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Abstract: Among the techniques available for the detection of protein structure variants such as single point mutations, 
RP-HPLC peptide mapping plays a key role owing to the high reproducibility of peptide retention times, determined as 
identity indexes. Because of the possible co-elution of some proteolytic fragments, an improvement of the array of 
information given by the technique can be achieved by setting up a series of experiments under hydrolytic conditions with 
different enzymes, followed by appropriate RP-HPLC gradient elutions. Such an experimental approach appears to be 
particularly useful in the examination of proteins with a high molecular weight, where the resulting RP-HPLC maps are 
complex. Therefore different RP-HPLC peptide mapping methods have been studied for recombinant human pro- 
urokinase (r-h-proUK), a thrombolytic agent of apparent molecular weight of 46 kD. The RP-HPLC maps indicate that 
the methods developed are not only suitable for the qualitative control of the amino acid sequence and arrangement of 
disulphide bonds but also represent the first demonstration of the identity of the primary structure of the recombinant and 
of the native species, within the limits of the technique. 

Keywords: Recombinant human pro-urokinase; extractive human pro-urokinase; primary structure; reversed-phase liquid 
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Introduction 

According to the existing regulations the struc- 
ture of a recombinant protein should be fully 
elucidated and compared with that of the 
native species; in addition its identity should be 
confirmed for all the subsequent production 
cycles. Among the wide variety of comple- 
mentary techniques that can be used to these 
purposes, RP-HPLC peptide mapping plays a 
key role [l, 21. 

An RP-HPLC map is achieved by hydrolysis 
of the protein with a proteolytic enzyme and by 
subsequent gradient elution of the resulting 
peptides. Even if RP-HPLC peptide mapping 
is considered a specific method of identifi- 
cation because of the high reproducibility of 
the proteolytic fragment retention times, the 
detection limits of variants or other modified 
products still represent a challenge, being 
equal to 5% (mole:mole) for a new peak 
appearing in a map and 15% (mole:mole) for 
coeluting peaks [3]. Although careful method 
validation is suggested to cope with problems 
such as reproducibility of the enzymatic 
digestion and of the chromatographic con- 

ditions, the identity of each sample can be 
reliably proved by comparison with the refer- 
ence standard preparation analysed at the 
same time. 

Although RP-HPLC mapping cannot pro- 
vide information about the identity of each 
peak, the technique is also applied with the aim 
of demonstrating the structural identity of the 
rDNA product with its naturally occurring 
counterpart. It can be done either for com- 
parison purposes or for structure demon- 
stration by applying appropriate enzymatic 
cleavage strategies followed by the isolation 
and sequence determination of the protein 
fragments. 

In this paper the development of different 
peptide mapping procedures is described with 
the aim of comparing different production 
batches of recombinant human pro-urokinase 
(r-h-proUK) obtained by expression in Escher- 
ichiu coli. The protein, refolded after ex- 
traction from E. coli and purified to a clinical 
grade product, is as biologically active as the 
naturally occurring human pro-Urokinase (h- 
proUK) and unglycosylated because of the 
features of the host organism. 

*Presented in a preliminary form at the ‘10th International Symposium on HPLC of Proteins, Peptides and 
Polynucleotides’, Wiesbaden, 29-31 October 1990. 
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H-proUK, analysed for purposes of com- 
parison with the recombinant form, is a serine 
protease enzyme, consisting of 411 amino acid 
residues, glycosylated at Asn302, with an 
apparent molecular weight equal to 54 kD; the 
protein has been fully sequenced [4,5] and the 
active site has been described [6] and shown to 
be within the 159-411 AA region, known as 
the ‘serine protease domain’ (Fig. 1). In both 
proteins 12 disulphide bonds are present, 
whose position should be the same as evidence 
of a correct refolding of the recombinant form. 

The biological properties of h-proUK can be 
summarized by considering it to be the pro- 
enzymatic form of urokinase, endowed with 
fibrin-selective thrombolytic properties [7, 81. 

