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ABSTMCT 

A human isolate of hepatitis A virus (HAV) strain HAS-15 was 

adapted to rapid growth in FRhK-4 cells and a one-step growth curve was 

determined. Detectable virion production was absent for approximately 

LU h post-infection (p.i.) and was followed by a 4-day logarithmic phase 

of virus production. A maximum intracellular virus titer of 109 RFU 

per milliliter was achieved and remained essentially constant for a 

period of up to 14 days p.i. An adsorption study with HAV HAS-15 using 

FRhK-4 cells demonstrated greater than 99.9% of infectious virus 

adsorbed at 25 C in less than 20 min. Milligram amounts of purified HAV 

HAS-15 were obtained from persistently-infected FRhK-4 cells. The HAV 

polypeptides were separ~ted by sodium dodecyl sulfate - polyacrylamide 

gel electrophoresis and transfered to nitrocellulose for detection by an 

enzyme-linked immunotransfer blot (EITB) procedure. HAV 

nucleotide-derived amino acid sequence was subjected to computer 

analysis to identify potential immunogenic regions within the HAV capsid 

polypeptides. Synthetic peptides corresponding to selected regions of 

each of the larger putative capsid polypeptides were coupled to keyhole 

limpet hemocyanin and used to immunize rabbits. EITB reactivities of 

the HAV specific anti-peptide sera have allowed the identification of 

tne gene order for the larger HAV PI gene products and the determination 

of the following molecular weights HAV VP2 or IB (HW 27,000), HAV VP3 

x 



xi 

or Ie (l1W 29,000) and HAV VPl or ID (MW 33,000). The disposition of HAV 

capsid polypeptides with respect to the virion external surface was 

evaluated by EITH reactivity of HAV polypeptides with specific 

antisera. Hyperimmune rabbit anti-157S HAV and human IgM reacted with 

VPl, VP2, and VP3, while human IgG reacted predominantly with VPl and 

VP2. Further evaluation of the HAV virion structure was attempted by 

examining the relative accessibility of the virion polypeptides to 

various labeling reagents. ~eaction of intact virions with Iodogen 

resulted in the predominant labeling of VPl while labeling of VP2 and 3 

was barely detectable. Selective labeling of VPl under controlled 

conditions, combined with the anti-HAY IgG immunologic reactivity 

against VPl and VP2 , suggests that these two capsid components are more 

exposed on the virion surface and may play an important role in the 

generation of neutralizing antibodies. 



INTKODUCTION 

This research project began at CDC-HVED Phoenix, Arizona in the 

fall of 1982. At this time only preliminary information regarding the 

hepatitis A virus (HAV) was known. HAV had been characterized as a 27 

nanometer spherical, non enveloped particle with an icosahedral symetry 

(21), having a bouyant density in cesium chloride of 1.34 g/ cm3, and a 

sedimentation coefficient (sw20) of 157S (14, 67). The HAV genome was 

shown to be composed of a linear single-stranded, positive polarity, 

polyadenylated &~A molecule with a sedimentation coefficient of 3SS and 

6 
a molecular mass of 2.8 x 10 daltons (14, 67). Analysis of purified 

HAV by discontinuous sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SOS-PAGE) revealed four polypeptides with molecular 

weights of 31,000, 26,000, 21,000, and 10,000 (67). These combined 

properties coupled with the observed stability to acid, ether, and heat 

(65 C / 1 hr) argued for its classification within the picornaviridae, 

perhaps an enterovirus. 

Tne specific aims of my dissertation project were directed at 

obtaining information necessary for HAV subunit vaccine development 

including defining the HAV immunoreactive capsid polypeptide(s) and 

localizing the gene(s) coding for these polypeptides. The source of the 

virus for tnese studies was to be derived from the cell culture 

propagation of a human fecal isolate of HAV designated strain HAS-IS. 



Growth of HAV in cell culture had been poorly described due to· the non 

cytopathic nature of this virus and lack of a quantitative infectivity 

2 

assay. Therefore, in an effort to define the optimum conditions for 

propagation of HAV, a one-step growth curve was determined using strain 

HAS-IS propagated in a fetal rhesus monkey kidney cell line (FRhK-4). 

This study and accompanying cell culture experiments are detailed in the 

next chapter of this dissertation. Conditions determined to be optimum 

in these studies were implemented to batch propagate virus; however, 

only microgram yields of virus were obtained. 

