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SUMMARY 

This paper presents results from analysis of a sample of SK&F 105154 
(R32NSls i), a malaria vaccine candidate produced in Escherichiu coli, and discusses 
some analytical issues of general relevance to the characterization of such products 
derived from recombinant DNA technology. Anomalous migration and staining be- 
havior were observed in sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE). Reversed-phase liquid chromatography (RPLC) appeared to resolve 
four minor components from the principal band, but the minor peaks were found to 
consist of numerous components resolvable by SDS-PAGE. Western blotting visu- 
alized certain components that were not adequately stained by either Coomassie or 
silver stain. None of the techniques that were employed were individually adequate 
to characterize the sample, but, taken together, were adequate to characterize the 
sample and to identify one principal degradation pathway. Degradation within the 
NSlal region decreases the RPLC retention time, while degradation within the R32 
segment increases the retention time. 

INTRODUCTION 

Immunization with irradiated sporozoites of Plasmodium is known to generate 
protective antibodies in animals and man - l ‘. Several promising vaccines, based on 
the central domain of the circumsporozoite gene of P. falciparum, contain repeating 
sequencese coupled in various ways to exogenous sequences*-ll; the exogenous se- 
quences bind to some adjuvants, such as alumina, and may also serve as T-cell 
primers3,8*9. The repeating sequence is Asn-Ala-Asn-Pro or the variant Asn-Val-Asp- 
Pro*,9. Scheme 1 illustrates three of the vaccine candidate constructs, namely 
R32LeuArg, R32tetJ2, and R32NSl 8 1; LeuArg indicates a leucine-arginine terminus, 
tet32 indicates a 32-residue peptide derived from the tetracycline resistance gene, and 
NS 1 s 1 indicates an 8 l-residue sequence derived from the N-terminus of the influenza 
A non-structural protein 1. 

Electrophoretic analysis of constructs based on R32 is not routineg. The R32 

l Present address: Centocor, Malvem, PA 19355, U.S.A. 
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MET-ASP-PRO-[(ASN-ALA-ASN-PRO),,(ASN-VAL-ASP-PRO),],- 
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LEU-ARG-ARG-THR-HIS-ARG-GLY-ARG-HIS-HIS- 
ARG-ARG-HIS-ARG-CYS-GLY-CYS-TRP-ARG-LEU- 
TYR-ARG-ARG-HIS-HIS-ARG-TRF-GLY-ARG-SER- 
GLY-SER 

LEU-ARG 

ASN-THR-VALSER-SER-PHE-GLN-VAL-ASP-CYS- 
PHE-L!XJ-TRP-HIS-VALARG-LYS-ARG-VAIrALA- 
ASP-GLN-GLU-LEW-GLY-ASP-ALA-PRO-PHE-LEU- 
ASP-ARG-LEU-ARG-ARG-ASP-GLN-LYS-SER-LEU- 
ARG-GLY-ARGGLY-SER-THR-LEU-GLY-LFiU-ASP- 
ILE-GLU-THR-ALA-THR-ARG-ALA-GLY-LYS-GLN- 
JLE-VALGLU-ARG-ILE-LEU-LYS-GLU-GLU-SER- 
ASP-GLU-ALA-LEU-LYS-MET-THR-MET-LEU-VAL- 
ASN 

Scheme 1. Primary structures of different recombinant P. fulciparum CS malaria antigens. The constructs 
consists of two portions; i.e. R32, the antigenic core built from the repeating sequence of Asn-Ala-Asn- 
Pro tetrapeptide, and the tail sections tetsz, LeuArg and NSlsl. 

segment, if not conjugated to an exogenous sequence is not appreciably stained by 
such common electrophoretic stains as Coomassie Brilliant Blue and/or glutaralde- 
hyde-enhanced silver stain. It can be visualized by Western (antigenic) blotting using 
a mixture of R32tet32 derived monoclonal antibodies as a broad, complex band at 
very high apparent molecular weight. R32tet,, exhibits loading-dependent migration 
suggestive of aggregation” in the standard Laemmli system12. Even at very low 
loadings, where a single band is observed, the apparent molecular weight of the 
principal band is much higher than the calculated based upon the known structure 
of this polypeptide. R32NS1s1 exhibits no evidence of aggregation, but migrates at 
an apparent molecular weight about 35% higher than the calculated. These obser- 
vations suggest that SDS may bind anomalously to the antigenic core and that the 
isolated antigenic core may exhibit a propensity to aggregate under some solution 
conditions. 