For the purpose of verifying both the amino 

1 10 20 25 
~r-Asn-Glu-Leu-His-Gln-Val-Pro-Ser-Asn-Cys-A~-Cys-~u-Asn-Cly-Gly-~r-Cys-Val-~r-Asn-Lys-~r-Phe- 

26 30 40 50 
Ser-Asn-Ile-His-Trp-Cys-Bsn-Cys-Pro-Lys-Lys-Phe-Gly-Gly-Gln-His-Cys-Glu-Ile-A~-Lys-Ser-Lys-~-~s- 

51 70 
~r-Glu-Gly-Asn-Gly-His-Phe-~r-~g-~~y-Lys-Ala-~r-~r-A~-*-~t-Gly-Arg-Pro-Cys-Leu-Pro-T~-~~n- 

76 80 90 100 
Ser-Ala-Thr-Val-Leu-Gln-Gln-Thr-Tyr-His-Ala-His-~g-~r-A~-Ala-Leu-Gln-Leu-Gly-Leu-Gly-Lys-His-Asn- 
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acid sequence and the arrangement of disulph- 
ide bonds of r-h-proUK batches and their 
identity in comparison with h-proUK, appro- 
priate methods for peptide mapping analysis 
have been developed. Trypsin, which specifi- 
cally cleaves proteins at the carboxy-terminal 
side of arginine and lysine residues, and 
pepsin, which specifically cleaves proteins at 
the phenylalanine, lysine and non-polar resi- 
dues, have been used as proteolytic enzymes. 
Pepsin is recommended for digesting proteins 
in their native form because the low pH of the 
digestion buffer does not usually allow re- 
arrangement of disulphide bonds. 

Tryptic hydrolysis has been carried out both 
before and after reduction of the disulphide 
bonds. Under non-reducing conditions the 

101 110 120 125 
Tyr-Cys-Arg-Asn-Pro-A~-Asn-Arg-Arg-Arg-P~-T~-Cys-~r-Val-Gln-Val-Gly-~u-Lys-Pro-Leu-Val-Gln-Glu- 

126 130 140 150 
Cys-~t-Val-His-Asp-Cys-Ala-A~-Gly-Lys-Lys-Pro-Ser-~r-Pro-Pro-Glu-Glu-~u-Lys-Phe-Gln-Cys-Gly-Gln- 

151 160 170 175 
Lys-Thr-Leu-Arg-P~-Arg-Phe-Lys-Ile-Ile-Gly-Gly-Glu-Phe-~-~-Ile-Glu-A~-Gln-Pro-~-Phe-Ala-Ala- 

176 180 190 200 
Ile-~r-Arg-Arg-His-Arg-Gly-Gly-Ser-Val-~-~r-Val-Cys-Gly-Gly-Ser-Leu-Ile-~r-Pro-Cys-T~-Val-Ile- 

201 210 220 225 
Ser-Ala-Thr-Kis-Cys-Phe-Ile-Asp-Tpr-Pro-Lys-Lys-Glu-~-~r-Ile-Val-~r-Leu-Gly-Arg-~-~g-Leu-Asn- 

226 230 240 250 
Ser-Asn-Thr-Gln-G1y-Glu-~t-Lys-Phe-Glu-Val-Glu-Asn-~u-Ile-~u-His-Lys-A~-~r-Ser-Ala-A~-~-~u- 

251 260 270 275 
Ala-His-His-Asn-Asp-Ile-Ala-Leu-Leu-Lys-Ile-Arg-Ser-Lys-Glu-Gly-~g~Cys-Ala-Gln-P~-~r-~g-~-Ile- 

276 280 290 300 
Gln-~r-Ile-Cys-Leu-Pro-Ser-~t-~r-Asn-A~-Pro-Gln-Phe-Gly-~-Ser-~s-Glu-Ile-~r-Gly-Phe-Gly-Lys- 

301 I 310 320 325 
Glu-Asn-Ser-Thr-A~-~r-Leu-Tpr-Pro-Glu-Gln-~u-Lys-~t-~-Val-Val-Lys-~u-Ile-~r-His-~g-Glu-Cys- 

326 330 340 350 
Gln-Gln-Pro-His-Tyr-Tyr-Gly-Ser-Glu-Val-~-~r-Lys-~t-Leu-Cys-Ala-Ala-Asp-Pro-Gln-T~-Lys-~-A~- 

351 360 370 375 
Ser-Cys-Gln-Gly-ksp-Ser-Gly-Gly-Pro-Leu-Val-Cys-~r-~u-Gln-Gly-~g-~t-~-Leu-~-Gly-Ile-Val-~r- 

376 380 390 400 
Trp-61y-Arg-G1y-Cys-Ala-Leu-Lys-Asp-Lys-P~-Gly-Val-~r-~-~g-Val-~-~s-Phe-Leu-Pro-T~-Ile-~g- 

401 410 411 
Ser-His-Thr-Lys-Glu-Glu-Asn-Gly-Leu-Ala-Leu 

Figure 1 
Primary structure of human pro-urokinase. The putative location of the disulphide bonds has been described [6]; the 
position of the glycosidic chain is indicated by a zig-zag line. 
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fragmentation pattern of the protein is in- 
fluenced by its conformation, as only the 
amino acid residues exposed on the protein 
surface are accessible to the enzyme active site; 
in contrast, reduction of the disulphide bonds 
and the subsequent protection of the thiol 
groups by a derivatizing agent allows trypsin to 
cleave at all predictable sites, originating a 
chromatographic pattern with a characteristic 
number of fragments. 

