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COMPARISON OF REVERSE-PHASE HIGH- 
PERFORMANCE L IQlJlD CHROMATOGRAPHIC 

AMINO ACIDS 
METHODS FOR PRECOLUMN-DERIVATIZED 

G. McClung" and W. T. Frankenberger, Jr. 
Department of Soil and Environmental Sciences 

University o f  California 
Riverside, California 92521 

ABSTRACT 

A comparison was made among f i v e  precolumn d e r i v a t i z a t i o n  
techn iques  f o r  amino a c i d  ana lys i s  us ing  reverse-phase h igh-  
performance l i q u i d  chromatography (HPLC). A1 1 chromatographic 
analyses were conducted us ing  t h e  same ins t rumen ta t i on  and a C i s  
U l t rasphere  ODS column (5  pm, 250 x 4.6 mn). The precolumn d e r i -  
v a t i  za t  i on methodol og i  es s t u d i  ed i nc l  uded t h e  fo rma t i  on o f  OPA 
( 0 - p h t h a l d i  a1 dehyde) , DANSYL (d imethy l  ami nonaphthalenesul phony1 ) , 
DXBSYL (dimethylarninoazobenzenesulphonyl), PTH (phenyl th iohydan- 
t o i n ) ,  and PTC (pheny l th iocarbamyl )  d e r i v a t i v e s .  The d e r i v a t i z a -  
t i o n  procedures were eva lua ted  f o r  s i m p l i c i t y ,  t ime requ i red ,  and 
d e r i v a t i v e  s t a b i l i t y .  
were compared i n  terms o f  r e s o l u t i o n ,  s e n s i t i v i t y ,  rep roduc ib i -  
l i t y ,  and t i m e  o f  ana lys is .  

HPLC analyses o f  t h e  amino a c i d  d e r i v a t i v e s  

*Present address: Dept. o f  Agronomy, Ohio S t a t e  U n i v e r s i t y ,  Ohio 
Agr ic.  Res. and Dev. Center, Wooster, OH 44691, U.S.A. 
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614 MC CLUNG AND FRANKENBERGER 

I NTRODUCTI ON 

I n  t h e  pas t ,  amino a c i d  compos i t ion  o f  pep t ides  and p r o t e i n s  

was determined by t h e  c l a s s i c a l  ion-exchange amino a c i d  ana lyzer  

i n t r o d u c e d  by Moore, Spackman and S t e i n  (1). Th is  separa t i on  was 

based on c a t i o n  exchange u s i n g  a g rad ien t  e l u t i o n  and postcolumn 

d e r i v a t i z a t i o n  w i t h  n inhyd r in .  In t h e  1970s, t h e  development o f  

HPLC and advancement i n  reverse-phase (RP) columns c o n s i s t i n g  o f  a 

s i l i c a  s t a t i o n a r y  phase mod i f i ed  by oc tadecy l - ,  o c t y l - ,  and o t h e r  

o rgan ic  adsorbants g r e a t l y  inc reased t h e  p o t e n t i a l  f o r  separa t i on  

Postco 

agents 

Howeve 

and q u a n t i t a t i o n  of amino acids.  Numerous procedures have been 

developed i n v o l v i n g  t h e  p roduc t i on  o f  amino a c i d  d e r i v a t i v e s  

capable o f  f l uo rescen t ,  v i s i b l e ,  o r  u l t r a v i o l e t  de tec t ion .  

umn LC d e r i v a t i z a t i o n  techniques make use o f  f l u o r o g e n i c  

such as - o-phthalaldehyde (OPA) and f luorescamine ( f l u r a m  

, precolumn systems are  becoming more popu lar  because o f  

t h e i  r i ns t rumen t  simp1 i c i t y ,  h igh  s e n s i t i v i t y  , s e l e c t i v i t y  and 

lower  cos t .  HPLC has been used i n  p r o t e i n  and c l i n i c a l  chemis t ry  

f o r  s t r u c t u r a l  e l u c i d a t i o n  and i d e n t i f i c a t i o n  o f  amino ac ids  i n  

enzymatic o r  a c i d  hyd ro l ysa tes  of amidated pep t ides  f o r  p r o t e i n  

sequenci ng (2,3). 

Pr i indry ami nes r e a c t  r e a d i l y  w i t h  p p h t h a l  d i  aldehyde (OPA) i n  

t h e  presence o f  2-mercaptoethanol (MCE) o r  e t h a n e t h i o l  t o  form 

1 - th iosubs t i t u ted -2 -a1  k y l - i s o i n d o l e s  which are  h i g h l y  f l uo rescen t  

(4,6). These i s o i n d o l e s  have been shown t o  be w e l l - s u i t e d  f o r  

HPLC separa t i on  (2,7-11). Al though t h e  OPA d e r i v a t i z a t i o n  proce- 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
4
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



PRECOLUMN DERIVATIZATION TECHNIQUES 615 

du re  i n v o l v e s  a r a p i d  r e a c t i o n  and h i g h  s e n s i t i v i t y ,  t h e  d e r i v a t i -  

ves formed a re  h i g h l y  uns tab le  ( l l ) ,  and consequent ly,  t h e  use o f  

OPA may be more s u i t e d  t o  postcolumn d e r i v a t i z a t i o n  which requ i res  

a d d i t i o n a l  equipment. Also, OPA f a i l s  t o  reac t  w i t h  secondary 

amino ac ids ,  p r o l i n e  and hyd roxyp ro l i ne  (Hyp), and y i e l d s  low 

f l uo rescence  w i t h  l y s i n e  and c y s t i n e  ( 1 2 ) .  

Other  reagents t h a t  have been employed which are  capable o f  

r e a c t i n g  w i t h  bo th  p r imary  and secondary amino ac ids  are  dimethy- 

laminonaphthalenesulfonyl c h l o r i d e  (DANSYL-C1) and d imethy lami -  

noazobenzenesulphonyl c h l o r i d e  (DABSYL-Cl). DANSYL d e r i v a t i v e s  

a re  f l u o r e s c e n t  ( 1 3 ) ,  bu t  more o f ten ,  they  are  q u a n t i f i e d  w i t h  

l e s s e r  s e n s i t i v i t y  us ing  u l t r a v i o l e t  d e t e c t i o n  t o  avo id  problems 

w i t h  quenching (11, 14-16). The d e r i v a t i z a t i o n  procedure i s  r e l a -  

t i v e l y  l eng thy ,  sometimes shown t o  be dependent on t h e  r a t i o  o f  

d e r i v a t i z i n g  reagent t o  amino ac ids  w i t h  t h e  fo rma t ion  o f  bo th  

mono- and d idansy l  d e r i v a t i v e s  (13) .  DANSYL d e r i v a t i v e s  are  a l s o  

p h o t o s e n s i t i v e  ( 1 7 ) .  DABSYL d e r i v a t i v e s  have been shown t o  be 

s u i t a b l e  f o r  HPLC separa t i on  (18-20). However, l i k e  t h e  DANSYL 

procedure,  DABSYL d e r i v a t i v e  fo rma t ion  i s  a l s o  concen t ra t i on  

dependent and r e s u l t s  i n  t h e  fo rma t ion  o f  m u l t i p l e  d e r i v a t i v e s  

w i t h  severa l  amino ac ids  (19).  

F o r  severa l  decades, pheny l th iohydan to in  (PTH) amino a c i d  

d e r i v a t i v e s  formed by t h e  Edman degradat ion  procedure has been 

w ide ly  used f o r  p r o t e i n  sequencing (21) .  Recent ly,  PTH d e r i v a t i -  

ves have been shown t o  be e a s i l y  separated by HPLC employing bo th  
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616 MC CLUNG AND FRANKENBERGER 

i s o c r a t i c  and g r a d i e n t  e l u t i o n  (22-26) .  Whi le t h e  de te rm ina t ion  

of amino ac ids  u s i n g  PTH d e r i v a t i v e s  has severa l  advantages such 

as d e r i v a t i v e  s t a b i l i t y  and h igh  HPLC r e s o l u t i o n ,  t h e  l a b o r i o u s  

t a s k  of fo rming  PTH d e r i v a t i v e s  makes t h i s  procedure undes i rab le .  

More r e c e n t l y ,  HPLC separa t i on  o f  pheny l th iocarbamyl  (PTC) d e r i v a -  

t i v e s  has been repo r ted  (8-27).  The use o f  PTC d e r i v a t i v e s  has 

many o f  t h e  same advantages as PTH d e r i v a t i v e s .  Since t h e  f o r -  

ma t ion  o f  PTC d e r i v a t i v e s  i s  t h e  f i r s t  s tep  i n  t h e  Edman degrada- 

t i o n  procedure used f o r  PTH d e r i v a t i v e  fo rma t ion  (21 ) ,  t h e  t i m e  o f  

d e r i v a t i z a t i o n  i s  reduced from days t o  minutes (8). 

