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ABSTRACT 

The strong cation-exchanger, PolySulfoethyl Aspartamide, has been assessed as a medium for isolation of carboxyl-terminal 
and blocked amino-terminal peptides from tryptic digests of small quantities of viral proteins. 

Peptides with a single positive charge, the blocked amino-terminal peptides of ovalbumin and the Newcastle disease virus 
(NDV) matrix protein and carboxyl-terminal peptides of ovalbumin and the NDV nucleocapsid protein, eluted in early 
ion-exchange fractions and were readily isolated in homogeneous form by subsequent reversed-phase HPLC. Some early 
ion-exchange fractions also contained singly charged peptides derived by “chymotryptic-like” cleavage, whilst other peptides 
eluted in these fractions due to their highly acidic character. Terminal sequences with additional basic residues were isolated from 
later eluting ion-exchange fractions. Peptides with this property included the blocked amino-terminus of the NDV nucleocapsid 
protein and a portion of the carboxyl-terminus of the NDV matrix protein. Hitherto undescribed polymorphism in the 
amino-terminal region of ovalbumin was revealed in this study. Truncated peptides from the carboxyl-terminus of the NDV 
matrix protein were also detected. The presence of these peptides could be a reflection of carboxyl-terminal processing of the 
matrix protein. 

The strategy described herein should be of general utility for selective microisolation of carboxyl-terminal peptides and blocked 
amino-terminal peptides from tryptic digests of proteins. 

INTRODUCTION 

Characterization of post-translational modifi- 
cations of naturally occurring proteins is essential 
to fully define their active structures [1,2]. Anal- 
ysis of proteins expressed in vitro is also required 
to verify that these proteins undergo the same 
post-translational modifications as their natural 
counterparts or acceptable alternate modifica- 
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tions [3-91. Accordingly, strategies have been 
developed for determining a variety of post- 
translational modifications [4-8,10-131. 

Modifications at the termini of mature proteins 
present a particularly difficult analytical chal- 
lenge. These modifications include enzymatic 
cleavage and trimming of the primary transla- 
tional products of genes and addition [14] or 
rearrangement reactions [ 151. For example, 
amino-termini may be subjected to acetylation 
with or without preliminary removal of the 
initiating methionine [ 161. In addition, amino- 
terminal glutamine residues may cyclize to the 
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pyrrolidone carboxyl, 5oxoproline [ 151. It has 
been estimated that around 80% of soluble 
mammalian proteins have acetylated amino- 
termini [ 171. Similarly, carboxyl-terminal regions 
of proteins may be cleaved and/or trimmed and 
the resultant terminal a-carboxyl may or may 
not be converted to an amide or otherwise modi- 
fied [l]. 

Edman degradation is ineffective for analysis 
of blocked (e.g. acetylated or cyclized) amino- 
termini and carboxyl-terminal sequences of in- 
tact proteins. Enzymatic [18,19] and chemical 
methods [20] have been described for deblocking 
[20] or removing acetylated amino-terminal 
amino acids [19] or cyclized amino termini [18]. 
Chemical manipulation has also been used to 
facilitate identification and isolation of blocked 
amino-terminal peptides from tryptic digests 
[21]. However, inherent limitations or additional 
sample handling may render these techniques 
ineffective, especially with limited quantities of 
proteins [19-221. Furthermore, these techniques 
do not address isolation and characterization of 
the carboxyl-termini of proteins. Use of carboxy- 
peptidases for carboxyl-terminal sequencing of 
intact proteins is also fraught with difficulties 
[23]. Hence, it is desirable to be able to selec- 
tively isolate fragments bearing amino terminal- 
blocking groups and carboxyl-terminal sequences 
of fully processed proteins. Once isolated, such 
fragments are amenable to a variety of structural 
analyses [19,21-231, such as enzymatic cleavage 
of the acetylated amino-terminal amino acid [19] 
or sequencing by mass spectrometric methods 
[5-7,12,21-251. 

A strategy is described in this report for mi- 
croisolation of carboxyl-terminal and blocked 
amino-terminal tryptic peptides using strong 
cation-exchange high-performance liquid chro- 
matography (HPLC). This strategy exploits the 
fact that most tryptic peptides derived from the 
carboxyl-termini or blocked amino-termini of 
proteins have a single positive charge at acid pH 
and are barely retained by cation exchangers 
[26]. Other tryptic peptides have two or more 
positive charges under these conditions and are 
expected to be retained by cation exchangers. 
Thus, gradient elution is used to isolate terminal 
fragments with more than one positive charge. 

The efficacy of this strategy was assessed with an 
abundant protein and less available viral proteins 
isolated using microtechniques. 

