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Basic Mass Spectrometry Concepts &

Its Applications In Clinical Lab




Discovering the electron

Thomson's positive ray analyzer in the Cavendish

Portel Laboratory in Cambridge.




What is a mass spectrometere

An instrument that essentially weighs molecules




Mass spectrometry application

> [[efElallY uUnknown organic or inorganic compounds
» Determine the of complex molecules

> [@Wlelglilfells extremely low concentrations of known analytes
(down to one part in 10'2)




How 1o work mass spectrometrye

o O ionization

O (clectrospray or MALDI) Q\ ‘ 4@ ./ .\ Q @

protein mixture

'"Time-of-Flight' separation

[ detector } <




Different terms in mass specirum

Mass spectrum = [lZ/A% Molecular ion peak
abundance [CO,)* = 44

» (RS dhe highest peak or
more intense peak in the spectrum.

Fragment Peaks

Rel. Intensity

C*=12 [O]*'=16  [CO]*=28

ZMolecular ion (parent ion, M*): [¢
an unpaired electron.

NIST Chemistry WebBook (http://webbook.nist.gov/chemistry)




Basic Mass Spectral Interpretation
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Mass spectrum of methylcyclohexane




Masss Spectrometer Instrumentation

Mass

Detector
source analyser

The liquid or solid The lons are separated The mass separated
sample is lonized using based on their mass ions are converted into
different techniques over charge ratio measurable signal




Essential parts of an MS device

— >

lon source Mass analyzer Detector
(in vacuum)




Essential parts of an MS device

High vacuum system

Mass

0N SOUIrCe jw— mmmmm  Detector
analyzer

Sample Plate El, Cl, ESI, APCI TOF, Electron
HPLC, GC, CE, MALDI, FAB, Quadrupole, lon Multiplier, Micro
Solids probe DART, SI, Tl Trap, FTMS Chanrnel Plates

Data system
analyzer




lon source

Heart of the mass
spectrometer




lonization Technigue types

1) Hard Ionization Techniques:- 2 i i ;
oft Ionization Techniques:-
High energy will be involved, In that no. of ) S q

fragments ion will be Higher and no. of Low energy, low fragmentation, high
Molecular ion will be low. molecule 1on.

Hard ionization - Soft ionization
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Gas phase

Desorption

Evaporative

Electron
ionization

Field Desorption

Thermospray

Chemical
ionization

Fast atom
bombardment

Electrospray

MALDI

Atmospheric pressure
Chemical ionization

Atmospheric pressure
photo ionization




lonization Technigue types

lonization Method

Typical
Analytes

Sample
Introduction

Mass
Range

Method Highlights

Electron Impact (El)

Relatively small.
Volatile.

GC or liquid
or solid probe

To 1000
Daltons

Hard method.
Provides structural info

Chemical lonization (Cl)

Relatively small.
Volatile.

GC or liquid
or solid probe

To 1000
Daltons

Soft method. Molecular ion
peak [M+H]*

Electrospray (ESI)

Peptides/proteins.
Non-volatile.

Liquid
Chromatography

To 200,000
Daltons

Soft method. lons often
multiply charged.

Matrix Assisted Laser
Desorption (MALDI)

Peptides/proteins.
Non-volatile.

Sample mixed in
solid matrix

To 500,000
Daltons

Soft method.
Very high mass range.

Fast Atom Bombardment
(FAB)

Carbs/peptides.
Non-volatile.

Sample mixed in
viscous matrix

To 6000
Daltons

Soft method, but harder
than ESI or MALDI




Common atmospheric pressure ion
sOurces

» Electrospray ionization (ESI)
» Atmospheric pressure chemical ionization (APCI)
» Atmospheric pressure photoionization (APPI)




Electrospray ionization (ESl)

ESl capillary (2-4Kv) Charged droplets

Sample solution

Heated Desolvation gas (N,)
Nebulization gas N,)

Atmospheric Pressure

— Power supply =&

Columbic repulsion

Solvent evaporation

MS inlet

Vacuum




ES| characteristics

Softest ionization method.

Use: highly polar, least volatile, or thermally unstable compounds,
such as natural substances, bioclogical macromolecules, and
pharmaceuticals.

» Biochemical compounds including: and ’ ’
: : compounds, synthetic
polymers, and intact non-covalent complexes.

ESlis an atmospheric pressure process. This makes it easy to use and
easy to interface with HPLC and CE separation techniques.

Is subject to gglelipEEIE®E, parficularly ion suppression.




Atmospheric pres
lonization (APCI)

sure chemical

Heated APCI capillary
{300-450C)

Analyte &

L
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Analyte solution _ s
L
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# Solvent
# Analyte

Heater Block

Desolvation gas (N;)
Nebulization gas (N;)

Atmospheric Pressure

Solvent vapors

+® o
e o

Solvent/Reagent ion formation MS inlet

* »
L

L

Analyte ions formed by
reaction between
Solventions & Analytes

Corona discharge

needle (2-4kV)




APCI| characteristics

» For analysis using APCI, the analytes of interest should be heat stable
and volatile for best results.

» Use: highly fat-soluble compounds or compounds that do not ionize
in solution and nonpolar analytes.

