
ANNALS O F CLINICAL AND LABORATORY SCIEN CE, Vol. 21, No. 2
Copyright © 1991, Institute for Clinical Science, Inc.

Screening for Inborn Errors 
of Amino Acid Metabolism*

JAMES T. W U, Ph .D.

Department o f  Pathology, 
University o f  Utah School o f  Medicine 

and Associated Regional and University Pathologists. Inc.,
Salt Lake City, UT 84132

ABSTRACT

Early diagnosis and treatm ent may prevent brain damage and m ental 
retardation in young infants with inborn errors of amino acid metabolism. 
The abnormal blood and urinary amino acids and their m etabolites are 
listed in two separate tables in association with each disorder to aid labora
tories in making a diagnosis during screening. Because of recent develop
m ents and d iscoveries, m ore d e ta iled  descrip tions and d iagnostic  
approaches in phenylketonuria (PKU) variants and urea cycle deficiencies 
are also presented.

The test procedures routinely used for screening inherited metabolic 
disorders are also described. These include five simple chemical tests to 
detect excessive m etabolites and amino acids; a one dimensional thin layer 
chromatography (TLC) to screen urine for abnormal amino acid patterns; a 
two-dimensional TLC for semiquantitative identification of amino acids in 
both urine and blood; and a high performance liquid chromatographic 
(HPLC) m ethod for quantitative identification of amino acids. In addition, 
both one- and two-dimensional chromatographies run on small thin layer 
cellulose plates, are introduced, modifications which save a great deal of 
time, labor, and reagents. A new autom ated HPLC system is introduced 
for the quantitation of both prim ary and secondary amino acids; the sensi
tivity and speed of this system is especially useful for screening large 
num bers of physiological fluids. It is recom m ended that both the urine 
and blood from the same patient be screened to ensure that a diagnosis is 
not overlooked.

Introduction

In b o rn  e rro rs  o f m e tab o lism  a re  
caused by m utan t genes tha t produce

* Send rep rin t requests to: James T. W u, P h .D ., 
ARUP, 500 C hipeta Way, U niversity Research Park, 
Salt Lake City, UT 84108.

abnormal proteins. The affected protein 
may be a lte red  in quantity, s truc tu re  
and /o r function . If  th e  p ro te in  is an 
enzyme, the enzyme catalyzed reaction 
may be com pletely or partially inacti
vated. If the affected protein is responsi
ble for transporting amino acids across a 
m em brane, amino acids may accumulate

123
0091-7370/91/0300-0123 $02.00 © Institute for Clinical Science, Inc.



124 wu

on one side  of th e  m em b ran e . As a 
resu lt, the  pathogenesis may involve 
a defic iency  of m etabo lites  owing to 
impaired synthesis or transportation or, 
in the majority of cases, a harmful accu
mulation of metabolites. These m etabo
lites may be amino acids, sugars, organic 
acids, glycosaminoglycans, lipids, e tc .2 
In the case of inborn errors of amino acid 
metabolism, it is the metabolic pathways 
involving am ino acids th a t are be ing  
blocked, resulting in altered concentra
tions of amino acids and their metabo
lites. Therefore, the diagnosis of such 
disorders can be made by the m easure
m ent of amino acids and their metabo
lites; and an early detection, followed by 
an early treatm ent, may preven t irre 
versible damages from occurring.2’14,21

Abnormal U rinary Amino Acids6

In  tab le  I are  lis ted  the  increased  
amino acids and metabolites for each dis
o rd er of inborn  e rro rs  of am ino acid 
metabolism. W hen increased concentra
tions of certain amino acids are detected 
in the urine, one can simply refer to the 
table and look up the associated dis
order. Any abnormalities in blood amino 
acids are also described  in the  table, 
which may be helpful for the differentia
tion of m inor variants having the same 
abnormal urinary amino acid patterns.

It should be noted that aminoaciduria 
may be hereditary or acquired; further
more, not every aminoaciduria is patho
logic. Increased urinary amino acids may 
be found in normal newborns because 
the renal tubular absorptive function is 
often not fully developed. Urine from 
n o rm a l n e w b o rn s  a lw ays c o n ta in s  
increased  concen tra tions of p ro line , 
hydroxyproline, glycine, and slightly 
increased concentrations of th reonine 
and serine. The newborn baby pattern 
should not be confused with inherited  
disorders. For primary aminoacidurias,

one or m ore amino acids accum ulate 
both in the urine and blood or even in 
other body fluids, such as cerebrospinal 
fluid. These disorders are usually the 
consequence of a single inherited defect 
in either an enzyme mediating m etabo
lism or a protein involved in the trans
portation of amino acids. It should also 
be noted that aminoaciduria is nonspeci
fic and may be transient. Aminoaciduria 
is frequently due to a secondary manifes
tation of other diseases, such as liver or 
renal d iseases. D am age to th e  rena l 
absorption of amino acids is commonly 
observed by heavy metals, burns, galac
tosem ia, and antibiotics. The prim ary 
aminoacidurias may be further divided 
into th ree main groups6

(1) Overflow Aminoaciduria 
In creased  u rinary  am ino acids are

caused by an overflow of elevated blood 
amino acids into the urine. Elevation of 
blood amino acids is due to the presence 
of inactive enzymes.
(2) No-threshold Aminoaciduria 

There is no normal renal mechanism
for the  reabso rp tion  of this group of 
amino acids. Blood amino acids accumu
late owing to impaired enzyme activity 
and are excreted im m ediately into the 
u rin e . T herefo re , blood am ino acids 
could be norm al or slightly increased  
while the urinary amino acids are e le
vated. Exam ples have been  found in 
phosphoethanolam ine, (J-aminoisobu- 
tyric acid, homocystine, cystathionine 
and argininosuccinic acid. Therefore, a 
diagnosis of th ese  d iso rders  is m ade 
more accurately by examining the urine 
than blood.
(3) Renal-(transport) Aminoaciduria 

This is caused by a defective carrier
protein in the renal tubule responsible 
for the reabsorption of amino acids. In 
these cases, the blood concentrations of 
amino acids may be normal or low. Con
sequently, these disorders can only be 
diagnosed by examination of the urine.
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Frequent elevation of multiple urinary 
am ino acids can be found w ith  renal 
tubule damage, because the same trans
port protein is responsible for the trans
portation of several amino acids.