MATERIALS AND METHODS 

Protein preparations 
Hen egg white ovalbumin was obtained from 

Miles/ICN, Costa Mesa, CA, USA (Cat. No. 
950512). This protein (10 mg in 1 ml of 0.1 M 
NH,HCO,-6 M guanidine hydrochloride) was 
reduced with 20 mM dithiothreitol for 16 h at 
4°C followed by 2 h at 22°C. It was subsequently 
S-carboxamidomethylated by addition of iodo- 
acetamide to 100 mM and allowing the reaction 
to proceed for 2 h at 22°C. Excess reagents were 
removed by methanol precipitation at -20°C 
followed by two washes of the precipitate with 
methanol. 

The matrix protein of the avirulent V4 strain 
of Newcastle disease virus (NDV) was isolated 
from purified virions by detergent extraction ac- 
cording to an established method [27]. The ap- 
parently homogeneous protein, as judged by so- 
dium dodecyl sulphate (SDS)-acrylamide gel 
electrophoresis (12%) w/v, acrylamide), was 
subsequently reduced and S-carboxamido- 
methylated using the conditions described above. 

The nucleocapsid protein of the VRI-90/234 
isolate of NDV [28] was obtained from purified 
virions which were disrupted with 1% (w/v) SDS 
and subjected to reduction ‘with dithiothreitol 
and S-alkylated with 5-N-[(iodoacetamido- 
ethyl)amino]naphthalene-1-sulphonic acid (5- 
IAEDANS) as described previously [12,29-311. 
The fluorescently labeled proteins were subject- 
ed to preparative slab gel electrophoresis on 
SDS-acrylamide gradient (lo-20%, w/v) gels, 
excised as individual fluorescent gel bands and 
recovered by electroelution [ 12,29-311. 

Enzymatic digestion 
Trypsin digestion of reduced and alkylated 

proteins was performed at substrate concen- 
trations of approximately 10 mg/ml in 0.1 M 
NH,HCO, . Trypsin (sequencing grade; Boehr- 
inger, Mannheim, Germany) was added to give 
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an enzyme to substrate ratio of 1:lOO (W/W) and 
the digestion mixture maintained at 37°C for 2 h 
prior to increasing the enzyme to substrate ratio 
to 1:50 and allowing the digestion to proceed for 
a further 2 h at 37°C. Digests were desalted by 
drying in vucuo, reconstituted in water and re- 
dried in vacua. 

Strong cation-exchange chromatography 
Strong cation-exchange HPLC was performed 

with PolySulfoethyl Aspartamide functionalized 
silica (5 pm particle size; 300 A pore size) 
obtained from PolyLC, Columbia, MD, USA, 
packed in stainless-steel columns (200 mm X 4.6 
mm I.D.). Conditions used to achieve optimal 
ion-exchange separation of tryptic peptides are 
described below. Separation was performed 
using a Waters chromatographic system, com- 
prising two Model 510 pumps, a Model U6K 
injector, a Model 440 dual-channel fixed-wave- 
length detector set at 254 and 280 nm, a Model 
481 variable-wavelength detector set at 210 nm 
and a Model 840 control and data acquisition 
system. Fractions were collected manually into 
1.5-ml polypropylene tubes and solvent removed 
in vacua using a Savant centrifugal concentrator 
prior to further fractionation. 

Reversed-phase chromatography 
Reversed-phase chromatography was per- 

formed with a chromatographic system similar to 
the one described above with modifications to 
minimize system delay volumes. These modi- 
fications included use of a Waters static mixer 
(part No. WATO 51518) and a Rheodyne Model 
7125 injector with a 200-~1 loop. An Applied 
Biosystems I Model 1OOOS diode array detector 
was the sole detector on this system. Separation 
was performed on a 5-pm particle size Vydac 
octadecasilica column (250 mm x 4.6 mm I.D., 
cat. No. 218TP54; Separations Group, Hysperia, 
CA, USA) using conditions described below. 
Samples were reconstituted in 0.1% (v/v) tri- 
fluoroacetic acid (TFA) in water prior to re- 
versed-phase fractionation and fractions were 
collected into 1.5-ml polypropylene tubes using a 
Pharmacia Frac-300 fraction collector under con- 
trol of an ISCO Model 1650 peak separator. 

Solvent was removed from fractions in vacua as 
described above. 

Analytical methods 
Samples were prepared for amino acid analysis 

in sealed evacuated tubes containing 200 ~1 of 6 
M HCl, 0.3% (v/v) 2-mercaptoethanol and 0.1% 
(v/v) phenol by hydrolysis at 110°C. Hydroly- 
sates were dried in vacua and reconstituted in 
0.1 M HCl and individual amino acids were 
separated and quantitated using an ion-exchange 
based HPLC system [30]. 

