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USE OF TRIALKYL AMMONIUM PHOSPHATE (TAAP) BUFFERS IN REVERSE PHASE 
HPLC FOR HIGH RESOLUTION AND HIGH RECOVERY OF PEPTIDES AND PROTEINS 

Jean E. Rivier 

The Salk Institute for Biological Studies 

San Diego, California 

ABSTRACT 

A new buffer system compatible with reverse phase high pressure 
liquid chromatography (RP-HPLC) column packings and giving high re- 
coveries and high resolution for peptides and proteins is described. 
The TEAP buffer (triethylammonium phosphate), one of several T M P  
buffers (trialkylammonium phosphate) compatible with RP-HPLC, gives 
high resolution and high recovery for closely related peptides or 
proteins as well as day to day reproducibility. 
parent to less than 200 nm, extremely versatile, and could probably 
be used for several other classes of compounds (phosphatidyl cholines 
and sphingomyelin, for example). Furthennore, this system is corn- 
patible with in vitro and in vivo biological systems after removal 
of the organic solvent. We have applied our system to the purifi- 
cation of radioactive peptides, i.e. the separation and total re- 
covery of tritiated luteinizing hormone releasing factor (LRF) 
from closely related radioactive impurities. 
as different as LRF, somatostatin, insulin and cytochrome C are 
easily separated and recovered. Application to peptide mapping is 
also described. The influence of  flow rate, temperature and column 
packings on resolution is  discussed and illustrated. Linearity 
between load and integrated respqnse is  demonstrated over four 
order of magnitude while retenfion time for a particular component 
remains constant. 
lower temperatures gives opt$mal resolution. Furthermore, it was 
found that the higher the hydrophobicities of the support was, the 
higher the resolution, but also possible the higher the chances 
for peptide or proteiq &s .  

It is UV trans- 

Peptfdes and proteins 

A flow rate of 1-1.5 mllmin and ambient o r  
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INTRODUCTION 

RIVIER 

The emphasis of our original report (1) on high pressure (or 
performance) liquid chromatography (HPLC) was to demonstrate its 

power in the resolution of unprotected peptides. 
compatible with reverse phase (RP) chromatography were devel- 
oped, and peptides ranging from three (TRF) to twenty-nine 
(glucagon) amino acids were shown to be easily separated, quanti- 
tated and recoverable after lyophilization of the volatile 
fers. 
related analogs of the decapeptide luteinizing hormone releasing 
factor (LRF) and of the tetradecapeptide somatostatin (SS), as well 
as some stereoisomers, could be separated from each other or from 
the parent compound. 
from synthetic mixtures, as well as from natural sources, became 
possible. Rivier et al. (5) and Rivier and Brown (6) applied 
such systems (ammonium acetate buffer/CH3CN) to characterize neuro- 

tensin and bombesin analogs respectively. Ling et al. (7) iso- 

lated a- and Y-endorphins from natural sources. Rivier et al. (8) 
demonstrated thehomogeneityof synthetic somatostatin and glucagon 
selective somatostatin analogs made in gram quantities by solid 
phase procedures. 

Systems * 

buf- 
This was amply illustrated by showing that numerous closely 

Isolation of peptides of biological ihterest 

Although at this time reports on separation of underivatized 
peptides are still very limited, Schecter (9) has described the 
separation of proteins on porous silica deactivated by carbowax. 
Pickart and Thaler (10) have reported on the use of HPLC on 
silica gel to partition growth-promoting peptides and proteins 
as well as histones, and Tsuji and Robertson (11) have used RP- 

HPLC to separate peptide antibiotics. Since then, our results 
using RP-HPLC with hydrocarbonaceous bonded phases were indepen- 

* See Horwath and Melander ( 2 )  among others for the theoretical 
treatment of RP-HPLC, Cox (3)  for the practical aspects of 
bonded phase chromatography, and box ( 4 )  for the practical 
aspects of LC theory. 
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TAAP BUFFERS IN REVERSE PHASE HPLC 345 

dently confirmed by Hancock et al. (12) and shown very versatile 

by Hansen et al. (13), Krumen and Frise (14) and Molnar and 
Horvath (15). More recently, Hancock et al. (16) reported on the 
use of dilute phosphoric acid in combination with CH CN for 3 
improved resolution when dealing with small peptides, whereas we 

used those systems for the development of a racemisation test (17, 
18). 

During the course of these studies we became aware of poor 
recoveries, especially when dealing with polypeptides (8-endor- 
phins) and proteins. Conditions in Fig. 1 for example, are those 
that were used to separate human $-endorphin (the sequence of 
which is H-Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-Lys-Ser-Gln-~r-Pro- 
Leu-Val-Thr-Leu-Phe-Lys-Asn-Ala-Ile-Ile-Lys-Asn-A1a-Tyr-Lys- 

91 Gly-Glu-OH) , from ovine 8-endorphin (identical to [His87, Gln 
human 8-LPH (61-91))and from porcine $-endorphin (identical to 
[Val83, His87, Gln ]-human B-LPH (61-91)). It should be noted 
that the only difference between $ -endorphin and 8 -endorphin 
is the presence of one extra methyl group at position 83 of the 
original 8-LPH sequence or the substitution of one Ile residue 

for Val. The conditions used for that separation were, however, 
found to be detrimental to the column, which finally collapsed 
because of the postulated slow dissolution of the support. 

3- 

91 

P 

We were thus faced with having to condemn columns after 

about ten runs or finding new systems that would be more compat- 
ible with the column supports. The loss of the peptides seemed 
to be essentially due to irreversible binding to the column 
through high non-specific hydrophobic interactions and the effect 
of high temperatures; and basic conditions leading to the slow dis- 
solution of the column pointed the way to the obvious use of 

detergents (or ion pairs), as originally suggested by G. Hawk 
(from Waters Associates) for full recovery. We had shown that 
the presence of sodium dodecyl sulfate (SDS) in our buffer drama- 
tically increased recoveries, but were reluctant to systematically 
use it even for analytical purposes since recovery of samples of 
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346 RIVIER 

6 -PORCINE 

I I I I I 1 
5 10 15 20 25 

MINUTES 

Figure 1: One .4  X 30 cm pCyanopropy1 column. Back p r e s s u r e  = 

1800 p s i .  Flow ra te  - 2 ml/min. I s o c r a t i c  condi- 

t i o n s  w e r e  32% CH3CN, 68% b u f f e r .  

i n  H PO , pH w a s  a d j u s t e d  t o  7 . 5 0  w i t h  NaOH. Load was 

ca.  4 5  pg each. 0 . 1  AUFS 

Buffer  w a s  0.05 M 

3 4  

b i o l o g i c a l  i n t e r e s t  requi red  f u r t h e r  p u r i f i c a t i o n  s t e p s  which 

made i t  imprac t ica l .  

