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A B S T R A C T  

By combining  convent ional  D E A E  c h r o m a t o g r a p h y  with h igh-per formance  liquid c h r o m a t o g r a p h y  on 
Sephacryl  S-200 H R  and M o n o - Q  columns,  we have been able to isolate and fract ionate Euman pepsino- 
gen A (PGA)  isozymogens f rom large amoun t s  o f  urine. This  method o f  fract ionation is simple and allows 
one  to obta in  pepsinogen in a native non-dena tured  conformat ion .  The isozymogens are homogeneous  by 
clectrophoret ic  and  ch romatograph ic  criteria; this was confirmed by N-terminal  amino  acid sequencing. 
Purified PGA-3 and P G A - 5  can be conver ted  into an addit ional ,  more  anionic,  i soform on incubat ion at 
37"C. This  isoform exists not on ly /n  vitro but also hz viro. The  net negative charge of  the P G A  isozymogens 
is in the order  PGA-5  < deamidated  PGA-5  < PGA-3  < deamida ted  PGA-3.  Surprisingly, the elution 
order  on the M o n o - Q  column was P G A - 5 / P G A - 3 / d e a m i d a t e d  PGA-5 /deamida ted  PGA-3.  We have per- 
formed molecular  modell ing on P G A  to investigate this phenomenon  in terms of  surface charge  (not net 
charge) of  the proteins. The  model  provides evidence that  (1) only a fraction o f  the protein surface interacts 
with the suppor t  and  (2) regions o f  localized charge at the protein surface m:ty allow por t ions  o f  the 
external  surface to domina te  ch roma tog raph ic  behaviour ,  resulting in a steering o f  the proteins with 
respect to the opposi tely charged matrix.  Pepsinogens may  serve as model  proteins for elucidating some o f  
the var iables  that determine the ch roma tog raph ic  behav iour  of  proteins  on ion-exchange columns,  

I N T R O D U C T I O N  

The human gastric proteinases of  the pepsinogen A (PGA) multigene family 
are synthesized as zymogens.  Fol lowing exocytosis, gastric acid catalyses a con- 
version reaction resulting in the formation of  active enzymes [1,2]. After non- 
denaturing polyacrylamide gel electrophoresis (PAGE),  PGA reveals a multi- 
banded pattern consisting of  two to five isozymogens,  designated 2-5 and 5S in 
decreasing order of  anodal mobility [3-5]. With the help of  monoclonal  antibod- 
ies, four different primary gene products (allozymogens) have been identified [4]. 
Immunochemical ly  they can be divided into a-P'L3A (PGA-3 and PGA-5)  and 
fl-PGA (PGA-4 and PGA-5S)  [4]. One of  the al lozymogens (PGA-5S) is only 
rarely seen, and sequence data are presently not available. PGA-2 is the second- 
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ary product of PGA-3 [4,5] and thus is not an allozymogen but an isozymogen. 
In humans, the PGA isozymogens are of  potential interest, not only from a 

diagnostic point of view [6-9] but also because of their molecular evolution 
[10,11] and differential expression [12]. PGA isozymogens consist of  a single poly- 
peptide chain of 373 amino acids, with a calculated molecular mass of 40 300 [13] 
and an isoelectric point between 4.5 and 4.8 [14]. The PGA multigene family is of  
a young evolutionary age, that is, all PGA variants are derived recently from a 
common ancestral gene [10,11]. Consequently, the variants resemble each other 
very much, as only a few mutations could occur in the primary structure after the 
duplication of the genes. Variants of PGA differ by only 0.1 pH unit in their 
isoelectric point [14] and only five amino acid substitutions are mapped in the 
main PGA variants PGA-3 -4 and -5 [11] (see also Table I). Apart  from genetical- 
ly controlled variants, posttranslational modifications (most probably deamida- 
tion) have been reported [4,5], expanding the heterogeneity of the proteins in 
question. Human pepsinogens are not phosphorylated, and most probably none 
of the pepsinogens is glycosylated [2]. 