Fractions were reconstituted in 80% (v/v) 
CH,CN in water containing 0.1% (v/v) TFA for 
automated stepwise protein sequence analysis 
[32]. Sequencing was performed with an auto- 
mated.. sequenator (Applied Biosystems Model 
470A) ‘with vapour-phase delivery of critical re- 
agents [33] in conjunction with a synchronized 
phenylthiohydantoin (PTH)-amino acid separa- 
tion system (Applied Biosystems Model 120A 
PTH-amino acid analyser) . 

Fast atom bombardment (FAB) mass spec- 
trometry [34] was performed using a VG 701 
70E-HF double-focusing magnetic deflection 
mass spectrometer of Nier-Johnson geometry 
(VG Analytical, Manchester, UK) equipped 
with an Ion-Tech saddle field fast-atom gun. 
Scan control and data acquisition were per- 
formed with a VG 25OJ+ data system operated 
in multichannel analysis mode. Samples were 
reconstituted in 5 ~1 of 50% (v/v) CH,CN in 
water containing 0.1% (v/v) TFA and 1.5-~1 
aliquots were applied to the probe tip containing 
1 ~1 of a preapplied mixture of glycerol-thio- 
glycerol (1:l). Xenon atoms at a discharge 
potential of 8 keV and current of 1 mA were 
used for sample bombardment. Spectra were 
recorded in the positive ion mode at 40 s/decade 
and a resolution of 1500. Five to ten scans were 
averaged and mass measured using an external 
calibration file created with CsI/RbI/NaI cluster 
ions. 

RESULTS 

Conditions found to be optimal for ion- 
exchange separation of peptides in the tryptic 
digest of reduced and carboxamidomethylated 
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Fig. 1. Strong cation-exchange chromatography of unfrac- 
tionated peptides derived by tryptic digestion of reduced and 
carboxamidomethylated ovalbumin. This separation was 
achieved using a buffer of 10 mM Na,HPO,-H,PO, buffer 
(pH 3.0) containing 40% (v/v) acetonitrile as the starting 
buffer and buffer B comprised of starting buffer with Na,SO, 
added to a concentration of 76 mM. The gradient protocol 
consisted of a linear increase of 0 to 20% buffer B over 50 
min and 20 to 100% buffer B in a further 10 min. The eluent 
was subsequently held at 100% buffer B for 5 min, and then 
returned to starting buffer over a period of 5 min. A flow- 
rate of 1 ml/min was used throughout and the temperature 
was maintained at 22°C. The absorbance scale is indicated 
numerically adjacent to the apex of the highest absorbing 
peak. 

ovalbumin (Fig. 1) employed 40% (v/v) aqueous 
acetonitrile in the sample and buffers in order to 
achieve a balance between optimal sample solu- 
bility and chromatographic separation. Peptides 
were eluted from the column using a Na,SO, 
gradient [35]. The number of peaks observed 
corresponded closely to the theoretical number 
of tryptic peptides expected from this protein. 

Ion-exchange fractions (Fig. 1) were collected 
and subjected to reversed-phase separation 
(Fig. 2). Analysis of reversed-phase fractions 
(Fig. 2) for amino acid compositions and, where 
appropriate, by stepwise sequence analysis and 
mass spectrometry (Table I) produced data con- 
sistent with the presence of the acetylated 
amino-terminal tryptic peptide (Fig. 3) in two 
reversed-phase peaks of both ion-exchange frac- 
tions 2 (Fig. 1 and Fig. 2B) and 3 (Fig. 1 and 
Fig. 2C). The carboxyl-terminal tryptic peptide 
(Fig. 3) was also located in two reversed-phase 
peaks of ion-exchange fraction 3 (Fig. 1 and Fig. 

I I I I I I I 

10 20 30 40 50 00 70 I)0 

Time (min ) 

Fig. 2. Reversed-phase chromatography of unfractionated 
peptides derived by tryptic digestion of reduced and carbox- 
amidomethylated ovalbumin (A) and tryptic peptides from 
ion-exchange fractions 2 (B) and 3 (C) of the tryptic digest 
(Fig. 1). Gradient elution was performed by varying the 
composition of acetonitrile in water whilst maintaining 0.1% 
(v/v) TFA with a flow-rate of 1 ml/min at 22°C. The gradient 
protocol consisted of linear increases in acetonitrile concen- 
tration from 0 to 24% (v/v) over 50 min, from 24 to 48% 
over the next 20 min and 40 to 80% over the final 15 min. 
The column was then returned to 0% CH,CN over 5 min. 
Numbered fractions in chromatograms B and C were subject- 
ed to further analyses (Table I and Fig. 4). Absorbance 
scales for each chromatogram are indicated numerically adja- 
cent to the apexes of their highest absorbing peaks. 