By us ing  sodium and ammonium phosphate b u f f e r s  (17,  1 8 ) ,  which 

were non-absorbing i n  t h e  W range where t h e  a b s o r p t i o n  of a p e p t i d e  

bond is maximal ( i . e .  19Onm) (19,20), w e  found t h a t  when running 

g r a d i e n t s  w e  could keep f l a t  b a s e l i n e s  by avoiding t h e  absorp t ion  

of t h e  carbonyl  group of t h e  acetate or formate counter  ions  

o r i g i n a l l y  used,  We were thus  determined t o  u s e  200-21Onm as t h e  

wavelength of observa t ion  so  t h a t  we  could keep high s e n s i t i v i t y  

and r e l i a b l e  response f o r  any pept ide  bond conta in ing  components 

of our  test mixtures .  
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34 7 TAAP BUFFERS I N  REVERSE PHASE HPLC 

We thought t h e  i d e a l  system should g i v e  h igh  r e s o l u t i o n  and 

h igh  recovery f o r  c l o s e l y  r e l a t e d  p e p t i d e s  o r  p r o t e i n s ;  t h e  i d e a l  

system would a l s o  be  s e n s i t i v e  (non-abosrbant i n  t h e  W);  would 

g i v e  reproducib le  r e s u l t s  from day t o  day; be  v e r s a t i l e ,  s o  t h a t  

i t  could p o s s i b l y  be used f o r  t h e  s e p a r a t i o n  of o t h e r  c l a s s e s  of 

compounds; be compatible  w i t h  t h e  support  and t h e  pumps ( t h u s  be  

non-corrosive,  o r  not  too  v iscous)  and, l a s t  b u t  no t  l eas t ,  be  

compatible  a f t e r  t h e  e l i m i n a t i o n  of  t h e  o r g a n i c  s o l v e n t  w i t h  2 
v i t r o  and i n  v i v o  b i o l o g i c a l  systems, s o  t h a t  s imple procedures  

such as l y o p h y l i z a t i o n ,  g e l  f i l t r a t i o n  o r  d i a l y s i s  could be  

avoided i n  t h e  screening  of columns f o r  b i o l o g i c a l  a c t i v i t i e s .  

Once w e  had narrowed down t h e  p r o p e r t i e s  an i d e a l  system 

should have, we  r e a l i z e d  t h a t  only a few parameters  could be  

s t u d i e d  s y s t e m a t i c a l l y .  These were t h e  choice  of t h e  column, 

t h e  choice of t h e  b u f f e r  composition and pH, t h e  choice  of an 

a p p r o p r i a t e  temperature  and t h e  choice  of a n  a p p r o p r i a t e  f low ra te .  

While searching  f o r  a b e t t e r  system, we had observed under 

c o n d i t i o n s  of r e v e r s e  phase chromatography w i t h  a combination of 

CH CN and a n  a c e t a t e  b u f f e r  t h a t :  a )  r e t e n t i o n  times f o r  a par- 

t i c u l a r  molecule  ( t h e  decapept ide  LRF, f o r  example) on a UCN 
column were s m a l l e r  than t h o s e  on a 1.1c column under t h e  same 

condi t ions ,  o r ,  i n  o t h e r  words, e l u t i o n  of a p a r t i c u l a r  p e p t i d e  

a t  a f i x e d  r e t e n t i o n  time r e q u i r e d  a h igher  c o n c e n t r a t i o n  of t h e  

organic  component of t h e  b u f f e r  system i n  t h e  c a s e  of t h e  pC 

v e r s u s  t h e  WN column; b)  h i g h e r  r e s o l u t i o n  w a s  ob ta ined  i f  t h e  

i o n i c  s t r e n g t h  of t h e  b u f f e r  w a s  increased  o r  i f  t h e  pH w a s  

lowered from 7 t o  2;  c )  h igher  tempera tures  w e r e  g i v i n g  smaller 

r e t e n t i o n  time and lower r e s o l u t i o n ,  which i s  t h e  o p p o s i t e  of 

what i s  g e n e r a l l y  observed f o r  ion  exchange o r  a d s o r p t i o n  chroma- 

tographies ;  and d) f low rates of around 1.5 ml/min were found 

adequate  when a n  a n a l y t i c a l  column ( 4 m  diameter )  w a s  used. 

3 

18 

18 

This  paper  d e s c r i b e s  a t r i a l k y l a m o n i u m  phosphate  (TAAP) 

b u f f e r  which ( a s  shown below) i s  f u l l y  compatible  w i t h  e i t h e r  

pumps, RP columns o r  s tandard  i n  v i v o  and i n  v i t r o  tests,  a l lows  
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34 8 RIVIER 

f o r  high recovery of pept ides  and p r o t e i n s  as l a r g e  as Myelin b a s i c  

p r o t e i n  (MBP), i s  h i g h l y  r e s o l u t i v e  and is W t r a n s p a r e n t  down t o  

200nm o r  below, t h u s  al lowing f o r  high s e n s i t i v i t y .  Inf luence  of 

phys ica l  parameters  such as t h e  choice  of t h e  r e v e r s e  phase suppor t ,  

temperature, flow rate ,  pH and composition of t h e  b u f f e r ,  as w e l l  

as t h e  uniqueness and some of t h e  l i m i t a t i o n s  of t h e  system, are 

descr ibed.  