Abnormal Blood Amino Acids

In table II are listed  the  abnorm al 
plasma amino acids associated with spe
cific disorders of inborn errors of amino 
acid metabolism. This table facilitates 
the diagnosis of specific disorders based 
on laboratory findings in blood amino 
acids. D e te c tio n  o f ab n o rm al b lood 
amino acids is usually indicative of cer
tain inborn errors of amino acid m etabo
lism . W hen  b lood  am ino  ac ids are  
o rdered  following an u rine  m etabolic 
screening, table II is used to confirm the 
d iagnosis m ade by u rin e  sc reen ing . 
W hen certain amino acids are elevated 
in the urine but not in the blood, this 
suggests tha t the elevation of urinary 
am ino acids is due to im pa irm en t of 
renal reabsorptive functions and not to a 
m etabolic defect, except those of no
th re s h o ld  a m in o a c id u r ia . I f  d ru g  
in d u ced  ren a l tox icity  is su sp ec te d , 
a s e c o n d  u r in e  s p e c im e n  s h o u ld  
be screened  one w eek after cessation 
of medication.

N o te  in  th e  ta b le s  th a t  n o t a ll 
increased blood amino acids are accom
panied by elevated urinary amino acids, 
and vice versa. T herefo re , screen ing  
urine or blood amino acids alone may 
overlook the diagnosis of certain  dis
orders. For asymptomatic infants, both 
urine and blood should be screened.

Phenylketonuria

H yperphenylalaninem ia is clinically 
and biochemically heterogeneous. Sev
eral alleles at d ifferen t gene  loci are 
involved in the expression of various 
p heno types .11,1819 Classical pheny lke

tonuria (PKU) is only one of the pheno
types caused by inactive phenylalanine 
hydroxylase. It is im portant to differen
tia te  among various subtypes because 
different treatm ents are required . For 
example, those w ith benign hyperphe
nylalaninemia do not necessarily require 
treatm ent, bu t adjuncts to conventional 
d ietary  m anagem ent are req u ired  for 
PKU variants w ith tetrahydrobiopterin  
(BH4) deficiencies.

As shown in figure 1, PKU can be 
detected by m easuring the metabolites, 
such as phenylpyruvic, phenyllactic, and 
phenylacetic acids, and by direct mea
surem ent of blood phenylalanine. It has 
been well established that early institu
tion of a d ie t low in phenylalanine is 
effective in preventing retardation from 
PKU. H ow ever, th e re  w ere pa tien ts  
with elevated phenylalanine whose neu
rological symptoms persisted even when 
hyperphenylalaninem ia was controlled 
by a low phenylalanine diet. It was later 
discovered that the  prim ary defect in 
PKU variants is not related to the pro
tein moiety of the phenylalanine hydrox
ylase, but to the regeneration and syn
thesis of the  cofactor (BH4)9 which is 
essential for enzyme activity (figure 2). 
As indicated in figure 2, a defect in any 
of these th ree  enzym es (I, II, III) will 
cause the concentration of phenylalanine 
to in crease  in th e  b lood  and  u rin e . 
“Enzyme I” represents inactive phenyl
alanine hydroxylase, which raises the 
phenylalanine concentration by blocking 
the conversion of phenylalanine to tyro
sine; enzymes II and III represent dihy- 
dropteridine reductase and dihydrobiop- 
terin  synthetase, respectively. Because 
of their involvement in the regeneration 
and synthesis of BH4, their deficiencies 
will indirectly raise phenylalanine con
centration since phenylalanine hydroxy
lase requires BH4 for activity. The accu
m u la tio n  o f p h e n y la la n in e  in  PKU 
varian ts , how ever, is less th an  th a t 
observed in the classic cases.
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Since BH4 is required  for tyrosine and 

tryptophane hydroxylases to synthesize 
n e u ro tran sm itte rs , such as ca techo l
amines, serotonin, and 5-hydroxyindole 
acetic acid (5-HIAA) to maintain normal 
neurological function (figure 3), simply 
lowering phenylalanine without provid
ing BH4 will not relieve patients from 
neurological symptoms. It is im portant 
to recognize PKU variants by laboratory 
tests because almost all patients of PKU 
variants die before their seventh year. 
L isted  in table III  are  the  laboratory 
tests that will help to differentiate classi
cal PKU from  PKU variants. In  PKU 
variants, urinary 5-hydroxyindole acetic 
acid (5-HIAA), homovanillic acid (HVA), 
vanillylm andelic acid (VMA), catechol
am ines, and serotonin  are reduced  in 
concentration. Increased urinary neop
terin indicates a deficiency in biopterin- 
synthetase, whereas an increase in both 
neopterin and BH4 would suggest a defi
ciency in dihydropteridine-reductase.5

U rea Cycle Deficiencies

The urea cycle is the major route for 
the body to remove excess toxic ammo
nia in the form of urea (figures 4 and 5), 
and five inherited  enzym e deficiencies 
involving urea cycle have been  iden ti
fied. I t  is extremely im portant to make a 
correct and prom pt diagnosis since all 
these  deficiencies are fatal w ithin the 
first two weeks of life and are treatable.412

As shown in figure 5, all these enzyme 
defects will raise the ammonia levels. 
Elevation in ammonia is frequently asso
ciated with elevated glutamine and ala
nine (figure 4), which may be detected 
during amino acid screening. Once urea 
cycle deficiencies are suspected, addi
tional amino acids should be m easured to 
identify the specific enzyme defect. In 
figure 5, the various m etabolic blocks 
related to all four major deficiencies are 
high-lighted. Amino acids and m etabo

lites that may be elevated as a conse
quence of these inactive enzym es are 
also em phasized. Various biochem ical 
changes among the different defects are 
also sum m arized in figure 6. Conceiv
ably, a d ifferential diagnosis could be 
m ade by sim ply m easuring citru lline, 
orotic acid, pH , and the anion gap. It 
should be noted that the normal concen
tration of citrulline is low and is usualy 
not detectable by one and tw o-dim en
sional TLC . C o n seq u en tly , a sligh t 
increase in citrulline concentration may 
be missed by TLC. Therefore, a sensi
tive H PLC  procedure  (or am ino acid 
analyzer) should  be  used  to m easure 
citrulline quantitatively for the diagnosis 
of urea cycle deficiencies.