Preliminary evaluation of the reproducibility 
of the method demonstrates that the highest 
variability is associated with the enzymatic 
digestion step. 

In general, the enzymatic activity can vary 
from batch to batch and, particularly in a 
tryptic map, additional peaks may be intro- 
duced because of chimotrypsin-like cleavages 
and of the partial hydrolysis of trypsin to + 
trypsin. Therefore each map presented is 
related to that of a r-h-proUK preparation 
simultaneously analysed with a sample of h- 
proUK for the purpose of showing that under 
each experimental condition the identity of the 
two species is verified. 

Experimental 

Materials 
Recombinant human pro-urokinase was a 

product of clinical grade purity (Farmitalia 
Carlo Erba); h-proUK was derived from 
mammalian cells (Sandoz, Vienna). p- 
Mercaptoethanol (electrophoresis purity 
grade - Biorad), 4-vinylpyridine (Sigma), 
guanidine hydrochloride (Sigma), Tris 
(electrophoresis purity grade - Biorad), urea 
(electrophoresis purity grade - Biorad), 
ammonium acetate ,(RPE - Carlo-Erba), 
HPLC-grade trifluoroacetic acid (TFA, 
Pierce), calcium chloride (RPE - Carlo-Erba) 
analytical grade reagents and HPLC-grade 
water purified by use of a Milli-Q System 
(Millipore) were used. The enzymes were 
diphenylcarbamyl chloride (DPCC)-treated 
trypsin from bovine pancreas (Sigma) and 
pepsin from porcine gastric mucosa 
(Boehringer). 

Sample pretreatment 
r-h-proUK has been enzymatically digested 

both in the native and in the reduced and 
derivatized forms. The derivatized form was 
obtained by addition of an excess of B-mer- 

captoethanol (10% v/v in water) followed by 
incubation for 2 h in the dark; 4-vinylpyridine 
was subsequently added under a stream of 
nitrogen and incubated for 2 h in the dark at 
room temperature, according to the method 
described by Friedman et al. [9]. The reaction 
reagents were removed by RP-HPLC purifi- 
cation on a Hewlett-Packard 1090M liquid 
chromatograph, using a &Vydac column 
(250 x 4.6 mm i.d.; pore size 300 A) under 
linear gradient elution conditions. Eluent A 
was 0.1% v/v TFA in HZ0 and eluent B was 
acetonitrile-water (955, v/v, 0.07% TFA); the 
elution gradient was linear from 10 to 40% of 
eluent B in 15 min. The collected fraction, 
corresponding to the pyridylethylated proUK 
peak, was freeze-dried using Speed Vat A-160 
Savant equipment before dissolution in the 
digestion buffer. 

Tryptic digestion 
Two different digestion procedures were 

applied using different enzyme:substrate ratios 
and hydrolysis times. In both cases approxi- 
mately 200 p,g of pyridylethylated or native 
protein were completely dissolved in a solution 
of 1% w/v ammonium bicarbonate, 2 M urea 
and 0.1 mM CaC& (pH 8). In the first exper- 
iment trypsin was added at an enzyme:sub- 
strate (E:S) ratio of 1:25 and the hydrolysis 
was stopped after 18 h. 

A second experimental procedure comprised 
the addition of trypsin at a four-fold higher E:S 
ratio (1:6.25) and digestion for 48 h. 

Peptic digestion 
The same amount of r-h-proUK in its native 

form was digested in 5% acetic acid at 37°C for 
24 h, by adding the enzyme twice, at an E:S 
ratio of 1:16.5. 

RP-HPLC peptide maps 
RP-HPLC separation of the peptides formed 

by enzymatic digestion was performed on a 
Hewlett-Packard 1090M liquid chromato- 
graph equipped with a 79994A data station. A 
lo-p,m Micropack Cl8 column (Varian) was 
used (300 x 4.6 mm i.d.; pore size 300 A) 
under linear gradient elution. Eluent A was 
0.1% TFA v/v in water and eluent B was 
acetonitrile-water (95:5, v/v, 0.07% TFA); the 
elution gradient was linear from 5 to 30% of 
eluent B in 130 min (tryptic maps) and 140 min 
(peptic maps). The maps were recorded at 
220 nm by diode-array UV detection. 