MATERIAL AND METflODS 

Apparatus 

Theapparatus  cons is ted  of Waters Assoc ia tes  Models: 204 L i -  

quid Chromatograph, UK6 I n j e c t o r ,  two 6000A Pumps, 660 Programmer, 

I n f o t r o n i c s  Model 110 I n t e g r a t o r ,  Schoef fe l  Model 710 Multiwave 

Length Detector  and Linear  Instruments  Corp. Model 445 Chart 

Recorder, The fol lowing a n a l y t i c a l  columns of t h e  Bondapak 

series were used i n  t h e s e  s t u d i e s :  

54413 and pC18 626332. 

Composition of t h e  TEAP Buffer  

pCN 151928, u a l k y l  phenyl # 

F u l l  s c a l e  W absorbance expressed as AUFS. 

The TEAP b u f f e r  w a s  obtained by br inging  t h e  pH of .25N 

phosphoric a c i d  t o  3-3.'5 wi th  t r i e t h y l a m i n e .  Both H3P04 and Et3N 

should be f ree  of UV absorbing materials, and once made should be: 

a )  M i l l i p o r e  f i l t e r e d  t o  e l i m i n a t e  any s o l i d  p a r t i c l e s  t h a t  might 

plug t h e  columns, b) degassed t o  avoid t h e  p o s s i b i l i t y  of bubble 

formation dur ing  decompression of t h e  s o l v e n t  b e f o r e  t h e  d e t e c t i o n  

system, and c )  r e f r i g e r a t e d  t o  decrease t h e  p o s s i b i l i t y  of bac- 

t e r ia l  contamination. 

When running g r a d i e n t s  of CH CN, t h e  A b u f f e r  w a s  pure TEAP 

b u f f e r ,  pH 3.0, whi le  t h e  B b u f f e r  g e n e r a l l y  had a composition of 

40% TEAP b u f f e r  and 60% CH3CN. We a r r i v e d  a t  t h i s  r a t i o  because 

most p e p t i d e s  can be e l u t e d  from t h e  pCN columns by us ing  g r a d i e n t s  

from 12-48% CH3CN. 

flow rate  of 1.5ml/min, t h e  range i n  which b o t h  pumps w i l l  d e l i v e r  

a t  one time o r  another  a minimum of .3ml/min. 

3 

This  corresponds t o  2 0 4 0 %  B which is a t  a 

This  p a r t i c u l a r  
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TAAP BUFFERS I N  REVERSE PHASE HPLC 349 

composition of B was found t o  be much less d e t r i m e n t a l  t o  t h e  B 

pump than 100% CH CN, which has a tendency t o  d r y  t h e  0 r i n g  around 

t h e  sapphi re  p i s t o n ,  lead ing  t o  squeaking of  t h e  pump and leakage.  
3 

Condit ions 

A l l  experiments  were run  a t  room tempera ture  u n l e s s  i n d i c a t e d  

otherwise.  The columns and c o n d i t i o n s  used i n  each experiment  are 

descr ibed  i n  t h e  legends of each t a b l e  o r  f i g u r e .  S o l v e n t s  were 

g l a s s  d i s t i l l e d  (Burdick and Jackson) ,  had low absorbance i n  t h e  

range  of d i l u t i o n ;  aqueous b u f f e r s  w e r e  f i l t e r e d  through 0 . 5  x P 

M i l l i p o r e  f i l t e r .  D i s t i l l e d  water came from our i n s t i t u t i o n ' s  

d i s t i l l e d  de ionized  watersupply .  A l l  s o l v e n t s  were thoroughly 

degassed p r i o r  t o  use ,  a procedure t h a t  had t o  be r e p e a t e d  every 

hour o r  t w o  when high tempera ture  (6OoC) was used. 

t u r e  w a s  c o n t r o l l e d  w i t h i n  l 0 C  by immersing t h e  column (s)  i n  a 

thermoregulated water ba th .  Chromatography w i t h  programmed con- 

c e n t r a t i o n  g r a d i e n t s  w a s  g e n e r a l l y  used t o  determine proper  s o l -  

v e n t  systems f o r  i n d i v i d u a l  compounds b u t  i s o c r a t i c  s o l v e n t  mix- 

t u r e s  gave l a r g e r  s e p a r a t i o n  f a c t o r s  w i t h  c l o s e l y  r e l a t e d  compounds. 

High tempera- 

P e p t i d e s u s e d  i n  t h e s e  s t u d i e s  were synthes ized  by s o l i d  phase 

and p u r i f i e d  by convent iona l  methods (5,6,8). 
3 [ HI-LRF w a s  purchased from NEN; cytochrome C Type I11 w a s  

bought from Sigma, No. C-2506. Bovine endorphin w a s  synthes ized  

i n  c o l l a b o r a t i o n  w i t h  D r .  N.  Ling; c r y s t a l l i n e  p o r c i n e  i n s u l i n  

w a s  obtained from t h e  L i l l y  L a b o r a t o r i e s  (Lot No. 615-D63-10). 

Ovine myelin b a s i c  p r o t e i n  w a s  i s o l a t e d  i n  our  l a b o r a t o r y  by D r .  

J. Villarreal ,  who performed t h e  t r y p t i c  d i g e s t .  L-a-Lysophosphatidyl 
c h o l i n e  Type I ( l o t  27C-8075) w a s  bought from Sigma. 

RESULTS AND DISCUSSION 

S t u d i e s  on Recovery 

It is e v i d e n t  t h a n  any chromatographic system which does n o t  

allow f o r  complete recovery of  t h e  d i f f e r e n t  components of a g iven  

mixture  cannot be  used as a q u a n t i t a t i v e  a n a l y t i c a l  t o o l .  We w e r e  

e s p e c i a l l y  concerned by t h a t  p a r t i c u l a r  a s p e c t  of HF'LC when analy- 
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350 R I V I E R  

zing s m a l l  s y n t h e t i c  p e p t i d e s  f o r  homogeneity ( 5 , 6 , 8 ) .  Indeed,  

one could imagine t h a t  a non-representa t ive  percentage  of a 

polypept ide mixture  a p p l i e d  onto t h e  column might i r r e v e r s i b l y  

adsorb t o  t h e  column, o r  simply d isappear  i n  t h e  system (more 

s p e c i f i c a l l y ,  i n  t h e  i n j e c t o r ) ,  t h u s  i n v a l i d a t i n g  q u a n t i t a t i o n .  