Newborn Screening

Phenylketonuria  is the  only inborn 
error of amino acid m etabolism  that is 
screened  routinely  by the  m ajority of 
state laboratories for new borns.17 Mea
surem ents of blood phenylalanine con
centrations are more reliable than mea
s u re m e n ts  o f m e ta b o li te s  su c h , as 
phenylpyruvic acid in the urine, because 
the enzym e responsible for converting 
phenylalanine to its m etabolites may not 
be m atured in new born babies. Many 
PKU babies do not show positive ferric 
chloride tests because insufficient phe
nylpyruvic acid is produced even when 
the blood concentrations of phenylala
nine are elevated. It should be realized 
that at birth  the phenylalanine concen
trations of PKU babies do not always rise 
above the usual cutoff concentration. A 
se co n d  b lo o d  s p e c im e n  sh o u ld  be  
obtained for the m easurem ent of phenyl
alanine two weeks after birth, after pro
tein intake (such as milk feeding), either 
to confirm the  diagnosis m ade by the 
first specim en or to ru le out transient 
hyperphenylalaninemia.
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P-HYROXYPHENYL  
LACTIC ACID

PKU t

ACETOACETATE

F ig u r e  1. M eta b o lic  p a th w ays sh o w in g  lo ca tio n s o f  various m eta b o lic  b lock s, th e ir  a sso c ia te d  d isord ers , 
a n d  e le v a te d  k ey  a m in o  acids an d  m e ta b o lite s .

PHENYLALANINE PMBNYLAILANINIB ► TYROSINE

PRO TEIN  DEFECT

F ig u r e  2. T h e  re la 
tionship  of th ree  enzym e 
defects (I, II, III, blocks) 
w ith  hyperphenylalan in- 
em ia  an d  th e  d ifference  
be tw een  classical phenyl
k e to n u ria  (PKU) (protein 
defect) and PKU variants 
(lack of cofactor regenera
tion o r synthesis).

I '
4  PH E N Y L A L A N IN E 1 TYROSINE

C O F A C T O R
R EG E N E R A T IO N

I  .PHENYLALANINEHYDROXYLASE

II , DIHYDROPTERIDINE REDUCTASE 

JXI > DIHYDROBIOPTERIN SYNTHETASE

C O FEC T O R
S Y N T H E S IS

1. CLASSICAL PKU (IN ACTIVE ENZYME)
2. PKU VARIANT (LACK OFCOFACTO* KSGKNXftATION)
3. PKU VARIANT (LACK OF COFACTO* SYNTHESIS))
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TYROSINE  
HYDROXYLASE  

TYROSINE — |  ►  D OP Af

TRYPTOPHAN
HYDROXYLASE

TRYPTOPHAN 5 - H T f -

CATECHOLAMINES f  
( CATS)

F ig u r e  3. N e u ro p a 
thy owing to reduced  con
c e n t r a t io n  o f c a te c h o l 
amines and serotonin, etc. 
in phenylketonuria (PKU) 
v a ria n ts  a re  th e  c o n se 
q u en ce  of in ac tiv e  ty ro 
s in e  a n d  t r y p to p h a n e  
h y d r o x y l a s e s ,  w h ic h  
req u ire  cofactor te trah y - 
d r o b io p te r in  (B H 4) fo r 
activity.

The G uthrie bacterial inhibition assay 
for phenylalanine in blood specim ens 
collected on filter paper has been used 
fo r n e w b o rn  s c re e n in g s  fo r PK U . 
Because this technique is based upon the 
inhibition of normal bacterial growth by 
P-2-thienylalanine included in the agar 
m edium  and the extent of reversal by 
pheny la lan ine  con ta ined  in  th e  filte r 
paper, the assay may yield false-nega- 
tives and is not as accurate or precise as 
the fluorom etric m ethod of McCaman 
and Robins.13 On the o ther hand, this 
fluorometric procedure requires a large 
aliquot of plasma or serum  and lacks the 
sensitivity to m easure the phenylalanine 
of the filter paper specimens which are 
ro u tin e ly  c o lle c te d  from  n e w b o rn  
infants. A modified m anual procedure 
w ith  im p ro v ed  se n sitiv ity  has b een  
developed by us which allows the mea
su rem en t of pheny la lan ine  for blood 
specimens on filter paper.26 The modi
fied  p ro c e d u re  is s u ita b le  b o th  for 
screening new borns for PKU and for 
monitoring blood phenylalanine during 
dietary therapy.

M etabolic Screening2,13

W hile most newborn screening is car
ried  out by state laboratories, clinical 
laboratories are becom ing increasingly 
involved in the  sc reen ing  for inborn  
errors of metabolism in infants showing 
growth and developm ental retardation, 
mental problems, convulsions, seizures, 
comas, intolerance to protein feed, etc.

Because the majority of inborn errors of 
amino acid metabolism are inherited as 
autosomal recessive traits, it is important 
to make the  correc t diagnosis and to 
identify heterozygotes in the family for 
counseling and for fu ture family plan
ning, regardless of whether or not treat
m ent is effective for the homozygotes.