Several chromatographic separations using homogenates from human gastric 
mucosal have been reported (e.g. refs. 2, 4, 5 and 15). However, now that the 
majority of ulcer operations are vagotomies, it is difficult to obtain enough stom- 
ach mucosa for the separation procedure. Since urine contains a relatively large 
amount  of PGA (200-I000 ltg/l), owing to high glomerular sieving and low tubu- 
lar reabsorption [14], it is worthwhile to develop a separation method for this 
easily obtained source. As far as we know, from 1980 onwards only two attempts 
have been described, using conventional methods of protein purification [16,17]. 
A major drawback of both published methods is that they are either lengthy, 
requiring several days for elution of the proteins, or very expensive because of  the 
use of ampholytes as spacers for preparative isotaehophoresis. Furthermore,  only 
part of the PGA isozymogens could be separated from each other. 

T A B L E  I 

D I F F E R E N C E S  O F  T H E  P G A  A L L O Z Y M O G E N S  A C C O R D I N G  T O  E V E R S  et aL [11] A N D  
T H E I R  D E A M I D A T E D  P R O D U C T S  

I sozymogen  Residue n u m b e r  

43 77 207 250 310 338 

PGA-3  Glu  
Deamida ted  PGA-3  Glu  
P G A - 4  Glu  
Deamidnted  PGA-4  Glu  
PGA-5  Lys 
Deamida ted  PGA-5  Lys 

Val Gin  Ata Asn Leu 
Val Gin  Ala Asp Leu 
Leu Lys T h r  Ash Val 
Leu Lys T h r  Asp Val 
Leu Gln Ala Ash Leu 
Leu Gin  A l a  Asp Leu 
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This paper  describes a three-step procedure using conventional  D E A E  chro- 
matography  combined with high-performance liquid chromatography  (HPLC) 
on Sephacryl S-200 H R  and Mono-Q columns to obtain highly purified fractions 
of  the PGA isozymogens. Interestingly, the elution order of  the isozymogens on 
the Mono-Q column did not follow the order of  their net negative charge. We 
have performed molecular  modell ing on PGA to investigate this phenomenon  in 
terms of  the surface charge (not the net charge) of  the proteins. 

EXPERIM ENTAL 

Chromatography of urinary peps#logens 
Urine was obtained from a single subject (phenotype 13D > BB) suffering 

Menetrier  illness (enteropathia exsudativa of the stomach). Urine (5650 ml, 
stored for one week at 4°C with 0.02% sodium azide, PGA concentrat ion 6 mg/1) 
was collected during five consecutive days, and dialysed overnight  against 30 1 of 
tap water at 4"C. Next 125 ml of  DEAE-Sephacel  (Pharmacia ,  Uppsala ,  Sweden), 
washed with 0.025 M Bis-Tris-HC1 pH 7.0 (solvent A), was added to the dialysed 
urine and left overnight at 4"C with non-magnet ic  stirring. After sedimentat ion 
for 4 h the supernatant  was discarded; the muddy  mixture obtained was packed in 
a column (16.0 x 2.6 cm I.D.) and washed once with solvent A. Proteins were 
eluted at a flow-rate of  3.8 ml /min  in two steps: first, with solvent A containing 
0.1 M NaCI, and second, after the baseline had returned to its original position, 
with solvent A containing 0.6 M NaC1. Pepsinogen-containing fractions, deter- 
mined with a milk-clott ing assay according to ref. 18, were present in the second 
elution peak and were pooled (45 ml). After filtration through a FP  030/3 filter 
(Schleicher & Schuell, Dassel, Germany)  fractions of  7.5 ml were applied to an 
XK26 column packed with Sephacryl S-200 H R  (58.0 × 2.6 cm I .D . ) (Pha rma-  
cia) operated on an F P L C  appara tus  with a P-500 pump.  Proteins were eluted 
from the co lumn with solvent A at a flow-rate of  3.5 ml/min.  Each run expanded 
the volume of  the pepsinogen-containing pool to 32 mI. F r o m  this pool, 7-mi 
fractions were loaded on a Mono-Q HR5/5 column (Pharmacia).  An  F P L C  ap- 
paratus consisting of  two P-500 pumps and a GP-250 gradient p rogrammer  was 
used to prepare the gradients. After washing with 1 ml of solvent A and 3 ml of 
20% solvent B (solvent A + 1 IV/ NaCI), pepsinogens were eluted from the 
column with a linear gradient  o f  solvent B (20 to 35%) at a flow-rate of  1.0 
ml /min  over 16 ml. The column was cleaned with 4 ml of  100 % solvent B and 
equil ibrated with 5 ml of  solvent A. After rechromatography of  the separate 
PGA-conta in ing  peaks, the pools were tested for their isozymogen content with 
P A G E  (see below). 