» APClis often less suscepfible to matrix effects (including ion
suppression)




Pesolvation
Coulombic Explosion

Cias Phase

Matrix components prevent analyvte from
gaining access to the charge at the surface Maltrix components interfere with analvie’s

ability to remain charged at the gas phase

| Spray needle

Matrix components compete
with analyte to gain charge

M5/ WS

Matrix component

accumulation increases

electric resistance and

therefore preventing ions
' from mon ing into M
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Matrix compoenents inerease droplet’s surface tension
~and prevent Further coulombiv explosion.
Analyte precipitates with volatile and semi-volatile
compounds




Components

Matrices

Plasma/Serum

Breast Milk

Epithelial, Leukocytes,
Lymphocytes, Macrophages,
Neutrophils

Na™, K, Ca?", CI",

Me?* HCO,
HPO,2 HSO,

Na+, K+, Cad+,
=, Mgl+;
NH4+, Sulfates,
Phosphates

Bicarbonate, Caleium
Chioride
Citrate
Magnesium
Phosphate
Potassium
Sodium
Sulfate

Trace minerals
Chromium
Cobalt

Copper
Fluoride
lodine

Iron
Manganese
Molybdenum
Nickel
Selenium

Zine

Organic
molecules

Urea, Creatinine,
Uric Acid, Amino
Acids, Glucose,
Bilirubin, Insulin

Urea, Creatinine,
Uric Acid,
Citrate, DNA,
Amine Acids

Lactose, Glucose, Nucleotide
Sugars, Creatinine,
Glucosamine, Urea, Uric
Acid, Carotenoids

Protein

Albumins,
Globulins,
Fibrinogen,
Clotting factors

Immunoglobulins,
Alburmin

Albumins, Immunoglobulins,
Lysozymes, Casiens
Thyroxine, Amylaze. [ipase.
Glycoproteins

Phospholipids,
Cholesterol,
Triglycerides

Triglycerides, Essential Fatty
Acids, Glyeolipids,
Phospholipids

Water-soluble
vitamins

Fat-soluble vitamins (A, D,
E. K): Water-soluble
vitamins, Biotin, Choline,
Folate, Inositol, Niacin,
Pantothenic acid, Riboflavin,
Thiamin

General composition of
selected biological
matrices




Sample & mobile phase

Nebulizer gas Nebulizer gas

ESI Probe Tip

High Voltage

Charged
Droplets 7

Drying gas

Gas phase lons
= ]

Desolvation
(lon Evaporation =
Model)

+Vve -ve
———

Generation
of multivalent

ions

lon source to
mass spectrometer

Mebulizer gas
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Atmospheric Pressure Photoionization
(APP]

lon formation MS inlet

S A D AH
Nebulization gas (N;) SDA " p +
u AH
e 8 2 A m 3] o+

Analyte solution S A ﬁ Ry hO A, e Vacuum
AD B hv

AH
Desolvation gas (N,) ok Dh Uwhv T A

e v AHs+
!IIE‘

l%L{

Heater Block

Atmospheric Pressure




Atmospheric Pressure Photoionization
(APPI)

» The application area of APCI is the analysis of drugs,
nonpolar lipids, natural compounds, pesticides and
various organic compounds.

» Limited use in the analysis of biopolymers,
organometallics, ionic compounds and other labile
analytes.




Matrix-assisted laser
desorption/ionization (MALDI)

| TOF Analyzer ‘
Laser Analyzer entrance lens
l _— ————— G rid (voltage 10-18kV)
f\ TS
AYH+ A+
A

Analyte + Matrix spots

MALDI plate Acceleration
Voltage 20-25kV

VYacuum




Matrix-assisted laser
desorption/ionization (MALDI)

» Use: high molecular weight compounds such as
organic macro molecules and labile
biomolecules.




Three lonization Techniques Used In
Clinical Mass Spectrometry

Ionization Technique
ESI

Advantages

» Sensitive ionization technique for polar
analytes or ions generated in solution

» Has broad applicability for relevant
analytes in clinical MS
May yield multiply charged ions,
which allows for analysis of larger
molecules (i.e., > 1000 Da)

Typically less sensitive to matrix
effects than ESI

May provide better sensitivity for less
polar analytes

Works well with nonpolar analytes
In some cases will ionize analytes that
do not ionize by either ESI or APCL

Limitations

* May be more sensitive to matrix effects

compared to APCI

Typically only singly charged ions are
formed, limiting the effective mass range,
May be unsuitable for thermally labile
analytes

May yield less absolute signal relative to
ESI

Demonstrates limited applicability in
clinical MS to date.

APCI, Atmospheric pressure chemical ionization; APPI, atmospheric pressure photoionization; ESI, electrospray ionization.




Relationship between ionization
method and applicable analytes
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Relationship between ionization
method and applicable analytes

LC/MS (ELECTROSPRAY, ESI, +/-)




Mass analyzers

Takes ionized masses

Separates them

Outputs them to the detector




Mass analyzers

» There are a variety of mass analyzers and they
can be classified by how the ions are being
infroduced:

FContinuous MS: [ellfe)aXelaRUlallal(l((0]e)(cle KVl eJel\YXel Mol gl
to enter the mass analyzer.

> VNI RMrequires the ions to be introduced only at a
specific time point.




SIx mass analyzers

A) Quadrupole (Q)

B) Time-of-flight (TOF)

C) Magnetic Sector (MS)

D) Ion Trap (IT)

E) Orbitrap (OT)

I) Ion Cyclotron Resonance (ICR)

Deteclar




Quadrupole MS

lon Source
Non-resonance







Time-of-Flight (TOF) MS

lon Source

lon Acceleram | I 12—Ilon Detector
|

Electrode

| v

Flight Tube

lon Mass

Reflectron




Linear

Analyte ons

Fleld free dhift zome
[wacuum)

Feflectron d

detechor




lon Trap (IT) MS

(A) Stable ion oscillations

lon source

(B) Discharging of ions
with unstable
oscillations

lon source




Detectors: Electron Multiplier

positive ion

Ion entering
electron
multiplier

Secondary Electrons




MS APPLICATIONS IN CLINICAL
LAB




Nobel Prizes during MS development
Process

» Mass spectrometry technigues
have been awarded Si\[elels]

during their
development process.




Joseph
John

Thompson

Nobel Prize winners

Francis
William
Aston

discovering stable isotopes

“"S&FF’E"///‘ / ’/' Wolfgang
. Paul the ion trapping technique

g,

John

Bennett
Fenn

Koichi
Tanaka




The clinical laboratory journey of the
MS method

» The MS technique was firstly used in sterol metabolism in the 1930s with

the discovery of deuterium.