U rine is usually the  first specim en 
received for metabolic screening from an 
symptom atic infants. However, a com
p le te  d iagnosis of in b o rn  m etabo lic  
errors should include (a) screening for 
increased concentrations of metabolites 
and amino acids in the urine, (b) blood 
amino acid determ ination, (c) identifica-

TABLE III
Laboratory Tests Useful for the Differentiation 

of Phenylketonuria from Phenylketonuria Variants

Analytes Diagnosis

Elevated phenylalanine Phenylketonuria
Decreased urinary 5- Phenylketonuria
hydroxyindoleacetic variants
acid, vanlllylmandelic
acid, homovanillic acid,
serotonin, catecholamines

Elevated neopterin but Biopterin
normal blopterin synthetase

defect III
Elevated blopterin and Dihydropteridine-
neopterin reductase

defect II
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CO2 + I  A M M O N IA

F ig u r e  4 . K e y  am in o  
a c id s  a n d  m e t a b o l i t e s  
in v o lv e d  in  a  n o rm a l u rea  
c y cle .

+ 3-KETO 
GLUTARATE

-GLUT AM A T - I g l u t a m i n e ]

tion of the specific enzyme defect, and 
ideally  (d) iden tifica tion  of the  gene 
mutations (figure 7). Clinical laboratories 
u sually  a re  n o t invo lved  in specific 
enzyme identification and gene analysis

because b o th  analyses requ ire  e ith e r 
tissue biopsy specim ens or tissue cell 
cu ltu res . M ost o f th ese  low volum e, 
specia lized  tests  are  perfo rm ed  in a 
specialized laboratory.

CO2
+

A TP
AMMONIA

C ABB AMYL 
PHOSPHATE 
SYNTHETASE CITRULUNE

A
CARBAMYL
PHOSPHATE

ASPARTIC I 
+  ACID »

ASPARTIC 
+  ACID

wARGINOSllCCINIC 
ACID

FUMARIC 
ACID

OROTIC ACID I
UREA

CO2
+

ATP I AMMONIA

1

ASPARTIC 
+  ACID

COi

ATP I AMMONIA ARGININOSUCCINIC 
ACID SYNTHETASE

CARBAMYL
PHOSPHATE

»ARGINOSUCCINIC
ACID

FUMARIC 
“  ACID

ARG1NASE

ASPARTIC 
+  ACID I

!♦CARBAMYL
PHOSPHATE

CITRULUNE'
t <

ARGININE i
ASPARTIC 

+  ACID I

«  ^  ARGINOSUCCINIC

Wi ACIDI
ASPARTIC 

+  ACID

UREA

FUMARIC
ACID

OROTIC ACIDOROTIC ACID

FIGURE 5 . F o u r  d if fere n t d isord ers  (cau sed  b y  fou r d iffere n t in a c tiv e  e n z y m e s)  in v o lv in g  th e  u r ea  c y c le .
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ORGANIC

AC IDEM IA TRANSIENT

TRANSCARBAMYLASE (OTC) 
OR C ARB AMYL PHOSPHATE 
SYNTHETASE (CPS)

CITRULLINE
(TRACE OR ZERO) ♦

F ig u r e  6 . D iffere n tia l 
d ia g n o s is  a m o n g  v a r io u s  
u r ea  c y c le  d e fic ie n c ie s  b y  
m e a s u r in g  c itr u ll in e  a n d  
o r o tic  a c id  in  a d d it io n  to  
am m onia .

URINARY URINARY

OROTIC 1 OROTIC A
ACID T ACID T

DEFECT IN 
CPS

DEFECT IN 
OTC

URINE

1 CHEM ICAL TESTS

a )F e C l3
b)DNPH

c) CN-nitroprusside

d) Nitrosonaphthol

2 . AM INO ACID ONE-W AY  
CHROM ATOGRAPHY

BLOOD

1. AMINO ACID 
TWO-WAY 

CHROMATOGRAPHY

F ig u r e  7 . S p e c im e n s  
a n d  te s t  p r o c e d u r e s  n o r 
m a lly  e m p lo y e d  in  t h e  
s e q u e n c e  o f  s te p s  for  th e  
d iagn osis  o f  in b orn  errors  
o f  am in o  a c id  m eta b o lism . 
T e c h n iq u e s  l i s t e d  in s id e  
a n  e lip s e  are  c o m p le m e n 
tary p ro ced u res  to  b e  u s e d  
for con firm ation  o f  r esu lts  
o b t a i n e d  b y  r o u t i n e l y  
u s e d  p r o c e d u r e s  l i s t e d  
i n s i d e  t h e  r e c t a n g u la r  
b o x es .
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Laboratory  Techniques14,21

T he te s ts  d e sc r ib e d  are  u sed  f re 
quently  in our clinical laboratories for 
the screening for inborn errors of amino 
acid metabolism.

C h e m i c a l  T e s t s

The following chemical tests are sim
ple colorim etric procedures which use 
random urine specim ens. Most of the 
tests are designed to screen for excess 
metabolites derived from elevated amino 
acids due to inborn errors of amino acid 
metabolism. Five chemical tests are rou
tinely used to screen urine for inborn 
errors of amino acid metabolism.

(1). Ferric C h loride  Test: A green  
color indicates positive for PKU. A fad
ing green color indicates the presence of 
p-hydroxyphenylpyruvic acid for tyro- 
sinemia. The test gives various colors 
with a variety of drugs including a purple 
color with salicylates.

(2 ). 2 ,4 - D in i t r o p h e n y lh y d r a z in e  
(DNPH) Test: The appearance of a yel
low precipitate 10 min after the addition 
of DN PH reagent indicates the presence 
of excess of alpha-keto acids. A posi
tive  D N P H  te s t  confirm s th e  d iag 
nosis of PKU by ferric chloride test. A 
greenish gray color suggests maple syrup 
urine disease.