In 1983 a major advance in HAV basic molecular biology was seen 

with the cloning of >99% of the entire HAV genome (72). This was 

followed in 1985 by the reporting of the complete HAV nucleotide 

sequence, the HAV VPl amino terminus sequence (54) and immunogenicity 

studies of individual HAV polypeptides (33) Concomitantly with these 

investigations, HAV HAS-IS persistently-infected FRhK-4 cells were 

propagated in cell factories and milligram quantities of HAV were 

obtained. Using HAV nucleotide-derived amino acid sequence, synthetic 

peptides within the HAV PI region were synthesized and specific antisera 

generated. These specific anti-peptide sera and the large quantities of 

purified HAV facilitated the completion of the molecular 

characterizations described in this dissertation. 

The following chapters represent the significant accomplishments 

achieved during the course of this doctoral dissertation research. 

Chapters are presented as submitted individually for publication to the 

Journal of Clinical Microbiology , and the Journal of Virology. The 

American Society of Microbiology publication format has been retained 



and for this reason a slight deviation from the traditional dissertation 

organization is observed. 

3 



ADSORPTION, PURIFICATION, AND GROWTH CHARACTERISTICS OF 

HEPATITIS A VIRUS STRAIN HAS-IS 

PROPAGATED IN FETAL RHESUS MONKEY KIDNEY CELLS (FRhK-4) 

Introduction 

Hepatitis A virus (HAV) has been propagated in cell culture by 

several investigators (4,7, 12, 15, 17,22-26,55,57,58). Cell 

cultures that have been evaluated for their susceptibility to HAV 

include: primary and secondary African green monkey kidney (AGMK), 

newborn cynomologus monkey kidney, fetal rhesus kidney (FRhK), 

cercopithecus kidney, Alexander hepatoma cells, FL amnion, and human 

fetal diploid cells (WI-38 and MRC-5). In all cases, HAV has failed to 

demonstrate reproducible cytopathic effects (CPE) or cause cell death. 

Considerable information regarding the growth of HAV in these cell 

culture systems has been published, with conflicting observations 

probably due to differences in virus and cell strain used. Reported 

3 titers of HAV propagated in cell culture range from 10 tissue culture 

9 infectious doses, 50% endpoint (TCID50 ) per ml to approximately 10 

TCID50 per mI. Differences in reported virus titer have also been 

accompanied by different patterns in theappearance of intracellular 

hepatitis A antigen (HAA) (15, 25). Time to maximum antigen production 

has varied from as early as 2 days post-inoculation (p.i.) to as long as 

4 
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21 days p.i. Virus infectivity has been evaluated primarily by 

radioimmunoassay (RIA) and virus-specific immunofluorescence (IF). 

In an attempt to improve the efficiency of HAV cell culture 

propagation, we report the first quantitative determination of a 

one-step growth curve for hepatitis A virus. A human fecal isolate of 

hepatitis A virus designated HAS-15 was propagated in fetal rhesus 

monkey kidney cells (FRhK-4). Virus infectivity was evaluated by a 

novel radioimmunofocus assay (RIFA) (41) and RIA. Evaluation was based 

on virus yield and time to maximum virus yield. Cell culture-derived 

virus was also examined by virus-specific IF, isopycnic and rate zonal 

centrifugation and immune electron microscopy. Optimum conditions 

determined in these studies produce high yields of HAV in 

batch-propagated cell culture, thus providing a uniform reproducible 

source of HAV for future studies. 

Materials and Methods 

Cell Culture and Medium 

Fetal rhesus ~onkey kidney cells (FRhK-4) were used for virus 

2 2 . 
propagation in both 150-cm and 490-cm roller bottles (Corning 

Glass Works, Corning, NY). Growth medium was William's Medium E 

supplemented with 20% heat-inactivated fetal bovine serum (FBS), 2mM 

L-glutamine, non-essential amino acids, sodium bicarbonate, and 
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gentamycin. Maintenance medium was the same except for the inclusion of 

2% FBS. Cultures were incubated at 37°C. 