@ urine steroid analysis l
®\, device was put in |
C——




The clinical laboratory journey of
the MS method

» Between and [EXD:

» Production of silica columns in chromatography technique
» Development of solid-phase extraction method

» Development of thermospray ionization technique

» Infroduction of friple quadrupole devices




The clinical laboratory journey of
the MS method

» On May 26, 1981 accident on the aircraft carrier Nimitz.

Killing 14 and injuring 45




CLINICAL MASS
SPECTROMETRY

MILESTONES

The

Nimitz

‘accident,

a military jet crash,
kills 14 service:
members.

The measuremants
supported the
existence of isofopes
in nenradicactive
elements and led
the pathway toward
modern-day mass
spectrometry
technigues.

Gas chromatography-

mass spectrometry

(GC-MS) becomes

the gold standard

for confirming drug

screens across federal

and state agencies,
workplaces, and

f"“ - other institutions.
Mg,

Millington et al.! propose

tandem MS of dried

blood spots for newborn

screening.

Its use enabled the capture of either a
subset of targeted biclogical maolecules or
thousands of molecules via an untargeted
approach. MS also started to gain traction
In lipidomic. proteomic, and other -omics
clinical agplications

The organization
began holding an i
annual conference |
to provide education
and training on MS

in the laboratory
setting to leaders and
practitioners in
the field.

Matrix-assisted laser
desorption ionization-
time of flight (MALDI-ToF) MS is
successfully cleared by the FDA
for microorganism identification.

1920 1940 1960 1980

1985 1990 1995

& Milligiu 115, Koda %, Nurwisod DL, Hiw € asalesis soais sprctrosielry: o s tethisd fee acpleatiuitine peoiling with

2003 2006 2009 2012 2015




Applications in Clinical Laboratories

En rnol
doc Ology steroid hormones

amino acid derivative hormones

biological amines

TOXICO'OQY clinical (especially therapeutic drug monitoring)

forensic toxicology

Microbiology - classification and identification of bacteria and other
microorganisms

Metabolism hereditary metabolism disorders




Inborn Errors Of

I Metabolism -




METABOLISM

9 XN

> o s CHEMICAL WASTE
CHEMICAL ENERGY e Carbon Dioxide

» Carbohydrates * Water
* Fats \
* Proteins

* Others ATP q

Body's Energy Currency

METABOLISM# ':




Catabolism

Moves into cell

Catalytic site

Monomers

\jnpoenzyme

v
Holoenzyme

Anabolism

Macromolecules




Inherited metabolic diseases
(Inborn Errors Of Metabolism)

o Inherited conditions that develop as a result of mutations affecting the
function of proteins.

oThe majority of IMDs are monogenic conditions and the mutant proteins are
enzymes, but others involve structural proteins, receptors, hormones or

transport proteins.

Normal Gene Mutated Gene

Normal Protein Abnormal Protein No Protein




Single-gene detects

» Most congenital metabolic disorders known as inborn errors of
metabolism result from single-gene defects.

» A single-gene disorder (or monogenic disorder) is the result of a
single mutated gene. Single-gene disorders can be passed on
to subsequent generations in several ways:

(@)

©

(@)

(@)

(D)

utosomal dominant

utosomal recessive

-linked dominant
X-linked recessive

-linked

(@)

Ii

Mitochondrial

» Genomic imprinting and uniparental disomy, however, may affect
inheritance patterns.




Inherited metabolic diseases (IMDs

T 1:a105400
AMYUTROP)
rme pap o

\TERAL SCLEROSIS-PARKINSONIEMDEMENTIA €O OF GUAM
ATROPHOC LATELAL SCLERCHH. 2 ARKIRPONTIATEMENTIA COMFLER CF THE Kil PENTNRUILA OF
JAPAN. BOCLTED

 hAmI0
AMYOTROPHSC LATERAL SCLEROSIS 2, JUVENILE. ALS2
[

Your partner

Usual Usual

gene gene
Altered Altered
gene gene

Altered Usual gene Usual gene Usual
genes only and altered gene  and altered gene genes only

® ] @)

Child has Child is a carrier Child is a carrier Childis
condition S——— not affected
1in 4 chance) (2 in 4 chance) (1 in 4 chance)
25% 50% 25%

Online Mendelian
Inheritance in Man

Abbreviations.com

Maternal Inheritance
by mitochondrial DNA

F3$.

male individual female individual
without the genetic trait

without the genetic trait

‘male individual

female individual
with the genetic trait

with the genetic trait Source: Harrison's Principles of Internal Medicine.




How are genetic disorders identified?

» If there's a family history, DNA testing for genetic disorders can be an
important part of starting a family. Options include:

o Carrier testing: This blood test shows whether you or your partner carry a
mutation linked to genetic disorders. This is recommended for everyone
considering pregnancy, even if there is no family history.

o Prenatal screening: This testing usually involves blood testing from a pregnant
woman that tells a person how likely it is that an unborn child could have a
common chromosome condition.

o Prenatal diagnostic testing: You can find out whether your unborn child faces a
higher risk for certain genetic disorders. Prenatal testing uses a sample of fluid
from the womb (amniocentesis).

o Newborn screening: This test uses a sample of your newborn baby’s blood.
Detecting genetic disorders early in life can help your child receive timely care if
needed.




Carrier testing

The first opportunity to address IEM occurs with testing of
asymptomatic future parents. Certain populations have increased
carrier rates for IEM, and preconception screening has been shown to
decrease disease prevalence.

first began in the Ashkenazi (Eastern European) Jewish population in

the early 1970s with preconception screening for carriers of Tay-Sachs
disease.

With the advent of carrier screening, the incidence of Tay-Sachs
disease decreased by 0% between 1970 and 1993 in the Jewish
populations of North America.