Since recovery of weighable material  w a s  d i f f i c u l t  t o  

a c c u r a t e l y  achieve  and b i o l o g i c a l  a c t i v i t i e s  were n o t  g i v i n g  u s  

s u f f i c i e n t l y  a c c u r a t e  measures of recovery  f o r  t h i s  purpose,  w e  

a r r i v e d  a t  t h e  conclus ion  t h a t  t h e  only way t o  a s s e s s  recovery  

w a s  t o  fo l low counts  per  minute  (cpm) emi t ted  by a r a d i o a c t i v e  

p e p t i d e  with t h e  p r o v i s o  tha t ,  loaded cpm and e l u t e d  cpm, would 

be measured under t h e  same s t r i c t  c o n d i t i o n s  t o  e l i m i n a t e  such 

problems a s  quenching of t h e  s o l v e n t  i n  t h e  c a s e  of a B emitter 

Technica l ly  (and i t  is n o t  t r i v i a l ) ,  we  a l s o  had t o  make s u r e  

t h a t  no material w a s  l o s t  i n  t h e  i n j e c t o r .  The only  way t o  

r e l i a b l y d o  s o , w a s  t o  push t h e  s o l u t i o n  of t h e  p e p t i d e  conta ined  

i n  a s y r i n g e  i n  f r o n t  of a plug of  pure  b u f f e r  which had been 

introduced i n  t h e  s y r i n g e  p r i o r  t o  t h e  p e p t i d e  s o l u t i o n .  

F igure  2 shows t h e  e l u t i o n  p r o f i l e  (cprn x e l u t i o n  time) ob- 
3 t a ined  when a p r e p a r a t i o n  of [ HI-LRF (10,000 

under t h e  c o n d i t i o n  descr ibed  i n  t h e  legend. A t o t a l  of 11,000 

- -+ 1000 cpm w e r e  c o l l e c t e d  i n  t h e  d i f f e r e n t  f r a c t i o n s ,  i n d i c a t i n g  

t h a t  a l l  t h e  counts  had been recovered.  This  experiment could be  

repea ted  and w a s  r e p r o d u c i b l e  not only  i n  terms of high recovery ,  

but  a l s o  i n  terms of r e s o l u t i o n .  

h e r e  showed 50,140 cpm recovered and a s i m i l a r  p r o f i l e ,  when 

50,000 cpm w e r e  i n j e c t e d .  

1000 cpm) w a s  run  

A second experiment n o t  shown 

3 It is noteworthy t h a t  t h i s  impure p r e p a r a t i o n  of [ HI-LRF, when 

run on TLC, w a s  thought  be  t o  homogenous and co-eluted w i t h  co ld  LRF. 

P e r r i n ,  R i v i e r  and Vale ( i n  p r e p a r a t i o n )  have shown t h a t  o n l y  t h e  

f r a c t i o n  which e x h i b i t e d  t h e  same r e t e n t i o n  t i m e  as co ld  LRF had 

t h e  expected a b i l i t y  t o  s p e c i f i c a l l y  b ind  to  p i t u i t a r y  cel l  mem- 

branes.  Thus % lng [ HI-LRF, corresponding t o  less than  10,000 

cpm of a p r e p a r a t i o n  presumed t o  have a s p e c i f i c  r a d i o a c t i v i t y  of 

35 Cu/rmnole is  being  e l u t e d  w i t h  t h e  same r e t e n t i o n  t i m e  as l o 4  times as 

much co ld  LRF (1Opg) under t h e  s a m e  condi t ions .  S i m i l a r i l y ,  we 

3 
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1500 

11200 

.- 
TIME (minutes) 

F i g u r e  2: One .4 X 30 cm pCyanopropy1 column. Back p r e s s u r e  = 

1000 p s i .  Flow r a t e  = 1.5ml/min. I s o c a r a t i c  condi- 

t i o n s  were: 1 2 %  CH CN (40% A ,  60% B: B = 20% CH3CN), 

88% TEAP b u f f e r .  Load w a s  4 u g  LRF f o r  - and 

10.000 cpm [ H-LRFI- f o r  0-0- 

3 

* 0.1 AUFS 
3 

had a l r e a d y  shown t h a n  less t h a n  1/1000 of  a d i p e p t i d e  such  as 

L-Phe-L-Leu could e a s i l y  be  i s o l a t e d  from i t s  s t e r e o i s o m e r  L- 
Phe-D-Leu. 

To check whether  we cou ld  g e t  e q u a l l y  good r e c o v e r y  

w i t h  l a r g e r  p e p t i d e s  o r  small p r o t e i n s ,  w e  loaded a m i x t u r e  of 

LRF (MW: 1181, 51-18), s o m a t o s t a t i n  (MW: 1636, 5pig), i n s u l i n  (MW: 

~ 5 6 3 0 ,  5ug) and cytochrome C (MW: 12,750, 5ug) unde r  the c o n d i t i o n s  

shown i n  t h e  l egend  of F ig .  3.  P o s i t i v e  i d e n t i f i c a t i o n  of  each 

peak was done by  amino a c i d  a n a l y s i s .  Next t o  t h e  names i d e n t i -  

f y i n g  t h e  d i f f e r e n t  peaks of  t h e  chromatogram is t h e  i n t e g r a t e d  

v a l u e  ob ta ined  f o r  each component. 

t i d e s  o r  p r o t e i n s  t h e r e  i s ,  as a n  ave rage ,  t h e  same number o f  

p e p t i d e  bonds p e r  u n i t  of  we igh t ,  t h e n  by o b s e r v i n g  t h e  W absorp-  

t i o n  a t  210nm (end a b s o r p t i o n  of  t h e  amide bond) ,  one shou ld  have 

t h e  same molar  a b s o r p t i v i t y  (E) f o r  each  component. Tha t  is ,  t h e  

I f  we  assume t h a t  f o r  a l l  pep- 
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C 
i; a 

(279) 

Figure 3: One -4 X 30 cm pCyanopropy1 column. Back p r e s s u r e  = 

1000 p s i .  Flow rate = 1.5mlfrnin. Gradient  12% CH3CN 

t o  33% CH3CN (20% B t o  55% B: B = 60% CH3CN) i n  30 min 

was s t a r t e d  a t  time 0. 

t o s t a t i n ,  i n s u l i n  and cytochrome C. 0.1AUFS 

Load was 5 pg each LRF, soma- 

same i n t e g r a t e d  v a l u e  w i l l  b e o b t a i n e d  p e r  u n i t  of weight of pep- 

t i d e  o r  p r o t e i n s  whatever t h e i r  molecular  weight. 