The i d e a l  LC method f o r  amino a c i d  separa t i on  and d e t e c t i o n  

shou ld  be q u a n t i t a t i v e ,  simp1 e, r a p i d  , s e n s i t i v e ,  rep roduc ib le  , 

and e x h i b i t  h i g h  r e s o l u t i o n  (8). U n t i l  now, i t  has been d i f f i c u l t  

t o  compare LC techn iques  f o r  amino ac ids  where s i n g l e  systems were 

op t im ized  i n  independent s tud ies .  Postcolumn systems u s i n g  

n i n h y d r i n  vs. OPA ( 6 )  and f luorescamine vs. OPA (12)  have been 

compared i n  r e l a t i o n  t o  d e t e c t i o n  l i m i t s  and r e p r o d u c i b i l i t y .  I n  

t h i s  i n v e s t i g a t i o n ,  f i v e  precolumn LC systems were assessed i n  

regards  t o  t h e i r  ease and t i m e  of d e r i v a t i z a t i o n ,  d e r i v a t i v e  s t a -  

b i  1 i t y  , chromatographic r e s o l u t i o n  , s e n s i t i v i t y ,  p r e c i s i o n ,  and 

t i m e  o f  ana lys is .  Such a study i s  t h e  f i r s t  t o  compare separa t i on  

and d e t e c t i o n  i n  f l u o r o -  and chromogenic l a b e l i n g  o f  amino ac ids  

conducted w i t h  s tandard ized HPLC equipment. 

Numerous papers e x i s t  on these va r ious  precolumn HPLC tech -  

n iques  f o r  amino ac ids ,  and the re fo re ,  reproduc ing  a l l  o f  t h e  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
4
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



PRECOLUMN DERIVATIZATION TECHNIQUES 617 

pub l i shed  procedures would have been an insurmountable task .  The 

f o l  1 owing procedures were se lec ted  because o f  t h e i  r appl i cabi 1 i t y  

w i t h  t h e  a v a i l a b l e  i ns t rumen ta t i on  and CI8 RP column. 

descr ibed i n  these papers were f o l l o w e d  as c l o s e l y  as poss ib le ;  

however, t h i s  s tudy  conta ins  a g rea t  deal  o f  new elements s ince  

many o f  t h e  repo r ted  methods were mod i f ied ,  i n  terms o f  d e r i v a t i -  

z a t i o n  procedure, s t a t i o n a r y  phase o r  s l i g h t l y  d i f f e r e n t  g rad ien ts  

(mob i le  phase) t o  op t im ize  separat ion.  

The methods 

MATERIALS AND METHODS 

Equipment 

The chromatographic i ns t rumen ta t i on  u t i l i z e d  was a Beckman 

Grad ien t  L i q u i d  Chromatograph Model 334 c o n s i s t i n g  o f  two Model 

l l O A  pumps f o r  so l ven t  d e l i v e r y  and a Model 421 C o n t r o l l e r  for  

genera t i on  o f  g rad ien t  e l u t i o n s .  

A l t e x  210 I n j e c t o r  f i t t e d  w i t h  a 20 u l  s ta in less lcs tee l  i n j e c t o r  

loop. For a l l  methods, an A l t e x  Ultrasphere-ODS ( 5  pm p a r t i c l e  

s i ze ,  250 x 4.6 mn 1.0.) C I 8 ,  reversephase column was employed 

which was p r o t e c t e d  w i t h  an A l t e x  ODs-5 guard column. When HPLC 

analyses were conducted a t  e leva ted  temperatures , t h e  column was 

enclosed i n  a column heater  (Eldex Model 111). 

The system was equipped w i t h  an 

Fluorescence was measured w i t h  a G i l son  Spectra-glow F i l t e r  

Fluorometer Model 901 w i t h  f i l t e r s  f o r  e x c i t a t i o n  a t  360 nm and 

emission a t  455 mm. Both u l t r a v i o l e t  and v i s i b l e  l i g h t  absorbance 

were measured w i t h  a H i t a c h i  Va r iab le  Wavelength Spectrophotometer 
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618 MC CLUNG AND FRANKENBERGER 

Model 100-20, w i t h  an A l t e x  Spectrophotometer Flow C e l l .  Peak 

areas were recorded and i n t e g r a t e d  by a Hewlet t -Packard I n t e g r a t o r  

Model 3390A. 

Reagents 

Standard amino ac ids ,  an amino a c i d  standard s o l u t i o n  f o r  

p r o t e i n  hyd ro l ysa tes ,  and PTH amino a c i d  d e r i v a t i v e s  were ob ta ined 

f rom Sigma Chemical Company (St.  Louis,  Mo). DANSYL amino a c i d  

standards were ob ta ined  f rom P ie rce  Chemical Company (Rockford,  

I l l ) .  A l l  reagents used were HPLC grade when ava i l ab le .  HPLC 

grade a c e t o n i t r i l e ,  methanol, ammonium aceta te ,  sodium aceta te ,  

p y r i d i n e ,  t r i e t h y l a m i n e ,  and phosphor ic a c i d  were ob ta ined from 

F i s h e r  S c i e n t i f i c  ( R o c k v i l l e ,  Md). HPLC grade water was prepared 

by f i l t e r i n g  de ion i zed  water  th rough t h e  f o l l o w i n g  sequence: HN 

o r g a n i c  removal r e s i n  (Barnstead, Boston, Mass), U l t r a p u r e  DI 

exchange column (Barnsted, Boston, Mass), and a 0.22-um membrane 

GS f i l t e r  ( M i l l i p o r e ,  Bedford, Mass). 

O P A  D e r i v a t i z a t i o n  Procedure 

Samples were d e r i v a t i z e d  accord ing  t o  t h e  method o f  Jones and 

G i l l i g a n  ( 2 ) ,  b u t  r a t h e r  than us ing  t h e  commercial ly ava l a b l e  

f l u o r a l d e h y d e  OPA reagent,  t h e  d e r i v a t i z i n g  reagent cons s t e d  o f  

- o-phtha ld ia ldehyde (OPA) and 2-mercaptoethanol (MCE) i n  sodium 

b o r a t e  b u f f e r  (pH 9.5) as p r e v i o u s l y  descr ibed (9 ) .  B r i j  35 

(po l yoxye thy lene  l a u r y l  e t h e r )  (0.8 mg/mL) was added t o  enhance 

t h e  f l uo rescence  o f  l y s i n e  (12). The d e r i v a t i z a t i o n  procedure as 
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PRECOLUMN DERIVATIZATION TECHNIQUES 619 

desc r ibed  by Jones and G i l l i g a n  ( 2 )  cons i s ted  o f  t h e  f o l l o w i n g :  a 

5 uL a l i q u o t  o f  a s tandard  (5  nmol/mL) was mixed w i t h  5 ,,L o f  t h e  

OPA/MCE d e r i  v a t i  z i  ng reagent f o r  e x a c t l y  1 m i  n. Immediately 100 

uL  o f  0.1 M sodium ace ta te  b u f f e r  (pH 7.0) was added. 

was r a p i d l y  mixed and i n j e c t e d .  

The sample 

O P A  Chromatographic Cond i t i ons  

The method descr ibed by Jones and G i l l i g a n  (2 )  was used f o r  

separa t i on  o f  t h e  OPA-der ivat ized standard mix tu re .  So lvents  A 

and B cons is ted  o f  tetrahydrofuran:methanol:O.l M sodium aceta te ,  

pH 7.2, (5:95:900), and methanol, respec t i ve l y .  The e l u t i o n  gra- 

d i e n t  used i s  g iven  below. 

Time (min) 

0.0 
0.1 
12.0 
20.0 
27.0 
32.0 
40.0 

% B  Dura t ion  o f  s tep  (min) 

0 
20 
45 
60 
100 

0 
E N D  

0.9 
5.0 
2.0 
2.0 
8.0 

T h i s  program i s  s i m i l a r  t o  t h a t  used by Jones and G i l l i g a n  ( 2 )  

except  t h a t  so l ven t  B was decreased t o  0% more g r a d u a l l y  and main- 

t a i n e d  a t  0% f o r  two a d d i t i o n a l  minutes t o  a l l o w  t h e  column t o  r e -  

e q u i l i b r a t e .  Th is  e l u t i o n  g r a d i e n t  was a l s o  run  a t  a f l o w  r a t e  o f  

1.2 ml /min  r a t h e r  than 1.7 t o  avo id  l i m i t i n g  h i g h  pressures. The 

HPLC analyses were run  a t  room temperature. 
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620 MC CLUNG A N D  FRANKENBERGER 

DANSYL Der i  v a t i z a t i o n  Procedure 

P repara t i on  o f  DANSYL d e r i v a t i v e s  o f  standard amino a c i d  m i x -  

t u r e s  was performed accord ing  t o  t h e  procedure o f  Tapuhi e t  a l .  

( 1 7 ) .  The d e r i v a t i z i n g  reagent cons is ted  o f  5.56 mM DANSYL-C1 i n  

HPLC grade aceto-n i  t r i  1 e. 

d i s t i l l e d  over  DANSYL-Cl t o  e l i m i n a t e  p o s s i b l e  contaminants. 

Standard amino a c i d  m ix tu res  were prepared by d i s s o l v i n g  1 mM o f  

i n d i v i d u a l  amino ac ids  i n  40 mM l i t h i u m  carbonate b u f f e r  (pH 9.5). 

Dansy la t i on  was performed by adding 1.0 mL of t h e  DANSYL-C1 d e r i -  

v a t i z i n g  reagent t o  2.0 mL o f  t h e  amino a c i d  standard s o l u t i o n ,  

shak ing  g e n t l y  f o r  2 min, and a l l o w i n g  t h e  sample t o  r e a c t  a t  room 

The ace ton i  tri 1 e had p r e v i o u s l y  been 

tempera ture  u n t i l  e x a c t l y  35 min had elapsed. A t  t h i s  t i m e  t h e  

d a n s y l a t i o n  r e a c t i o n  was te rm ina ted  by t h e  a d d i t i o n  o f  100 pL o f  

2% ethylamine. Standard DANSYL amino ac ids  were d i sso l ved  i n  

methanol and analyzed by HPLC. A l l  samples were wrapped i n  

aluminum f o i l  t o  exc lude l i g h t  s ince  DANSYL d e r i v a t i v e s  are  

s e n s i t i v e  t o  u l t r a v i o l e t  i r r a d i a t i o n  (17 ) .  

