, leading to otherwise benign cyanosis that can be readily corrected by
administration of methylene blue, or ascorbic acid and riboflavin. In contrast, the less
frequent type Il methemoglobinemia is associated with generalized CYB5R3 deficiency
affecting all cells and is characterized by mild cyanosis with severe neurologic disability and
numerous developmental defects [4] the affected infants usually die at an early age but an
oldest reported case of type 1l reached the age of 23 years[5].

We studied the molecular basis of methemoglobinemia of four patients with type I
methemoglobinemia from three distinct ethnic backgrounds. We determined the causative
mutation in the CYB5R3 gene in 2 Asian Indian siblings, a Mexican child and an individual
of Greek descent. Recombinant proteins, containing each of the mutations identified were
expressed and purified. The proteins were characterized biochemically and the
thermodynamic parameters for each were studied. Structural modeling of the identified
mutants was performed and the predicted consequence of the mutations based on the human
CYBSR crystal structure by computer modeling was attained. These investigations
contribute to our understanding of the mechanism of enzyme instability of type I congenital
methemoglobinemia and support the notion that most of the mutations causing sporadic
autosomal recessive congenital methemoglobinemia are private mutations.

MATERIALS & METHODS

Blood sample

Institutional approved and informed consent was obtained from all subjects. Peripheral
blood was collected and leukocytes were separated using the Histopaque density gradient
method (Sigma-Aldrich, Inc. St.Louis MO, USA). Nucleic acids were extracted using Tri-
Reagent (Molecular Research Center, Inc. Ohio, USA), and or genomic DNA (gDNA) were
isolated using PUREGENE DNA purification kit (Gentra, Minneapolis, MN) according to
the manufacturer’s instructions.

Polymerase chain reaction (PCR) and Sequencing

Extracted genomic DNA from each sample was PCR amplified flanking all 9 exons (see
supplementary table). Amplicons were gel purified and directly sequenced in both
directions. Whether the mutation was in cis or trans was determined for those with multiple
mutations in amplicons of CYB5R3 coding region that were inserted into a plasmid vector
and cloned using TOPO Cloning kit following the manufacturer’s instructions (Invitrogen,
Carlshbad CA). Purified clones were subsequently sequenced to determine the relative
position of the mutation.
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Methemoglobin analysis

The methemoglobin proportion was established and globin mutations as a cause of
methemoglobinemia were ruled out by standard methods [4;6].

Cloning and Expression of Recombinant Proteins

A PCR fragment of the entire coding region of CYB5R3 harboring either wild-type, S54R,
F157C or V253M sequences were cloned (Invitrogen Corp., Carlsbad, CA, USA) in frame
with the 10X histidine tag into the pET16b expression vector (Novagen, EMD Chemicals,
Inc., NJ, USA). Sequence fidelity and in frame fusion of all constructs was verified by
sequencing both strands. Recombinant protein was expressed in E. coli and purified using 1
mL Ni-NTA affinity column chromatography. Purified protein concentrations were
measured using bicinchoninic acid (BCA) method (Thermo-Fisher Scientific., IL, USA.)
and were adjusted to 1mg/mL for biochemical characterization.

Enzyme assay

NADH-ferricyanide reductase (NADH:FR) activity[7;8] was measured following oxidation
of NADH at 340nm on a Synergy HT microplate reader for 10 minutes at 30 °C (Biotek
Instruments, Inc., VT, USA). Reactions were monitored at 1 minute intervals and a rate was
determined from the linear portion of the curve, rates were calculated using a linear
regression model. Each reaction contained 0.4 ug/ul of purified protein, 2 mM potassium
ferricyanide (K3Fe(CN)g), 1 mM Tris-HCI pH 8.0, 0.5 mM EDTA and 0.2 mM NADH.

Thermal Stability measurement and thermodynamics

Thermal stability profiles for normal and mutant protein were determined by measuring the
decrease of NADH:FR activity at different temperatures. Samples were pre-incubated at
increasing temperature from 16-55 °C for 20 minutes in a Peltier thermal cycler (MJ
Research, MA, USA) and placed on ice. Residual NADH: FR activity was determined as
described above. Thermodynamic parameters were calculated by rearranging the equations
for the calculation of Gibbs free energy and the van’t Hoff equation as described [8].