I n  this p a r t i c u l a r  case we were s u r p r i s e d  t o  f i n d  t h a t  the 

i n t e g r a t e d  peaks f o r  LRF and SS were n o t  only i d e n t i c a l  bu t  a l s o  

30% l a r g e r  than those  of i n s u l i n  and cytochrome C. 

t o  conclusions,  l e t  us  f i r s t  comment on t h e  p o s t u l a t e d  t o t a l  re- 

covery of SS. The f a c t  t h a t  Spiess  and Rivier (21) have shown 

good recovery of immunoactivity f o r  somatos ta t in  dur ing  t h e i r  

program f o r  i s o l a t i o n  of p a n c r e a t i c  small somatos ta t in  from t h e  

Pigeon and, t h a t  SS (51.1g) g i v e s  t h e  same i n t e g r a t e d  v a l u e  as t h e  

same amount of LRF are two s t r o n g  p i e c e s  of evidence i n  t h e  demon- 

s t r a t i o n  of high (if n o t  t o t a l )  recovery of SS and probably of 

similar ( i n  s i z e  and charge) pept ides .  when u s i n g  t h e  a p p r o p r i a t e  

columns and t h e  TEAP b u f f e r  system. 

Before jumping 
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TAAP BUFFERS IN REVERSE PHASE HPLC 353 

The data presented in Fig. 4 are consistent with those repor- 

ted in Fig.  3 i n  that there is an apparent lower recovery of cyto- 

chrome C .  It is noteworthy that both with SS and cytochrome C (Fig. 
4 ) ,  a linear relationship between load and response is observed. 

The most likely explanation for the apparent lower recovery for 
cytochrome C and insulin (see Fig.3) 

is a smaller E value at 210nm for both proteins. It could also 
be explained on the basis of a lower peptide content/unit of 

weight, i.e. the samples would be contaminated with a certain 

amount of W transparent material. Both explanations are now 

being investigated but, in the end, the only convincing evi- 

dence for full recovery of larger peptides will come from 

studies similar to those we described earlier with radioactively 

labelled materials. 

Studies on Resolution 

Resolution, or the ability of a particular system to separate 
closely related molecules is dependent upon several factors, only 

a few of which we will coment upon from the practitioner's point 

of view. The theoretical treatment of resolution has been recently 

0 SOMATOSTATIN 

Figure 4 :  Load-response curves for somatostatin and cytochrome C. 
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0 
a cu 

Q 
a N 

- 5 10 15 20 25 30 

1 L 

Figure 5: Top trace: One .4 X 30 cm VCyanopropyl column. Back 

pressure = 1000 psi. Flow rate = 1.5ml/min. Isocratic 
conditions were: 3 
92.8% TEAP buffer. Load was 50 pg LRF, f14-136-06. 

7.2% CH CN (88% A, 12% B: B = 60% CH3CN) 
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TAAP BUFFERS I N  REVERSE PHASE HPLC 355 

summarized by J. Knox (4)  who tackled  t h e  p r a c t i c a l  a s p e c t s  of LC 

theory  and commented upon such t h i n g s  as : column p r e p a r a t i o n  

and t e s t i n g ,  op t imiza t ion  of column l e n g t h  and p a r t i c l e  s i z e ;  s i z e  

of t h e  column bore;  sample d i l u t i o n  and sample volume, and 

dimensions of connectors .  

S ince  we a r e  us ing  a s tandard  HPLC system ( s e e  exper imenta l  

s e c t i o n )  and commercially a v a i l a b l e  columns, w e  w i l l  a d d r e s s  our- 

selves t o  o t h e r  experimental  parameters  such as t h e  i n f l u e n c e  of 

t h e  r e v e r s e  phase packing m a t e r i a l  of t h e  columns, f low rate ,  

temperature  and pH of t h e  b u f f e r  us ing  o u r  TEAP b u f f e r  and a 

s tandard  s y n t h e t i c  p e p t i d e  mixture .  

Role of Column Support 

F ig .  5 demonstrates  t h e  c r i t i c a l  r o l e  of t h e  packing material  

f o r  r e s o l u t i o n  of d i f f e r e n t  components of a s tandard  p e p t i d e  mix- 

t u r e .  A l l  parameters  such as  f low rate, temperature ,  amount loaded 

and d e t e c t i o n  system, were kept  c o n s t a n t .  D i f f e r e n t  c o n c e n t r a t i o n s  

of t h e  organic  b u f f e r  had, however, t o  be used s o  t h a t  i d e n t i c a l  

r e t e n t i o n  times would be obta ined  f o r  t h e  major component of t h e  

mixture .  

F igure  5 (cont inued)  

Middle t r a c e :  One . A  X30 cm pa lkylphenyl  column, Back 

P r e s s u r e  = 1300 p s i .  Flow rate  = 1.5ml/min. I s o c r a t i c  

c o n d i t i o n s  w e r e :  

85% TEAP b u f f e r .  Load w a s  50 ug LRF #14-136-06. 

Bottom t r a c e :  One .4 X 30 cm Bondapak C18 column. 

Back p r e s s u r e  = 1400 p s i .  

I s o c r a t i c  c o n d i t i o n s  w e r e :  15.6% CH CN (74% A ,  26% B,  

B = 60% CH CN) 84.4 TEAP b u f f e r .  Load w a s  50 ug LRF 

15% CH3CN (75% A ,  25% B, B: 60% CH3CN) 

Flow rate  = 1.5ml/min. 