(3). N itro so n a p h th o l T est (M illon  
Reaction): The appearance of an orange- 
re d  co lo r in d ica te s  th e  p re se n c e  of 
excessive amounts of tyrosine derivatives.

(4). Cyanide-nitroprusside Test: The 
appearance of a magenta color indicates 
the p resence  of excessive cystine, or 
hom ocystine, or P -m ercap to laceta te- 
cysteine disulfide.

(5). S ilver-n itroprusside  Test: The 
appearance of a magenta color indicates 
the presence of homocystine. It is used

to d ifferen tia te  be tw een  hom ocystine 
and cystine when there is a positive reac
tion in the cyanide-nitroprusside test.

These screening tests are sensitive, 
b u t no t specific. T herefo re , positive 
results should be confirm ed by m ore 
definitive assays for amino acids, such as 
tw o-dim ensional TLC. These clinical 
tests also com plem ent the  m ethod of 
TLC because the two methods measure 
different analytes derived from the same 
enzym e defect, w hereas spots on TLC 
plates could be  p roduced  by in te rfe r
ences present in the urine specimens.

O n e  a n d  T w o - D im e n s i o n a l  T h in  
L a y e r  C h r o m a t o g r a p h y

One-dimensional TLC is usually car
ried out on the identical urine specimens 
w ith  ch e m ica l te s ts  (figu re  7). T he 
arrangem ent for sample application and 
the distribution of various amino acids on 
the chromatogram are shown in figure 8. 
Because the amino acids are not com
pletely separated, the one-dimensional 
TLC is used mainly to confirm results 
obtained by the chemical tests and to 
identify abnormal amino acid patterns. 
W hen  th e  o n e-d im en sio n a l, u rina ry  
amino acid pattern  is abnormal, a two- 
dimensional TLC should be performed 
im m ediately on the same specim en in 
o rd er to  iden tify  all abnorm al am ino 
acids specifically (figures 9 and 10). For 
both  one- and tw o-dim ensional TLC, 
duplicate plates are made so that one 
plate may be stained with ninhydrin and 
one w ith isatin. Because of the lower 
sensitivity of the isatin reagent, the plate 
stained with isatin should contain twice 
the am ount of specimen. Isatin is used 
not only to identify proline and hydroxy- 
proline, it also produces different colors 
for several amino acids which are helpful 
for th e ir  iden tifica tion . T hese am ino 
acids include phenylalanine, tyrosine, 
cystine, o rn ith ine  and carnosine, etc. 
Isa tin  will also he lp  to identify  drug
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Î
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Ala ©

Gly ©
G in ©  1?

His W  »P

Leu + Hu 

Phe
Val
Met
Tyr
Pro
Ala
Glu + Hyp 

Gly + Asp + Ser 

Arg + Lys + His 

Cys

Plate: Cellulose, 9.2 x 9.2 cm 
Tank: Alltech, 17 x 15 x 8 cm, cat # 7580 
Solvent: Butanol/acetic acid/water, 12/3/5 

by volume 
Sample (S): Urine containing 0.5 mg 

creatinie (for ninhydrin) 
urine containing 1 mg 
creatinine (for isatin)

Control (C): Pooled normal urines 
containing 0.5 (for ninhydrin) 
or 1 mg (for isatine) creatinine 

Amino acid standard (Std): Apply 2  
of 4 times diluted standard 
Sigma AA-S-18

F ig u r e  8. O n e  d im en sio n a l a m in o  acid  chrom atograph y . A rra n g em en t for sa m p le  a p p lica tion  a n d  d is tr i
b u tio n  o f  v ar iou s a m in o  acids after  chrom atograph y.

interferences, such as ampicillin, amoxi
cillin, and gentam ycin.28 Ampicillin, in 
particular, is frequently used in pediatric 
patients. Ampicillin and its metabolites 
migrate in the region of leucine, isoleu

cine, and valine in one dimensional TLC 
and give ninhydrin-positive spots, simi
lar to what may be found in maple syrup 
urine diseases. W hen isatin is used, all 
these antibiotics and their m etabolites

s
o

a> I
E 1
13 I’S  1<") î

1 Sample application spot 

1 cm I

cm Ist dimension, (25 min. r.t.)

Plate: Cellulose sheet, 7 x 7 cm 
Tank: Kodak, 3.5 x 3.5 x 1.5 inches, 

cat. #136.6269 
Solvent: First, pyridine/ace tone/NHiOH/water, 

4.5/3/0.5/2, by volume, 
second, isopropanol/formic acid/water, 

7.5/1.25/1.25, by volume.
Urine: Containing 0.5 mg creatinine (for

ninhydrin), or 1 mg creatinine (for isatin) 
Plasma extract: 5 |j.L(ninhydrin), 10 (J.L (isatin) 
Standard: 2 p.L of 4 times diluted Sigma 

standard, AA-S-18 
Control: Pooled normal urines containing 0.5 mg 

(ninhyrin) or 1 mg (isatin) creatinine

F ig u r e  9 . C o n d itio n s  and  arra n g em en t for tw o -d im e n s io n a l a m in o  a icd s after chrom atograph y .
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cystine

Cys
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O
GABA 0  0  a-AiB
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Gin

0 Phe
O M e t

^ T y r  O
Try Ethanolamine

Thr
Scr

Tau

Orn
m-His

X

Origin

Cystathionine

^ 1st Dimension
F ig u r e  10. C h rom atogram  sh o w in g  th e  d istr ib u tio n  o f  various a m in o  ac id s after  tw o -d im e n sio n a l th in  

layer  chrom atograph y.

give a bright yellow color, distinctively 
different from the pink color produced 
by most amino acids.