Model of CBR mutant structure

A working structural model was built for each mutant protein by replacing Ser 54 with Arg,
Phe 157 with Cys, Ala 179 with Thr and Val 253 to Met in human cytochrome B reductase
(PDB:1UMK crystal structure of human erythrocyte CBR) and subjected to energy
minimization using molecular visualization, modeling and simulation program, Yasara
(Institute for Molecular biology, Biochemistry and Microbiology, University of Graz,
Austria).

RESULTS & DISCUSSION

Clinical Studies

Four patient samples representing three distinct ethnic backgrounds were used for this study.
Two siblings were Asian Indians (Kashmir Gujjar ethnicity) with clinical features of type |
methemoglobinemia and methemoglobin level elevated at average of ~20%. In both cases a
mutation in CYB5R3 was identified after potential mutations of the globin genes were
excluded by sequencing (data not shown). Samples of whole blood were not available for
measurement of enzyme activity but their DNA was referred to Salt Lake City for further
study. The third subject, a 12 years old Mexican female with Turner's syndrome and
apparent congenital cyanosis, was referred to our institution for evaluation. Her
methemoglobin level was elevated at 18% and erythrocyte cytochrome b5 reductase was
reduced (4% of the normal range). The fourth individual, a 36 year old female of Greek
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ancestry, had a past history of childhood cyanosis. She had an episode of cyanosis
accompanied by dyspnea, syncope, and elevated methemoglobin levels at ~10%. Mutations
in the globin genes was ruled out by a spectrophotometric analysis of methemoglobin[4] and
this individual was subsequently referred for analysis of the CYB5R3 gene.

Identification and characterization of mutation

The patients” genomic DNA and or cDNA were amplified and compared with the sequence
of wild-type CYB5R3 (NG_012194 DNA and NM_000398 mRNA), mutations identified are
depicted in Table 1. A non-synonymous heterozygous G>A transversion in exon 6 resulting
in the change of amino acid 179 from alanine to threonine (p.A179T) was identified in both
affected Indian siblings and not in their unaffected cousin; this mutation was first reported in
a Dutch Caucasian subject [9] and then in other individuals [10;11;12]. Alanine 179 is
located in the NADH binding domain in close proximity to the adenosine moiety;
replacement by threonine has been suggested to alter the binding of the NADH coenzyme
[10;11;12;13;14].

The Greek subject had V253M mutation in addition to other mutations (see below).V253M
was also described in a Dutch Caucasian subject [9]. An attempt was made to determine if
the mutation present in the Dutch, Indian and Greek subjects was associated with the same
or a different haplotypes; i.e. were these separate denovo mutations or was a common
ancestor responsible for this introduction. However, samples of DNA from the Dutch
subjects were no longer available (Dr. Dekker personal communication) and this analysis
could not be carried out.

In addition to the V253M mutation four other heterozygous base changes were identified in
the Greek subject. She was heterozygous for a synonymous ¢.216 G>A substitution (p.P44P)
in exon 2, and two 3'-UTR single nucleotide polymorphisms (c.1053A>G , and ¢.1277 C>A)
(Table 1). Lastly, a novel heterozygous ¢.554 T>G transversion mutation in exon 6 was
found, resulting in substitution of cysteine for phenylalanine at codon 157 (p.F157C) (Figure
1a).

A novel homozygous mutation, in the Mexican subject, located in exon 3 (g.17958C>G
transition) resulted in substitution of serine for arginine at position 54 (p.S54R). Our protein
structure predictive modeling suggests that it causes disruption of hydrogen bonding
between the cofactor and the protein. This negative interaction is due to steric hindrance by
the bulky arginine side chain. The lack of proper cofactor assembly leads to protein
instability.

Mutant CYB5R3s generate unstable proteins

To determine the effect of the identified CYB5R3 mutations on the stability of the protein as
predicted by computer modeling, and their relationship to the observed phenotypes,
functional tests of the methemoglobin reductase activity were conducted with purified
mutant and wild type proteins. We determined the individual effect of each mutation
identified in the coding region.