Virus Stocks 

Hepatitis A virus strain HAS-15 (HAV HAS-15) was isolated in 

FRhK-4 cells from an acute-phase human fecal specimen. The isolation 

and passage history of HAV HAS-15 has been detailed previously (7). In 

an attempt to select a rapidly growing virus population, the ninth 

passage of HAV HAS-15 (7) was subsequently passaged more than twenty 

times at seven day intervals. Briefly, FRhK-4 cells were grown to 

2 
confluency in 490-cm roller bottles.Monolayers were washed once with 

O.OIM phosphate buffered saline (PBS), pH 7.2, and inoculated with 3.0 

ml of HAV HAS-I5 at a multiplicity of infection (MOl) of more than 10 

radioimmunofocus-forming units (RFU) per cell. Virus was adsorbed for 2 

h at 37°C followed by the addition of 27.0 ml of maintenance medium 

without removal of the inoculum. Cultures were held for 7 days at 

37°C. Cell-associated virus was extracted by freeze-thawing the 

roller bottle contents, including medium supernatant, three times using 

an acetone/dry ice bath. Cell debris was removed by low-speed 

centrifugation at 5,000xg for 5 min. The supernatant was used as the 

virus stock for the one-step growth curve determination and adsorption 

studies. 



Reference HAV Sera 

Reference pre-infection and post-infection sera were obtained 

from chimpanzees that had been inoculated intravenously with the MS-I 

strain of HAV. The pre-infected sera were negative and the post 

infection cells were positive, for antibody to t~V (anti-HAV) when 

tested by radioimmunoassay (HAVAB, Abbott Laboratories, North Chicago, 

IL). 

Direct Immunofluorescence for HAV Antigen 

Initial replication of HAV HAS-IS was detected by direct IF. 

7 

FRhK-4 cells were grown to confluency and infected with HAV HAS-IS using 

chamber slides (Miles Labs, Naperville, IL) Infected cells were 

maintained at 37
0

C in a humidified, 5% CO2 environment. Infected 

cultures were held for 3, 5, and 7 days, washed three times with PBS, pH 

7.2, allowed to air dry, and then fixed with ether for 5 min. 

The IgG fraction of a convalescent phase human hepatitis A serum 

sample was purified by a combination of ammonium sulfate precipitation 

and ion exchange chromatography (DE-52, Whatman, Clifton, NJ) and then 

conjugated to fluorescein isothiocyanate (FITC; International Biological 

Supplies, Inc., Melbourne, FL) at pH 9.0 (66). Conjugated antibody was 

separated from free fluorescein by passage through a Sephacryl S-300 

superfine column (Pharmacia Fine Chemicals, Inc., Piscataway, NJ). 
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Infected cells were overlaid with a 1:4 dilution of pooled anti-HAV 

fluorescein conjugate and incubated in a moist chamber at 37 0 C. 

Slides were washed three time~ with PBS, mounted under PBS-glycerol, pH 

9.0, and examined immediately by use of a Carl Zeiss microscope with 

epifluorescent attachment and a IOO-watt mercury lamp. Direct IF 

specificity for hepatitis A antigen (HAA) was confirmed by blocking 

experiments with pre- and post-infection chimpanzee reference sera (53). 

Virus Purification 

A selected population of rapid pass HAV HAS-IS was propagated 

under one-step growth conditions and purified by the following 

protocol. Culture medium and infected cells were frozen and thawed 

three times and precipitated by 0.4 M NaCI and 10% polyethylene glycol 

6000 (Sigma, St. Louis, MO). 
o 

The mixture was stirred at 4 C overnight 

and the precipitate collected by centrifugation at IO,OOOxg for 30 min. 