2C). The total amount of acetylated amino- 
terminal peptide (residues 1-16) was greater in 
ion-exchange fraction 2 than in fraction 3 which 
is consistent with incomplete resolution. How- 
ever, there were some compositional differences 
between the reversed-phase fractions containing 
this sequence (see below) which depended upon 
which ion-exchange fraction they were derived 
from. One peptide present in both of these 
ion-exchange fractions [reversed-phase peaks 2 
(Fig. 2B) and 5 (Fig. 2C)] was a singly charged 
portion of the ovalbumin sequence (residues 
11 l-l 19) derived by “chymotryptic-like” cleav- 
age of this protein as was the peptide (residues 
62-72) in reversed-phase fraction 4 of ion- 
exchange fraction 3. Another portion of the 
sequence (residues 340-359) found in both of 
these ion-exchange fractions (peak 1; Fig. 2B 
and peak 3; Fig. 2C) appeared to be present due 
to its highly acidic content of 1 aspartate and 4 
glutamates [36]. 
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Ovalbumin 

AC 1 OSGAA.SMEFCFDVF K 1 RIcvsP] 

t t 
Matrix Protein 

XB KIYNPFI(I(J 

t t 

Nucleocapsid Protein 

Fig. 3. Amino- and carboxyl-terminal sequences of oval- 
bumin [36], the NDV matrix protein [37,38] and the NDV 
nucleocapsid protein [39]. AC indicates the presence of an 
acetyl group on the amino-terminus of ovalbumin [36] and X 
indicates that the amino-termini of the matrix and nu- 
cleocapsid proteins were refractory to Edman degradation. 
The fates of the initiating methionines on the matrix and 
nucleocapsid proteins were unknown, hence they are in- 
cluded. Arrows indicate the tryptic cleavage sites in these 
proteins giving rise to terminal fragments. Intervening por- 
tions of these proteins are indicated as shaded areas which 
are not drawn to scale. 

The findings that amino-terminal and car- 
boxyl-terminal sequences were both detected in 
two reverse phase chromatography fractions 
(Fig. 2B and C) of ion-exchange fractions 2 and 
3 was investigated further. In the case of the 
amino-terminal sequence obtained from ion- 
exchange fraction 2 this was apparently due to 
polymorphism at residues five or six from the 
amino-terminus. Amino acid analysis data 
(Table I), obtained on reversed-phase fractions 3 
and 4 (Fig. 2B), indicated’replacement of one of 
the alanine residues at these positions with val- 
ine. This was supported by analysis of the molec- 
ular masses of the reversed-phase fractions by 
mass spectrometry (Fig. 4). Further polymor- 
phism of this region of ovalbumin was also sug- 
gested by amino acid analysis of reverse phase 
fractions 6 and 7 of ion-exchange fraction 3 (Fig. 
2C). It was apparent that this component of 
reversed-phase fractions 6 and 7 had a glycine in 
place of valine and that alanine five or six of the 
sequence isolated in fraction 7 had changed to 
valine. However, it should be noted that the data 
on fractions 6 and 7 were obtained on limited 
quantities of material and should be regarded as 
tentative at present. Unfortunately, these com- 
ponents were not isolated in sufficient quantities 
for further characterization by FAB-MS. Hetero- 
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4 10 

g!o 
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Fig. 4. Fast atom bombardment mass spectra of tryptic 
peptides contained in fractions 3 (A) and 4 (B) of reversed- 
phase chromatograms (Fig. 2B) of ion-exchange fraction 2 
(Fig. 1) of the ovalbumin digest. MH+ denotes the assign- 
ment of protonated parent ion mass to a particular ion based 
on correspondence of the mass to a discrete segment of the 
ovalbumin sequence. 

geneity of the carboxyl-terminus was not defined 
by chemical analysis since both reverse phase 
fractions produced identical amino acid composi- 
tions and stepwise sequence data by Edman 
degradation and both had identical masses 
(Table I). This heterogeneity was reproducible 
with successive ion-exchange fractionations and 
probably represented cisltruns isomerism of the 
carboxyl-terminal proline residue. 

The matrix protein of NDV was shown to have 
a blocked amino-terminus by application of 
Edman degradation to the intact protein (Fig. 
3). Tryptic peptides of this protein were fraction- 
ated by ion-exchange chromatography (Fig. 5) 
and the early-eluting peaks subsequently subject- 
ed to reversed-phase HPLC (Fig. 6). Chemical 
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Fig. 5. Strong cation-exchange chromatography of unfrac- 
tionated peptides derived by tryptic digestion of reduced and 

carboxamidornethylated NDV matrix protein. Conditions for 
chromatography as in Fig. 1 except that the CH,CN concen- 

tration was 25% (v/v). The absorbance scale is indicated 
numerically adjacent to the apex of the highest absorbing 
peak. 

