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• I have no conflicts of interest to report

• I consider myself to be proficient at the techniques/assays 
but I continue to learn and evolve. The concepts and ideas I 
will share have been taught to me by many bright and 
dedicated individuals over the years for which I want to say 
“Thanks”.

• Thanks to the BGL laboratory at CHCO and the faculty 
and staff in the Section of Genetics and Metabolism.

•Thanks to Dr. Pete Baker for organizing this lecture series



• Amino acids
• Organic acids
• Fatty acid oxidation
• Purine / Pyrimidines
• Bile acids
• Cholesterol / Lipids
• Steroid synthesis
• Porphyrias
• Energy metabolism 

(mitochondrial)

• Creatine synthesis and 
transport

• Simple carbohydrates
• Peroxisomal disorders
• Lysosomal disorders
• Vitamin disorders
• Copper / Zinc / Iron
• Leukotrienes

• Many assays separate 
classes or groups of 
compounds.



• Historically, screening for IEMs was done using 
common urine chemical reactions (ferric chloride, 
nitroprusside, etc.), followed by more specific tests 
(2nd tier)

• Evolution toward more precise/diagnostic testing as 
1st tier testing occurred in the 1950s–1990s

– Amino acid analysis

– Urine organic acid analysis

– Acylcarnitine analysis

– Enzyme testing

• With the advent of NGS testing, biochemical genetic testing 
continues to evolve



What to look for…

Substrate Product
Enzyme

Elevated

Decreased



• For some assays/tests, just identifying the compound or a 
pattern of compounds is enough to make the diagnosis.

• Based on experience we can make an estimate of whether 
the sample is normal or abnormal.

• Most biochemical tests started this way. As technology has 
improved we have been able to put numbers / values with 
results.

• Common qualitative tests include urinary organic acids, 
urinary oligosaccharides, TLC analysis of 
glycosaminoglycans

Qualitative tests



• Reporting an analytical value for an analyte is essential for 
determining treatment efficacy. So many tests that involve 
treatment have been advanced to quantitative tests

• Plasma amino acids
• Single analytes such as total and free carnitine

• Because most analytes are present in normal individuals, 
we need to develop a normal range for each compound.

• Values outside this range are considered abnormal....but are 
they pathogenic/disease related?

Quantitative tests – give you a number



How do we decide if it is abnormal?

• Development of a normal range

– Mean +/- 2/3 standard deviations

– z score

– May be age related

– Are often sample type specific

– Need to run normals (100?)

– Need to know if the normal range and 
affected/pathogenic range differ…..if there is 
overlap



Factors that can influence values

• Medications (valproic acid)

• Vitamins/supplements (MCT)

• Health (liver dysfunction)

• Time since blood draw 

• Sample collection tube

• Gut microbes



What we will discuss……

• Amino acid analysis

• Organic acid analysis

• Acylcarnitine analysis

• Enzyme analysis

• GAG analysis



Amino acid (AA) analysis



Rationale for analysis

• Blood levels are fairly constant in blood after meal effects have subsided
• Renal tubules have transporters to reabsorb various AAs from the urine
• Plasma/serum/blood spots — best for pathway defects (i.e., non-transporter 

disorders):
– Example, aminoacidopathies

• Urine — optimal for disorders of AA transport:
– Cystinuria
– Lysinuric protein intolerance
– Hartnup disease
– Renal Fanconi syndrome (many causes — e.g., mitochondrial disorders, 

cystinosis)
• CSF — used for cerebral aminoacidopathies:

– Glycine encephalopathy (a.k.a. non-ketotic hyperglycinemia) 
• Often collect blood for CSF/plasma glycine ratio

– Serine biosynthesis defects
– Asparagine and glutamine synthetase deficiencies

Adapted from NAMA 2020



Method of analysis

• Plasma is separated and deproteinized, and an internal 
standard is added

• Analysis most commonly done by ion-exchange columns or  
UHPLC chromatography

• For ion exchange chromatography, separation is based upon pH 
and salt concentration of eluent; temperature is also used.