The supernatant was discarded and the precipitate resuspended in 50rnM 

Tris buffer, pH 7.4, containing 100 mH NaCl (TN). The resuspended 

precipitate was extracted three times with trichloro-trifluoro-ethane 

(Freon). Aqueous and organic phases were separated by centrifugation at 

5,OOOxg for 30 min. The aqueous phases were combined and precipitated 

with NaCl and PEG-6000 as described above. The precipitate was 

resuspended in 5.0 ml of TN and layered onto a preformed linear cesium 

3 
chloride gradient (1.17 - I.SOg/cm ) prepared in TN buffer containing 



0.1% N-lauroyl sarcosine (TNS). The gradient was centrifuged at 

112,OOOxg in an SW27 rotor at SoC for 36 h. Fractions (1.2 ml) were 

collected from the top by use of an ISCO Density Gradient Fractionator 

(Model 640, Lincoln, NB) into siliconized glass tubes and assayed for 

3 
HAA by RIA. Peak fractions banding at 1.34 g/cm were pooled and 

9 

dialyzed overnight against 2 liters of TNS. The dialyzed fractions were 

then layered onto a preformed linear 10% to 40% sucrose gradient 

prepared in TNS. The gradient was centrifuged at 112,000xg in an SW27 

rotor at SoC for 5 h. Fractions (1.2 ml) were collected from the top 

and assayed by RIA. The weight percent age if sucrose for each fraction 

was determined by use of an Bausch and Lomb refractometer. The 

sedimentation coefficient (s20,w) of HAV was estimated by the method 

of McEwen (51). Virus from both isopycnic banding and rate-zonal 

experiments was subsequently examined by immune electron microscopy. 

Radioimmunofocus assay 

The RIFA used to quantitate infectious virions was essentially 

identical as described by Lemon and coworkers (41). Briefly, FRhK-4 

cells were grown to confluency in Falcon 60-mm film-lined, 

acetone-resistant, petri dishes (Becton, Dickenson and Co., 

Cockeysville, MD). Stock virus dilutions were prepared in Hank's 

Balanced Salts solution (HBSS) containing 5% FBS, 100 ug streptomycin 

per ml and 100 units penicillin per mI. Medium was aspirated from petri 
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dishes and 0.5 ml of each virus dilution ranging from 10-
1 

to 10-
9 

was added in duplicate to individual petri dishes. Virus was adsorbed 

for 90 to 120 min at room temperature, and then, without removal of the 

virus inoculum, dishes were overlaid with 4.5 ml of maintenance medium 

consisting of Eagle's Minimum Essential Medium containing 10% FBS, 

antibiotics, fungizone, and 0.5% agarose (Seakem; Marine Colloids, Inc., 

Rockland, ME). After the agarose had solidified, the plates were 

inverted and incubated at 37
0

C in a 5% CO2 environment. Infected 

dishes received a second agarose overlay on day 7 p.i. Agarose was 

removed 14 days p.i., and monolayers were washed one time with HBSS. 

Cells were air dried and fixed with acetone for 2 min, and 2.0 ml of 

125 6 
I-labeled human anti-HAV IgG (lxl0 CPM/ml) prepared in 0.25M PBS 

containing 10% FBS and filtered potassium iodine (1 mg/ml) were added. 

Iodination was performed by the Chloramine-T method as previously 

described (29). Iodinated IgG was separated from free iodine by passage 

through a PD-I0 column (Pharmacia Fine Chemicals, Inc., Piscataway, 

NJ). Specific activity of the preparation was approximately 20uCi/ug of 

IgG. Petri dishes were incubated with iodinated anti-HAV for 2 h at 

37
0

C. Label was removed by aspiration, and cells were washed three 

times with 5.0ml of O.25M PBS, pH 7.2. Petri dishes were air dried and 

the bottom cut out and fixed to an adhesive cardboard sheet. 

o 
Autoradiography was performed at -70 C for 72 h by use of Kodak X-OMAT 

AR-5 X-ray film and Kodak X-O~~TIC cassettes with Dupont Cronex 

Lightning Plus intensifying screens. X-ray films were developed by use 

of Kodak GBX Developer and FIX. Autoradiograms of individual petri 



dishes were examined for foci of developed grains. From the number of 

IOCl observed, the amount of infectious virus was quantitated in terms 

of RFU per ml. 

Solid-Phase Radioimmunoassay for HAV 

11 

Cell culture supernatant fluids and/or cell fractions prepared 

as described were tested by solid-phase RIA. The IgG fraction of 

convalescent human and chimpanzee sera positive for anti-HAY was used as 

coating antibody and label, respectively, in a double antibody sandwich 

RIA. Chimpanzee anti-HAY IgG was iodinated as described above. Assays 

were performed using Immulon II Removawells (Dynatech Laboratories, 

Inc., Alexandria, VA) in a 96-well microtiter format. 

Positive-to-negative ratios (P/N) of 2.1 or greater were considered 

positive for HAA. This cutoff value represented approximately seven 

standard deviations above the mean of 10 individual negative controls of 

uninfected cell lysate. 