DANSYL Chromatographic Cond i t i ons  

DANSYL amino a c i d  s tandard  m ix tu res  were reso lved  u s i n g  t h e  

reverse-phase HPLC procedure descr ibed by W i  1 k inson  (29). 

So lvents  A and B cons is ted  o f  30 mM sodium phosphate b u f f e r  

( a d j u s t e d  t o  pH 7.6 w i t h  phosphor ic a c i d ) ,  and a c e t o n i t r i l e ,  

respec t i ve l y .  

g r a d i e n t  as f o l l o w s :  

Amino ac ids  were separated w i t h  a s imp le  l i n e a r  
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PRECOLUMN DERIVATIZATION TECHNIQUES 62 1 

Time (min) % B  Dura t i on  of step (min) 

0.0 10.0 
0.1 45.0 

23.0 10.0 
30.0 END 

22.9 
7.0 

Analyses o f  20 UL o f  samples c o n t a i n i n g  1 nmol/mL were run 

a t  a f l o w  r a t e  of 2.0 mL/min a t  room temperature. 

abso rp t i on  (250 nm) r a t h e r  than  f l u o r e s c e n t  d e t e c t i o n  was used, 

as i s  o f t e n  t h e  case s ince  quenching occurs w i t h  t h e  use o f  an 

aqueous b u f f e r  which i s  needed f o r  e l u t i o n  o f  t h e  d e r i v a t i v e s  

U l t r a v i o l e t  

(29). 

DABSYL D e r i v a t i z a t i o n  Procedure 

DABSYL d e r i v a t i v e s  were formed accord ing  t o  t h e  procedure 

o f  Chang e t  a l .  (19) which i nvo l ved  d i s s o l v i n g  mono amino ac ids  

i n  0.1 M sodium b i ca rbona te  b u f f e r  (pH 9.0). Although t h e  pro-  

cedure c a l l e d  f o r  1 mg o f  amino a c i d  i n  100 vL b u f f e r ,  a molar 

concen t ra t i on  of 200 nmol/pL was used ins tead  i n  o rder  t o  o b t a i n  

t h e  des i red  f i n a l  concen t ra t i on  o f  0.1 nmol/uL. Since dabsyla- 

t i o n  i s  h i g h l y  dependent on pH, t h e  pH o f  t h e  amino a c i d  stan- 

dards was checked and ad jus ted  t o  9.0 when necessary. One 

hundred pL  o f  d e r i  v a t i  z i  ng reagent 

r e c r y s t a l  1 i zed DABSYL-C1 ( 2  umol /mL acetone) 

which cons is ted  o f  

was added t o  100 

,,L o f  a standard amino a c i d  so lu t i on .  

DABSYL-C1:amino a c i d  r a t i o  o f  1:l. The sample was mixed and 

t h e n  heated i n  a waterbath f o r  10 min a t  7OoC w i t h  occasional  

Th is  corresponded t o  a 
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622 MC CLUNG AND FRANKENBERGER 

mixing. The sample was d r i e d  i n  vacuo and red i sso l ved  i n  2 mL 

o f  70% ( v / v )  e thano l ,  r e s u l t i n g  i n  a f i n a l  concen t ra t i on  o f  0.1 

nmol/pL. 

-- 

The b i s  amino acids,  h i s t i d i n e ,  l y s i n e ,  and t y r o s i n e  were 

d e r i v a t i z e d  by t r e a t i n g  100 u L  o f  an amino a c i d  standard (50 

nmol) i n  0.1 M sodium b icarbonate  (pH 9.0) w i t h  200 ,,L o f  DABSYL- 

C l  d e r i v a t i z i n g  reagent ( 4  nmol/mL acetone) which r e s u l t e d  i n  a 

DABSYL-C1 :amino a c i d  r a t i o  o f  16:l. Samples were t r e a t e d  iden-  

t i c a l l y  t o  t h e  mono amino ac ids  except t h a t  t h e  d r i e d  res idue 

was taken up i n  500 p L  70% ( v / v )  ethanol  r e s u l t i n g  i n  a f i n a l  

c o n c e n t r a t i o n  o f  0.1 nmol/uL. 

DABSYL Chromatographic Cond i t ions  

The separa t i on  o f  a dabsy la ted  amino a c i d  standard m ix tu re  

was conducted accord ing  t o  t h e  method descr ibed by Chang e t  a l .  

(19).  

b u f f e r  (5.44 g sodium aceta te  t r i h y d r a t e ,  7.7 mL a c e t i c  acid,  

d i l u t e d  t o  90 mL, pH 4.13) and a c e t o n i t r i l e ,  respec t i ve l y .  The 

e l u t i o n  program, conducted a t  room temperature and a t  a f l o w  

Solvents A and B cons is ted  o f  0.04 M sodium aceta te  

r a t e  o f  1.2 mL/min, i s  g iven below: 

Time (min) % B  

0.0 20 
0.1 70 

32.0 25 
40.0 END 

Dura t i on  o f  steD ( m i n l  

25  
5 
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PRECOLUMN DERIVATIZATION TECHNIQUES 623  

PTH D e r i v a t i z a t i o n  P rocedure  

S i n c e  t h e  f o r m a t i o n  o f  PTH amino a c i d  d e r i v a t i v e s  by t h e  

Edman d e g r a d a t i o n  p rocess  i s  so l e n g t h y ,  d e t a i l s  o f  t h e  p r o c e -  

d u r e  w i l l  n o t  be g i v e n  h e r e  b u t  a r e  r e p o r t e d  by Edman and 

Henschen (21 ) .  The i n i t i a l  s t e p ,  t h e  f o r m a t i o n  o f  p h e n y l t h i o -  

carbamyl  (PTC) d e r i v a t i v e s ,  was accomp l i shed  by d i s s o l v i n g  

amino a c i d s  i n  a p y r i d i n e : w a t e r  (1:l)  m i x t u r e ,  a d j u s t i n g  t h e  

pH o f  t h e  samples, h e a t i n g ,  and a d d i n g  p h e n y l i s o t h i o c y a n a t e  

(P ITC) ,  t h e  d e r i v a t i z i n g  reagen t .  Excess r e a g e n t s  were removed 

by benzene e x t r a c t i o n ,  f o l  1 owed by c o o l  i ng  , and a c i  d i  f i c a t i o n  

o f  t h e  samples. F o r  c o n v e r s i o n  o f  PTC t o  PTH d e r i v a t i v e s ,  t h e  

samples were d i s s o l v e d  i n  H C l ,  heated,  coo led ,  and r e p e a t e d l y  

e x t r a c t e d  w i t h  e t h y l  a c e t a t e .  The e x t r a c t s  were d r i e d  - i n  

vacua, and t h e  PTH d e r i v a t i v e s  were t h e n  r e c r y s t a l l i z e d .  

PTH Chromatog raph ic  C o n d i t i o n s  

HPLC a n a l y s i s  o f  PTH amino a c i d s  was conduc ted  u s i n g  t h e  

p r o c e d u r e  d e s c r i b e d  by Zimmerinan e t  a l .  (26).  A s t a n d a r d  m i x -  

t u r e  o f  PTH amino a c i d s  ( 5  nmol d i s s o l v e d  i n  m e t h a n o l )  was 

s e p a r a t e d  u s i n g  0.01 - N sodium a c e t a t e  (pH 4.5) and a c e t o n i t r i l e  

as s o l v e n t s  A and B, r e s p e c t i v e l y .  The g r a d i e n t  e l u t i o n  

p rog ram used i s  g i v e n  below. 

Time ( m i n )  % B  

0.0 24 
0.1 44 

14.0 24 
25.0 END 

D u r a t i o n  o f  s t e p  ( m i n )  

5.9 
11 
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624 MC CLUNG AND FRANKENBERCER 

HPLC analyses were conducted us ing  a f l o w  r a t e  o f  1.0 

mL/min and a column temperature o f  62OC. 

PTC Der i  v a t i z a t i o n  Procedure 

PTC amino a c i d  d e r i v a t i v e s  were formed f o l l o w i n g  t h e  p ro -  

cedure o f  He in r i kson  and Mered i th  (8). Standard amino ac ids  

were d i s s o l v e d  i n  0.1 - N HC1 (2.5 pmol/mL) t o  avo id  problems 

w i t h  t h e  low s o l u b i l i t y  o f  c e r t a i n  amino ac ids  i n  water. A 

Sigma s tandard  amino a c i d  m i x t u r e  was a l s o  d e r i v a t i z e d  f o r  com- 

par ison .  