3 

3 
814-136-06. 0.1  AUFS 
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356 RIVIER 

It is noteworthy that the best resolution was obtained on 
the most hydrophobic columns as judged by the higher concentration 

of organic solvent needed to elute the peptide. 

have not studied recoveries in that system (i.e. alkylphenyl or 

pC18 columns), 

Role of Flow Rate 

Even though we 

it does not seem to be a problem for small peptides. 

Fig. 6 illustrates the role of different flow rates on resolu- 
tion while all other parameters are kept constant. 

that interestingly enough, elution.volume is very much constant. 
It is apparent that the slower the flow rate, the more easily 
recoverable would be the different components of a given mixture. 

Role of Temperature 

Table 1 shows 

Fig. 7 illustrates the influence of temperature upon resolution 
and retention time under otherwise constant parameters. Note that 

Figure 6 :  
T M  Imkutes) 

One .4 X 30 cm palkylphenyl column. Back pressure = 

300,700, 900 and 1400 psi going from flow rates 1 to 
1.5, 2.0 and 3.Oml/min respectively. Isocratic condi- 
tions were: 
85% TEAP buffer. Load was 5 pg LRF 816-136-06. O.1AUFS 

15% CH3CN (75% A, 25% B: B = 60% CH3CN) 
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TABLE I. Influence of flow rate on retention times of LRF 

FLOW RATE RETENTION TIME ELUTION VOLUME 

(mls Imin-1) (mid (mls) 

1.0 

1.5 

2 . 0  

3.0 

2 6 . 6  

17.3 

12 .9  

8 . 5  

2 6 . 6  

25 .95  

25 .  ao 

2 5 . 5 0  

whereas we used the palkylphenyl 

studies on the influence of temperature were run using the pC 

column. 

column for the study on flow rate, 

ia 

It is obvious that the higher the temperature, the lower the 

resolution. This is quite the opposite of what is generally observed 

for ion exchange chromatography (amino acid analyses for example) or 

adsorption chromatography (the resolution of PTH amino acids on a 

Zorbax column is, for example, 

residual unsilanized groups on that column ( 2 2 ) ) .  In both of 

those cases, temperatures of approximately 60°C greatly improve 

resolution. 

It is interesting that even if we keep the retention volume 

the same at two different temperatures, resolution at the higher 

temperature is definitely poorer than at the lower one. We have 

not tried to lower the temperature below room temperature, but 

we would expect better resolution before encountering problems 

due to high viscosity of the eluent. 

Role of the Buffer's Composition and pH 

essentially due to the presence of 

We have not extensively studied this parameter but have 

observed that for neutral or basic peptides, a better resolution 

was obtained at lower pH (2 .5  - 3-5). This is the range in which 
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J \ 

i'C 

h'; 

0 5 10 15 20 25 
TIME (minutes) 

Figure 7: One .4 X 30 cm pBondapak C18 column. Back pressure 
= 2000, 1800, 1600, 1400 psi, going from temperature 
of 25'C to 35.45 and 55OC respectively. 
was 1.5mllmin. Isocratic conditions were: 15% CH3CN 
(75% A ,  25% B: Load 
was 10 pg LRF C16-146-06. 0.1 AUFS 

Flow rate 

B = 60% CH3CN) 85% TEAP buffer. 

most acidic functional groups are not dissociated and all basic 
groups protonated. This pH range has the advantage of being 
compatible with the column packing materials as exemplified by 
the excellent performance of columns used for more than a 

thousand different runs. The uniqueness of this buffer was 
demonstrated by using B porcine endorphin as a model peptide 
and, except for the conditions described in the legend of 
Fig. 1, no other buffer (ammonium acetate, carbonate and 
formate; sodium acetate or phosphate) at any pH (3-7) or con- 
centration (.01 - ,.5N) were found t o  give good recoveries based 
on OD coupled with good resolution. Triethylamonium formate 
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TAAP BUFFERS IN REVERSE PHASE HPLC 359 

(.25N, pH3) was used and shown t o  g ive  good r e c o v e r i e s  and reso-  

l u t i o n  f o r  somatos ta t in  and $ human endorphin,  b u t  w a s  no t  used 

w i t h  $ -endorphin; t h i s  l a t t e r  system has  t h e  advantage of being 

l y o p h i l i z a b l e ,  bu t  can only be  used when l a r g e  enough q u a n t i t i e s  

of m a t e r i a l  a r e  a v a i l a b l e  s o  t h a t  t h e  problems due t o  a b s o r p t i o n  

of t h e  b u f f e r ,  such a s  s h i f t i n g  of base  l i n e  when running g r a d i e n t s ,  

and lower s e n s i t i v i t y  i n  t h e  200-230 nM r e g i o n  can be avoided. 

P 

Other bases  such as methylmorphine have a l s o  been used w i t h  

success, but  no g e n e r a l  s t u d i e s  on t h e  i n f l u e n c e  of the hydro- 

phobic i ty  of t h e  phosphoric a c i d  counter  i o n s  were performed. 

From our  p a s t  exper ience ,  w e  would expect  s u b t l e  but  s i g n i f i c a n t  

d i f f e r e n c e s  when going from trimethylammonium phosphate  

t o  t h e  t r i b u t y l  ammonium phosphate, f o r  example, and a 

p a r t i c u l a r  problem might w e l l  be solved by one p a r t i c u l a r  com- 

b i n a t i o n  but  no t  by another .  Obviously, the need f o r  a b e t t e r  

system a r i s i n g  from a p a r t i c u l a r  problem w i l l  be t h e  only  d r i v i n g  

f o r c e  f o r  f i n d i n g  t h e  r i g h t  po lypept ide  o r  p r o t e i n  model, as w e l l  

a s  the r i g h t  b u f f e r  composition and pH. 