Thin layer chromotography is usually a 
labor intensive and time-consuming pro
cess. By using a sm aller plate  it was 
found that chromatography was greatly 
shortened, and much less tim e was also 
re q u ire d  for spo tting  because  of th e  
smaller sample volume. Moreover, using 
smaller plates does not sacrifice the reso
lution among am ino acids.27 For one

dimensional chromatography, as many as 
six urine specimens (S) can be analyzed 
on a single plate (figure 8). Every plate 
includes one amino acid standard (Std) 
mixture and one urine control (C). The 
amino acid standard mixture is used to 
check for the resolution of chromatogra
phy, the color reagent, and to the posi
tions of some key amino acids. The urine 
control helps to distinguish  abnorm al 
from  norm al u rina ry  am ino acid p a t
terns. The urine control is pooled from
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newborn to one m onth old infants. Since 
young infants contain much higher con
centrations of urinary amino acids, using 
pooled u rine  from young infants as a 
control avoids the reporting of false posi
tives for young infants.

A sm all p la te  is also used  for two- 
dimensional amino acid TLC. The modi
fication allows rap id  sem iquantitative 
analysis of am ino acids w ith in  a few 
hours (figure 9). Because proteins and 
peptides do not m igrate on thin layer 
cellulose plates, two-dim ensional TLC 
helps to identify interferences caused by 
p e p tid e s  in  th e  u r in e  w h en  o th e r  
m ethods are employed. W hen abnormal 
urinary amino acid(s) are identified by 
tw o-dim ensional chrom atography,25 a 
plasma specimen from the same patient 
should be obtained, and the abnormal 
amino acid(s) should be confirmed and 
quantified by HPLC analysis.

A m i n o  A c i d s  b y  H i g h  P e r f o r m a n c e  
L i q u i d  C h r o m a t o g r a p h y

Q uantita tive  m easurem ents of both 
urinary and blood amino acids can now 
be made readily by HPLC. Quantitation 
is im portant not only for a more defini
tive diagnosis bu t is useful for following 
patients undergoing dietary therapy. The 
quantification of amino acids by auto
m atic am ino acid analyzers has been  
largely replaced by HPLC in the clinical 
laboratories in recent years because of its 
speed and sensitivity. Though the most 
popular H PLC m ethod for amino acid 
determ ination is based on a precolumn 
deriva tization  of am ino acids w ith  0- 
p h th a la d e h y d e  (OPA), th is  m e th o d  
is l im ite d  to  p r im a ry  am ino  acids. 
Recently, a n o th e r  new  H PLC  p ro ce 
dure, using color reagents OPA and 9- 
fluorenylmethyl-chloroformate (FMOC), 
has b e e n  d ev e lo p ed 3,20 to reac t w ith  
amino acids in a sequence and detects 
both prim ary and secondary amino acids 
(figure 11). An au tom ated  precolum n 
sample preparation system is needed to 
carry out a two-step precisely time-con

trolled, derivatization procedure. D ur
ing derivatization, all prim ary am ino 
acids react with OPA, and all secondary 
amino acids with FMOC. The system is 
totally autom ated by H ew lett Packard 
including an autosam pler so that large 
num ber of specimens can be run unat
tended. In addition to the automation, 
the short turn-around tim e also makes 
this new HPLC system most suitable for 
clin ical labora to ry  use. It shou ld  be 
noted, however, that an electrochemical 
d e te c to r  is re q u ire d  for q u an tita tiv e  
m easurem ent of cystine and hom ocys
tine. A sensitive and quantitative chemi
cal p rocedure  has been  developed  to 
allow m easurem ent of cystine and homo
cystine  and  to d iffe ren tia te  b e tw een  
th e m .29 B ecause of the  sim plic ity  of 
this new m ethod, the same procedure 
is also used  for the  rou tine screening  
of cystinuria.

Miscellaneous Analyses

Serotin in , hydroxyindoleacetic acid 
(HIAA), urinary catacholamines, vanil- 
lylmandelic acid (VMA), and homovanil- 
lic acid (HVA), routinely m easured in 
most clinical laboratories, are useful for 
the identification of PKU variants. They 
are usually determ ined  by H PLC  and 
TLC procedures.1,3,8 A chemical m ethod 
available for m easuring urinary  orotic 
acid by reacting random urine with bro
mine water and measuring a color prod
uct at 480 nm 14,16 is helpful for the dif
ferentiation betw een defective ornithine 
transcarbam ylase (OTC) and defective 
carbamyl phosphate synthetase (CPS) in 
urea cycle deficiencies (table III). As an 
ad junct tes t to confirm  the diagnosis 
of ty ro s in em ia  m ade by am ino acid 
d e te rm in a tio n s , the  m easu rem en t of 
delta-am inolevulinic acid can be made 
e ith e r  q u a n tita tiv e ly  by H P L C 23 or 
qualitatively22 (figure 12). The increased 
concentration of succinylacetone in tyro
sinemia inhibits the enzyme delta-ami
nolevulinic acid dehydrase and produces 
an elevation of delta-amino levulinic acid 
in the urine.
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F i g u r e  1 1 .  A m in o  
acid profiles o f a standard 
amino acid m ixture, a nor
mal plasma extract by sul- 
fosalicylic acid (SSA) and a 
norm al urine by an auto
m ated precolum n deriva- 
t i z a t i o n  w i th  b o th  0- 
phthaladehyde (OPA) and 
9-fluorenylm ethy lch loro- 
form ate (FOMC) and high 
perform ance liqu id  ch ro 
matography.