0.1 - N HC1) was p i p e t t e d  i n t o  a 25 mL b o i l i n g  f l a s k .  

was d r i e d  i n  vacuo and t h e  res idue  was d i sso l ved  i n  100 UL o f  

coup1 i ng b u f f e r  ( a c e t o n i t r i  1e :py r id i  n e : t r i e t h y l  amine:water, 

10:5:2:3). The sample was evaporated t o  dryness aga in  t o  

remove t h e  HC1. The res idue  was red i sso l ved  i n  100 pL of 

c o u p l i n g  b u f f e r .  F i v e  ,,L o f  pheny l i so th iocyana te  (PITC), which 

was kep t  t i g h t l y  sea led  i n  a P i e r c e  R e a c t i v i a l ,  was added. The 

sample was mixed and a l lowed t o  reac t  f o r  f i v e  min a t  room tem- 

pera ture .  The sample was aga in  evaporated t o  dryness and t h e  

PTC d e r i v a t i v e s  were taken up i n  250 p L  o f  a c e t o n i t r i 1 e : w a t e r  

(2:7) f o r  HPLC ana lys is .  

A 10 pL a l i q u o t  o f  a s tandard  amino a c i d  m i x t u r e  ( i n  

The sample 

-- 

PTC Chromatographic Cond i t i ons  

The method desc r ibed  by He in r i kson  and Mered i th  i n  System 

I 1 1  (8)  was f o l l o w e d  f o r  HPLC analyses. 

0.115 M ammonium aceta te ,  pH 6.0, and so l ven t  B was 0.23 M 

Solvent  A cons is ted  of 
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PRECOLUMN DERIVATIZATION TECHNIQUES 625 

ammonium aceta te ,  pH 6.0, i n  ace ton i t r i1e :methano l  :water 

(44:10:46). The i o n i c  s t r e n g t h  o f  bo th  e luen ts  was inc reased 

ove r  t h a t  o r i g i n a l l y  descr ibed which was 0.05 and 0.1 M ammo- 

nium ace ta te  i n  so l ven ts  A and B, r e s p e c t i v e l y .  The so l ven t  pH 

was ad jus ted  w i t h  phosphor ic a c i d  t o  pH 6.0 r a t h e r  than  6.8 as 

recommended by t h e  sen io r  au thor  (personal  communication). The 

HPLC analyses were conducted a t  room temperature r a t h e r  than  a t  

52°C as recommended. The e l u t i o n  g rad ien t ,  conducted a t  a f l o w  

r a t e  o f  1.0 mL/min, i s  g iven  below: 

Time (min) % B  D u r a t i o n  o f  s tep  (min) 

0.0 0 
0.1 15 14.9 

15.0 50 15 
30.0 100 4 
37.0 0 13 
50.0 END 

Th is  program i s  s l i g h t l y  l o n g e r  than  t h e  o r i g i n a l  program o f  

H e i n r i k s o n  and Mered i th  (8). 

t o  0% more g r a d u a l l y  t o  e l u t e  t h e  PTC amino ac ids  o f f  t h e  column 

and t o  a l l o w  f o r  column r e - e q u i l i b r i u m .  

I t  was necessary t o  decrease % B 

RESULTS AND D I S C U S S I O N  

OPA D e r i v a t i v e s  

The OPA d e r i v a t i z a t i o n  procedure was very s imp le  and rap id ,  

i n v o l v i n g  o n l y  t h e  m i x i n g  o f  a s tandard  s o l u t i o n  o f  amino ac ids  

w i t h  t h e  OPA/MCE d e r i v a t i z i n g  reagent. Consistency i n  t i m i n g  

proved t o  be c r i t i c a l  because o f  t h e  i n s t a b i l i t y  o f  t h e  OPA 
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626 MC CLUNG AND FRANKENBERGER 

d e r i v a t i v e s  (26).  The sodium ace ta te  b u f f e r  (pH 7.0) was added, 

n o t  f o r  t e r m i n a t i o n  of t h e  reac t i on ,  b u t  f o r  t h e  purpose o f  p re -  

s e r v i n g  t h e  l i f e  o f  t h e  column (9 ) .  It was conf i rmed t h a t  R r i j  

35 enhanced t h e  f luorescence o f  Lys-OPA. Because Lys- and Gly- 

OPA a re  ex t remely  uns tab le  (9,31),  a p r e c i s e  r e a c t i o n  t i m e  (60 

sec) was s e l e c t e d  t o  maximize r e p r o d u c i b i l i t y .  

The separa t i on  of an OPA d e r i v a t i z e d  standard m i x t u r e  o f  

18 amino ac ids  (500 pmol) i s  shown i n  Fig. 1. Two o f  t h e  p ro -  

t e i n  amino ac ids  were excluded from t h e  m ix tu re ;  p r o l i n e  

because OPA does n o t  r e a c t  w i t h  a - im ino  groups (12)  and c y s t i n e  

because o f  low f uorescence y i e l d  w i t h o u t  t h e  a d d i t i o n  o f  

i o d o a c e t i c  a c i d  11). Reso lu t i on  of 16 o u t  of 18 OPA d e r i v a t i -  

ves was achieved i n c l u d i n g  separa t i on  of asparagine and g l u t a -  

mine which were no t  i n v e s t i g a t e d  by Jones and G i l l i g a n  (12).  

G l y c i n e  and t h r e o n i n e  co -e lu ted  even though Jones e t  a l .  ( 9 )  

found t h a t  w i t h  t h e  a d d i t i o n  of an o rgan ic  m o d i f i e r ,  t e t r a -  

hydro furan ,  r e s o l u t i o n  between Gly and T h r  cou ld  be substan- 

t i a l l y  improved on an A l t e x  U l t rasphere  ODS column ( t h e  same 

column used i n  t h i s  s tudy) .  

The s e n s i t i v i t y  o f  t h e  OPA d e r i v a t i v e s  was eva lua ted  w i t h  

s e r i a l  d i l u t i o n s  o f  an amino a c i d  s tandard  mix tu re .  The sen- 

s i t i v i t y  i n  t h i s  study ranged between 10 and 200 pmol f o r  v a r i -  

ous amino ac ids  o f  t h e  s tandard  mix tu re .  Other s tud ies  have 

repo r ted  s i m i l a r  d e t e c t i o n  l i m i t s  (7,12) w i t h  l i n e a r i t y  o f  

response i n  t h e  range o f  5-100 pmol ( 9 ) .  H i l l  e t  a l .  (31) 
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E t -  

-+ 

r e p o r t e d  t h a t  t h e  use o f  e t h a n e t h i o l  i n  p l a c e  o f  mercap toe tha -  

no1 i n c r e a s e d  s e n s i t i v i t y .  However, L i n d r o t h  and Mopper (10) 

were  u n a b l e  t o  c o n f i r m  such c l a i m s .  The d e t e c t i o n  l i m i t ,  i s ,  

o f  cou rse ,  dependent  on t h e  i n t e n s i t y  o f  t h e  f l u o r e s c e n c e  i n  

r e 1  a t i o n  t o  base1 i ne s t a b i  1 i ty .  The background n o i s e  encoun- 

t e r e d  w i t h  t h e s e  samples was o f t e n  q u i t e  h igh .  It i s  unknown 

w h e t h e r  t h i s  was due t o  con taminan ts  o r  quench ing  problems.  

The p r e c i s i o n  u s i n g  OPA d e r i v a t i v e s  was d e t e r m i n e d  by 

r e p e a t e d  d e r i v a t i z a t i o n  and HPLC a n a l y s i s  o f  t h e  same amino 

a c i d  s t a n d a r d  m i x t u r e .  The c o e f f i c i e n t s  o f  v a r i a t i o n  (C.V.) 

f o r  e i g h t  r e p l i c a t i o n s  o f  a s t a n d a r d  m i x t u r e  a r e  r e p o r t e d  i n  

T a b l e  I on an i n d i v i d u a l  amino a c i d  b a s i s .  P r e c i s i o n  v a l u e s  

were n o t  c a l c u l a t e d  f o r  amino a c i d s  w h i c h  c o - e l u t e d .  C.V. 
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TABLE 1 

MC CLUNG AND FRANKENBERGER 

C o e f f i c i e n t s  o f  V a r i a t i o n  (C.V.) on Repeated Determinat ions  o f  
o f  I n d i v i d u a l  Amino Ac id  Components of a Standard M ix tu re  

Subjected t o  F i v e  D e r i v a t i z a t i o n  Procedures. 

Der i  vat i ve 
Ami no 
ac id *  OPA DANSYL DABSYL PTH PTC 

A1 an i  ne 
A rg i  n ine  
Asparagi ne 
As pa r t  ama t e 
Cys te i  ne 
G1 utamate 
G1 utami ne 
G l y c i  ne 
H i  s t i d i  ne 
Hydroxyprol  i ne 
I s o l e u c i  ne 
Leuci  ne 
L y s i  ne 
Methi on i  ne 
Phenyl a1 an i  ne 
Pro1 i ne 
Ser i  ne 
Threoni ne 
T ry p t op ha n 
Tyros ine  
Val i ne 

6.0 
6.4 
4.0 
3.4 
n.d.+ 
3.3 

17.0 
n.d. 
3.7 
n.d. 

18.0 
10.1 
12.1 

7.0 
5.4 
n.d. 
2.5 
n.d. 
3.7 
5.6 

17.3 

2.2 
n.d. 
n.d. 
1.6 
n.d. 
1.5 
n.d. 
1.5 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 

14.9 
10.0 

1.5 
1.8 
1.6 

11.8 
n.d. 
1.5 

3.9 3.7 7.7 
3.3 6.5 9.9 

15.1 6.4 5.6 
7.7f 7.8 1.4 
3.7 n.d. 4.4 

23.6 n.d. 5.1 
5.1 n.d. 8.4 
3.2 3.2 3.4 
n.d. 6.9 7.3 
n.d. n.d. 8.4 
n.d. 5.7 8.0 
3.8 5.6 7.0 
n.d. n.d. 6.1 
2.7 6.0 5.4 
7.9f 5.5 4.9 
3.2 
6.1* n.d. 