Criteria of purity 
The homogeneity of the rechromatographed pepsinogens was checked by size- 

exclusion chromatography  and amino ac id  sequencing. Chromatography  on a 
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Superose 12 H R ! 0 / 3 0  c o l u m n  (Pharmac ia )  was per formed  on the F P L C  system 
described above;  only one p u m p  was used. The  co lumn  was equi l ibra ted  with 0. I 
M N H 4 H C O 3  (pH 7.8); 0.5 ml was appl ied to and  eluted f rom the co lumn  at a 
flow-rate o f  0.8 ml /min .  The  peps inogen content  was measured  with a Sh imadzu  
UV-160 spec t rophotomete r  at 280 n m  using an ext inct ion coefficient o f  12.5 [19]. 
N-Termina l  a m i n o  acid sequencing o f  40-60 pg of  prote in  was carr ied out  wi th  
the m a n u a l  l iquid-phase  d i m e t h y l a m i n o b e n z e n e  isothiocyao '~te-phenyl  isothio- 
cyana te  ( D A B I T C - P I T C )  double ,couple  procedure,  as described by C h a n g  [20]. 

Non-denaturing P A G E  
P A G E  was pe r fo rmed  essential ly according  to Taggar t  and  Samlof f  [4] and  

Fran ts  et al. [3]. Vertical  po lyac ry lamide  slab gels (16 × 20 × 0.15 cm) were 
soaked with 75 ml o f a c r y l a m i d e - N , N ' - m e t h y l e n e b i s a c r y l a m i d e  (T  = 8.3°/3, C = 
3.0%) in 35 m M  T r i s - H C l  (pH 7.5). After  deaera t ion ,  polynaerizat ion was per- 
formed for at least 45 min  af ter  add i t ion  of  50 ltl of  T E M E D  and 250 itl of  10%o 
(w/v) a m m o n i u m  peroxodisu lphate .  Stacking gels consisted o f  22 ml o f  acryl-  
a m i d e - N , N - m e t h y l e n e b i s a c r y l a m i d e  ( T  = 3 .6%,  C = 20.0%) in 30 m M  T r i s -  
H3PO4 (pH 5.0) with 0.67 M sucrose. Pho topo lymer i za t ion  was cata lysed by 20 
tel o f  T E M E D  and 3 ml o f  riboflavi:a (4 mg  per 100 ml) for 1.5 h. The  upper  and  
lower reservoir were filled with 2.2 . r iM Tr is -15  m M  die thy lbarb i tu r ic  acid (pH 
7.0). Samples  were ,diluted 2: i wi th  40% sucrose in 30 m M  Tr i s -H3PO4  (pH 5.5) 
pr ior  to appl icat ion.  Electrophoresis  was pe r fo rmed  at a cons tan t  vol tage of  300 
V until  the t racking dye, B r o m o p h e n o l  Blue, entered the separa t ing  gel (ca. 30 
min)  and  cont inued  for 2 h at a cons tan t  voltage o f  900 v .  Electrc, phoresis  was 
s topped after  the t racking  dye entered the lower reservoir.  S ta ining for proteolyt-  
ic activity was pe r fo rmed  by soaking the gel for 15 min  in a solut ion o f  1% bovine  
haemoglob in  in 0.1 M HCI at 37°C, fol lowed by a 40-min  incuba t ion  in 0.1 M 
HC! at 37°C. After  incubat ion ,  the gels were s ta ined for prote in  in a solut ion 
con ta in ing  0.2%0 Coomass ie  Bri l l iant  Blue R250 in 10%0 (v/v) acetic a c i d - 2 5 %  
(v/v) 2-propanol .  Af te r  des ta in ing  in I 0%  acetic acid, P G A  pat terns  appeared  as 
white bands  on a blue background .  