Immune Electron Hicroscopy of HAV 

Pooled gradient fractions (0.2 ml) from both isopycnic banding 

and rate zonal ultraGentrifugation experiments were diluted in 0.85% 

saline. Convalescent human serum (0.2 ml) containing anti-HAY activity 
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as determined by HAVAB was added at a 1:40 dilution and incubated at 

room temperature for 60 min and then at 40 C overnight. The mixture 

was centrifuged at 34,000xg for 2 h, and the supernatant was discarded. 

Glass-distilled water (0.1 ml) containing 2% phosphotungstic acid (PTA) 

was added to the pellet and the resultant resuspended material was 

dropped onto a formvar-coated grid that had been pretreated with 2% BSA 

in water. Grids were examined by use of a Phillips 201 Electron 

Microscope. 

One-Step Growth Curve 

Individual lS0-cm2 flasks of confluent FRhK-4 cells were 

washed one time with HBSS and inoculated with 2.0 ml of stock HAV HAS-IS 

at an MOl of more than 80 RFU/cell. Virus was adsorbed for 2 h at room 

temperature. Following adsorption, virus was removed by aspiration, and 

the infected monolayer was washed two times with O.OlM PBS, pH 7.2, or 

three times with maintenance medium as indicated. Thirty mI. of 

maintenance medium was added to each flask, and flasks were maintained 

at 37
0

C until their designated time point. At the appropriate time, 

flasks were removed from incubation and the medium decanted and 

o immediately frozen at -70 C. Cells were harvested from the flasks 

with a cell scraper (Costar, Cambridge, MA) and resuspending the cells 

in 10.0 ml of maintenance medium. Cells were frozen and thawed three 

times and cellular debris removed by centrifugation at 5000xg for 10 

min. The supernatant was immediately frozen at -70oC. 



Supernatant-released and cell-associated HAV HAS-IS were evalu'ated by 

both RIFA and RIA. 

Adsorption Study 

Duplicate ISO-cm2 flasks of confluent FRhK-4 cells were 
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inoculated with 2.0 ml of stock virus prepared as described at an MOl of 

approximately 300 RFU/cell. Virus was adsorbed for various times at 

2S
o

C. At the appropriate time interval, virus was removed by 

aspiration, and the cell monolayers were washed three times with 10.0 ml 

of ice cold maintenance medium. Any virus in the inocula not adsorbed 

and the subsequent wash fluid were pooled and frozen at -70oC. 

Samples were evaluated by RIFA. 

Results 

Identification and Purification of HAS-IS Propagated in FRhK-4 Cells 

Initial detection of HAV HAS-IS replication and subsequent 

antigen production was determined by direct IF of serially-passaged cell 

lysates. Isopycnic centrifugation of HAV HAS-IS propagated in FRhK-4 

cells resulted in three distinct HAA-containing peaks banding at 

I.Z7g/cm3 , 1.34g/cm3 , and I.4Ig/cm3 as shown in Fig. 1. The 

largest of the three peaks (corresponding to I.34g/cm3) was pooled 
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(fractions 22 and 23), dialyzed, and further purified by sucrose 

rate-zonal ultracentrifugation. The profile obtained from the 

rate-zonal gradient is shown in Fig. 2. Two peaks for B~ by RIA were 

seen corresponding to 157S and 80S HAV particles. Peaks containing HAA 

from both isopycnic and rate-zonal experiments were pooled, dialyzed, 

and analyzed by immune electron microscopy. A representative electron 

micrograph prepared from the 157S peak (fractions 21, 22, and 23) is 

3 shown in Fig. 3. In the cesium chloride 1.34 g/cm peak (data not 

shown) and 157S peak of pooled fractions both "empty" and "full" 27-nm 

particles were observed. 

3 Fractions from the CsCl-gradient, 1.27 g/cm peak were pooled 

as indicated in Fig. 1 and extracted with Freon to determine if this 

population of virus was associated with cell membrane components. Upon 

rebanding in CsCl, the Freon extracted material redistributed to 

333 3 1.27g/cm , 1.34g/cm , and 1.41gm/cm. The 1.27g/cm band 

decreased in the number of detectable CPM's as determined by RIA. Upon 

a second Freon extraction, a similar redistribution was again observed. 