analyses (Table II) of reversed-phase fraction 1 
(Fig. 6B) of ion-exchange fraction 3 (Fig. 5) 
revealed that the amino-terminal peptide was 
acetylated on the initiating methionine. Re- 
versed-phase fraction 6 (Fig. 6B) of this ion- 
exchange fraction produced data consistent with 
the carboxyl-terminal tryptic peptide which 

1 /A 

0 10 20 20 42 50 llo 10 80 

Time (mill) 

Fig. 6. Reversed-phase chromatography of unfractionated 
peptides derived by tryptic digestion of reduced and carbox- 
amidomethylated NDV matrix protein (A) and tryptic pep- 
tides contained in ion-exchange fractions 3 (B) and 9 (C) of 
the tryptic digest (Fig. 6). Analytical data on numbered 
fractions are presented in Table II. Absorbance scales for 
each chromatogram are indicated numerically adjacent to the 
apexes of their highest absorbing peaks. 

lacked two lysine residues (Fig. 3) predicted to 
be present on the protein by gene sequence 
analysis [37,38]. The other major reversed-phase 
fractions (4, 7 and 11) were identified as singly 
charged peptides derived in part by “chymo- 
tryptic-like” cleavage of the matrix protein (frac- 
tions 7 and 11) or the NDV fusion protein 
(fraction 4) which was present as a slight con- 
taminant of the matrix protein preparation not 
apparent by SDS-polyacrylamide gel electro- 
phoresis (PAGE). The minor peptides in re- 
versed-phase fractions 2, 3, 5, 8,9, 10, 12 and 13 
also appeared to be “chymotryptic-like” peptides 
or baseline artifacts (peak 13) but were not 
present in sufficient quantities to enable their 
identification, however, they did not appear to 
be derived from the matrix or fusion proteins. 

Ion-exchange fraction 9 (Fig. 5) was found to 
contain another part of the carboxyl-terminus of 
the matrix protein. This peptide apparently had 
two positive charges since it eluted much later in 
the ion-exchange chromatogram (peak 9; Fig. 5) 
and appeared to be homogeneous by reversed- 
phase HPLC (Fig. 6C). Amino acid analysis 
demonstrated that this peptide contained two 
amino groups, due to the a-amino group and an 
E-amino group of one of the two lysine residues 
predicted to be at the carboxyl terminus (Fig. 3) 
of the matrix protein [37,38]. 

The nucleocapsid protein of NDV (Fig. 3) also 
has a blocked amino-terminus [12]. This protein 
was obtained by microisolation using SDS-PAGE 
and electroelution [12,29-311 and subjected to 
tryptic digestion. Fractionation of the tryptic di- 
gest isolated the carboxyl-terminal tryptic pep- 
tide of this protein (Fig. 3) in a single early 
eluting ion-exchange fraction (peak 3; Fig. 7). 
Chemical analysis (Table III) of peptides re- 
solved by reversed-phase chromatography (Fig. 
8B) showed that this ion-exchange fraction con- 
tained the carboxyl-terminal peptide (peak 1; 
Fig. 8B) and one other tryptic peptide (peak 2; 
Fig. 8B) which had a strongly acidic character 
due in part to presence of a sulfonic acid moiety 
of the AEDANS group attached to cysteine res- 
idue 139 and further influenced by the content of 
four aspartates and three glutamates [12,39]. 

The amino-terminus of the nucleocapsid pro- 
tein was obtained in a homogeneous form from a 
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TABLE II 

ANALYTICAL DATA ON TRYPTIC PEPTIDES OF THE NDV MATRIX PROTEIN 

Amino acid” Reversed-phase fractions 

1 4 6 7 11 14 

CM Cys 

Asp 
Thr 
Ser 
Glu 
Pro 

GIY 
Ala 
Val 
Met 
Ile 
LeU 

Tyr 
Phe 

LYS 
His 

Arg 

Yield (pmol) 
Identityb 

- - - 1.04 (1) 1.01 (1) - 

0.98 (1) 0.23 (0) 1.18 (1) 1.47 (1) 1.02 (1) 
- 2.38 (3) 1.02 (1) 1.10 (1) - 

2.03 (2) 0.51 (0) - 1.10 (1) 2.95 (3) - 
- 1.22 (1) - 1.14 (1) - - 
- ND (1) ND (1) ND (2) ND (1) 
- 0.94 (1) _ - 1.28 (1) - 
_ 1.02 (1) - 1.04 (1) 2.68 (3) - 
- - - - - 

1.09 (1) 0.22 (0) - - - 
- 0.14 (0) - 0.76 (1) 0.96 (1) - 
- 1.0 (1) - 0.92 (1) 1.96 (2) - 
- 0.8 (1) 0.96 (1) 0.96 (1) 1.01 (1) 
- - 0.87 (1) 1.67 (2) 0.96 (1) 
- - - - 1.01 (1) 
- - - _ - 