hwubat ion with monoclonal  antibodies 
The =-PGA specific an t ibody  219-20, descr ibed by Taggar t  and  Samlof f  [4], 

was used in the present  s tudy and  was a k ind  gift of  Dr.  R .  T. Taggar t  ( W a y n e  
State Univers i ty  School o f  Medicine,  Detroi t ,  MI ,  USA).  Ascites fluid, conta in-  
ing 11 mg/ml  an t ibody ,  was di luted ter-fold in phospha te -buf fe red  saline. Sam- 
ples (50/t l)  were incuba ted  for 30 min  at 37°C with 5 ttl o f  the an t ibody  di lu t ion  
prior  to electrophoresis .  The  ant igen--ant ibody complexes  were visible in the gel 
as s low-moving bands .  

ll,lolectdar modellhlg 
The tert iary s t ructure o f  h u m a n  P G A  was de te rmined  with a compara t ive  
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molecular  model building method as described previously [211, using the experi- 
mental ly determined structure of porcine pepsinogen A [22] as the template. In 
short, the amino acid side-chains of  porcine PGA were replaced for the topolog- 
ically equivalent side-chaim of  human  PGA with the computer  program MUTA-  
TE (Randy J. Read, University of  Alberta). Unacceptable close Van der Waals  
contacts resulting from this initial building step were detected by the program 
I N T R A  (Anita R. Sielecki, University of  Alberta). To correct for these contacts, 
manua l  adjustments  to side-chain torsional angles were made using the program 
MMS (Steve Dempsey, University of  California at San Diego) on a Silicon 
Graphics  IRIS 3030. A two-residue insertion (Pro45-Thr46) was made in the 
modelled structure with the program F R O D O  [23] on a Silicon Graphics IRIS 
4D70GT,  followed by adjustments to the main- and side-chaiu torsional angles to 
obtain a stereochemically allowed model. To ensure that all unfavourable con- 
tacts were relieved, and to idealize peptide bond geometry in the region of the 
insertion, steepest descents energy minimizat ion was performed using the 
C H A R M M  package [24]. Porcine PGA was minimized in parallel to the modelled 
structure as control in order to provide a s tandard by which to judge the results. 

RESU LTS 

1solution ,orocedur:,, 
Because of  the large volume of  urine needed to obtain sufficient amounts  of  

pepsinogens we chose as a first step a batchwise adsorption of pepsinogen to 
DEAE-Sephacel .  After incubation overnight at 4°C we were not able to detect 
any pepsinogen in the urine, neither with electrophoresis nor with a sensitive 
double-sandwich enzyme-linked immunoassay  technique (ELISA) [25] (data not 
shown), indicating that most if not all pepsinogens were adsorbed to the n-tatrix. 
After elution, the original volume of 5650 ml was reduced to 45 nal. The many 
proteins present in urine were separated on the basis of  their hydrodynamic  
volume with a Sephacryl S-200 HR column (Fig. 1), then the final purification 
step was ion-exchange chromatography on a Mono-Q column (Fig. 2). The four 
isozymogens, present in the urine before the purification procedure, could be 
separated to homogeneity after rechromatography on a Mono-Q column (same 
conditions as the preceding run). Following non-denatur ing PAGE, the isolated 
isozymogens showed the same mobil i ty as in -lrine. Each isozymogen showed on 
a Superose 12 column a single, sharp, symmetrical peak (Fig. 3). The purity of 
each sample was checked with N-terminal  amino acid sequencing. Three degrada- 
tion steps were carried out: the expected sequence l le-Met-Tyr [1 i] was found i~a 
all four cases. Contaminat ing  amino acids were present in the PGA-5 fraction 
only if  the sheets were heavily overloaded; after the second step they disappeared. 
All isozymogens reacted with monoclonal  ant ibody 219-20. 
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F i g .  1. Scpharcryl  S-200 HR. column ch romatography  o f  the pepsinogen concentrate  f rom lhe D E A E  
column. A volume of  7.5 mt was applied to 58.0 x 2.6 cm I.D. column; proteins were eluted with 0.025 M 
Bis-Tris-HCI (pH 7.0) at a flow-rate of  3.5 ml/min. The bar  indicates the pepsinogen-containing fraction 
that was further analysed on a M o n o - Q  column (s¢¢ Fig. 2). 
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Fig. 2. Purificalion o f  pepsinogen A isozymogens by anion-exchange ch roma tog raphy  on a M o n o - Q  
HRS/5 column.  Elution was performed wilh a I6 ml linear NaCI gradient from 0.20 to 0.35 M in 0.025 M 
~is-Tris-HCl (p[.[ 7.0) buffer e~l a flow-rate o f  1.0 ml]min. Peaks: A = al lozymogen PGA-5;  B -- a l lozymo- 
gen PGA-3;  C ~- dcamidatcd FGA-5;  D = deamidated PGA-3  (PGA-2).  
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Fig. 3, Purity check of  allozymogen PGA-3 with size-exclusion chromatography on a Superose 12 HR 
10/30 column. The column was equilibrated in 0.t M NH4HCO a (pH 7.8); the flow-rate was 0.8 ml/min. 