11.0 9.1 5.6 
3.0* 5.6 7.1 
n.d. 6.9 4.7 
3.0 4.3 6.7 

5.7 93 

Average 7.8 4.5 6.6 5.9 6.1 

*50.0 nmole sample o f  each amino a c i d  d e r i v a t i v e  
+n.d. = n o t  determined 
*determined on standards con ta in ing  an i n d i v i d u a l  amino a c i d  

o n l y  (50.0 nmole sample o f  t h e  amino a c i d  d e r i v a t i v e )  
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PRECOLUMN DERIVATIZATION TECHNIQUES 62 9 

and l e u c i n e  had compara t ive ly  l o n g  h a l f - l i v e s  rang 

20.3 t o  43.5 min. The most l i k e l y  exp lana t ion  f o r  

rep roduc i  b i  1 i t y  o f  these i nd i  v i  dua l  ami no ac ids  i s  

va lues  f o r  t h e  i n d i v i d u a l  OPA d e r i v a t i v e s  ranged from 2.5 - 
18.0% w i t h  an average o f  7.8%. High C.V. values, and thus  

poor r e p r o d u c i b i l i t y ,  were ob ta ined  w i t h  glutamine, v a l i n e ,  

i s o l e u c i n e ,  l euc ine ,  and l y s i n e .  Low p r e c i s i o n  migh t  be ex- 

pec ted  because o f  t h e  i n s t a b i l i t y  o f  t h e  OPA d e r i v a t i v e s .  

However, o f  t hese  f i v e  amino ac ids  w i t h  h i g h  C.V. values, 

o n l y  t h e  l y s i n e  d e r i v a t i v e  has an ex t remely  sho r t  h a l f - l i f e ,  

which was 3.7 min  i n  t h e  OPA/MCE d e r i v a t i z i n g  reagent repo r ted  

by T u r n e l l  and Cooper (11).  Glutamine, va l i ne ,  i so leuc ine ,  

ng from 

t h e  poor 

t h e  l a c k  o f  

Glu- complete separa t i on  between these and o t h e r  amino acids.  

tamine occur red  as a shou lder  on t h e  h i s t i d i n e  peak, and v a l i n e  

as a shou lder  on t h e  pheny la lan ine  peak. The poor p r e c i s i o n  

observed w i t h  i s o l e u c i n e  and l e u c i n e  can a l s o  be due t o  a l a c k  

o f  r e s o l u t i o n .  

peaks 'can be expressed as the  r a t i o  o f  t h e  d i f f e r e n c e  o f  re ten -  

t i o n  t imes ( t )  t o  t h e  average base l i ne  peak w i d t h  (w) (15 ) :  

Chromatographic r e s o l u t i o n ,  Rs between two 

S a t i s f a c t o r y  r e s o l u t i o n  was ob ta ined f o r  a 

except  H is /G ln  ( R s  = 0.30), Tyr /G ly  ( R s  = 

0.54), Val/Phe (Rs  = 0.31) and I l e / L e u  ( R s  

1 OPA d e r i v a t i v e s  

0), Met/Val ( R s  = 

= 0.60). Co-e lu t i on  
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630 MC CLUNG AND FRANKENBERGER 

o f  Ty r /H is  has a l s o  been repo r ted  w i t h  a Var ian  Micropack MCH 5 

and G l y l T h r  and Val/Met on a Waters VBondapack ( 7 ) .  S t i l l ,  t h e  

average C.V. va lue  f o r  a l l  t h e  OPA/MCE amino ac ids  o f  7.8% i s  

acceptab le  as C.V. values o f  9 t o  13% a r e  no t  uncommon w i t h  t h e  

c l a s s i c a l  ion-exchange amino a c i d  ana lyzer  (28). 

A l l  o f  t h e  18 OPA d e r i v a t i v e s  e l u t e d  f rom t h e  column 

w i t h i n  35 min and t h e  e n t i r e  program was completed by 40 min 

u s i n g  a f l o w  r a t e  o f  1.2 ml/min. Th is  i s  comparable t o  most 

o t h e r  precolumn analyses o f  OPA d e r i v a t i z e d  amino ac ids  u s i n g  

g r a d i e n t  e l u t i o n  rang ing  f rom 30 t o  45 min (7,9,31,32). 

Pressure b u i l d u p  exceeding 5,000 p.s.i. necess i ta ted  t h e  use 

o f  a s lower  f l o w  ra te .  Consequently, HPLC a n a l y s i s  t ime was 

seve ra l  minutes l o n g e r  than  w i t h  t h e  o r i g i n a l  program desc r ibed  

by Jones and G i l l i g a n  (2 ) .  I f  s h o r t e r  a n a l y s i s  t i m e  i s  

des i red ,  a 3 o r  5 pm p a r t i c l e  s i z e  150 mm column cou ld  be used 

(2) .  Nonetheless, an a n a l y s i s  t ime o f  40 min f o r  t h e  separa- 

t i o n  o f  OPA d e r i v a t i v e s  i s  a s u b s t a n t i a l  t i m e  savings over 

c l a s s i c a l  ion-exchange methods. 

The advantages i n  us ing  OPA d e r i v a t i v e s  f o r  amino a c i d  

d e t e c t i o n  are:  (1) t h e  d e r i v a t i v e s  e x h i b i t  h i g h  f l uo rescen t  

y i e l d ,  ( 2 )  t h e y  are s o l u b l e  and s t a b l e  i n  aqueous b u f f e r ,  (3 )  

t h e  r e a c t i o n  occurs q u i c k l y ,  and ( 4 )  OPA i s  no t  f l u o r e s c e n t  

i t s e l f ,  i n t e r f e r i n g  w i t h  t h e  reac t i on .  The major drawback w i t h  

OPA i s  t h a t  i t  does n o t  form f l u o r o p h o r s  w i t h  secondary amino 

acids.  However, secondary amino ac ids  can be de tec ted  i n  t h e  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
4
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



PRECOLUMN DEKIVATIZATION TECPNIQUES 63 1 

presence o f  sodi  um hypochl o r i  t e  (NaOC1) i n  pos tco l  umn systems, 

b u t  NaOCl d im in i shes  t h e  response of many pr imary  amino ac ids  

(7,9,28,30). Also, double peaks have been repo r ted  f o r  t h e  OPA 

d e r i v a t i v e s  o f  H is ,  Lys and o r n i t h i n e  (7,lO). 

DANSYL D e r i v a t i v e s  

The d a n s y l a t i o n  procedure o f  Tapuhi e t  a l .  (16) i s  a r e l a -  

t i v e l y  s imple,  s t r a i g h t f o r w a r d  method i n v o l v i n g  t h e  a d d i t i o n  o f  

DANSYL-C1 t o  amino ac ids  d i s s o l v e d  i n  l i t h i u m  b i ca rbona te  

b u f f e r  ad jus ted  t o  pH 9.5. Al though i t  p r e v i o u s l y  had been 

r e p o r t e d  t h a t  d e r i v a t i v e  y i e l d  was dependent on t h e  r a t i o  o f  

t h e  concen t ra t i ons  of DANSYL-C1 t o  amino ac ids  (32) ,  Tapuhi e t  

a l .  ( 1 7 )  found t h a t  w i t h  t h e  use of l i t h i u m  carbonate r a t h e r  

t h a n  sodium carbonate, and a c e t o n i t r i l e  r a t h e r  than acetone and 

water,  t h e  degree of d e r i v a t i z a t i o n  d i d  no t  d i f f e r  even w i t h  a 

1000- fo ld  i nc rease  i n  t h e  DANSYL-C1 concent ra t ion .  The 

au thors ,  however, recommended us ing  a r a t i o  o f  5-1O:l. 

DANSYL-C1 r e a c t s  w i t h  t h e  p r imary  amino ac ids ,  as w e l l  as 

p r o l i n e  and hydroxypro l ine .  With t h i s  d a n s y l a t i o n  procedure,  

amino ac ids  reac ted  w i t h  DANSYL-C1 t o  form monodansyl d e r i v a -  

t i v e s  except h i s t i d i n e ,  l y s i n e ,  t y r o s i n e ,  and c y s t i n e  which 

formed d idansy l  d e r i v a t i v e s  as expected. The e n t i  r e  d e r i v a t i -  

z a t i o n  procedure was r e l a t i v e l y  l e n g t h y  compared t o  o t h e r  

methods. The DANSYL-C1 r e a c t i o n  r e q u i r e d  35 m in  t o  o b t a i n  

maximum DANSYL d e r i v a t i v e  y i e l d s  (17). The t i m i n g  f o r  te rmina-  

t i o n  o f  t h e  r e a c t i o n  by a d d i t i o n  o f  e thy lamine was c r i t i c a l .  
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632 MC CLUNG AND FRANKENBERGER 

The DANSYL d e r i v a t i v e s  formed were s t a b l e  f o r  12 t o  24 h r  

which conf i rms t h e  r e s u l t s  o f  Tapuhi e t  a l .  (17). A l l  samples 

were covered w i t h  A1 f o i l  t o  exclude l i g h t  s ince  DANSYL d e r i v a -  

t i v e s  are  known t o  be s e n s i t i v e  t o  u l t r a v i o l e t  l i g h t  i r r a d i a -  

t i o n  (17). 