Metabolic pathway blockage

Accumulation
of byproducts

Metabolic
Substrate Y\ piock Product
accumulatio deficien
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Phenylalanine Tyrosine

PLP Pyruvate

Tissue protein
Epinephrine
Abbreviations Melanin

Ph | 5 BH, Tetrahydrobiopterin Dopamine
enylpynivate BH, Dihyc

‘ DHPR Dihyc eridine reductase

PAH Phenyldanine hydroxylase

Aminotransferase Alanine

Phenyllactate and phenylacetate




Newborn Screening for

Metabolic Disorders With




Screening History

gecoc/8l/6

» Mass newborn screening began in the IEL0S when Guthrie and Susi developed a
method for estimation of phenylalanine in blood samples collected on a filter paper
for the detection of phenylketonuria (PKU) using a bacterial inhibition assay.

» Until the early (EEIE, few other diseases, “though one at a time,” were added to the
newborn screening programs

R aT=11990sAWiid s R s [hsligelo Blaife]sNeidtandem mass spectrometry (MS/MS) [alfeRisls

metabolic screening laboratories, the paradigm of analyzing one analyte per disorder
changed. With a single and “2—3min” long analysis of a small blood spot, MS/MS

allows the determination of multiple analytes characteristic of several (>40)
metabolic disorders.




Newborn screening fimeline

2018 20207
. * Pompe  x gpinal

. 2007 disease Muscular
2005 * Cystic Combined * MPS | Atrophy?

@ 199 *Metabolic  Fiprosis Immune
* Hemoglobin_ Disorders « gjotinidase Deficiency
. 19.90 H Disease  congenital Deficiency Muscular
* Sickle Cell

* Duchenne

Adrenal Dystrophy?
1980 + Hyperplasia
* PKU Other ' '
- COngenita,—iemoglobmopathles

Hypothyroidism
* Galactosemia




Screening History

Dr. Robert Guthrie:

The Father of
Newborn Screening

EKS 400 4
’ . »

G disABILITY Histo)

caurtesyaf the Musewnt

Fhwio

“It began with our second child, John,” wrote
Robert Guthrie, in a medical journal article about
the breakthrough he developed that has saved
hundreds of thousands of lives.

“He is mentally retarded. John stimulated me to go

into research aimed at preventing mental
retardation and developmental disabilities.”

Ge0e/8l/6




Early heroes of PKU

Gcoe/8l/é

Dr. Asbjorn Folling Dr. Horst Bickel Dr. Robert Guthrie

Diagnosis Treatment Prevention




LC-MS/MS

» Since LC-MS/MS is based on a separation fechnique, the
molecule to be analyzed must be separated from its
matrix by pre-tfreatment.

» Blood, serum or plasma, urine, and cerebrospinal fluid
(CSF) have different matrices, and the desired molecule
must be separated from these matrices.

» For the separation process, technigues such as

extraction, derivatizationgelsteReizt=te8liquid or gas
chromatography [elfsaVN=leRelNel(=Ric=leling(IaI N[ o} F




Sample preparation
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?\\ Sample collection
within 48-72 hours of
I:l/ life

Shipping of the sample to
3 the Neonatal Screening
4 Lab within 24-48 hours of
collection

| The sample is r:'- - .
y analyzed by the = | - R
4 Neonatal Screening
Lab within 24-48  [& =
hours of arrival ' =i

l\\"\. - Medical reporting \\
- | and recalls where | U >
v necessary A\l g

o
N




Newborn screening with
MS/MS

Simultaneous Analysis of Acylcarnitines and Amino Acids in Dried Spot Blood (DBS) with

MS/MS

Amino acids Acylcarnitines y : " i—

T - e H

litines
Alaning Carnitine CADC-Carnitine Cl6:1-Carnitine
Arginine C2-Carnitine CA0H-Carnitineg C1e:10H-Carniting
Aspartic acid C3-Carniting CADC-Carnitine C160H-Camitine
Citrulline Cd-Carnitine C5:1-Carnitine ClE:2-Carniting

€SDC-Carnitine C18:20H-Carnitine
C10-Carnitine

Glycine
Leucine

Methionine

Ge0e/8l/6

Phenylalaning

Cl12-Carmiting Cl2:1-Carniting _
C14-Camitine C14:2-Carnitine _

dried blood spot (DBS) 3.2 mm disc

Tyrosine

Clé-Camnitine C14:1-Carnitine
C12-Camitine C140H-Carnitine

Valine




Internal Standard IS Samp|e Preparation

DBS Extract

» Amino Acids and Acylcarnitines . . . 3 - UI 3fk|Da .
tratiltration
Aulypas: § Cut- out
Amino Acids "

#C,*N-Alanine, ®C,-Arginine, “CAspartic Acid,
*H,-Citrulline, **C,-Glutamic Acid,
2-#C*N-Glycine, *H,-Leucine, *H,-Methionine,

*H,-Ornithine, *C.-Phenylalanine, *C,-Proline, n
#C,-Tyrosine, *H,-Valine Extraction:
well-plate 1: 3.2 mm disc 100 pl Internal Standard IS

Acylcarnitines
*H,-Carnitine (*H,-C0), *H,-Acetylcarnitine extract
(*H,-C2), *H,-Propionylcarnitine (*H,-C3), v
*H,-Butyrylcarnitine (*H,-C4),

*H,-Isovalerylcarnitine (*H,-C5), LC-MS/MS Analysis:
*H,-Glutarylcarnitine (*H,-C5DC), Inject 5 - 10
*H,-Hexanoylcarnitine (*H,-C6)

*H,-Octanoylcarnitine (*H,-C8),

*H,-Decanoylcarnitine (*H,-C10),

*H,-Dodecanoylcarnitine (*H,-C12),

*H,-Tetradecanoylcarnitine (*H,-C14),

*H,-Hexadecanoylcarnitine (*H,-C16),

*H,-Octadecanoylcarnitine (*H,-C18)




Tandem Mass Spectrometer
(MS/MS)




Tandem Mass Spectrometry
(MS/MS)

Feptide Fragmentation Fragment
Selection Selection

(MS1) (MS2)




FATTY ACID OXIDATION
DISORDERS

ORGANIC ACIDEMIAS

AMINOACIDOPATHIES

UREA CYCLE DISORDERS

Metabolism

Fat
Defect in B-oxidation of fatty
acids.