• Retention time is main factor for identification.
– Important for compounds like methionine and homocitrulline that co-

elute in most systems

• For IEC, two wavelengths (570nm) may be used for detection 
(440 for imino acids)

• Quantity is assessed by peak in relation to the internal standard 
and a standard (calibrating) run of all quantitated AAs

Adapted from NAMA 2020



Amino acid standard

Thanks to Dr. Laura Pollard

Internal standard

Two hours for full chromatogram



Amino acid chromatogram - Normal

Thanks to Dr. Laura Pollard

Internal standard

Hyperammonemia

Lactic acidosis

Consistent 
amount of IS 
is critical to 
accurate 
values

Liver dysfunction



Thanks to Dr. Laura Pollard

Elevated phenylalanine
PKU



Internal standard

Elevations of leucine, 
isoleucine and valine, 

including alloisoleucine
Maple syrup urine disease

Patients with ketosis may 
have elevations of BCAA but 
will not have alloisoleucine, 
valine is typically higher than 
others



Internal standard

Elevated Citrulline
Citrullinemia



Internal standard

Argininosuccinic acid

Urine sample



Argininosuccinic acidemia- mild



Current trends in AA separation

• Ultra performance liquid chromatography (UPLC)

– Shorter run time 30 minutes

• Tandem mass spectrometry
 MSMS has shorter run time
 MSMS can separate compounds that were co-eluting on ion 

exchange. 
 MSMS is more expensive and a dedicated instrument to amino acid 

analysis may be necessary 
 Increased sensitivity of MSMS can lead to changes in what is 

“normal” – presence of alloisoleucine
 IEC allows for analysis of full chromatogram where MSMS is 

typically targeted
 Needed for dried blood spot analysis

Thanks to Marzia Pasquali 





PMID: 30459394



Urine organic acid (OA) analysis



Rationale for analysis
• Intermediates in the degradation of AAs, 

carbohydrates, and lipids
• Formation produces a proton and hence the potential 

to cause acidosis
• Not reabsorbed by the kidney, therefore urine is the 

ideal specimen for analysis; plasma is generally not 
used.

• Quantitative vs. qualitative analysis
– For diagnosis, qualitative is usually sufficient
– Quantitation is difficult (need for internal and external 

standards, values may differ between labs
– There is limited evidence supporting the use of precise 

quantitation in diagnosis and disease monitoring

Adapted from NAMA 2020



Sample preparation

• Determination of creatinine concentration; and addition of internal 
standards. 

• Urine specimens are normalized to a fixed amount of creatinine 
(0.25mg)

• Urine specimen is acidified to pH of 1, where OAs are uncharged

• Organic solvents (e.g., diethylether & ethylacetate) are used to extract 
the OAs

• Ether is removed with nitrogen gas stream

• OAs are derivatized to their trimethylsilyl esters for detection

• Oximation preserves ketoacids (pyruvic, alpha ketoglutarate, BCKAs), 
otherwise get converted to 2-hydroxyacids and not be derivatized



Method of analysis

• Gas chromatography/mass spectrometry

• Derivatized/extracted organic acids are first separated via 
gas chromatography 

• The eluted OA subjected to an electron beam that fragments 
the parent compound into daughter ions

• The collection of daughter ions by the mass spectrometer is 
like a fingerprint that can identify the parent compound

• The better the separation (longer the run?) and the easier it 
is to identify compounds.



David C. Muddiman and Diana Ayerhart



Spectrums for various compounds



Similar 
compounds may 

have similar 
fragmentation 

patterns



Normal organic acid



Elevated MMA and methylcitric



Mevalonic aciduria



Compound Non-IEM IEM

Methylmalonic B12 deficiency, 
intestinal bacteria

MMA, Cobalamin 
disorders, SUCLA2, 
CMAMMA

Methylcitric Malnutrition PA and MMA

3-OH propionic Intestinal bacteria PA

Tiglylglyine Seizure meds (?) PA, several inborn 
errors, mito(?)