Sample: urine, 1 jjlI  con
taining 0.2 g pe r L crea- 
t in in g ;  p la sm a , 1 (xl o f 
d e p r o te in i z e d  p la s m a ; 
amino acid standard, 1 (xl 
containing 250 fi-mol pe r L 
o f  e v e r y  a m in o  a c id .  
I n s t r u m e n t :  H P  1090  
series M liquid chrom ato
g raphs. C olum n: 200 x 
4.6 m m  H ypersil-ODS, 5 
|xm. M obile phase: A =
0 .0 3  M N aAc +  0.25%  
T H F  + 0 .1  m M  N aN 3 
(pH 7.5); B =  C H 3C N /).l 
M NaAc (4:1). Flow: 1 m L 
per min. Gradient: 3 p e r
cent to 40 percen t B in 20 
m in. Reaction Tem pera
ture: A m bien t. C olum n  
T e m p e r a t u r e :  4 6 ° C .  
Detection: HP 1046 A F lu 
orescence D etector. Exci
tation was at 230 nm  and 
emission a t 455 nm. After 
16 min. change excitation 
to 266 nm and emission to 
315 nm.
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F ig u r e  12. M eta b o lic  
p a th w a y s  in d ic a t in g  w h y  
t h e  m e a s u r e m e n t s  o f  
d e lta -a m in o le v u lin ic  a c id  
is  u s e fu l  fo r  c o n f ir m in g  
th e  d iagn osis  o f  ty ro s in e -  
m ia.

Screening for Organic Aciduria14,21

As shown in figure 1, amino acids such 
as phenylalanine and tyrosine, accumu
lated  owing to enzym e blockage, will 
convert to various metabolites and raise 
their concentrations in the blood. In the 
case of PKU, it is the alpha-keto acids 
that become increased in the blood (fig
ures 1). However, a variety of organic 
acids may also be e levated  in inborn 
errors of amino acid metabolism follow
ing a similar mechanism. Consequently, 
the screening of organic acids in urine is 
complementary to the amino acid deter
mination for the diagnosis of these amino 
acid d isorders. If  table I is exam ined 
carefully, it will be found that the mea
surem ent of pyruvic acid, O-hydroxy- 
phenylacids, and p-hydroxyphenylacids 
p rov ide  su p p o rt for the  diagnosis of 
hypera lan inem ia , PKU, and tyrosin- 
em ia, respectively . M easurem en ts of 
imidazolepyruvic acid and lactic acid will 
help to d istinguish  histid inem ia from 
histidinuria, just as propionic acid helps 
to distinguish ketotic hyperglycinem ia 
from nonketotic hyperglycinem ia, and 
m ethylm alonic acid to distinguish the 
hom ocystinuria of B12 coenzyme m eta
bolic defect from that owing to cystathi
onine synthase deficiency. Organic acids 
are traditionally m easured and identified 
by a capillary gas chromatograph-mass 
spectrometer. However, recent develop

m ents in  liqu id  chrom atograph-m ass 
spectrom etry could make organic acid 
determ inations easier than before since 
sample derivization is not required.
Summary

Background inform ation describ ing  
techniques and current procedures has 
been provided for laboratories interested 
in establishing programs that screen for 
inborn errors of amino acid metabolism. 
The normal sequence of investigations 
has been discussed, as well as the type of 
specimens used, and the techniques and 
procedures employed during the various 
steps of screening. Several new proce
dures introduced he re— manual fluoro- 
m atric procedures for PKU, small thin 
layer chrom atographies for the  sem i- 
q u a n tita tiv e  m ea su rem e n t o f am ino 
acids, and autom ated HPLC systems for 
the precise quantification of amino acids 
—  should be helpful in im proving the 
overall amino acid screenings.

Interpretation of results obtained from 
urine and blood screenings and the dif
ferent effects of inborn errors and renal 
absorptive function on the results of uri
nary amino acids are noted. In view of 
the recent findings in PKU variants and 
u rea  cycle deficiencies, stra teg ies for 
differential diagnosis of PKU variants 
from  classic PKU and d iffe ren tia tion  
among various urea cycle deficiencies 
w ere also suggested.



142 w u

References
1. Ba d e l l a , M ., Ro u t h , M. W., G u m p , B. H ., 

and  G ig l io t t i , H . J . : T h in -lay er c h ro m a to 
graphic m ethod for urinary 4-hydroxy-3-methoxy- 
m andelic acid (vanilmandelic acid) Clin. Chem. 
22:2046-2050, 1976.

2 . B e a u d e r , A . L .,  S c r iv e r , C. R ., S ly , W. S .,  
and V a l l e , D .:  G enetics and biochem istry of 
variant hum an phenotypes. In: The M etabolic  
B asis o f  In h e r ite d  D isease, 6 th  ed . Scriver,
C. R ., B eauder, A . L . ,  sly, W. S .,  Valle, D .,  
eds. N ew  York, M cGraw-Hill Inform ation Ser
vices C o., 1989, pp. 3—164.

3 . B l a n k e n s h ip , D. T ., K r iv a n e k , K. A ., A c k e r 
m a n n , B. L., and C a r d in , A . D .: High-sensitiv- 
ity  am ino acid analysis by derivatization  w ith 
O -p h th a la ld e h y d e  a n d  9 - f lu o re n y lm e th y l  
ch lo ro fo rm ate  u sin g  f lu o resce n ce  d e tec tio n : 
applications in  p ro tein  struc tu re  determ ination. 
Anal. Biochem. 178:2 2 7 - 2 3 2 ,  1989.

4. Br u sil o w , S. W., Va l l e , D. L ., and Ba tsh q w , 
M. L .: New pathways of n itrogen excretion in 
inborn erors of u rea  synthesis. Lancet 2 :452- 
454, 1979.

5. D h o n d t , J -L ., La r g il l ie r e , C ., Ar d o u in , P., 
F arriaux , J-P., and D a u trevaux , M .: Diagnosis 
o f variants o f hyperphenylalaninem ia by d e te r
m ination of p terin s in urine. Clin. Chim . Acta 
110:205-214 , 1981.

6. E p r o n , M. L .: A m inoaciduria. N ew  Engl. J. 
M ed. 272:1107-1113, 1965.

7. G ir o n i, A., Se g h ie r i , G ., N ic c o ia l , M ., and 
M a m m in i, P.: Sim ultaneous liqu id-chrom ato
graphic determ ination of urinary vanillylmande- 
lic acid, hom ovanillic acid, and 5-hydroxyindole- 
acetic acid. Clin. Chem . 34:2504-2506, 1988.