Protein

Defect in amino acid
breakdown leads to
accumulation of organic
acid byproducts

Protein

Defect in amino acid
breakdown leads to
accumulation of certain
intact amino acids

Protein

Defect in making urea (blood
urea nitrogen) from
ammonia that results from
amino acid breakdown

Disorders

Medium-chain acyl CoA
dehydrogenase

Long-chain 3-hydroxy acyl
CoA dehydrogenase

Very long-chain acyl CoA
dehydrogenase

Propionic
Methylmalonic

Isovaleric

Maple syrup urine
Phenylketonuria

Homocystinuria tyrosinemia

Ornithine transcarbamylase
(X-linked)
Citrullinemia

Arginosuccinic aciduria

Presentation

Hypoketotic Hypoglycemia

Lethargy, vomiting
Sudden infant death

syndrome, Reye syndrome
Long-chain disorders have

cardiomyopathy and

rhabdomyolysis

Metabolic Acidosis With
Anion Gap

Neonatal lethargy, vomiting,

comag, strokes, death

No Acidosis or
Hyperammonemia

Elevations in specific amino
acids

See text for clinical features

Hyperammonemia
Without Acidosis

Neonatal lethargy, vomiting,
coma, death

Laboratory
Tests

Newborn Screen

Plasma acylcarnitines

Hypoglycemia

No or inappropriately low
ketones

Newborn Screen

Urine organic acids
Plasma acylcarnitines

Newborn Screen

Plasma amino acids

Newborn Screen (not for
ornithine
transcarbamylase)

Hyperammonemia

Plasma amino acids

Urine orotic acid




29 core conditions
S/MS-detectable organic acid disorders
Isovaleric acidemia \
Glutaric acidemia type |

h d d -hydroxy 3-methyl glutaric aciduria
T e Re CO m m e n e Methylmalonic acidemia (mutase deficiency)

3-methylcrotonyl-CoA carboxylase deficiency

Uniform Screening Methimaoric acidera (Ci A, B
Panel (RUSP) is a s o L

national guideline for | [t Y,

IS/MS-detectable fatty acid oxidation disorders

n eW b O r n S C re e n i n g Medium-chain acyl-CoA dehydrogenase deficiency

ery long-chain acyl-CoA dehydrogenase deficiency
( N BS) . Long-chain 1-3-hydroxy acyl-CoA dehydrogenase deficiency

rifunctional protein deficiency
arnitine uptake defect

Core conditions: The HHS

Secretary recommends

including these in every

NBS program. Newborn /045 detectable aming acid disorde

screening is specifically Prenylketonuria

designed to assess whether P plciyrle i clease
s Homocystinuria

your baby might have these

conditions.

itrullinemia type |
Argininosuccinic aciduria
yrosinemia type |

Secondary conditions:
These may be found while
screening for a core lemoglobinopathies
Condition. Although NBS iS ickle cell anemia (S5-disease)
not specifically designed to pekie G dens

assess whether your baby Forem

mlgh.t h etz .these . ransferase-deficient galactosemia (classical)
Condltlons' It sometimes Primary congenital hypothyroidism

S-p thalassemia

finds babies IIkE|y to have 1-hydroxylase-deficient congenital adrenal hyperplasia

them. Biotinidase deficiency
Hearing screening

ystic fibrosis

5 secondary targets

Methylmalonic acidemia (Cbl C, D)

Malonic acidemia

lsobutyryl-CoA dehydrogenase deficiency
2-methyl 3-hydroxy butyric aciduria
2-methylbutyryl-CoA dehydrogenase deficiency
3-methylglutaconic aciduria

Short-chain acyl-CoA dehydrogenase deficiency

Medium/short-chain 1-3-hydroxy acyl-CoA dehydrogenase deficien

Medium-chain ketoacyl-CoA thiolase deficiency
Carnitine palmitoyltransferase Il deficiency
Carnitine acylcarnitine translocase deficiency
Carnitine palmitoyltranferase | deficiency (liver)
Glutaric acidemia type Il {muitiple acyl-CoA
dehydrogenase deficiency)

2, 4-dienoyl-CoA reductase deficiency

Benign hyperphenylalaninemia
Tyrosinemia type Il

Tyrosinemia type Il

Defects of biopterin cofactor biosynthesis
Defects of biopterin cofactor regeneration
Argininemia

Hypermethioninemia

Citrullinemia type Il

Variant hemoglobinopathies

Galactokinase deficiency
Galactoepimerase deficiency

S/IMS: Tandem mass spectrometry.
Data taken from [35,36].




Fatty acid

oxidation
disorders (FAODs)
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Long-chain fatty acid Medium-chain fatty acid

Unlike LCFAs, medium-chain fatty acids:

* Bypass the carnitine shuttle and long-chain p-oxidation spiral

* Freely diffuse into the mitochondria

* Are processed by small- and medium-chain B-oxidation enzymes
* Feed acetyl-CoA directly into the TCA cycle

Once inside the mitochondria, these medium-cell fatty acids are metabolized into
different TCA cycle substrates depending on their even- or odd-chain characteristics.

STEP ONE +

Carnitine
shuttle

CPTI

CACT
CPTII

U
I
g
i
|
| |

%‘%
= = % Acetyl-CoA

Long-chain VLCAD

p-oxidation TFP
S1ERTWO » spiral LCHAD

Acetyl-CoA ':ATP:'

Glucoﬁeogénesis TCA cycle
Lipbgent:esis

Ketbgenésis
STEP THREE + L 2005 &

Mitochondrion

Image obtained from FAOD in Focus website. https://www.faodinfocus.com/hcp/mechanism-of-disease/

Acetyl-CoA, acetyl coenzyme A; ATP, adenosine triphosphate; CACT, carnitine-acylcarnitine translocase deficiency; CPT 1, carnitine palmitoyltransferase I; CPT Il, car-
nitine palmitoyltransferase Il; LCFA, long-chain fatty acid; LCHAD, long-chain L-3 hydroxyacyl-CoA dehydrogenase deficiency; TCA, tricarboxylic acid; TFP, trifunctional
protein deficiency; VLCAD, very-long-chain acyl-CoA dehydrogenase deficiency.