HPLC a n a l y s i s  o f  a s tandard  m i x t u r e  of commerc ia l l y  p re -  

pared DANSYL amino ac ids  w i t h  sample concen t ra t i ons  o f  1.0 and 

0.5 nmol f o r  t h e  mono- and d i  dansyl  d e r i v a t i v e s ,  r e s p e c t i  v e l y  , 
i s  i l l u s t r a t e d  i n  Fig.  2. O f  t h e  18 DANSYL amino ac ids  w i t h i n  

t h e  m ix tu re ,  asparagi  ne lhydroxypro l  i n e  and l e u c i n e / i s o l e u c i n e  

were no t  resolved. Poor r e s o l u t i o n  was a l s o  no ted  f o r  Thr/Gly 

( R s  = 0.04), Phe/Trp ( R s  = 0.04) and Trp/Cys ( R s  = 0.08). 

S ince  DANSYL d e r i v a t i v e s  are  f l u o r e s c e n t  t h e  d e t e c t i o n  

l i m i t  o f  t h e  d e r i v a t i v e s  cou ld  be q u i t e  low, i n  t h e  sub-pmol 

range. However, because o f  f luorescence quenching w i t h  t h e  use 

o f  an aqueous b u f f e r  f o r  e l u t i o n ,  u l t r a v i o l e t  d e t e c t i o n  is  more 

commonly used a l though i t  g r e a t l y  decreases t h e  s e n s i t i v i t y  o f  

t h e  HPLC ana lys i s .  The d e t e c t i o n  l i m i t  measured by UV absor- 

bance a t  250 nm, ranged from 50 t o  500 pmol f o r  t h e  va r ious  

DANSYL d e r i v a t i v e s  which i s  s i m i l a r  t o  t h a t  repo r ted  by 

Wi l k inson  (29)  o f  100 pmole. The prec  s i o n  values ob ta ined f o r  

t h e  i n d i v i d u a l  DANSYL d e r i v a t i v e s  rang d f rom 1.2 - 14.9% w i t h  

an average C . V .  o f  4.5% (Tab le  I ) .  

separa t i on  o f  t h e  DANSYL amino ac ids  was f a i r l y  sho r t ,  

r e q u i r i n g  about 30 min f o r  e l u t i o n  and column r e - e q u i l i b r a t i o n .  

The t i m e  o f  a n a l y s i s  f o r  
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FIGURE 2. HPLC analysis of a standard mixture of DANSYL amino 
acids (1.0 and 0.5 nmol of mono- and didansyl deriv- 
atives, respectively). 

The HPLC a n a l y s i s  o f  DANSYL amino ac ids  was judged t o  be 

moderate i n  terms o f  separa t ion ,  sensi  t i  v i  t y  , p r e c i s i o n ,  and 

t i m e  o f  ana lys is .  However, when i n d i v i d u a l  standards o f  amino 

ac ids  were d e r i v a t i z e d ,  va r ious  u n i d e n t i f i e d  peaks were encoun- 

t e r e d  which o f t e n  coe lu ted  w i t h  o t h e r  d e r i v a t i v e s ,  thereby  

making q u a n t i t a t i o n  d i f f i c u l t .  

t i c u l a r l y  abundant w i t h  l y s i n e ,  h i s t i d i n e ,  and t y r o s i n e ,  t h e  

amino ac ids  which t y p i c a l l y  form d idansy l  d e r i v a t i v e s .  It i s  

unknown whether bo th  mono- and d idansy l  d e r i v a t i v e s  were be ing  

formed o r  whether o the r  r e a c t i o n  produc ts  were causing t h e  

extraneous peaks. D i f f i c u l t i e s  were a l s o  encountered by Neadle 

I n t e r f e r i n g  peaks were pa r -  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
4
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



634 MC CLUNG AND FRANKENBERGER 

and P o l l i t t  (32)  who r e p o r t e d  t h a t  q u a n t i t a t i v e  d a n s y l a t i o n  o f  

f r e e  amino a c i d s  was n o t  p o s s i b l e .  

A l t h o u g h  t h e  chromatograph ic  a n a l y s i s  o f  DANSYL amino 

a c i d s  appears t o  be a good s e p a r a t i o n  method i f  m o d i f i c a t i o n s  

t o  o p t i m i z e  r e s o l u t i o n  a r e  made, t h e  DANSYL d e r i v a t i v e s  formed 

by t h e  method o f  Tapuhi  e t  a l .  (17 )  may n o t  be s u i t a b l e  f o r  

t h i s  p a r t i c u l a r  Chromatographic  s e p a r a t i o n .  W i l k i n s o n  (29) ,  

u s i n g  a d i f f e r e n t  d e r i v a t i z a t i o n  procedure,  a l s o  r e p o r t e d  t h e  

presence of e x t r a n e o u s  peaks w i t h  a d a n s y l a t e d  p e p t i d e  sample 

and suggested  t h a t  t h e  use o f  DANSYL d e r i v a t i v e s  may n o t  be 

a p p r o p r i a t e  i n  v a r i o u s  b i o l o g i c a l  a p p l i c a t i o n s .  

DABSYL D e r i v a t i v e s  - 
The DABSYL d e r i  v a t i z a t i o n  p r o c e d u r e  was r e l a t i v e l y  s i m p l e  

and f a i r l y  r a p i d ,  r e q u i r i n g  a p p r o x i m a t e l y  20-25 m i n  t o  m i x  t h e  

s t a n d a r d  and d e r i v a t i z i n g  reagent ,  heat  t h e  sample, e v a p o r a t e  

i t  t o  d ryness ,  and r e d i s s o l v e  t h e  d e r i v a t i v e  res idue.  One 

m a j o r  drawback o f  t h i s  d e r i v a t i z a t i o n  method was t h e  f o r m a t i o n  

o f  m u l t i p l e  d e r i v a t i v e s  w i t h  t h e  b i s  amino a c i d s ,  h i s t i d i n e ,  

l y s i n e ,  t y r o s i n e ,  and c y s t i n e .  L i n  and Chang (33) a l s o  

r e p o r t e d  t h e  f o r m a t i o n  o f  m u l t i p l e  d e r i v a t i v e s  w i t h  low 

DABSYL-C1: amino a c i d  r a t i o s  and h i g h  pH values.  W i t h  a r a t i o  

o f  5:1, t h e y  observed o n l y  s i n g l e  d e r i v a t i v e s  o f  t h e  b i s  amino 

a c i d s .  Chang e t  a l .  (19) suggested u s i n g  DABSYL-C1 :amino a c i d  

r a t i o s  o f  4 : l  - 80:l. However, t h e i r  mono amino a c i d  d a b s y l a -  
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PRECOLUMN DERIVATIZATION TECHNIQUES 635 

t i o n  procedure,  which was used i n  t h i s  study, s p e c i f i e d  reagent 

and amino a c i d  concen t ra t i ons  t h a t  produced a r a t i o  o f  1:1. 

U n l i k e  t h e  DANSYL, t h e  DABSYL d e r i v a t i v e s  are  pho tos tab le  

when d i s s o l v e d  i n  sodium b i ca rbona te  b u f f e r  (33). The d e r i v a -  

t i v e s  were s t a b l e  f o r  24 t o  48 h r  a t  room tempera ture  as 

measured by peak areas o f  a s tandard  m i x t u r e  t h a t  was 

repea ted ly  i n j e c t e d  over t ime. The DABSYL-C1 d e r i v a t i z i n g  

agent,  i f  s t o r e d  under N and r e f r i g e r a t e d ,  was repo r ted  t o  be 

s t a b l e  f o r  l o n g  pe r iods  o f  t i m e  (20).  

2 

DABSYL amino a c i d  d e r i v a t i v e s  were de tec ted  u s i n g  v i s i b l e  

l i g h t  (436 nm). 

a c i d  d e r i v a t i v e s  o f  a s tandard  m i x t u r e  ( 2  nmol) was achieved 

w i t h i n  25 min (Fig.  3). Only mono amino ac ids  were i n c l u d e d  

i n  t h i s  s tandard  m i x t u r e  because d a b s y l a t i o n  o f  t h e  b i s  amino 

ac ids  h i s t i d i n e ,  l y s i n e ,  t r y r o s i n e ,  and c y s t i n e  r e s u l t e d  i n  t h e  

p r o d u c t i o n  o f  3, 3, 4, and 2 d e r i v a t i v e s ,  respec t i ve l y .  

A l though t h e  major  peaks f o r  h i s t i d i n e ,  l y s i n e ,  and t y r o s i n e  

had r e t e n t i o n  t imes o f  27.8, 28.2, and 30.8 min, r e s p e c t i v e l y ,  

and t h e r e f o r e  were reso lvab le ,  t h e  secondary peaks produced 

c o e l u t e d  w i t h  seve ra l  o f  t h e  mono amino a c i d  peaks and i n t e r -  

f e r e d  w i t h  q u a n t i t a t i o n .  Both i s o l e u c i n e  and hyd roxyp ro l i ne  

were a l s o  o m i t t e d  f rom t h e  s tandard  m i x t u r e  because of coe lu -  

t i o n  w i t h  l e u c i n e  and g l yc ine ,  r e s p e c t i v e l y .  Aspar ta te  and 

s e r i n e  were no t  reso lved  ( R s  = 0)  as was a l s o  repo r ted  by Chang 

e t  a l .  (19 ) .  Th i s  p a r t i c u l a r  program a l s o  d i d  no t  separate 

Reso lu t i on  o f  12 o u t  o f  16 mono DABSYL amino 
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FIGURE 3 .  HPLC a n a l y s i s  of a s t anda rd  mixture  of DABSYL-deriv- 
a t i z e d  amino a c i d s  (2nmol). 

pheny la lan ine  and t r yp tophan  ( R s  = 0). 

noted f o r  t h e  f o l l o w i n g  DABSYL d e r i v a t i v e s :  

0.12) Y AsP/GIU ( R s  = 0.30), Ser/Glu ( R s  = 0.30) and Arg/Thr 

( R s  = 0.24). Both glutamine and asparagine, which were no t  

i n c l u d e d  i n  t h e  m i x t u r e  used by Chang e t  a l .  (19), were 

separated from t h e  o the r  mono d e r i v a t i v e s .  The l a r g e  peak 

which e l u t e d  f i r s t  be fo re  t h e  amino a c i d  peaks i s  excess 

DABSYL-C1 (F ig .  3). 