Unusual Separa t ions  Made P o s s i b l e  With TEAP Buffer  

Fig. 8 shows t h e  e l u t i o n  p r o f i l e  genera ted  a f t e r  i n j e c t i o n  

of a commercially a v a i l a b l e  L-a-phosphatidyl c h o l i n e  p r e p a r a t i o n  

under the c o n d i t i o n s  descr ibed  i n  t h e  legend. It is  noteworthy 

t h a t  t h e  d i f f e r e n t  components of t h e  mixture  could b e  c l e a r l y  

separa ted  and q u a n t i t a t e d .  

Fig. 9 shows t h e  e l u t i o n  p r o f i l e  genera ted  a f t e r  i n j e c t i o n  of 

t h e  t h r e e  B-endorphins shown i n  Fig. 1 under a c i d i c  c o n d i t i o n s  

( T W  b u f f e r ) .  I n  terms of r e s o l u t i o n  t h e  a c i d i c  system, when 

run a t  room temperature ,  seems s l i g h t l y  more e f f e c t i v e .  It is  

i n t e r e s t i n g  t o  n o t e  t h a t  $ -endorphin ,  which i s  more a c i d i c  

than t h e  o t h e r  two B-endorphins ( see  above f o r  sequences) ,  h a s  

now become more hydrophobic. This was expected s i n c e  t h e  d i f f e r e n t  

a v a i l a b l e  s i d e  cha in  and C-terminal carboxyl  groups are now i n  

t h e i r  unionized form. 
P 

endorphins  are s t i l l  e l u t e d  i n  t h e  same o r d e r ,  i n d i c a t i n g  t h a t  

h 

It should be  poin ted  o u t  t h a t  f3 - and Bo- 
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Figure 8: One .4 X 30 c m  pcyanopropyl column. Back pressure  = 

1000 p s i .  Flow rate = 1.5ml/min. I s o c r a t i c  condi t ions  

were: 40% C CN60% TEAP buf fe r .  Load was 250 yg L-a- 

lysophosphatidyl-choline. O.1AUFS 
N3 

whatever t h e  pH, the  r a t i o  of t h e  p a r t i t i o n  c o e f f i c i e n t s  of 

those  two pept ides  remained the  same. This  is a l s o  to  say t h a t  

i f  any conformational change took place a s  a r e s u l t  of lowering 

the  pH, res idue  23 of Bo- and $ -endorphin must s t i l l  remain 
P 

exposed f o r  i n t e r a c t i o n  wi th  t h e  support. 

endorphin is t h e  same as res idue  83 of Bo-LPH>. 

S tudies  on Reproducib i l i ty  

(Residue 23 of 6,- 

Day t o  day r ep roduc ib i l i t y  of a p a r t i c u l a r  s epa ra t ion  has  t o  

be discussed i n  terms of observed r e t e n t i o n  times and reso lu t ion .  

It has been our experience t h a t  r e t e n t i o n  t i m e s  w i l l  vary from 

day t o  day, whereas the  genera l  f e a t u r e s  of a p a r t i c u l a r  e l u t i o n  

p r o f i l e  ( i .e . ,  r e so lu t ion ,  r a t i o s  of peaks, shape of loading 

"a r t i f ac t " )  w i l l  remain constant .  

V a r i a t i o n s i n  r e t en t ion  times a r e  e s s e n t i a l l y  dependent upon 

the  flow r a t e  and t h e  composition of t he  bu f fe r .  

The f i r s t  parameter is genera l ly  e a s i l y  c o n t r o l l a b l e  and has  

two parameters: 

given us  l i t t l e  concern. 

t u r e  i n  terms of t he  organic  por t ion ,  however, w i l l  d ramat ica l ly  

a l t e r  e l u t i o n  t i m e  o r  volume of a compound t o  t h e  poin t  where 

Dif fe ren t  composition of t h e  bu f fe r  mix- 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
4
0
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



TAAP BUFFERS IN REVERSE PHASE HPLC 361 

P 
N 
U 

8-OVINE 
8-PORCINE I\ 

B - HUMAN 

Figure 9: One . 4  X 30 cm pcyanopropyl column. Back pressure = 

1000 psi. Flow rate = 1.5ml/min. Isocratic conditions 
for 14 min were 17.4% CH CN (71% A, 39% B: B = 60% CH 3 
CN) 82.6% TEAP buffer. Isocratic conditions were 
followed by a 3 min gradient to 24% CH3CN (40% B) 
followed by isocratic conditons at 24% CH3CN. 
was 15 pg each of f3-porcine endorphin, 5-ovine endor- 
phin and 5-human endorphin. 0.1 AUFS 

3 

Load 

different degassing time from one batch to the other of the B 
buffer (CH3CN-containing buffer) will alter its composition 
enough to allow variations in elution time as large as 1 to 2 

minutes. Salt concentration of buffer A or B does not seem as 
critical and small variations from one batch to the next will 
pass unnoticed, 
(5 .05 to .1 pH unit) around pH 3.00. 
parameters are kept constant (and this is possible when one 

This also holds true for slight variation of pH 
If all the above mentioned 
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analyzes  consecut ive runs) ,  t h e  v a r i a t i o n s  i n  terms of r e t e n t i o n  

t i m e  which are observed are f a i r l y  small and i n  t h e  range of 

- + 0 . 3  min, f o r  a material e l u t i n g  a t  15 t o  20 min. Under t h e s e  

condi t ions ,  most of t h e  pept ides  t h a t  w e  have s t u d i e d  ( 5 , 6 , 8 ) ,  

inc luding  c l o s e l y  r e l a t e d  analogs of a n a t u r a l  sequence, w i l l  

s e p a r a t e  by more than  one minute. It is thus  tempting and i n  

our  opinion,  l e g i t i m a t e ,  t o  use  r e t e n t i o n  t i m e  under c o n t r o l l e d  

condi t ions  as one c r i t e r i o n  of i d e n t i t y  of two subs tances ,  

whether of s y n t h e t i c ,  o r  of s y n t h e t i c  and n a t u r a l  sources .  