Fatty acid oxidation disorders

Fatty acid oxidation comprises four
components:

1. carnitine cycle

2. B-oxidation cycle

3. electron-transfer path

4. synthesis of ketone bodies

1-carnitine cycle

2-R-oxidation cycle

4-ketone bodies 3-Electron transfer

1) CARNITINE CYCLE

fatty acyl-CoA
carnitine
te
gty cota I’

fatty acylcarnitine

ieneg gochoniel <oy e l ......

fatty acylcarnitine

fatty acyl-CoA

enoyl-CoA

Tep HO
Crotonase

3-OH-acyl-CoA

NADH

3-keto-acyl-CoA

IFP
SC-Thiolase

acetyl-CoA

EATTY ACID OXIDATION PATHWAY

triglyceride
L4
s
’
long-chain ’
fatty acid fatty acyl-CoA

(1)
CARNITINE
CYCLE

medium-chain _

fatty acid == = =b fatty acyl-CoA

@
ELECTRON
TRANSFER

{4)
TCA cycle
\gnusde

ketones €O, HO

mitochondria

Ge0e/8l/6

3) ELECTRON TRANSFER

Respiratory Chain
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g
ETF-DH (ox) ETF-DH (red)
>

?
ETF (gfd)  ETE (ox)

ACD (ox) ACD (red)

acyl-CoA enoyl-CoA

(4) KETONE SYNTHESIS

3 acetyl-CoA

HMG-SYNTHASE l

hydroxymethylglutaryl-CoA

HMG-LYASE

acetoacetate

NADH
BOB-DH NAD

B-hydroxybutyrate




Fatty aci dation disorders

Clinical manifestations of defect

BRAIN Acute Chronic
LOSS OF CONSCIOUSNESS
Carnitine cycle,

CcTD
CPT-1
Trans

HEARE CPT-2

CARDIOMYOPATHY

ARRHYTHMIA =
B-Oxidation cycle)

Acyl-CoA dehydrogenases

Pp| xerones [§ 0
- MCAD
LIVER

STEATOSIS SCAD

ADIPOSE TISSUE 3-Hydroxyacyl-CoA dehydrogenases
LCHAD
MCKT
DER

Electron transfer )
SKELETAL MUSCLE

MYOPATHY ETE
HYPOTONIA
MYOGLOBINURIA ETF-DH

Ketone synthesis )

HMG-CoA synthase
HMG-CoA lyase




Hepatomegaly [ Ketosis

/ \ '
\\,\ Glycogenosis

Gluconeogenesis Dis.

Hypoglycamia

Y

Hyperammonemia

Metabolic Acidosis/

Hyperammonemia

Y

Hypoketotic m

:

Y

Amincacidopathies
Organic Acidemia

Fatty Acid Oxidation Disorder
Hyperinsulinism

Organic Acidemia

Hyperlactatemia \
\ Ketolytic Defect
\\. ;
Y ¥
: Enzyme Testing
GSD | HFI Normal Lactic Molecular Testing
Y Y
Lipid profiles B-Ketothiolase def.
Uric Acid

Enzyme Testing
Molecular Testing

UQA + SC
Repeat Ketones (Urine + Blood)
when the patient is stable

Y

UOA + PAC + SC

Y

PAA 4+ UOA + UAA
PAC + SC

4

PAC + UOA + SC + SI
+ C Peptide + FFA + Ammonia




Fatty acid oxidation defects

Findings in confirmatory tests

Disorders

Carnitine acylcarnitine
translocase (CACT)
deficiency
Carnitine palmitoyl
transferase type 1 (CPT-1)
deficiency
Carnitine palmitoyl
transferase type 2 (CPT-2)
deficiency

Carnitine uptake/
transporter defect

3-Hydroxy long chain
acyl-CoA dehydrogenase
deficiency (LCHAD/MTP)

Medium chain acyl-CoA
dehydrogenase (MCAD)
deficiency

Multiple acyl-CoA
dehydrogenase
deficiency (MADD) or
glutaric acidemia-type 2
Short chain acyl-CoA
dehydrogenase
deficiency (SCAD)
Very long chain acyl-CoA
dehydrogenase
deficiency (VLCAD)

Primary metabolite in

MS/MS

1 C16-C18 acylcarnitines,
| Free carnifine

| C16-C18 acylcarnitines,
1-1 free carnitine

1 Cl16-C18
acylcarnitines,
| free carnitine

1 C16-C18
acylcarnitines,

| free camnit

1 Long chain 3-hydroxy
acylcarnitines

1 C8-C10 acylcarnifines

1 Multiple acylcarnitines

1 Butyrylcarnitine (C4)

1 Cl14, Cl4:1,
C14:2 acylcarnitines,
| Free carnitine

Confirmatory tests /

follow-up

PACP, CK, glucose, NH3

PACP, CK, glucose, NH3

PACP, CK,
glucose, NH3

PACP, urine
carnitine, CK,
glucose, NH3

PACP, UOA, CK, glucose,

NH3

PACP, UOA, CK, glucose,

NH3

PACP, UOA, CK, glucose,

NH3

PACP, UOA

PACP, CK,
glucose, NH3

1 C16-C18 acylcarnitines on PACP; | free
carnitine, 1 CK, | glucose, 1 NH3 on plasma

| C16-C18 acylcarnitines on PACP; -1 free
carnitine, 1 CK, | glucose, 1 NH3 on plasma