Poor r e s o l u t i o n  was 

Asn/Gln (Rs = 
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The d e t e c t i o n  l i m i t  o f  t h e  mono OABSYL amino a c i d  d e r i v a -  

t i v e s  ranged f rom 50-500 pmol f o r  t h e  i n d i v i d u a l  amino acids. 

Chang e t  a l .  (19)  r e p o r t e d  d e t e c t i o n  as low as 2 t o  5 pmol. 

The l e s s e r  s e n s i t i v i t y  observed i n  t h i s  study was probab ly  due 

t o  poor b a s e l i n e  s t a b i l i t y  o f  t h e  d e t e c t o r  a t  i t s  most sen- 

s i t i v e  s e t t i n g s .  The p r e c i s i o n  da ta  (Tab le  I )  shows t h a t  t h e  

c o e f f i c i e n t s  o f  v a r i a t i o n  ranged from 2.7 t o  23.6% w i t h  an 

average C.V. o f  6.8%. The l a r g e  C.V. va lue  assoc ia ted  w i t h  

g lu tamate  i s  most l i k e l y  due t o  t h e  f a c t  t h a t  g lu tamate  

occu r red  as a smal l  peak shou lde r ing  on t h e  aspara te /se r ine  

peak. Lack o f  r e s o l u t i o n  i s  a l s o  probab ly  respons ib le  f o r  t h e  

h i g h  C.V. ob ta ined  w i t h  th reon ine .  Asparagine was t h e  on ly  

o t h e r  d e r i v a t i v e  t h a t  d i d  n o t  e x h i b i t  good reproduc b i  1 i ty. 

A l l  o f  t h e  mono OABSYL d e r i v a t i v e s  were e l u t e d  o f f  t h e  

column w i t h i n  25 min, and t h e  b i s  d e r i v a t i v e s  by 32 min. The 

e n t i  r e  program, i n c l u d i n g  r e - e q u i l i b r a t i o n  of t h e  column took  

40 min which i s  s i m i l a r  t o  t h a t  f o r  OPA ana lys is .  However, 

o n l y  12 OABSYL amino ac ids  were reso lved  u s i n g  t h e  chroma- 

t o g r a p h i c  c o n d i t i o n s  desc r ibed  by Chang e t  a l .  (19). A more 

compl ica ted  g r a d i e n t  migh t  improve t h e  r e s o l u t i o n  o f  t h e  DABSYL 

amino a c i d  d e r i v a t i v e s ;  however, r e p r o d u c i b i l i t y ,  p a r t i c u l a r l y  

i n  re fe rence  t o  r e t e n t i o n  t ime,  t y p i c a l l y  s u f f e r s  w i t h  t h e  use 

o f  compl ica ted  g r a d i e n t  programs. 

The major  shortcoming o f  t h e  OABSYL d e r i v a t i z a t i o n  method 

i s  t h e  f a c t  t h a t  d a b s y l a t i o n  o f  t h e  b i s  amino ac ids  r e s u l t e d  i n  
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638 MC CLUNG AND FRANKENBERGER 

t h e  fo rma t ion  of m u l t i p l e  d e r i v a t i v e s  which e l u t e  f rom t h e  

column a t  t h e  same t i m e  as o t h e r  mono-der ivat ives.  

Consequently, q u a n t i t a t i o n  of unknown samples would be n e a r l y  

imposs ib le  because t h e  fo rmat ion  o f  these m u l t i p l e  d e r i v a t i v e s  

i s  no t  c o n s i s t e n t ,  bu t  appears t o  be dependent upon t h e  r a t i o  

o f  DABSYL-C1 t o  amino acids.  

PTH Der i  v a t i  ves 

A ma jor  disadvantage w i t h  t h e  use of PTH d e r i v a t i z e d  amino 

ac ids  i s  t h e  l eng thy  d e r i v a t i z a t i o n  procedure. Whereas some 

d e r i v a t i z a t i o n  techn iques  r e q u i r e  o n l y  severa l  minutes, t h i s  

d e r i v a t i z a t i o n  i s  a most l a b o r i o u s  task  which can t a k e  up t o  

seve ra l  days. The f a c t  t h a t  c e r t a i n  amino ac ids  such as 

s e r i n e ,  t h reon ine ,  a r g i n i n e ,  and h i s t i d i n e  had t o  be t r e a t e d  

d i f f e r e n t l y  f rom t h e  m a j o r i t y  o f  t h e  amino ac ids  made t h e  d e r i -  

v a t i z a t i o n  process even more undes i rab le .  

The PTH d e r i v a t i v e s  are  known t o  be r a t h e r  s t a b l e  except 

when sub jec ted  t o  l o n g  pe r iods  o f  u l t r a v i o l e t  l i g h t  exposure 

(21) .  

repea ted ly  over t h e  course o f  severa l  days i n  t h i s  study. 

No l o s s  o f  peak area was observed on samples run  

F i f t e e n  o f  t h e  18 commerc ia l l y  prepared PTH amino a c i d  

standards r e ( 5  nmoles) were reso lved  (Fig.  4)  u s i n g  t h e  proce- 

dure  of Zimmerrnan e t  a l .  (26).  Glutamine, glutamate,  and 

s e r i n e  coe lu ted  r a t h e r  than be ing  reso lved  as i n  t h e  o r i g i n a l  

paper. Poor r e s o l u t i o n  was a l s o  noted between A r g l T y r  ( R s  = 
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0 5 10 15 20 25 

TIME ( m i n )  

FIGURE 4 .  HPLC analysis of a standard mixture of PTH amino 
acids (5 nmol). 

0.05) and Va l /Pro  ( R s  = 0.02). 

t o  e l u t e  t h e  PTH amino ac ids  o f f  our column, t h e  progam used 

was s l i g h t l y  l o n g e r  than  t h a t  i n  t h e  o r i g i n a l  paper (26) .  The 

s e n s i t i v i t y  o f  t h e  PTH d e r i v a t i z a t i o n  procedure ranged between 

50 and 500 pmol f o r  t h e  i n d i v i d u a l  PTH amino a c i d  d e r i v a t i v e s .  

The r e p r o d u c i b i l i t y  o f  t h e  PTH amino ac ids  ranged from 3.2 t o  

9.1% w i t h  an average C.V. o f  6.1% (Tab le  I ) .  The v a r i a t i o n  

assoc ia ted  w i t h  t h e  PTH amino a c i d  d e r i v a t i v e s  was more con- 

s i s t e n t  t han  w i t h  p rev ious  d e r i v a t i z a t i o n  procedures where C.V. 

va lues  were sometimes q u i t e  h igh  f o r  one o r  severa l  amino 

acids.  I n  t h i s  case, on l y  t h e  PTH th reon ine  d e r v a t i v e  showed 

poor r e p r o d u c i b i l i t y  which, most l i k e l y ,  i s  due t o  t h e  f a c t  

Because more t i m e  was r e q u i r e d  
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640 MC CLUNG AND FRANKENBERGER 

t h a t  i t  e l u t e d  as a smal l  peak shou lde r ing  a l a r g e r  peak repre-  

s e n t i n g  glutamine, glutamate,  and ser ine.  The C.V. values f o r  

t h e  PTH d e r i v a t i v e s  are  lower  than t h e  9-13% C.V. t y p i c a l l y  

encountered w i t h  c l a s s i c a l  i o n  exchange methods. 

One advantage w i t h  PTH d e r i v a t i v e s  was t h e  s h o r t  HPLC ana- 

l y s i s  t ime  o f  25 min needed t o  e l u t e  a l l  t h e  d e r i v a t i v e s  o f f  o f  

t h e  C18 column. 

s h o r t e r  program of o n l y  20 min  was necessary t o  r e s o l v e  a l l  20 

PTH amino a c i d  d e r i v a t i v e s .  

Zimmerman e t  a l .  (26) repo r ted  t h a t  even a 

PTC Der i  v a t i  ves 

Format ion o f  PTC amino ac ids  by t h e  method o f  He in r i kson  

and Mered i th  (8)  was a r e l a t i v e l y  s imple,  r a p i d  d e r i v a t i z a t i o n  

procedure r e q u i r i n g  20-25 min. The evapora t ion  s tep  a f t e r  t h e  

i n i t i a l  a d d i t i o n  o f  c o u p l i n g  b u f f e r  was found t o  be necessary 

t o  p revent  t h e  appearance o f  a peak apparent ly  assoc ia ted  w i t h  

t h e  presence o f  HC1. R e d i s t i l l a t i o n  o f  t h e  p y r i d i n e  and 

t r i e t h y l a m i n e ,  even o f  HPLC grade reagents, was shown t o  be 

necessary i n  d im ish ing  background noise. Th is  d e r i v a t i z a t i o n  

procedure r e q u i r e s  a s t r o n g  vacuum pump f o r  evapora t ion ,  pa r -  

t i c u l a r l y  w i t h  t h e  f i n a l  d r y i n g  a f t e r  d e r i v a t i z a t i o n  w i t h  PITC. 