8. GUTTERIDGE, J. M. C .: T h in-layer chrom ato
g ra p h ic  te c h n iq u e s  fo r th e  in v e s tig a tio n  o f 
abnormal urinary catecholam ine m etabolite pat
terns. Clin. Chim. Acta 27:211-216, 1968.

9. Ka u fm a n , S., B e r l o w , S., Su m m er , F. K ., et 
a l.: H yperphenylalaninem ia due  to a  deficiency 
of b iopterin . A variant form of phenylketonuria. 
New Engl. J. M ed. 299:673-679, 1978.

10. KNIGHT, J. A. and W u, J. T.: Screening profile 
for th e  d e tectio n  of in h erited  m etabolic d is
orders. Lab. Med. 73:681-687. 1982.

11. L ed l e y , F. D ., L evy, H. L ., and W oo, L. C.: 
M olecular analysis of th e  inheritance of phenyl
ketonuria  and  m ild hyperpheny lalan inem ia  in 
families w ith both disorders. New Engl. J. Med. 
374:1276-1280, 1986.

12. M c C a m a n , M . W. an d  Ro b in s , E.: F lu o r im e tr ic  
m eth o d  for th e  d e ter m in a tio n  o f  p h en y la la n in e  
in  seru m . J. L ab. C lin . M ed . 5 9 :8 8 5 - 8 8 9 ,  1962.

13 . M sa l l , M ., B a t s h a w , M . L .,  S u s s , R .,  and 
B r u s il o w , S. W .: Neurologic outcom e in chil
d ren  with inborn errors o f u rea  synthesis. O u t
come of urea-cyle enzym opathies New Engl. J. 
Med. 3 7 0 :1 5 0 0 -1 5 0 5 , 1984.

14. O ’B r ie n , D . : Rare Inborn  E rrors of M etabolism 
in C hildren  w ith M ental Retardation. PH S p u b 
lication No. 2 0 4 9 , 1970.

15. R a b e n s t e i n , D . L. a n d  Ya m a s h it a , G. T . : 
D eterm ination  o f hom ocysteine, penicillam ine, 
and th e ir  sym m etrical and mixed disulfides by 
liq u id  c h ro m a to g rap h y  w ith  e lec tro ch em ica l 
detection. Anal. Biochem. 780:259-263, 1989.

16. Ro g e r s , L. E . a n d  P o r t e r , F. S.: H e r ed ita r y  
oroticaciduria: A urinary s cr e en in g  te s t. P ed ia t
r ics 42:423-426, 1968.

17. Scr iv er , C. R., F e in g o l d , M ., M a m u n e s , P., 
and N a d l e r , H . L . : Screen ing  for congenital 
m etabolic d isorders in the  new born infant: C on
g e n ita l  d e fic ie n c y  o f th y ro id  h o rm o n e  an d  
hyperphenylalaninem ia. Pediatrics 60:389—404, 
1977.

18. SCRIVER, C. R. and C lo w , C. L.: Phenylketon
uria: E pitom e o f hum an biochem ical genetics. 
New  Engl. J. M ed. 303:1336-1343, 1980.

19. Scr iv er , C. R. and C lo w , C. L.: Phenylketon
uria: E pitom e of hum an biochem ical genetics. 
New Engl. J. M ed. 303:1394-1400, 1980.

20. S c h u s t e r , R .: D eterm ination  of amino acids in 
biological, pharm aceutical, p lant and food sam
ples by autom ated  precolum n derivatization and 
h ig h -p erfo rm an ce  liq u id  ch rom atography . J. 
Chrom atog. 497:271-284, 1988.

21. S h i h , V. E .:  L ab o ra to ry  T echniques for th e  
D etection  o f H ered itary  M etabolic Disorders. 
Boca Raton, FL , CRC Press, 1973.

22. T is h l e r , P. V. and  W in s t o n , S. H .: Sim ple 
s c re e n in g  te s t  fo r q u a lita tiv e  d e te c tio n  o f 
increased  delta-am inolevulin ic  acid in u rine. 
Clin. C hem . 30:1372-1373, 1984.

23. T o m o k u n i , K., M a s a y o s h i , I., H ir a , Y., and 
H a s e g a w a , T . : O p tim iz ed  liq u id -ch ro m a to 
graphic m ethod for fluorom etric determ ination 
of urinary dela-am inolevulinic acid in workers 
exposed to  lead. C lin. C hem . 33 :1665-1667, 
1987.

24. T s u c h l y a , H ., H a y a sh i, T ., Ta t s u m i, M., e t a l.: 
H igh-perform ance liquid-chrom atographic anal
ysis for sero ton in  and tryp tam ine  excre ted  in 
urine after oral loading w ith L-tryptophan. Clin. 
Chem . 35 :43-47 , 1989.

25. W h it e , H .H .:  S ep ara tio n  of am ino acids in 
physiological flu ids by tw o-dim ensional th in - 
la y e r  c h ro m a to g ra p h y . C lin . C h im . A cta  
27:297-392, 1968.

26. W u, J. T., W u, L. H ., Z it e r , F. A., and Ash, 
K. O .: M anual flu o ro m etry  of phenylalanine 
from blood specim ens collected on filter paper: 
A m odified p ro ced u re . C lin . C hem . 25 :4 7 0 - 
472, 1979.

27. W u, J. T., M iya , T., and K n ig h t , J. A.: O ne
dim ensional chrom atography for amino acids on 
small th in  layer cellulose sheets. Clin. Chem. 
29:744, 1983.

28. W u, J. T. and K n ig h t, J. A.: Identification of 
ampicillin, amoxicillin, and gentam icin in  amino 
acid ch ro m ato g ram s. C lin . C hem . 28:2337— 
2338, 1982.

29. W u, J. T., W il s o n , L., and C h r is t e n s e n , S.: 
Quantitative m easurem ent o f urinary cystine by 
n itrop russide  reaction . C lin . C hem . 35:1152,
1989.