The preparation of R32LeuArg, R32tet 32, and R32NSl s1 has been described 
by others13; various degradation products have been isolated and identified. The 
present work addresses the development of assay methods for this family of antigens, 
focussing on the R32NSls1 construct, and presents a discussion of some issues of 
general relevance to proteins derived from oligomeric repeating sequences. During 
the course of assaying samples for purity and stability, one probable degradative 
mechanism contributing to sample lability was identified, providing information use- 
ful to process optimization. No single method of monitoring purity and stability 
proved to be sufficient, but combined analysis by SDS-PAGE, Western blot analysis, 
and RPLC permitted the thorough characterization of samples of R32NS1s1. 

EXPERIMENTAL 

Materials 
Trifluoroacetic acid (TFA), disodium ethylenediamine tetraacetic acid 

(EDTA), and 98-99% bovine serum albumin (BSA) were purchased from Sigma (St. 
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Louis, MO, U.S.A.). HPLC-grade water was prepared with a MilliQ water purifi- 
cation system (Millipore, Bedford, MA, U.S.A.). HPLC-grade acetonitrile, methanol, 
30% hydrogen peroxide and 25% glutaraldehyde were from J. T. Baker (Phillipsburg, 
NJ, USA.). Electrophoresis grade acrylamide, Coomassie Brilliant Blue R250 dye 
(CBB) and N,N’-methylene-bis-acrylamide (Bis) were purchased from Schwarz/ 
Mann Biotech (Cleveland, OH, U.S.A.). N,N,N’,N’-tetramethylethylenediamine 
(TEMED) and Bromphenol Blue were obtained from LKB (Paramus, NJ, U.S.A.). 
Sodium dodecyl sulfate (SDS) and 2-mercaptoethanol (BME) were from Pierce 
(Rockford, IL, U.S.A.). The silver stain kit was from ICN Radiochemicals (Irvine, 
CA, U.S.A.). The molecular weight markers [unstained No. 6000 LA or pre-stained 
No. 6041 LA, composed of a mixture of standard proteins of molecular weights 14.3, 
18.4, 25.7, 43.0, 68.0, 97.4 and 200 kilodalton (kD)], ultrapure glycine, and trishy- 
droxymethylaminomethane (Tris) were from Bethesda Research Labs. (Gaithers- 
burg, MD, U.S.A.). Triton X-100 (electrophoretic grade), Tween 20, Protein A- 
horseradish peroxidase (HRP) conjugate and HRP color development reagent were 
from Bio-Rad Labs. (Rockville Centre, NY, U.S.A.). A pool of five monoclonal 
antibodies to R32tet,, was prepared by Walter Reed Army Institute of Research 
(WRAIR) antibodies developed against NSI s1 were also obtained from WRAIR. 

Method 
Chromatography. A Shimadzu ternary gradient system was used, consisting of 

LC-6A pumps, SILdA autoinjector, SCL-6A system controller, SPD-GA detector, 
and C-R3A integrator (Shimadzu, Kyoto, Japan). Column: Brownlee Aquapore butyl 
bonded stationary phase; 7 pm particle size silica in a 30 x 4.6 mm I.D. cartridge 
(Brownlee Labs., Santa Clara, CA, U.S.A.). Chromatographic conditions: mobile 
phase A was 0.1% TFA in water, mobile phase B was 0.1% TFA in acetonitrile. All 
solvents were filtered through 0.45~pm filters (Rainin Instrument Co., Woburn, MA, 
U.S.A.). A linear gradient from 20 to 50% B over 25 min was used for the analytical 
and micropreparative work. Elution was performed at ambient temperatures. Sample 
preparation for HPLC: the protein stock solution, the concentration of which had 
been determined by amino acid analysis, was diluted with water to a concentration 
of 0.4 mg/ml. Effect of UV light was studied under controlled conditions (3O”C, 
500-2500 pW/cmZ) in a UV Chamber (Hotpack, Philadelphia, PA, U.S.A.). 

Electrophoresis. The vertical electrophoresis system, including lower and upper 
buffer reservoirs, 16 cm x 1.5 mm spacers, 16 x 18 cm glass plates, a 20-toothed 
well-former, a No. 2297 Macrodrive 5 power supply, and a No. 2219 Multitemp II 
circulating bath were from LKB. The No. 2202 Ultroscan densitometer was from the 
same source. Electrophoretic conditions: SDS-PAGE electrophoresis, on 14% ac- 
rylamide [prepared from acrylamide-Bis (30:0.8)] was performed according to 
Laemmlilz. Samples were prepared under reducing conditions (5% BME), and either 
boiled for 3 min or incubated at room temperature as indicated. For gels used for 
Western blotting, prestained electrophoretic markers were used. 