1 C16-C18 acylcarnitines on PACP; | free
carnitine, 1 CK, | glucose, 1 NH3 on plasma

| C16-C18 acylcarnitines on PACP; 1 urine
carnifine; | free carnitine, 1 CK, | glucose, 1 NH3
on plasma
1 Long chain 3-hydroxy acylcarnitines on PACP;
1 3-OH dicarboxylic acids on UOA; 1 CK,
| Glucose,
1 NH3 on plasma
1 C8-C10 acylcarnitines on PACP; 1 dicarboxylic
acids, hexanoylglycine, phenylpropionylglycine
and suberylglycine on UOA;
1 CK, | glucose,
1 NH3 on plasma
1 Multiple acylcarnitines on PACP; 1 glutaric,
ethylmalonic, dicarboxylic acids, hexanoylglycine,
phenylpropionylglycine and suberylglycine on
UOA;T CK, | glucose, 1 NH3 on plasma

1 Butyrylcarnitine on PACP; 1 ethylmalonic,
methylsuccinic, butyrylglycine on UOA

1 Long chain acylcarnitines
on PACP; 1 CK, | glucose,
1 NH3 on plasma




Amino acid
disorders




\MINoO acid disorders

Collectively affect approximately 1 in 8000 newborns.
Almost all are transmitted as autosomal recessive traits.

Result from a lack of a specific enzyme in the metabolic
pathway of an amino acid.

This leads either to the accumulation of (1) the parent amino
acid, (2) its by-products or (3) the catabolic products (organic
acids).

Disorders of amino acid metabolism are divided into two
groups:

(1) Aminoacidopathies, in which the parent amino acid

accumulates in excess in blood and spills over into urine.

(2) Organic acidemias, in which products in the catabolic
pathway of certain amino acids accumulate.

[ 1
PAA: plasma l PROTEW {

amino acids

Accumulation of amino
acids =
amino acidopathy

Amino Acid

Ex: PKU (phenylalanine),
tyrosinemia, maple syrup
urine disease (leucine,
valine, isoleucine),

homocystinuria

Hyperammonemia: Cerebral
edema, stimulates central
hyperventilation

’ Ammonia I’ Organic Acid }—

Defect in making UOQA: urine
wea = organic acids
urea cycle
disorder Accumulation of
cycle organic acids =
Ex: OTC organic acidemia
deficiency,
citrullinemia
(arginosuccinate
synthetase

*
deficiency), CPS1 T Organic Acid
deficiency Metabolites

Ex: Methylmalonic
acidemia, propionic
acidemia

Hyperammonemia: Neos: > 50...> 100; Kids/Adults: >100...>150
Level of hyperammonemia: 1) urea cycle defect  2) organic
acidemia 3) amino acidopathy
Central hyperventilation = respiratory alkalosis
Why is it bad? Cerebral edema - herniation




Aminoacidopathies

Primary metabolite in
MS/MS

Disorders

Argininemia 1 Arginine
Argininosuccinic aciduria

(ASA) 1 Citrulline
Citrullinemia Type 1

“Neonatal” citrullinemia 1 Citrulline

Homocystinuria 1 Methionine

Maple syrup urine disease

(MSUD) alloisoleucine

1 Valine

1 Phenylalanine
1 phenylalanine tyrosine
ratio

Phenylketonuria

Tyrosinemia type 1 1 Tyrosine

Tyrosinemia type 2
Oculocutaneous
tyrosinemia

1 Tyrosine

1 total “Leucine, isoleucine,

Findings in confirmatory tests

Confirmatory tests /
follow-up

1 NH3, 1 arginine on PAA, | hepatic

Plasma NH3, PAA, enzyme assay arginase activity

1 NH3, 1 argininosuccinic acid on UAA and
PAA, | fibroblast/liver ASL activity

Plasma NH3, UAA, PAA, enzyme
assay

1 NH3, 1 citrulline on PAA, | fibroblast/liver

Plasma NH3, PAA ASS activity

1 Blood and urine homocyst(e)ine on PAA
and UAA; 1 urine methylmalonic acid on
UOA in cobalamin C, D, F synthesis defects

1 Leucine, isoleucine, alloisoleucine and
valine on PAA; positive DNPH; 1 branched
chain a-keto and hydroxyl acids on UOA

PAA, Hcy in P, UAA, UOA

PAA, Urine DNPH, UOA

1 Phenylalanine on PAA, 1 phenylalanine/
tyrosine ratio; albnormal urinary and/or
blood or CSF pterins in BH4 synthesis defects

PAA, urine and/or blood or CSF
neopterin and biopterin studies

1 Tyrosine and methionine on PAA; 1
succinylacetone and tyrosine metabolites
on UOA

PAA, UOA

1 Tyrosine on PAA; 1 tyrosine metabolites

PAA, UOA without increased succinylacetone on UOA




Protein

71N

CH3(|3HCH3 (l:HZCH;,
CHa CH3CHCH, HC~CH, HG:-CH,CH,
1
H;N-CH-COOH H,N-CH-COQOH HzN-CH-COOH H;N-CI |-COOH
. leucine valine isoleucine alloisoleucine
Branched-chain aminotransferase
o-Ketoglutarate t ¢
CH3CHCH;
1
C S
O=(|: n—r'*_ L1

2-oxovaleric  2-oxo-3-methylvaleric  enol Jautomer  [S]-2-0x0-3-methylvalerig

@ I . E2 Branched Chain Keto Acid Dehydrogenase Complex

E1p
l CH3(;.:HCH3 ?Hcha

Isovaleryl-CoA  o-Methylbutyryl-CoA  Isobutyryl-CoA CHz CHa?HCHz HC—CHs
COOH COCH COOH

isovaleric isobutyric 2-methylbutyric

v K

acetoacetate succinyl-CoA N * /
CO.

Acetyl-CoA Acetyl-CoA Succinyl-CoA
+ +




Tyrosine Metabolism Disorders

Cytoplasm of Hepatocyte and Proximal Convoluted tubule of Nephron

Phenylalanine

Phenylalanine Hydroxylase | Classic Phenylketonuria
k

Tyrosine

Tyrosine aminotransferase | Tyrosinemia Type If {oculocutaneous Tyrosinemia
k.