The PCR amplified CYB5R3 transcripts harboring either wild-type, S54R, VV253M, and
F157C substitution sequences were cloned and recombinant protein was purified for kinetic
and thermodynamic studies. As shown in figure 3 the mutations at residues S54R and
V253M were associated with greater thermal instability. While mutation F157C had a less
stable structure according to a more positive enthalpic and entrhopic properties, it exhibited
decreased sensitivity to thermal denaturation.
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Changes in Gibbs stability free energy (4Gqtap), as a function of temperature, was calculated
and plotted for the four recombinant proteins (Fig. 2C and Table 2). The values for 4H and
AS were calculated using the slope of the linear regression analysis of the data plotted in
InKp vs. LT (Fig. 2B, Table 2). Both thermodynamic constants 4AH and AS were not
significantly affected by mutations S54R and V253M, while these same parameters were
significantly different for the F157C mutation (Table 2). In contrast, both S54R and V253M
mutations were thermally less stable than the wild-type and F157C mutations (Table 2). The
lower Tm’s for S54R and V253M mutations indicate that these substitutions affect the
thermal sensitivity of the protein by changing which energy well the most stable structure is
placed in. In contrast, the F157C mutation is a thermally more stable mutation yet is
characterized by a shallower energy well with a significant decrease in alternatively stable
structural conformations. The overall free energy of stability (4Ggtap) Was calculated at three
different temperatures (Table 2). Further, an increase in 4AH indicates weaker internal
interactions, while the change observed in 4S points to a larger contribution of the
conformational entropy versus the hydrophobic entropy for the F157C mutation.

Given the structural predictions based on the kinetic and thermodynamic aberrations caused
by the CYB5R3 mutations we projected following model of the CYB5R3 activity. Mutant
CYB5R3 leads to thermo-instability that results in impaired CYB5R3 methemoglobin
reductase activity of erythrocytes (see Figure 2). The primary role of the CYB5R3 is the
reduction of ferri-hemoglobin to ferro-hemoglobin by oxidation of NADH, to convert the
ferri-hemoglobin into the reversible, oxygen-binding, ferro-hemoglobin. To determine if the
observed phenotype is due to reduced methemoglobin reductase activity, activity rates were
determined using purified recombinant proteins from wild type and mutant CYB5R3. The
kinetic properties of wild type and mutant cytochrome B5 reductase were determined by
measuring the oxidation of NADH at 340nm.

Using this approach any possible phenotype due to the silent mutation (P44P) found in cis to
F157C, could not be evaluated, however, silent mutations were shown to alter protein
expression as was first demonstrated in the MDR1 gene. In this case, the difference in a
common synonymous MDR1 gene polymorphism resulted in altered cotranslational folding
caused by a lower prevalence for the tRNAs of these two synonymous codons. Thus, two
peptides were generated with identical primary structure but they maintained a different
quaternary structure that affected MDR1 activity [15;16]. Unfortunately, we were not able to
experimentally determine whether the synonymous mutation (P44P) in CYB5R3 alters the
CYB5R3 activity.

Structural studies supporting thermodynamic enzyme instability

Based on the sequence changes of the CYB5R3 gene identified in these patients, we
predicted possible structural consequences resulting from these mutations. Computer
structural modeling was employed to examine the tertiary structure of CYB5R3; the
locations of the identified mutations are depicted in Figure 3.

These data further elaborate that type | recessive methemoglobinemia (RCM) is due to the
instability of the methemoglobin reductase enzyme [8;9;12;14;17] regardless of the specific
causative mutation to CYB5RS3.
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Figure 1.

Mutations identified in four patients with Type | Methemoglobinemia A. Schematic display
of the mutations identified in CYB5R3 in the 4 subjects. The coding region is shown in
orange, the 5’ and 3’ non-coding regions are shown in blue. The mutations are color coded
to depict the ethnic background of the subjects. B. Allelic distribution of CYB5R3 coding
region in a Greek subject with multiple mutations. P44P is in cis with F157C and in trans
with V253M.
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Figure 2.

Thermostability and thermodynamics of wild-type and mutant CYB5R3. Temperature
stability and thermodynamic characteristics were studied from the wild type (WT), S54A,
F157C, and V253M mutants. A. Relative activity of NADH:FR after 20 minutes pre-
incubation at temperatures indicated. B. Arrhenius plot used to calculate the value for AH
and AS as described in methods. C. Plot of estimated and experimentally determined AG
values as a function of temperature.
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Figure 3.

Ribbon representation of three-dimensional structure of human CYB5R3. Alpha helices are
shown in blue, anti-parallel B-sheets are shown in red the FAD cofactor (bubble structure) is
shown. Residues in yellow indicate the locations of mutations found in this study. Figure
rendered with Yasara software (YASARA Biosciences: www.yasara.org).
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