The presence o f  even t r a c e  amounts o f  coup l i ng  b u f f e r  prevented 

t h e  r e s o l u t i o n  o f  amino a c i d  d e r i v a t i v e s  d u r i n g  HPLC ana lys is .  

The PTC amino a c i d  d e r i v a t i v e s  formed were q u i t e  s t a b l e  as 

peak areas o f  d e r i v a t i z e d  standards remained cons tan t  f o r  two 
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: I111 

I I I I 1 I I I I J 
0 5 10 15 - 20 2 5  30 35 40 45 

TIME (min) 

FIGURE 5. HPLC Analysis of a standard mixture of PTC-derivatized 
amino acids (2 nmol). 

o r  more days. 

s t a b l e  f o r  months i f  s to red  d ry  i n  a f r e e z e r  (8). As w i t h  t h e  

PTH d e r i v a t i z a t i o n ,  P I T C ,  t h e  d e r i v a t i z i n g  reagent, must be 

kep t  t i g h t l y  sealed t o  avo id  exposure t o  a i r .  The coup l i ng  

b u f f e r  was usab le  f o r  severa l  weeks a t  room temperature, and 

even longer  i f  s to red  r e f r i g e r a t e d .  

PTC amino a c i d  d e r i v a t i v e s  were repo r ted  t o  be 

A l l  20 p r o t e i n  amino ac ids  and hyd roxyp ro l i ne  ( 2  nmoles) 

were reso lved w i t h i n  approximately 40 min us ing  t h e  chroma- 

t o g r a p h i c  cond i t i ons  f o r  PTC d e r i v a t i v e s  descr ibed by 

He in r i kson  and Mered i th  (8) (Fig. 5). However, r e s o l u t i o n  was 

somewhat poor between G ly lG ln  ( R s  = 0.03), Arg/Pro ( R s  = 0.04), 

I l e / L e u  ( R s  = 0.04) and Phe/Trp ( R s  = 0.02). 

o f  asparagine, glutamine, t ryptophan, cys te ine ,  and hydroxypro- 

PTC d e r i v a t i v e s  
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642 MC CLUNG AND FRANKENBERGER 

l i n e  which were n o t  i n c l u d e d  i n  m ix tu res  s t u d i e d  by He in r i kson  

and Mered i th  (8) were a l s o  separated as w e l l  as t h e  16 d e r i v a -  

t i v e s  they  i nves t i ga ted .  The d e t e c t i o n  l i m i t s  o f  t h e  i n d i v i -  

dua l  PTC d e r i v a t i v e s  ranged f rom 50 t o  500 pmol. The p r e c i s i o n  

values ob ta ined w i t h  t h i s  method ranged f rom 1.4 t o  9.2% w i t h  

an average C.V. o f  6.1% (Tab le  I ) .  The C.V. values f o r  t h e  PTC 

method, l i k e  t h e  PTH method, were f a i r l y  c o n s i s t e n t  among t h e  

d e r i v a t i v e s  w i t h  no p a r t i c u l a r l y  h igh  values o c c u r r i n g  f o r  any 

s p e c i f i c  amino ac id .  

and t h e  HPLC a n a l y s i s  r e q u i r e d  20-25 min and 50 min, respec- 

t i v e l y ,  t o t a l i n g  approx imate ly  70-75 min  pe r  sample, t h e  PTC 

methodology was t h e  on ly  method capable o f  r e s o l v i n g  a l l  20 

p r o t e i n  amino ac ids  as w e l l  as hydroxypro l ine .  

Al though t h e  fo rma t ion  o f  PTC d e r i v a t i v e s  

CONCLUSIONS 

Each o f  t h e  f i ve ami no a c i d  deri  v a t  i z a t  i on methodol o g i  es 

has c e r t a i n  advantages o r  a p a r t i c u l a r  f a c e t  which renders one 

method more f a v o r a b l e  f o r  d e r i v a t i z a t i o n ,  HPLC ana lys i s ,  o r  

bo th ,  depending on one 's  p r i o r i t i e s  (Tab le  11). For sen- 

s i t i v i t y ,  t h e  fo rma t ion  o f  f l u o r e s c e n t  d e r i v a t i v e s  us ing  OPA 

was most des i rab le .  The d e r i v a t i z a t i o n  procedure was s imp le  

and r a p i d  w i t h  a chromatographic a n a l y s i s  o f  i n te rmed ia te  

l e n g t h  (40  min) .  

i n  t h e  f a c t  t h a t  OPA does no t  r e a c t  w i t h  t h e  secondary amino 

The main disadvantage o f  t h e  OPA method l i e s  

ac ids ,  p r o l i n e  and hydroxypro l ine .  The OPA method may a l s o  no t  
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TABLE 2. 

Comparison o f  Precolumn D e r i v a t i z a t i o n  HPLC Techniques 
i n  Terms o f  t h e  S p e c i f i e d  A n a l y t i c a l  Parameters 

~~~~~ ~ 

S E N S I T I V I T Y :  OPA > DABSYL = DANSYL > PTH = PTC 

P R E C I S I O N :  DANSYL > PTH = PTC > DABSYL > OPA 

STABILITY: PTC = PTH > DABSYL = DANSYL > OPA 

RESOLUTION: PTC > PTH > OPA > DABSYL = DANSYL 

T I M E  OF ANALYSIS: PTH = DABSYL < DANSYL < OPA < PTC 

be b e s t - s u i t e d  f o r  precolumn d e r i v a t i z a t i o n  due t o  t h e  i n s t a b i -  

l i t y  o f  t h e  d e r i v a t i v e s  formed. 

A l though t h e  use o f  DANSYL d e r i v a t i v e s  i s  f a i r l y  common, 

t h i s  method o f f e r s  few advantages. DANSYL-C1 i s  capable o f  

r e a c t i n g  w i t h  t h e  secondary amino acids.  The t o t a l  t ime  r e -  

qu i red ,  35 min  f o r  d e r i v a t i z a t i o n  and 30 min f o r  HPLC separa- 

t i o n ,  makes t h i s  method f a v o r a b l e  i n  terms o f  speed o f  a n a l y s i s  

when compared t o  t h e  PTH method. F a i r l y  good s e n s i t i v i t y  and 

rep roduc i  b i  1 i ty  was ob ta ined us ing  commerci a1 l y  prepared DANSYL 

d e r i v a t i v e s .  However, dansyl a t i  on o f  ami no a c i d  standards 

r e s u l t e d  i n  t h e  fo rma t ion  o f  bo th  mono- and d idansy l  d e r i v a t i v e s  

and i n  t h e  p r o d u c t i o n  o f  extraneous peaks which i n t e r f e r e d  w i t h  

quant i t a t  i on. 

Dabsy la t i on  o f  amino ac ids  o f f e r s  no p a r t i c u l a r  advantage 

except p o s s i b l y  t h e  r e l a t i v e l y  s h o r t  a n a l y s i s  t i m e  (60-65 min 
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t o t a l )  and r e a c t i o n  o f  DABSYL-C1 w i t h  t h e  secondary amino 

acids.  However, problems encountered w i t h  t h i s  procedure, par-  

t i c u l a r l y  i n  t h e  d e r i v a t i z a t i o n  which i s  pH and concen t ra t i on  

dependent, d e t r a c t s  f rom t h e  use o f  DABSYL d e r i v a t i v e s .  The 

m u l t i p l e  d e r i v a t i v e s  formed d u r i n g  dabsy la t i on  o f  t h e  b i s  amino 

ac ids  makes t h i s  procedure most u n a t t r a c t i v e  f o r  use i n  quan- 

t i f y i n g  unknown b i o l o g i c a l  samples. 

The use o f  PTH d e r i v a t i v e s  i s  q u i t e  common and o f f e r s  t h e  

advantage o f  a r a p i d  HPLC ana lys is ,  f a i r l y  good r e s o l u t i o n ,  

s e n s i t i v i t y ,  p r e c i s i o n ,  and d e r i v a t i v e  s t a b i l i t y .  However, t h e  

l e n g t h y  task  of fo rming  PTH d e r i v a t i v e s  makes t h i s  amino a c i d  

methodology undesirable.  

The PTC d e r i v a t i z a t i o n  and chromatographic a n a l y s i s  i s  no t  

t h e  most r a p i d  method a v a i l a b l e ,  r e q u i r i n g  approximately 70-75 

min t o t a l  per  sample. Th is  procedure, however, was capable o f  

r e s o l v i n g  2 1  amino acids,  and had f a i r l y  good s e n s i t i v i t y ,  

r e p r o d u c i b i l i t y ,  and d e r i v a t i v e  s t a b i l i t y .  Therefore,  t h e  use 

o f  PTC (pheny l th iocarbamyl  ) d e r i v a t i v e s  f o r  reverse-phase HPLC 

a n a l y s i s  o f  p reco lumn-der iva t ized  amino ac ids  i s  t h e  p r e f e r r e d  

method o f  t h e  d e r i v a t i z a t i o n  techniques studied. 
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