Molecular modelling 
The polypeptide chain fold (a-carbon atoms only) of  porcine and human P G A  

is given in Fig. 4A. The overall folding and the topology of  structural elements of 
human PGA are presented in Fig. 4B. The localization of the amino acid sub- 
stitutions between the three major human PGA allozymogens (Table I) are 
marked with an asterisk (Fig. 4B). The amino acids 77 and 250 are arranged in 
fl-sheets, residue 207 is located in a hairpin bend, and the remaining two residues 
43 and 338 are situated in stretches that seem to have few secondary structural 
features. 

DISCUSSION 

Phenotyping of PGA patterns 
Human PGA is encoded by a ~.,,=fltigene family: the variation in PGA pheno- 

types is due to the occurrence of a number of different PGA haplotypes, each 
consisting of  a different combination and/or  number of  copie,~ of P G A  genes 
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Fig. 4. Two  dilli:rent reprcscntat ions o f  pcpsinogcn af ter  energy minimizat ion.  (A) C~ ca rbons  and their 
connect ing bonds  o f  human  pcpsinogen A (thick lines) super imposed  on those o f  porcine pcpsinogen A 
(thin lines). Every tenth residue o f  human  P G A  is numbered  (sequence number  according to reF. I 1) and 
labeled with the residue type (one letter amino  acid cod-:). The  side-chains o f  the two aspart ie  acid residues 
o t ' the  :retire site arc also shown :rod labeled. N T E R  -- N-terminus:  C T E R  = C-terminus.  (B) A Richard-  
son- type  d r:lwing showing the overall folding and thc topology  ofs t ruc tura [  elements o f  human  pepsinogcn 
A. The  view is the same .'~s that in A. The  locations o f  the amino  acid subst i tut ions o f  the a l tozymogens  
PCiA-3, -4 :rod -5 are showil with asterisks. 

[26-28]. M o r e  than  twenty  pheno types  can  be recognized when tak ing  into ac- 
coun t  not only the presence or  absence but  also cons t an t  differences in relative 
intensities o f  the e lect rophoret ic  f ract ions  [3]. Acco rd ing  to the nomenc l a tu r e  o f  
F r an t s  et  al. [3], the urinelry pheno type  o f  the subject under  s tudy is des ignated  
AB > BD,  as the intensities o f  the P G A  isozymogens  are  in the o rde r  P G A - 3  > 
P G A - 5  > P G A - 4  (Fig. 5). However ,  incuba t ion  with monoc lona l  an t ibody  219- 
20, recognizing the a l lozymogens  P G A - 3  and  P G A - 5  as well as their  more  anionic  
p roduc t s  [4], revealed tha t  all the i sozymogens  belong to the immulao!ogical  sub- 
class cz-PGA. Thus ,  the P G A - 4  in our  subject  is not  the P G A - 4  a l iozymogen  but  is 
in fact the secondary  p roduc t  o f  P G A - 5 .  This secondary  p roduc t  o f  P G A - 5  co- 
migra tes  on electrophoresis  with P G A - 4  [4,5] (Fig. 5) but  e!utes, in con t ras t  to 
P G A - 4 ,  f rom a M o n o - Q  co lumn beliind P G A - 3  [5] "~" "~) t r  ,g. _ . The  pheno type  o f  the 
subject  under  cons idera t ion  should therefore  be classified as BD > BB. This 
; ! lu ; t ra tes  clearly tha t  the typing o f  P G A  pa t te rns  is more  complex  than  general ly 
thought ,  and  tha t  incuba t ion  with 219-20 is in mos t  cases a necessity to de te rmine  
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Fig. 5. Schematic  rcpre.:,cntation o f  the p r imary  (genetic) mad secondary  (posttranshlt ionul)  P G A  fractions 
as seen on non-dena tur ing  polyacry lamide  gels. On the left, the phenotype  o1" the subject under  consid- 
erat ion as de termined before (AB > BD) and  af ter  (BD > BB) incubat ion with monoclon:d  219.20. On the 
right, the elution order  from the M o n o - Q  column.  The  heavy lines represent the p r imary  gene products ,  the 
b roken  lines the post t ransla t ional  modificat ions,  4 + = deamida t ion  product  o f  PGA-5.  