Isovalerylglycine Seizure meds (?) IVA, mito(?)

N-acetylaspartic Premature infants(?) Canavan



Reference

PMID: 11978597



PMID: 29543224



Acylcarnitine (AC) analysis



Rationale for analysis

• 1980s: Discovery of carnitine deficiency in a patient with 
propionic acidemia; Roe, Millington, and Bohan suspected 
propionylcarnitine as a detoxification mechanism, and identified 
this compound. 

• Used tandem mass spectrometry (MS/MS) method — single 
analytic method for all analytes of interest 

• Any pathway where a –CoA compound might accumulation

• Single test allows for the detection of fatty acid oxidation 
disorders but also several organic acid disorders

• Method has been applied to dried blood spot analysis allowing 
the addition of several FAOD and organic acidemias to NBS

• Initial analyses incorporated derivatization (butyl or methyl 
esters) but many analyses are currently performed without 
derivatization. (Parent of 85 scan) 



Normal acylcarnitine profile – butylester derivatives
Length of carbon chain (C3-C18)
Subset of stable label isotope internal standards are added for quantitation

d3-C3
d3-C4

d9-C5 d3-C5 d3-C14
d3-C16

C3 C18



MCAD deficiency
Abnormal C8/C10 ratio (normal < 3)

C8

C10:1

C6



C0 -4 (normal < 10), C2 -1.8 (normal<2)

MCAD patient with low carnitine

C8

C10:1C6



LCHAD deficiency

C16-OH

C18:1

C18:1-OH
C14

C16



LCHAD at baseline

C18-OH



Ketosis
May also see elevations of C2
C14:1/C12:1 ratio is normal <3

C4-OH
C14:1

C18:1



MAD deficiency / glutaric aciduria type II

OR Riboflavin deficiency/metabolism disorders



• C6, C8 + C10, [and especially with the corresponding dicarboxylic acids 
C6DC (adipic), C8DC (suberic), and C10DC (sebacic) in the urine 
organic acids]

– Dietary formulas with medium-chain triglycerides

– C10:1 is elevated in MCAD deficiency, but should NOT be 
significantly elevated by MCT oil

– Fasting

• C8 — Valproate (may be accompanied by carnitine deficiency, esp. in 
young children)

• C5

– Pivalic acid is 2,2-dimethylpropanoic acid

– Originally found in some antibiotics. Also in some creams for nipple 
sensitivity in nursing mothers and other drugs 

Other acylcarnitine considerations



Elevations of PA due to more than antibiotics

Molecular Genetics and Metabolism 116 (2015) 192–194

Int. J. Neonatal Screen. 2018, 4, 8;

Molecular Genetics and Metabolism 111 (2014) 52–54



References

PMID: 33071282

Supplemental table very helpful!



Sample

Quadrupole 1 (MS)

Argon
fragmentation

Quadrupole 2 (MS)

Detector

Tandem mass spectrometer



Other uses of LCMSMS



Enzyme analysis



Enzyme Analysis
• Enzyme analysis is commonly performed using either blood or 

cultured fibroblasts. 
– Most enzyme assays are performed in white blood cells (leukocytes)- requires 

isolation from whole blood (~2 hour process)

– Protein concentration must be determined for leukocytes and fibroblasts to 
calculate enzyme activity (~1 hour process)

– Some assays require two steps requiring 24-48 hours to complete

• Commonly 3-5mls of blood is required. 
– Larger volume (10mls) for large panels

– Patient’s white blood cell count can impact the volume of blood required

• Whole blood samples must arrive within 48 hours of testing to 
preserve sample quality