740 

Reduction of protein digests 
For the purpose of reducing intact disulphide 

bridges within the peptides formed by trypsin 
and pepsin digestion of the recombinant pro- 
tein under non-reducing conditions, 1 IA of 
diluted p-mercaptoethanol (10% v/v in water) 
was added to approximately 200 kg of protein 
digest; the samples were then incubated for 1 h 
at 37°C. 

Results 

Peptide mapping is considered to be one of 
the most specific methods for identifying 
changes in protein structure [l]; additional 
techniques such as carboxy-terminal sequenc- 

I. FACCHElTI et al. 

ing, amino-terminal sequencing and mass 
spectrometry are needed to identify each 
peptide. However if the native protein has 
been fully sequenced, the RP-HPLC maps can 
be successfully used for structural identifi- 
cation, with detection limits for impurities in 
the range of 5-15% (mole:mole) [3]. The 
results of different enzymatic digestion proto- 
cols carried out with the aim of comparing r-h- 
proUK and h-proUK are described in the 
sections below. 

Tryptic maps under reducing conditions 
Figures 2 and 3 show comparisons of r-h- 

proUK and h-proUK tryptic maps, obtained 
after 18 and 48 h, respectively, of enzymatic 
hydrolysis. In Fig. 2 the only difference be- 

-40 

-60 

2b 4b Si ee Id0 lee 

I Time (min.) 

Figure 2 
Tryptic patterns of human pro-urokinase (A) in comparison with recombinant human pro-urokinase (B) under reducing 
conditions (ES = 1:25, 18 h, 37°C). 

Figure 3 
Tryptic patterns of recombinant human pro-urokinase (A) in comparison with human pro-urokinase (B) under reducing 
conditions (ES = 1:6.25, 48 b, 37°C). 
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tween the two maps is represented by a missing 
peak for h-proUK at a retention time equal to 
68 min; in Fig. 3 no relevant differences can be 
observed between the two RP-HPLC patterns. 

Tryptic maps under non-reducing conditions 
In Figs 4 and 5 the RP-HPLC chromato- 

grams resulting from 18 and 48 h digestions 
under non-reducing conditions show different 
profiles only if limited proteolysis is carried 
out. An additional peak with retention time 
equal to 68 min is present in the r-h-proUK 
patterns both under reducing and under non- 
reducing conditions. This behaviour may be 
related to a fragment which does not contain 
cysteine residues as no differences in the 

retention time values are observed between the 
two chromatograms; moreover, as this peptide 
is generated also under non-reducing con- 
ditions, its trypsin cleavage sites are exposed 
on the protein surface. On the basis of this 
result the expected peptide should be the 
Gl~~~~-Lys~i~, which is absent in the pattern of 
h-proUK because of the presence of the sugar 
portion, linked at Asn302, which could influ- 
ence trypsin cleavage at Lys300. 

To gain further structural evidence, amino- 
terminal sequence analysis has been performed 
on the collected peaks, with retention time 68 
min, derived from the maps under reducing the 
non-reducing conditions (Figs 2 and 4). An 
automated Edman degradation followed by 

Figure 4 
Tryptic patterns of human pro-urokinase (A) in comparison with recombinant human uro-urokinase (B) under non- 

reducing conditions (E:S =*1:25, 18 h, 37°C): . 

1 

1 

20 40 60 80 100 120 
Time (min. 1 

Figure 5 
Tryptic patterns of human pro-urokinase (A) in comparison with recombinant human pro-urokinase (B) under non- 
reducing conditions (E:S = 1:6.25, 48 h, 37°C). 
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RP-HPLC gradient elution of the resulting 
PTH-amino acids was carried out on an 
Applied Biosystem 470 A model gas-phase 
sequencer. As expected, the results indicate 
Gl~~~‘-Lys~‘~ as the main sequence in both 
fragments. 

The presence of intact disulphide bonds has 
been checked by P-mercaptoethanol reduction 
of the 48 h digest; in the resulting pattern (Fig. 
6) an increase in the number of chromato- 
graphic peaks and substantial changes in the 
relative retention times, as a consequence of 
disulphide bridges reduction, are apparent. 
Although all the peaks should be identified to 
gain definitive evidence of the correct refolding 
of all the disulphide bridges, the qualitative 
power of this experiment is confirmed by the 
pepsin digestion described in the next section. 

Peptic maps under non-reducing conditions 
The digestion of proteins containing a high 

number of disulphide bridges such as r-h- 
proUK can be successfully obtained by the 
action of pepsin. 