Silver staining14. The gel was treated with 2.5% glutaraldehyde, then washed 
three times with 400 ml water prior to staining with the silver stain kit. 

Western blotting. Electrophoretic transfer onto 20 x 20 cm nitrocellulose 
sheets (Bio-Rad Labs.) was done with a TE52 Transphor system (Hoefer Scientific 
Instruments, San Francisco, CA, U.S.A.). The Western blotting procedure was per- 
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formed according to refs. 15 and 16. Following transfer, the nitrocellulose was 
blocked with 3% BSA in a buffer of 0.2 M Tris, 8.8% sodium chloride and 0.4% 
EDTA solution, pH 7.5. The paper was washed with the same buffer containing 0.1% 
SDS and 0.05% Triton X-100 (but not BSA). The antibody was incubated in the 
Tris-EDTA-sodium chloride buffer to which had been added 0.05% Tween-20, then 
washed with the buffer alone. The paper was incubated with the Protein A-HRP 
conjugate in buffer, and the color was developed according to the manufacturer’s 
directions. 

RESULTS AND DISCUSSION 

RPLC analysis of an experimental lot of R32NSlsr resulted in a single major 
peak; four minor peaks are observed. Edman sequence analysis indicated that the 
N-terminus was essentially intact, but a small proportion of the antigen (initially 
estimated as 3%) was found to have a sequence beginning with Pro-Asn-Ala-Asn. 
The sample was also assayed by SDS-PAGE in a concentration series from 50 pg to 
20 pg. On Coomassie staining, the preparation appeared pure by visual means, as 
shown in Fig. 1A. The major band migrated at an apparent molecular weight of 31 
kD, and minor bands appeared at about 14, 24, 44 and 48 kD. Densitometry indi- 
cated the presence of other components at apparent molecular weights less than the 
principal band, but these were so faint as to be undetectable by visual means. On 
overlaying the Coomassie gel with silver stain, as is shown in Fig. lB, the contrast 
was markedly enhanced, permitting the clear visualization of a manifold of bands at 
molecular weights less than the major band including a clear band at 19 kD. Two 
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Fig. 1. SDS-PAGE of the R32NSls t malaria antigen: (A) gel after Coomassie Brilliant Blue (CBB) staining 
and (B) the result of a silver overlay. A major band can be detected at approximately 31 kD and minor 
bands at 14, 19, 24, 44 and 48 kD apparent molecular weight. A manifold of bands is observed in the 
region of 14-31 kD. (C) Western blot of an SDS-PAGE using anti R32tetst antibodies. The bands in the 
lane of the molecular weight standard represent 14, 19, 24, 31 and 48 kD. The labels 25C and 1OOC 
indicate that the disulfide reduction for electrophoresis was performed at 25’C or loo”C, respectively. 
Where not indicated, reduction was at 100°C. 
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other bands, at molecular weights of 44 and 48 kD were also visualized by silver 
staining. Western blotting with antibodies separately raised to the R32 and to the 
NS 1 8 1 regions confirmed that the manifold of bands was antigen-derived. Interes- 
tingly, the R32 antibodies (see Fig. 1C) did not visualize the species at 14 kD, but 
NSl s 1 antibodies did (data not shown). R32 antibodies also visualized a complex of 
bands at 54,61,76 and 97 kD that had not been visualized by any other means, This 
cluster of bands failed to react with NSl s1 antibodies, and was therefore believed to 
contain only R32. The failure to detect these protein bands by either Coomassie or 
silver staining is presumed to be due to the lack of basic or hydrophobic residues (or 
cysteine) in the R32 region. Two bands that were visualized by silver staining were 
not visualized by Western blotting, namely bands at 44 and 48 kD. 

In an effort to investigate whether the apparent fragments of R32NSlsi were 
real or whether they may have been generated during preparation for SDS-PAGE 
by boiling the protein samples in the presence of SDS sample buffer, SDS-PAGE of 
the RPLC fractions was performed. 