• More options are available for DBS analysis 



Enzyme testing using 4-MU 
substrates

4-MU-substrate

Endogenous
enzyme

Fluorescence
MU

WBC, fibroblasts
or plasma

4-MU-substrate

Endogenous
enzyme

NO Fluorescence

MU

WBC, fibroblasts
or plasma

MU

AFFECTED

UNAFFECTED



Enzyme activity

Activity 
range
0-76

Normal range (6-76)
Affected 

range (0-1)



• Electron transferring flavoprotein (ETF)
• Natural electron acceptor for ACADs
• ETF is fluorescent & fluorescence is 

quenched as ETF accepts electrons 
from the ACAD

• ACAD activity measured by the 
reduction of ETF fluorescence 

– The faster the reduction of fluorescence, 
the more ACAD activity

• Measure specific ACAD by using a 
different CoA substrate

– VLCAD = C16-CoA
• Gold standard for measuring ACAD 

activity 

55

CoA substrate
+ 

Glucose oxidase 
+

Catalase 

Whole 
cell 

lysate

ET
F

Whole 
cell 

lysate

ET
F

e

e

ACAD

ACAD

ETF Fluorescence Reduction Assay

Thanks to Dr. Olivia D’Annibale



Enzyme activity

Activity 
range

Normal range

Affected 
range 

Carrier range 



“False positive” enzyme results

• For most enzyme assays, the absence/reduction of signal is being 
associated with the disease state!

 A second enzyme should always be measured

• Multiple sulfatase deficiency

 SUMF1 mutation prevents post-translational modification of all 
sulfatase enzymes

 Deficiency of single sulfatase should be followed by measurement 
of second sulfatase if there is clinical concern

• Mucolipidosis II & III (in fibroblasts)

 Mannose-6-phosphate targeted enzymes are not properly sorted to 
the lysosome = deficient intracellular activity of many lysosomal 
enzymes

 Requires measurement of several M6P targeted enzymes and/or 
analysis of plasma enzyme levels (elevated)

• Pseudo-deficiency

 Enzyme activity is deficient in phenotypically normal individuals



Thomas (1994): Enzyme values are sufficiently below the carrier range that 
carriers are confused with or indistinguishable from affected patients

Genereviews: For MLD the term "pseudodeficiency" refers to very low levels of ARSA 
enzyme activity in an otherwise healthy individual. The term has been applied to other 
enzyme deficiency disorders, such as hexosaminidase A deficiency, where specific variants 
are associated with reduced enzymatic activity when measured using synthetic substrate 
but have normal enzymatic activity when measured using a natural substrate.

NTSAD - A “pseudodeficiency allele” reduces enzyme activity but does 
not cause a disease.

Various definitions of pseudodeficiency



Enzymes (LSD disorders) with known pseudodeficiency

• Arylsulfatase A (Metachromatic Leukodystrophy)
• Beta hexosaminidase A (Tay Sachs)
• Beta hexosminidase A and B (Sandhoff)
• Glucocerebrosidase (Krabbe )
• Alpha galactosidase (Fabry)
• Alpha glucosidase (Pompe)
• Alpha fucosidase (Fucosidosis)
• Beta glucuronidase (Sly)
• Beta galactosidase (GM1 gangliosidosis)
• Arylsulfatase B (Maroteaux-Lamy syndrome)
• Alpha iduronidase (Hurler syndrome, MPSI)



PD / PD

PD / VUS

PD / Path

PD / [PD, Path]

[PD1 / PD2] / Path

Molecular heterogeneity of “pseudodeficiency”

PD1 / PD2

PD – Pseudodeficiency allele

VUS – Variant of uncertain significance

Path - Pathogenic allele



• Substrate specificity differences between natural and artificial substrates
• Reduced mRNA expression
• Changes in glycosylation
• Reduced stability
• Reduction in enzyme activity

• Or a combination of several!

Mechanisms of pseudodeficiency



How to study 
pseudodeficiency?

More likely to be MPSI
More likely to be pseudodeficiency

IDUA 
activity 
range
0-76 IDUA activity normal 

range (6-76)
IDUA activity 

affected 
range (0-1)

0 1

Should the assay be recalibrated / redesigned to assess low 
activity?