the true phenotype. If this monoclonal  antibody is not available, the absence of  
the primary gene product P G A - 4  can also be demonstrated with the M o n o , Q  
column, since the secondary product o f  PGA-5  elutes after PGA-3 whereas 
PGA-4  elutes in front of  PGA-3 (ref. 5 and tiffs study). 

Deomidation o f  PGA 
Conversion of  pepsinogens into a more anionic product is observed not only in 

vivo (e.g. in the stomach), but also during storage of  pure preparations of  the 
al lozymogens [4] (see also Fig. 6). Consequently,  the conversion is of  a non- 
enzymic nature, leaving spontaneous deamidation as the most probable candi- 
date. It is tempting to speculate which residue is responsible for the conversion of  
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Fig. 6. Deamida l ion  of  PGA-3  us revealed by an ,on-exchange  chr~naatography.  Puriiied PGA-3  was 
incubated at 37"C For 72 h in 0.025 M Bis-Tr i s -HCl  (pH 7.0) containing 0.26 M NaC1. The  resulting 
mixture  was applied to a M o n o - Q  co lumn and eluted uS described under  Fig. 2. Penks: A = a i iozymogen 
PGA-3 :  B = deamidated  PGA-3  (PGA-2) .  Similar  resuhs were obta ined  for PGA-5  (data not  shown).  
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pepsinogens into a more anionic product. Only glutamine (Gin) and asparagine 
(Ash) residues undergo deamidation under physiological conditions. Spontane- 
ous deamidation of Asn residues linked to the ~-amino group of  glycine is well 
documented for other proteins [29]. Both human PGA and pepsinogen C (PGC), 
another gastric proteinase, form anionic products under the same conditions 
(own observations). The only topologically equivalent Asn-Gly combination 
found in both PGA and PGC is Asn310 (for the residue numbering of PGA and a 
sequence alignment of PGA and PGC see ref. 30). According to the molecular 
model this residue is arranged in a fl-sheet structure and located on the surface of 
the molecule. S:~ch an environment makes the residue more susceptible to deami- 
dation [31]. Interestingly, Ash310 is located in a highly conserved stretch; the 
topologically equivalent Asn of porcine pepsinogen A was found to be deamidat- 
ed [32]. Thus it is conceivable, but remains to be proved, that Asn310 is respon- 
sible for the conversion of  human PGA and PGC into a more anionic product. 

In contrast to this study, Defize et al. [5] reported that the secondary products 
formed #~ vitro co-eluted with the original isozymogen. However, their incuba- 
tions were performed at pH 6.0 at 4 and 20°C, whereas the incubation in our 
study resembled more closely physiological conditions (pH 7.0; 37"C). This may 
explain their contradictory observations. 

Purification o./'nlolecular variants of  PGA 
Although PGA in urine reaches concentrations far exceeding those in serum 

[14], its amount is generally small. Thus, large volumes of  urine are required for 
enzyme isolation. As urine is easy to obtain and as our procedure is convenient to 
perform this problem is largely overcome. After thc final chromatographic step, 
the mt~lecular variants PGA-3 and PGA-5 and the deamidation products o f  
PGA-3 and PGA-5 were purified to homogeneity. Non-denaturing P A G E  re- 
vealed that the isozymogens were still active after purification and that the elec- 
trophoretic mobility was unchanged, indicating that no significant alterations in 
their overall structures had taken place. The same can be concluded from in- 
cubations with monoclonal antibody 219-20: all fractions retai~.ed their anti- 
genicity after purification. Thus, our procedure enables the separation of PGA 
isozymogens from urine in a rapid and relatively convenient way without loss of  
its biological activity. 