Approximately 300 pg of the antigen was fractionated by RPLC in 100 pg 
portions. Fig. 2 shows a chromatogram of the region near the major peak, which 
eluted at 17.5 min. Four minor UV-positive peaks were resolved, representing a com- 
bined total of about 6% of the total peak area. Fourteen 0.5-ml fractions were col- 
lected, lyophilized, subjected to SDS-PAGE, and then visualized with silver stain as 
shown in Fig. 3. A number of those bands, notably those at apparent molecular 
weights of about 44 and 48 kD and those in the manifold of minor bands in PAGE 
were heterogenously distributed through the different RPLC fractions, and are there- 
fore not believed to be generated by the SDS-PAGE procedure. In one of the frac- 
tions, the manifold of minor bands was especially well resolved, and 24 resolved 
members of this ladder of bands were found to be at apparent molecular weight 
differences of about 580 D. Aside from the principal band, four bands were observed 
in each of the fractions: those at cu. 14, 15, 19 and 77 kD. Conceivably, these could 
have been generated by either exposure to the RPLC solvent or by sample prepa- 

y i 4 fi 6 I6 Ii I4 I6 Ii _;o i2 i4 & 

Time (minutes) 
Fig. 2. Semi preparative RPLC separation of malaria antigen R32NS1s1 on a Cq column, using a 
TFA-acetonitrile linear gradient. A lOO+g aliquot of antigen was injected into the column and 14 fractions 
were collected for lyophilization and SDS-PAGE. Separations were performed at ambient temperature 
and elution was detected at 220 nm. 
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ration for SDS-PAGE, or perhaps they are simply not fractionated. The enormous 
complexity of the gel in Fig. 3 makes rigorous interpretation difficult, but certain 
conclusions can be reached. Apparently, RPLC has succeeded in partial fractionation 
of most of the manifold of components as seen by comparison of fractions 3-5 with 
10-12 and 6-7 in which the principal band dominates. From fraction 6 to fraction 
9, the average apparent molecular weights of the manifold of minor bands appears 
to decrease. The apparent molecular weight differences between adjacent bands of 
fraction 9 are about 580 D, not very different from the molecular weight of the R32 
repeating unit (396 D for NANP and 425 D for NVDP). Therefore, it seems likely 
that the manifold of bands arose principally from cleavages in the R32 region, and 
that fragments of lower molecular weight were eluted later in RPLC. Since R32 is 
hydrophilic relative to NSlsI, the elution times are consistent with that hypoth- 
esisl7,18 

The analysis above suggested to us that the manifold of bands is probably 
principally derived from an Asp/Asn-Pro fragmentation pathway19. To test that hy- 
pothesis, samples were incubated under acidic conditions (which might be expected 
to catalyze Asn deamidation and Asp-Pro cleavage) and, separately, under a UV 
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Fig. 3. SDS-PAGE of the collected fractions of the RPLC peak of R32NSlsI. The bands were visualized 
by silver staining. Comparison of fractions 3-5 with fractions 10-12 reveals obvious differences in the 
impurity distribution of the fractions. 
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Fig. 4. The effect of acid treatment on the RPLC of R32NSlsl. A is the chromatogram of the control; B, 
C and D are the chromatograms of the antigen after 24, 72 and 96 h of incubation in 1 M hydrochloric 
acid. Chromatographic conditions are as in Fig. 2, except that 10 pg antigen was injected into the column. 

source (which might be expected to accelerate degradation in the tryptophan-con- 
taining NSlsl region). Also, samples were incubated at 85°C to study the effect of 
simple thermal degradation. Fig. 4A shows a chromatogram of an untreated sample 
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Fig. 5. Effect of UV light on the RPLC of R32NSl sr. A and B represent the chromatograms of a blank 
gradient and a control respectively, while C, D and E are the chromatograms of samples exposed to UV 
ligh for 6 h, 1 day and 5 days respectively. Chromatographic conditions are as in Fig. 4, except that 10 
pg antigen was injected into the column. 

Fig. 6. Effect of incubation at 85°C on the RPLC of R32NSl sir. A and B represent the chromatograms 
of a blank gradient and a control respectively, while C, D and E are the chromatograms of samples 
exposed to 85°C for 6 h, 1 day and 5 days respectively. Chromatographic conditions are as in Fig. 5, 
except that 10 pg antigen was injected into the column. 