IDUA expression analysis

Int. J. Neonatal Screen. 2020, 6, 88



• Drs. Steet, Flanagan-Steet, Pollard have funding from the MPS society to 
study novel variants identified via NBS

• They are developing a rapid expression system to study novel variants 
and to quickly calibrate them as likely pseudodeficiency.

• MPSI but also MPSII

• In addition to enzyme activity, they will be assessing lysosomal function 
and GAG storage

• Contact them (rsteet@ggc.org) for more information

MPSI  variant expression analysis



Make sure the assay is designed for 
and can answer your clinical question!



Glycosaminoglycan analysis



Glycosaminoglycans Consist of Repeating Disaccharide Units

©2017 The Consortium of Glycobiology Editors, La Jolla, California

Chapter 17, Figure 2. Essentials of Glycobiology, Third Edition

Symbol Nomenclature for Glycans (SNFG)
Buy the Book



Essentials of glycobiology, online



Urinary GAG measurements
Method Quantitative Benefit Limitation

Dye binding assay
(total glycosaminoglycans)

Yes • Standardized across 
labs

• Widely available
• Low cost

• Does not tell you which 
GAG species is elevated
 False positives common
 False negatives well-
documented

Qualitative GAG analysis No • Identifies which GAG 
species are elevated

• Low cost

• Not quantitative
• Subjective analysis
• Keratan sulfate can be 

difficult to detect
• Requires large sample 

volume

Mass spectrometry Yes • Can quantitate each 
GAG species

• High sensitivity
• Applicable to several 

sample types
• Useful for treatment 

monitoring
• Minimal sample 

volume required

• Not standardized across 
labs

• Requires expensive 
equipment

• Time consuming (STAT 
analysis may be difficult)

• Several methods
• Chemical cleavage
• Enzyme digestion

• NRE analysis
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GAG analysis via MSMS

S S

S

S S

S

S

Method What are you 
measuring

Benefit Limitation

Chemical 
digestion 
(methanolysis
or butanolysis)

• Relatively simple 
process

• Reagents are 
commercially available

• Requires tight control 
of chemical reaction

• Removes 
modifications

Enzyme 
digestion

• By leaving 
modifications more 
information may be 
gathered

• Several choices of 
which disaccharides to 
measure

• Availability of 
commercially available 
enzymes

Biomarkers 
and/or non 
reducing ends

• Highly specific to each 
disorder

• Very little present in 
samples from normal 
individuals

• Labor intensive
• Patented process ?
• Limited literature on 

clinical utility

S

S S

S



Compound Structure Name 1
(Lawrence et al., 
2008)

Assay

Dermatan sulfate/Chondroitin sulfate B 
internal disaccharide

DUA-GalNAc(4S) D0a4 Internal 
disaccharide

Heparan sulfate internal disaccharide DUA-GlcNAc D0A0 Internal 
disaccharide

Heparan sulfate internal disaccharide DUA-GlcN(S) D0S0 Internal 
disaccharide

Heparan sulfate non-reducing end 
disaccharide

IdoA-GlcNS I0S0 Sensi-Pro
Sensi-Pro Lite

Heparan sulfate non-reducing end 
disaccharide

IdoA-GlcNS(6S) I0S6 Sensi-Pro
Sensi-Pro Lite

Heparan sulfate non-reducing end 
disaccharide

UA-HNAc(1S) n/a Endogenous 
disaccharide

Herbst et al. 2020 PMID: 33123640



The future of biochemical laboratory 
testing (outside of NBS)

Molecular testing

Functional testingBiomarker

Treatment



Summary
• Biochemistry is often complex so it is 

good to rely on tables and charts for 
quick references.

• More pieces of information you have 
the better. Combine biochemistry with 
molecular and clinical to make a 
diagnosis

• When in doubt, contact the laboratory 
director or laboratory staff with 
questions or concerns. 



Thanks!