Other studies were performed on this "light" density peak by treatment 

with deoxycholate (DOC), and similar redistribution of virus was 

observed upon rebanding in CsCl. When the 1.27 g/cm
3 

rebanded 

DOC-treated or Freon-extracted virus was subjected to sucrose rate-zonal 

centrifugation, both the 80S and 157S species of HAV were detected by 

RIA (data not shown). 
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Adsorption of HAS-IS to FRhK-4 Cells 

HAV HAS-IS was adsorbed to FRhK-4 cells for various periods of 

time as indicated in Fig. 4. Time (T) 0 represents recovered, 

unadsorbed, infectious virus after immediate removal of the inoculum and 

washing of the cell monolayer with O.OlM PBS. At this time point, 

5 6 
representing seconds, 33.0 ml of 1.5 x 10 RFU/ml or 4.9 x 10 total 

RFU remained unadsorbed (i.e., 99% of the total virus added had been 

adsorbed). After 20 min, 33.0 ml of 1.8 x 10
4 

RFU/ml or 5.9 x 105 

total RFU remained unadsorbed. This value represents greater than 99.9% 

adsorption of total infectious virus added. This percentage did not 

significantly change over the 240-min observation period. 

One-Step Growth Curve of HAV HAS-IS Propagated in FRhK-4 Cells 

The one-step growth curve presented in Fig. 5 demonstrates a 

time course study of the intracellular production of HAV HAS-IS in 

FRhK-4 cells. The effects of a more extensive wash procedure (i.e., 

three washes with maintenance medium) demonstrated lower titers during 

the initial stages of the growth curve. A comparison of RIA (CPM) and 

RIFA (RFU/ml) at selected time points indicated no direct correlation 

except during the first 2 days of the growth cycle. 

A "pseudo-eclipse" period or absence of infectious virion 

production was observed for approximately 18 h p.i., followed by the 

logarithmic production of virus ending at day 5 p.i. Following the 



logarithmic production of infectious virions, virus titer remained 

essentially constant through day 14 p.i. A maximum cell-associated 

9 10 
virus titer of 1.0 x 10 RFU/ml or 1.0 x 10 RFU total virus was 

achieved. 

Release of HAV HAS-15 from FRhK-4 cells into the supernatant 
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medium over time is presented in Fig. 6. A comparison of Fig. 5 and 6 

clearly demonstrates that supernatant virus closely parallels 

production of intracellular virus. Furthermore, unlike cell-associated 

virus, all time points were negative for supernatant HAA when assayed by 

RIA. Fig. 7 presents a comparison of total cell-associated and 

supernatant-released HAV HAS-15. 

Total virus for each time point was calculated by multiplication of the 

RFU/ml times the total volume. Total virus released into the medium 

supernatant directly correlated with the production of intracellular 

virus. On day 4 p.i., 59% of the total HAV HAS-15 was released into the 

supernate. Following this time point, an average of 80% of the total 

HAV HAS-15 produced remained cell-associated, reflecting decreasing 

biosynthetic activity from day 5 through day 14 p.i. 

Discussion 

CsCl isopycnic banding of HAV HAS-I5 propagated in FRhK-4 cells 

under one-step growth conditions resulted in three distinct HAA positive 

peaks. Both the 1.34 g/cm3 and 1.41 g/cm
3 

isopycnic peaks (Fig. 1) 
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Fig. 3. HAV strain HAS-15 immune electron microscopy of the 157S pool 
from Fig. 2. 

Magnification 141,000 X. 



105 

E 1 ........ 
::J 
I.L 
c:: 
o 
~ 5 
c:: o 
CJ) 
c 
c( 
Z 
::J 

1~~~--~~~~~--~~~~~~~ 
o 1020304050607080 100 120 240 

T (Minutes Post Inoculation) 
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Fig. 5. Comparison of cell-associated HAV strain HAS-IS 
radioimmunofocus-forming units (RFU) per milliliter and 
radioimmunoassay (RIA) versus days post-infection. 

An RIA cutoff of 2.1 x the mean of 10 negative controls was 
used. 

o 0 

&.---A 

Inoculum washed three times with maintenance medium 
Inoculum washed two times with O.OIM PBS pH 7.2 
RIA of cell associated virus from experiment #1 
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Fig. 6. Comparison of HAV strain HAS-IS released into the medium 
supernatant by radioimmunofocus-forming units (RFU) per ml 
and radioimmunoassay (RIA) versus days post-infection. 