4-Hydroxyphenylpyruvate
Transient Tyrosinemia of Newborn, Hawkinsinuria, Tyrosinemia Type il

4-hydroxy phenyl pyruvate dioxygenase
b

Homogentisate

gentisate oxidase | Alkaptonuria

Maleylacetoacetate “‘Q’—’wme

Maleylacetoacetate ) Classic Phenylketonuria 2|

Succinylacetoacetate

isomerase

Fumarylacetoacetate Unclassified Enayrie \’ cationdicuide
L

Fumarylacetoacetate hydrolase Tyrosinemia Type | ] . Suc cin-,rla cetone
{Hepatorenal Tyrosinemia

Fumarate Acetoacetate




Alkaptonuria

Etiology

Autosomal recessive inheritance
Mutation in the HGD gene Organ damage
Impaired homogentisate dioxygenase

Treatment Mitral valve stenosis

Diet low in tyrosine and phenylalanine

Nephrollthlams“ 8
Degenerative changes
Phenylalanine a2 - =
in the vertebral column
Tyrosine |----=| Homogentisic acid
5 i Homogentisate Arthritis -
DOPA '

dioxygenase
\

[Maieylacetoacetic acid)

! \ 1 Homogentl_snc acid
| { Normal tyrosine

1 .
TR Ie TN \ | EEm @R | Jrine turns black
TCA cycle J | - when exposed to air
Epinephrine )




Homocystinuria

(FAD)

NS 10-
Methylene-TH F

Vitamin B, MTHER
(folate)
THF N5-Methyl-THF .

Homocysteine Cystathionine Cysteine
ML.‘UNOHID(: Cystathionine

synthase synthase

(methylcobalamin) (PLP)

|




Homocystinuria —— . Tall
C A o v Developmental delay,

intellectual disability

Etiology
e Most commonly, deficiency of: .
e Methionine synthase Downward and

» Cystathionine synthase inward lens subluxation P % -]
e Autosomal recessive inheritance | . :
/ f i

| A A

Treatment [ / High-arched palate

e Pyridoxine (vitamin B,) ' e [

e Specific diet (e.g., high-methionine
diet)

Atherosclerosis (increased risk
of thromboembolic events
such as myocardial infarction
and stroke)

Pectus deformity

—— Homo- Scoliosis
cysteine |y ming

Vitamin B,

Cystathi- Methionine WU\
onine synthase . | [ | - 0 :
synthase | *#7— Osteoporosis

Cystathionine Methionine

Joint hypermobility,
arachnodactyly

«—— long limbs

Cysteine
Y LI}

Hyperelastic skin —_. . f &

FA

T Homocysteine in
serum and urine

© AMBOSS




Organic acidemias

Disorders Primary metabolite in Confirmatory Findings in confirmatory tests
MS/MS tests / follow-

up
1 Glutaric acid, 3-hydroxygluratic acid, glutaconic
1 Glutarylcarnitine (C5-dicarboxylic) UOA, PACP acid on UOA;
1Glutarylcarnitine (C5-dicarboxylic) on PACP
1 3-Hydroxyisovaleric, 3-methylglutaconic, 3-
methylglutaric, 3-hydroxy-3-methylglutaric acids
UOA, PACP on UOA;
1 C5- Hydroxyisovalerylcarnitine (C5-OH), 3
methylglutarylcarnitine (C6DC) on PACP
1 Isovalerylglycine, 3-hydroxyisovaleric acid on
UOA; 1 isovalerylcarnitine (C5) on PACP
1 2-Methyl-3- hydroxybutyrate, 2
methylacetoacetic, tiglylglycine on UOA;

1 figlylcarnitine (C5:1), 1 3-hydroxy-2-
methylbutyrylcarnitine (C5-OH) on PACP
3-MCC deficiency 13 HydroxyisovOcﬂ:rylcomi‘rine (C5- UOA. PACP 1 3-Hydroxyisovaleric, ﬁ(r)n:fhylcrotonylglycme on

) 1 3- hydroxyisovalerylcarnitine (C5-OH) on PACP

1 2-Methylbutyrylcarnitine (C5) UOA 1 2-Methylbutyrylglycine on PACP

Glutaric aciduria 1
(GAI)

HMG- CoA lyase 1 3- Hydroxyisovalerylcamitine (C5-
deficiency OH)

Isovaleric acidemia 1 Isovalerylcarnitine (C5) UOA, PACP

3-Keto(oxo) thiolase 1 Tiglylcarnitine (C5:1), 1 3-hydroxy-2-

deficiency methylbutyrylcarnitine (C5-OH) UOA, PACP

2-Methylbutyryl CoA
dehydrogenase

3-Methylglutanoyl 1 3-Hydroxyisovaleric, 3-methylglutaconic, 3-
CoA hydratase 1 3 Hydroxyisovalerylcarnifine (C5-OH) UOA, PACP methylglutaric on UOA;
deficiency 1 3 hydroxyisovalerylcamitine (C5-OH) on PACP

Methylmalonic, 3-hydroxypropionate,
1 Propionylcarnitine (C3) UOA, PACP methylcitrate, propionylglycine on UOA;
tpropionylcarnitine (C3) on PACP
1 3-OH-isovaleric, 3-methylcrotonylglycine,
methylcitrate, 3-OH-propionic, lactate, pyruvate,
UOA, PACP acetoacetate, 3-OH-butyrate on UOA;
1 propionylcarnitine (C3).1 3
hydroxyisovalerylcarnitine (C5-OH) on PACP
1 3-Hydroxypropionate, methylciirate,
Propionic acidemia 1 Propionylcarnitine (C3) UOA, PACP propionylglycine; 1 propionylcarnitine (C3} on
PACP

Methylmalonic
acidemia

Multiple CoA
carboxylase
deficiency

1 Propionylcarnitine (C3), 1 3-
hydroxyisovalerylcarnitine (C5-OH)




A few drops of blood on
filter paper are divided into
many specimens so newborn
screening labs can perform
the multiple tests needed.




Each year,

with
serious but
treatable

conditions grow -~
up healthy.
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