0.9 (1) - - - - 

167 84 61 43 27 29 
l-5 375-383’ 359-362 314-320 289-306 359-363 

a Amino acid compositions of peptides are given as ratios calculated by dividing the quantity of each amino acid with the average 
value estimated for one amino acid residue, given as “Yield (pmol)“. This average value was calculated by summing the pmoles 
of all amino acids detected for the particular peptide and dividing by the total number of residues expected for a sequence of the 
NDV matrix protein appearing to correspond to the data. The ratios expected for each peptide are given in parentheses. Proline 
was not determined. Data presented are representative of two separate preparations of all peptides. 

b Identity of the peptide corresponding to residue numbers of the NDV matrix protein accounted for by the analytical data set. 
’ Data correspond to a sequence of the NDV fusion protein. 

IIIII- 
0 5 10 15 20 22 30 35 40 4s 50 35 20 

Time (min) 
Fig. 7. Strong cation-exchange chromatography of unfrac- 
tionated peptides derived by tryptic digestion of NDV nu- 
cleocapsid protein reduced and alkylated with IAEDANS 
and isolated by SDS-PAGE and electroelution. Conditions 
for chromatography were as in Fig. 1. The absorbance scale 
is indicated numerically adjacent to the apex of the highest 
absorbing peak. 

late eluting ion-exchange fraction (peak 16; Fig. 
7) as indicated by reversed-phase HPLC (Fig. 
SC) of ion-exchange fraction 16 and chemical 
analysis (Table III) of the sole peptide apparent 
in the reversed-phase chromatogram (Fig. 8C). 
Amino acid compositional and mass spectromet- 
ric analyses indicated that this peptide contained 
three basic residues due to failure to cleave at an 
arginyl-prolyl bond between residues 17 and 18 
and the presence of histidine at position 22, as 
predicted by gene sequence analysis [39]. This 
resistant bond is actually between residues 16 
and 17 of the mature protein due to removal of 
the initiating methionine and acetylation of the 
subsequent serine during maturation of the pro- 
tein [12], the present data conlirmed this course 
of amino-terminal processing for the VRI-90/234 
isolate of NDV [28]. 
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TABLE III 

ANALYTICAL DATA ON TRYPTIC PEPTIDES OF THE NDV NUCLEOCAPSID PROTEIN 

Amino acid” Reversed-phase fractions 

1 2 3 

CM Cys 

Asp 
Thr 
Ser 
Glu 
Pro 

Gly 
Ala 
Val 
Met 
Ile 
Leu 

T yr 
Phe 

LYS 
His 

Arg 

Yield (pmol) 
Sequenced 
Mass’ 
Identity’ 

1.17 (1) - 

5.00 (5) 4.96 (5) 1.97 (2) 
2.92 (3) 4.82 (4)* 1.03 (1) 
2.28 (2) 1.31 (1) 1.99 (2) 
4.53 (4) 2.96 (3) 4.97 (5) 

ND (8) ND (2) ND (1) 
4.34 (4) 2.15 (2) 4.05 (4) 
2.07 (2) 2.08 (3)b 3.11 (3) 
- 1.48 (2) 0 (1) 
- - - 
- 0.92 (1) 0.94 (0) 
- 1.10 (1) 2.06 (2) 
0.92 (1) - 0.87 (1) 
- 0.87 (1) 0.95 (1) 
- 0.94 (1) 
- - 0.96 (1) 
- 1.19 (1) 1.10 (1) 

270 350 108 
460-488+ - Nil 
Nil 3161.6 (3059.22) 2821.2 (2819.02) 
460-489 138-174 2-27 

’ Amino acid compositions of peptides are given as ratios calculated by dividing the quantity of each amino acid with the average 
value estimated for one amino acid residue, given as “Yield (pmol)“. This average value was calculated by summing the pmoles 
of all amino acids detected for the particular peptide and dividing by the total number of residues for a sequence of the NDV V, 
strain nucleocapsid protein appearing to correspond to the data. The ratios expected for each peptide are given in parentheses. 
Proline was not determined. Data presented are representative of two separate preparations of all peptides. 

’ These data indicate variation of an alanine residue to a threonine residue in the 90/234 nucleocapsid protein. 
’ These data indicate variation of a valine residue to an isoleucine residue in the 90/234 nucleocapsid protein. 
‘Data obtained by Edman degradation; + indicates that no signal was detected after residue 488 and Nil indicates that no 

sequence was detected. 
’ Values are protonated parent ion masses detected which correspond to a defined sequence of the nucleocapsid protein allowing 

for strain variation; Nil indicates that no corresponding mass was detected. Theoretical values are presented in parentheses. 
f Identity of the peptide corresponding to residue numbers of the NDV nucleocapsid protein accounted for by the analytical data 

set. 