200 K. BENEDEK et al. 

as a control; B, C and D are chromatograms of the antigen after 24,72 and 96 h of 
incubation with 1 M hydrochloric acid at room temperature. It is apparent that the 
peakwidth increases with increasing exposure to acidic conditions. The appearance 
of a peak at to and a broad peak at about 12 min (which corresponds to the elution 
position of R32LeuArg) is also observed in acid-catalyzed degradation. 

The effect of UV light on the RPLC behavior of R32NSlel is shown in Fig. 
5. The antigen solution was stored in UV-transparent tubes in a standard chamber, 
and aliquots were analyzed by RPLC and SDS-PAGE. Fig. 5A and B represents the 
chromatograms of a blank gradient and a control, while C, D and E are chromato- 
grams after exposure to UV for 6 h, 1 day and 5 days, respectively. Due to UV 
degradation, the sharp RPLC peak is split into two closely spaced peaks with similar 
retention times. Eventually, the antigen peak is abolished, and a to peak appears. 
The corresponding SDS-PAGE analysis shows an increased band intensity at appar- 
ent molecular weights both greater than and less than that of the antigen. 

Finally, the effect of thermal degradation was explored. Samples were incu- 
bated at 85°C. Fig. 6A and B shows a blank gradient and a control, respectively, 
while C, D and E are chromatograms of samples treated for 6 h, 1 day and 5 days, 
respectively. A broad peak appears at a retention time greater than that of the an- 
tigen. Eventually, only a to peak is observed. On SDS-PAGE, it appears that the 
products of heat treatment represent a low-molecular-weight distribution of species. 

To summarize the results of this work, numerous bands observed on SDS- 
PAGE proved to be possible to fractionate on RPLC and were therefore not artifacts 
of sample preparation. Because the spacing of the lower-molecular-weight manifold 
bands was consistent with the molecular weight of the tetrapeptide repeat, these were 
suggested to be derived from the sequential cleavage of the R32 portion of the an- 
tigen. Sequence analysis, which may have underestimated the amount of degradation, 
was consistent with Asp-Pro cleavage. Degradation studies under acidic conditions, 
exposure to UV light or an incubation at elevated temperatures gave results that 
support of this hypothesis. 

CONCLUSIONS 

The apparently simple RPLC elution profile represents a complex mixture of 
impurities as seen by SDS-PAGE. The selectivity of RPLC is insufficient to separate 
this mixture into its individual components. RPLC does resolve the 44- and 48-kD 
components (see fractions 9-12 in Fig. 3) from the main peak. Highly purified 
R32NSla1 for clinical trials could be obtained by taking a center cut of the RPLC 
peak. Degradation of the protein resulted in significant RPLC peak broadening with- 
out the concomitant appearance of specific degradate peaks. Judicious consideration 
of data from multiple sources can suggest a mechanism by which degradation prod- 
ucts arise in a sample. In the present work, the data were consistent with an acid- 
catalyzed deamidation/Asp-Pro cleavage mechanism, generating a manifold of bands 
separated in apparent molecular weight by about 580 D. Both NSlel and R32 were 
apparently generated by the process. Purity determinations by SDS-PAGE should 
be approached with caution, since differences in loading and sample preparation can 
cause assay variability. Differentiating artifacts from impurities requires patience and 
well-controlled experiments. 
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Apparent molecular weights determined by SDS-PAGE may be utterly anom- 
alous and misleading. In the present work, the R32 core apparently binds SDS poorly 
and/or aggregates, and therefore migrates at a much higher apparent molecular 
weight than R32NSl 81. In general, one would, therefore, expect that cleavage within 
the NSlel region would generate a fragment of higher apparent molecular weight 
than the parent, as well as a fragment small enough to migrate at the dye front. On 
the other hand, cleavage within the R32 region would generate a stainable fragment 
of lower apparent molecular weight, and an unstainable fragment of high-molecu- 
lar-weight. 

No single technique is adequate to characterize this sample fully. For the pres- 
ent work, both CBB and the silver staining method used here failed to detect R32, 
which was detected by Western blotting. On the other hand, the antibodies used in 
these Western blotting experiments did not detect trace impurities (at 44 and 48 kD) 
which were detected by conventional electrophoretic stains. The verdict for the per- 
formance of RPLC is ambiguous. It did give a reasonable estimate of the purity of 
the sample, but the existence of peaks appears to have been essentially by chance, 
and not indicative of specific impurities. 

The above described careful and systematic analytical approach has been 
routinely applied to the characterization of the different DNA derived antigens pro- 
duced for clinical trials. 
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