The peptic maps obtained for r-h-proUK 
and the extractive protein are comparable (Fig. 
7) and the behaviour upon reduction of the 
digest by p-mercaptoethanol (Fig. 8) is the 
same as that encountered for the tryptic 
mapping. Therefore, the patterns obtained 
qualitatively indicate that most disulphide 
bonds are correctly arranged, although more 
complete evidence can only be obtained by 
seauencing or mass suectrometric examination 

Discussion and Conclusions 

The results of this work are not only a first 
demonstration of the correct primary structure 
of recombinant human pro-urokinase, but also 
indicate that peptide mapping is a powerful 
tool for structural studies. Although the 
sensitivity of the method in respect of each 
impurity that might be present is in the range 
5-15% (mole:mole), the equivalence of the 
peptide patterns is considered to be a specific 
index of structural identity. Nevertheless 
amino-terminal sequencing was needed to ob- 
tain conclusive evidence about the identity of 
the additional peak found for r-h-proUK under 
the mildest hydrolytic conditions (Figs 2 and 4). 
The amino acid sequence of the protein frag- 
ment corresponding to Gl~~“-Lys~~~ for both 
peaks collected under reducing and non- 
reducing conditions confirms the role exerted 
by the glycosidic chain, which sterically hinders 
the trypsin action; therefore longer hydrolysis 
times are needed to obtain the same pattern for 
both proteins. Additional information can be 
gained, however, by considering the tryptic 
maps; the peptide Gl~~~‘-Lys~‘~ is located on 
the protein surface, as can be deduced by 
observing the peptide maps obtained under 
non-reducing conditions (Fig. 4). In h-proUK 
this peptide too is probably exposed as it 
contains the glycosidic chain, which is linked at 
Asn3’*. This consideration supports once again 
the correct refolding of the serine protease 
domain of r-h-proUK, the 159-411 AA region, 
which contains the catalytically active residues 

1 

of the isolated fragments. His 204, Asp 255 and Ser 356: 

20 40 60 BE) 120 
Time (min. 1 

Figure 6 
Tryptic patterns of recombinant human pro-urokinase (A) digested under non-reducing conditions (E:S = 1:6.25,48 h, 
37°C) in comparison with a sample (B) treated in the same way, but finally reduced by P-mercaptoethanol. 
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Figure 7 
Peptic patterns of human pro-urokinase (A) in comparison with recombinant human pro-urokinase (B) under non- 
reducing conditions (E:S = 1:16.5, 24 h, 37°C). 

20 40 60 00 100 120 
Time (min.) 

Figure 8 
Peptic patterns of recombinant human pro-urokinase (A) digested under non-reducing conditions (E:S = 1:16.5, 24 h, 
37°C) in comparison with a sample (B) treated in the same way, but finally reduced by B-mercaptoethanol. 

Additional differences due to the slower 
hydrolysis of h-proUK compared to that of r-h- 
proUK could be expected such as the presence 
of a larger fragment for h-proUK (containing 
not only the glycosylated 301-313 sequence 
but also the adjacent uncleaved one) and of the 
peaks of the peptides with the sequences 
adjacent to the 301-313 sequence for r-h- 
proUK. However it cannot be excluded that 
both under reducing and under non-reducing 
conditions, the expected larger peak contain- 
ing the uncleaved glycosylated peptide could 
have the same retention time of the smaller, 
but unglycosylated corresponding peptide 
derived from r-h-proUK. On the other hand, 

identification of the sequences adjacent to the 
fragment 310-313 for r-h-proUK is not poss- 
ible on only the basis of the peak retention 
times and areas. 

A possible reason for these apparently 
missing peaks could be the incomplete 
digestion of the two proteins after 18 h, the r- 
h-proUK small fragments being still under the 
detection limit of the technique; elution of 
these fragments in close proximity of peaks 
having similar polarity could be an alternative 
explanation. However any hypothesis cannot 
be verified without the identification of each 
chromatographic peak by sequencing methods. 

In conclusion, application of the RP-HPLC 
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peptide mapping technique to the structural 
studies of r-h-proUK shows that the use of 
different enzymes and experimental conditions 
of hydrolysis is extremely important to provide 
evidence of the primary structure identity 
between proteins. In addition, differences 
between patterns derived from species having 
variable glycosylation features can arise if the 
glycosidic chain is located in close proximity to 
an enzymatic hydrolysis site; in this event, such 
as the example presented in this paper, a 
careful evaluation of the cleavage strategy 
plays a key role. The methods developed 
provide the basis for further structural studies 
aimed at the complete demonstration of the 
structure of the recombinant protein. 
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