DISCUSSION 

A strategy is described herein for selective 
isolation of carboxyl-terminal and blocked 
amino-terminal peptides from tryptic digests of 
proteins. This strategy involves ion-exchange 
fractionation and enrichment of these peptides 
from complex mixtures into simpler mixtures 
which can subsequently be fractionated into 
homogeneous peptides with relative ease by re- 
versed-phase HPLC. The ion-exchange frac- 

tionation exploits the fact that most tryptic pep- 
tides have at least two positive charges at acid 
pH, contributed by the o-amino group of the 
amino-terminus and the side chain of lysine or 
arginine at the carboxyl-terminus. Blocked 
amino-terminal tryptic- peptides, however, lack 
the positive charge of the a-amino group, and 
carboxyl-terminal tryptic peptides generally lack 
lysine or arginine. Exceptions to this rule will be 
if the sequences being sought contain a histidine 
and/or a lysine/arginine-proline sequence or if 
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Time (min) 
Fig. 8. Reversed-phase chromatography of unfractionated 
peptides derived by tryptic digestion of AEDANS-labelled 
NDV nucleocapsid protein (A) and tryptic peptides con- 
tained in ion-exchange fractions 3 (B) and 16 (C) of the 
tryptic digest (Fig. 8). Analytical data on numbered fractions 
are presented in Table III. Absorbance scales for each 
chromatogram are indicated numerically adjacent to the 
apexes of their highest absorbing peaks. 

proteins of interest terminate with lysine or ar- 
ginine at their carboxyl-termini. Basic amino 
acids are resistant to trypsin cleavage under 
these circumstances and thus will impart an addi- 
tional positive charge to these peptides. Whilst 
this appears to detract from the strategy, it is not 
a severe deficiency since histidine and lysine/ 
arginine-proline are relatively rare. Further- 
more, in most cases this strategy would be util- 
ized to document the structures of proteins 
whose sequences would have already been de- 
duced by gene sequence analysis, thus, it would 
be possible to predict the likely success of the 
strategy in advance. If terminal sequences con- 
taining multiple positive charges were expected 
in tryptic digests, it might be possible to predict 
where they would elute during ion-exchange 
chromatography. The present study was similar 
in concept to a previous report [26], in which 
stepwise elution from a sulfopropyl substituted 
hydrophilic polyvinyl strong cation-exchange col- 
umn was used to purify singly charged terminal 
tryptic fragments of proteins. However, isolation 
of terminal peptides with more than one positive 
charge, in homogeneous form, by gradient elu- 
tion of retained peptides was not investigated in 
the earlier study [26]. Furthermore, the present 

study also evaluated the applicability of this con- 
cept to scarce viral proteins purified by microiso- 
lation procedures. 

An important factor in this strategy is the 
excellent separation of peptides that can be 
achieved with the commercially available strong 
cation-exchanger, PolySulfoethyl Aspartamide, 
in HPLC column form, based on net charge 
variation [35,40-451. This factor has previously 
been exploited for net charge based isolation of 
tryptic peptides bearing other specific post-trans- 
lationally derived structural features, such as di- 
sulfide bonds [35,43,46]. Charge variants of pep- 
tides arising from polymorphic proteins have also 
been resolved on this medium [45]. It has also 
been demonstrated that it is possible to resolve 
peptides of the same net charge on this ion- 
exchanger due to selectivity based on juxta- 
position of charged residues [45]. It is conceiv- 
able that in some circumstances this selectivity 
might lead to separation of carboxyl-terminal 
and blocked amino-terminal peptides with a sin- 
gle positive charge. Parenthetically, the sulfo- 
propyl colunm used in the above-mentioned 
stepwise elution method [26] was assessed at a 
preliminary stage of the present study but it 
failed. 20 give satisfactory gradient elution of 
tryptic peptides from ovalbumin. 

The currently described strategy has been 
shown to be effective with an abundant protein 
(e.g. ovalbumin), a relatively scarce protein iso- 
lated by conventional protocols (e.g. NDV ma- 
trix protein), and a protein isolated on a mi- 
croscale by SDS-PAGE and electroelution (the 
NDV nucleocapsid protein). The strategy has 
also been applied to the NDV haemagglutinin/ 
neuraminidase-protein, isolated by SDS-PAGE 
and electroelution, which is even less abundant 
than the proteins investigated herein and prod- 
ucts of viral genes artificially expressed using the 
baculovirus expression system (unpublished 
data). 