S tudies  on S e n s i t i v i t y  

The amount of material  d e t e c t a b l e  us ing  W absorp t ion  

(aside from t h e  q u a l i t y  of t h e  d e t e c t o r ,  t h e  c o n f i g u r a t i o n  of t h e  

flow c e l l ,  e t c . )  is dependent on t h e  molar a b s o r p t i v i t y  ( E ) .  I n  

pept ides  where one predominantly observes  t h e  a b s o r p t i o n  of t h e  

amide bond, t h e  lower t h e  wavelength (down t o  190nm), t h e  h igher  

t h e  e x t i n c t i o n  c o e f f i c i e n t  (E) (19-20). I n  our  opin ion ,  t h e  most 

va luable  proper ty  of t h e  TEAP b u f f e r  i s  i t s  UV t ransparence  down 

t o  < 2OOnm. This  has  allowed u s  t o  r o u t i n e l y  fo l low a t  2OOnm 

t h e  absorbance of 50ng of a pept ide  o r  pro te in .  

shown (see  Fig. 2) t h a t  even smaller amounts of p e p t i d e  (Q lng  of 

H -LRF) w i l l  behave, i n  t e r m s  of e l u t i o n  p a t t e r n s ,  i n  a manner 

similar t o  l p g  o r  even 1OOpg of t h e  same pept ide .  

numbers t o  t h e  d i s t r i b u t i o n  of somatos ta t in- l ike  a c t i v i t y  (SLA) 
as demonstrated by rad io imunoassay  and b ioassay ,  50ng of immuno- 

r e a c t i v e  SLA w a s  shown t o  be present  i n  t h e  hypothalamus of one 

pigeon o r  one ra t ,  whi le  a whole ra t  b r a i n  would conta in  1 2  t i m e s  

as much and a pigeon pancreas  almost a 1,000 t i m e s  more SLA ( 2 3 ) .  

P o s s i b l e  Appl ica t ions  and Limi ta t ions  

W e  have a l r e a d y  

3 

Rela t ing  t h e s e  

There are l i m i t a t i o n s  t o  one's a b i l i t y  t o  vary parameters  i n  

a c o n t r o l l e d  manner u n l e s s  a p a r t i c u l a r  problem is t o  b e  solved.  

W e  have n o t , - f o r  example, s t u d i e d  t h e  r o l e  of  methanol versus  t h a t  

of a c e t o n i t r i l e ,  bu t  are aware t h a t  it might g i v e  s l i g h t l y  

d i f f e r e n t  and poss ib ly  b e t t e r  r e s u l t s .  It is obvious t h a t  a hew 

system compatible w i t h  RP-HPLC o f f e r i n g  good r e c o v e r i e s  and h igh  
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r e s o l u t i o n  w i l l  f i n d  many more a p p l i c a t i o n s  t h a n  w e  can p r e s e n t l y  

dream o f .  We have used i t  as an a n a l y t i c a l  t o o l  t o  demons t r a t e  

t h e  o p t i c a l  p u r i t y  ( r acemiza t ion  tes t  (17,18))  and chemica l  

p u r i t y  of s y n t h e t i c  o l i g o p e p t i d e s  and p o l y p e p t i d e s  ( 5 , 6 , 8 ) .  

We are u s i n g  t h i s  system t o  i s o l a t e  new n a t u r a l  s u b s t a n c e s  

(21)  and i n  one p a r t i c u l a r  i n s t a n c e ,  f o r  p e p t i d e  mapping as 

i l l u s t r a t e d  i n  Fig.  10. T h i s  e l u t i o n  p r o f i l e  shows t h e  sepa ra -  

t i o n  of s e v e r a l  p e p t i d e  fragments  g e n e r a t e d  by t r y p t i c  d i g e s t i o n  

of ov ine  myel in  b a s i c  p r o t e i n  i s o l a t e d  i n  our  l a b o r a t o r y  by 

Vil larreal  e t  a l .  ( 2 4 ) .  T h i s  e a r l y  experiment  i s  c e r t a i n l y  

encouraging enough t o  j u s t i f y  f u r t h e r  work i n  t h a t  area. Other  

I I I I I I I 
5 10 15 20 25 30 35 

TIME (minutes) 

F i g u r e  10: One .4 X 30 UBondapak C18 column. Back p r e s s u r e  = 900 

p s i .  Flow rate  = 1.5ml/min. I s o c r a t i c  c o n d i t i o n s  f o r  

5 m i n  were 0% CH3CN 100% TEAP b u f f e r .  It w a s  fo l lowed  

by 5 min g r a d i e n t  t o  18% CH3CN t h e n  i s o c r a t i c  f o r  8 min 

a t  that  c o n c e n t r a t i o n  fo l lowed  by 5 min g r a d i e n t  t o  48% 

CH3CN. 

b a s i c  p r o t e i n .  0 . 1  AUFS 

Load w a s  50 pg of a t r y p t i c  d i g e s t  of myel in  
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364 RLVIER 

experiments in which we tried to separate all PTH or dansyl 
derivatives of a 20-amino acid mixture certainly do not look as 

promising since several overlaps could not be resolved. 
of an adaptation of our racemization test for amino acid analysis 
looks much more promising, however, especially since it was shown 

by Mitchell et al. ( 2 5 )  that the 0-succinimide active ester of Leu 
(it would be Phe in our case) could be quantitatively coupled to 
a mixture of amino acids. 

The use 

CONCLUSION 
The studies here are by no means exhaustive in determining 

the ideal system for individual peptides, but show that a readily 
available buffer system which is W transparent down to below 
200nm. 
of proteins as large as cytochrome C. 
parameters affecting RP-HF'LC leads us to conclude that low pH, 
low temperature, relatively low flow rates and the use of the 

PCN 

columns for oligopeptides should be used for greater chances of 
success. 

microheterogeneity which we might resolve was the real limiting 
parameter to the assessment of the TEAP or a TAAP buffer as a 
general panacea in the field of liquid chromatography of peptides 
and proteins. 

will allow for high resolution and quantitative recovery 
The evaluation of several 

column for larger proteins and of the ualkyl phenyl or vC18 

The lack of availability of large proteins free of 

We certainly look forward to a larger array of column supports, 
the availability of a preparative set-up which would allow for 

separation and isolation of gram quantities of pure polypeptides 
if not proteins, and possibly new solvent systems which could be 
used to chromatograph large biological substances such as 
glycoproteins and enzymes. 
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