Chronlatographic behaviour of  pepsillogens 
The remarkable resolving power of  the Mono-Q column is evident from the 

separation of the closely related PGA isozymogens. PGA-3 and PGA-5 differ by 
only two amino acids (see Table I). The molecular model of  PGA revealed that 
substitution Va177 > Leu77 is buried inside the molecu!e, whereas substitution 
Glu43 > Lys43 is located on the surface (Fig. 4B). Thus, the Mono-Q column is 
able to distinghuish between PGA-3 and PGA-5, proteins of  373 amino acids in 
length, on the basis of a single amino acid substitution. The same is seen for 
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PGA-3  and PGA-5 and their deamidated counterpart:  the only amino acid that is 
different is the putative Ash310 > Asp310 conversion. 

The net negative charge of  the P G A  isozymogens is in the order PGA-5 < 
deamidated PGA-5 < PGA-3 < deamidated PGA-3. If the anion-exchange 
process is solely based on the sum of electrostatic interactions, i . e .  the net charge, 
one should expect the same elution order. However, the following elution order 
was found: PGA-5/PGA-3/deamida ted  PGA-5/deamidated  PGA-3. Kopaciewicz 
and co-workers [33,34] have reported a retention model for the anion-exchange 
process. In brief, the hypothetical  model suggested that, under  the same chroma- 
tographic conditions, (!) for steric reasons only a faction of the protein surface 
interacts with the support,  (2) protein charge asymmetry  may cause molecular 
orientation during adsorpt ion and (3) retention appeared to be direclty propor- 
tional to the number  of the interacting negatively charged amino  acids. 

Let us consider PGA-3 and the deamidated product  of PGA-5. The former 
elutes behind PGA-3,  and both molecules show the same number  of negatively 
charged amino acids (Table I). However, one negatively charged amino acid 
differs in respect to its location: Glu43 of PGA-3 is located in the highly posi t ively 
charged propart  of  pepsinogen [! 1], whereas the deamidated residue of  PGA-5 
shares, with Asp242, Glu255 and GIu249, a region that is free of positively 
charged amino acids (for a Van der Waals  picture of  this region see Bank e t  a L  

[21]). Both are located on the surface of the molecule (Fig. 4B). The retention of 
both isozymes provides evidence that heterogeneity in the amino  acid distr ibution 
at the protein surface may  allow portions of  the external surface to dominate  
chromatographic  behaviour.  As intramolecular  charge asymmetry  promotes dif- 
ferences in electrical potential on the surface of the protein [35], the region of 
localized charge in which residue 310 is situated orients or "'steers" the peps ino-  
gen molecule with respect to the oppositely charged ion-exchange matrix. T h e  
chromatographic  behaviour  of the two molecules therefore supports  the first two 
proposit ions of  the model of  Kopaciewicz and co-workers [33,34]. Recent studies 
on lysozyme and myoglobin  also revealed that only a port ion of  the negatiVely 
charged amino acid side-chain groups are involved in the interactive process with 
the matrix,  and that protein-surface interactions in anion-exchange chromatogra-  
phy will be mediated through the negatively charged regions of  highest electro- 
static potential [36,37]. 

Evidence for the third proposit ion is provided by the elution order of  PGA-3 
and PGA-5. The only amino  acid that is located on the surface and is different 
between PGA-3 and PGA-5 is residue 43. It is a Glu-to-Lys substi tut ion and 
introduces all extra acidic residue in favour of  PGA-3. This residue is ~'----"~-" 
responsible for the longer retention time of  PGA-3 compared with PGA-5. Simi- 
lar explanat ions can be given for the elution order of  PGA-3 v e r s u s  deamidated 
PGA-3 and that of  PGA-5 v e r s u s  deamidated PGA-5. 

The systematic study of variables that control the chromatographic  behaviour 
of  proteins is still in the early stages [38]. This is due to the fact that proteins are 
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three-dimensional matrices with a great diversity in the distribution of  surface 
functional groups, Sigrfificant insight into the structural factors o f  the ionotopic 
microstructure (coulombic binding site) of  proteins that control or influence the 
selectivity o f  chromatographic systems is emerging [36,37,39] but is still not fully 
elucidated. As PGA isozymogens are laighly similar proteins that are well charac- 
terized in terrns of  their biochemistry, pepsinogens may serve as model proteins 
for elucidating at least some of  the variables that determine the chromatographic 
behaviour o f  prote ins  on ion-exchange  colurnns.  
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