Ovalbumin is a readily available protein with a 
fully defined amino acid sequence [36]. This 
protein is known to have an acetylated amino- 
terminus [36,47] and a carboxyl-terminus which 
should yield tryptic peptides with a single posi- 
tive charge [36]. Hence, it was chosen as a model 
for assessing conditions for achieving maximal 
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separation between tryptic peptides with single 
and double positive charges and optimal peak 
shapes. As predicted the carboxyl-terminal and 
blocked amino-terminal tryptic peptides of oval- 
bumin contained single positive charges and 
eluted in early ion-exchange fractions. It was of 
interest that heterogeneity was detected in both 
of the amino- and carboxyl-terminal sequences. 
The amino-terminal heterogeneity was due to 
protein polymorphism and it is likely that the 
carboxyl-terminal heterogeneity was due to cis/ 
trans isomerism of the carboxyl-terminal proline 
[48]. This amino-terminal polymorphism of oval- 
bumin has not been described previously. The 
polymorphism probably reflects the fact that the 
commercially obtained protein was a product 
from a pool of eggs from many chickens with 
varying ovalbumin sequences. Polymorphism in 
proteins is not uncommon [45,49] and is known 
to occur at other sites in ovalbumin [50,51]. 
Interestingly, this polymorphism was not ob- 
served in a previous analysis of ovalbumin 
obtained from pooled eggs [36]. The amino- 
terminal tryptic peptides of ovalbumin are very 
hydrophobic and are barely apparent in the re- 
versed-phase chromatogram of the total digest of 
ovalbumin (Fig. 2A). The minor variant peptide 
(Fig. 2B) is present in about one fourth the 
abundance of the major amino-terminal peptide. 
These peptides, especially the minor variant, 
may not have been isolated at all in the present 
study unless the terminal sequences had been 
subjected to relative enrichment by ion-exchange 
fractionation. The presence of acetonitrile in the 
sample and ion-exchange buffers may have facili- 
tated their isolation by enhancing their solubili- 
zation in the presence of other tryptic peptides. 
The previously described step elution ion- 
exchange method [26] for isolation of terminal 
peptides did not incorporate use of an organic 
solvent. The carboxyl-terminal peptide was also 
only a minor component of the total tryptic 
digest of ovalbumin. Isolation of this fragment 
was also greatly facilitated by ion-exchange en- 
richment . 

With the less available NDV matrix protein, 
the acetylated amino-terminal sequence was iso- 
lated with relative ease in an early ion-exchange 
fraction as a singly charged peptide, as was a 

portion of the carboxyl-terminus predicted from 
the gene sequence [37,38] less two residues from 
the terminus. In addition, another peptide was 
isolated which contained one of the two lysine 
residues predicted at the carboxyl-terminus. 
These data suggest processing of the carboxyl- 
terminus of the matrix protein prior to tryptic 
digestion. This is likely to be due to the action of 
a “carboxypeptidase-like” enzyme because it 
cannot be accounted for by the endoproteolytic 
specificity of trypsin for arginine and lysine res- 
idues. However, “chymotryptic-like” cleavage 
cannot be ruled out in the case of the singly 
charged peptide terminating at phenylalanine 
362. The carboxyl-terminal sequence of the 
NDV nucleocapsid protein was also readily iso- 
lated as a singly charged tryptic peptide from an 
early eluting ion-exchange fraction. Elution of 
the acetylated amino-terminal peptide of the nu- 
cleocapsid protein was delayed, reflecting the 
influence of its additional basic residues. 

In conclusion, the currently described strategy 
should prove to be a general method for mi- 
croisolation of terminal fragments from both 
ends of proteins of interest in order to document 
their mature forms and to define post-transla- 
tional biosynthetic processing of such proteins. 
This procedure may be of value for characteriza- 
tion and quality control of proteins produced in 
recombinant expression systems for both re- 
search and regulatory purposes [2-81. Another 
application of this strategy may be for defining 
the termini of proteins in order to produce prim- 
ers to enable polymerase chain reaction amplifi- 
cation of entire genes encoding proteins of inter- 
est. Where singly charged blocked amino-termi- 
nal peptides or carboxyl-terminal peptides are 
predicted to ensue from tryptic digestion of a 
protein, these peptides should be contained in 
early eluting ion-exchange fractions and be 
readily purified by reversed-phase HPLC using 
the currently described fractionation regime. 
Furthermore, where variations in the net charge 
state of the peptides of interest are expected, 
due to prior determination or deduction of their 
amino acid sequences, their elution positions can 
be anticipated to some degree according to their 
net charge states [35,40-441, particularly if the 
performance of the ion-exchange column has 
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been calibrated with peptide standards [42,44]. 
With thorough analysis of ion-exchange fractions 
it is also possible to identify and characterize 
portions of the carboxyl-termini of proteins 
which have unexpected net charge variation due 
to post-translational processing. 
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