An RIA cutoff of 2.1 x mean of 10 negative controls used. 
Multiplicity of infection was 80 RFU/cell. 
G 0 Inoculum washed three times with maintenance medium 
G----O Inoculum washed two times with O.OIM PBS pH 7.2 
&r--~ RIA of supernatant virus from experiment #1 
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Fig. 7. Total HAV strain HAS-IS radioimmunofocus-formlng units 
produced versus days post-infection. 

e---o Total cell-associated virus 
~ Total supernatant-released virus 
~ Bar graph of percentage HAS-IS released into the 

supernatant 
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correspond to peaks of CsCl buoyant density previously reported for 

poliovirus and some other enteroviruses (48, 61). The shoulder observed 

associated with the lighter-density side of the 1.34g/cm3 peak 

(fractions 19-21) probably represents soluble HAA banding at 1.29 -

1.30g/cm3 • The third peak, banding at 1.27 g/ cm3, appears to 

represent membrane-associated HAVas evidenced by the redistribution of 

this peak to 1.34g/cm3 and 1.41 g/cm3 following DOC treatment and 

Freon extraction. Lemon and coworkers recently presented data that HAV 

strain HM-175 grown in BS-C-1 cells also produced a 1.27 g/cm3 peak. 

They suggested, however, that this 1.27-g/cm
3 

species of HAV was not 

membrane bound (40). Rate-zonal analysis of the 1.34 g/cm3 HAV pooled 

fractions resulted in two distinct HAV peaks at 80S and 157S. This 

observation is unusual since the bouyant density in CsCl of particles 

devoid of nucleic acid should be different than those containing nucleic 

acid as is observed for other picornaviruses (48). This data suggests 

that HAV may be labile following isopycnic centrifugation in CsCl. 

Based on the results of our adsorption study, 30 min appeared to 

be sufficient time for virus adsorption. Previous reports based on RIA, 

which will detect all HAA material, indicated that optimal HAV 

adsorption occurred after 4 h at 37 0 C (22). Our adsorption study is 

based on the quantitative detection of infectious virions. The results 

were similar to adsorption characteristics observed for human rhinovirus 

type 1 in Hela cells (45). Results of previous studies based on RIA 

where total HAA was examined can probably be explained by non-specific 

protein adsorption during incubation over time. Free HAA would require 
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a longer incubation period to bind as compared to the time required for 

virus-receptor interaction. 

Various reports exist in the literature regarding time to 

maximum virus yield for several cell culture-adapted HAV systems. These 

studies were based on RIA and virus-specific IF and include times to 

maximum virus yield of 7 days p.i. up to as long as 21 days p.i. The 

completion of the logarithmic production of virus at day 5 p.i. in our 

studies may be attributed to the selection of a given virus population 

obtained by repeated 7-day passage cycles. 

Previous reports based on RIA or virus specific IF have 

indicated the existence of only cell-associated strains of HAVas well 

as strains demonstrating both cell-association and cellular release (15, 

22). These apparent strain differences may simply be due to the 

relative sensitivities of the various detection assays. Alternatively, 

these discrepant observations may reflect some specific virus-cell 

related phenomenon. Results of our studies indicate disparity between 

the supernatant virus versus the cell-associated virus when examined by 

RIA and RIFA. Supernatant virus at an equivalent infectivity titer to 

cell-associated virus was negative by RIA while cell-associated virus 

was positive. We speculate that there are several factors which may 

contribute to these observations. First, the intracellular accumulation 

of HAV antigenic material (polypeptides, viral subunits, HAV specified 

non-structural proteins) can contribute to the overall detection of 

cell-associated virus by RIA. Also it seems likely that HAV released 

into the cell culture medium would be whole virus particles and not just 

~ntigenic material. Finally, the sensitivity of the RIA employed is in 



7 the range of 5 X 10 physical virus particles as might be expected for 

a routine solid-phase radioimmunoassay (data not shown). Given these 

considerations a maximum titer ot <10 8 RFU/ml for the supernatant 

released virus (75 ul sample assayed per well) would be just below the 

RIA detection limit. 

Failure of virus titer to decrease significantly following 

completion of the logarithmic growth phase may be explained by one or 

more of the following mechanisms: unusual stability of virus at 37°C, 
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low-level production of virus by persistently infected cells, and/or new 

infection of an initially refractive population of cells. The last two 

hypotheses would mask virus inactivation over time. The exact mechanism 

responsible for this phenomenon is currently under investigation. 

Although HAV has been propagated in cell culture for several 

years, the minimal time necessary to obtain maximum virus titers has yet 

to be definitely established. This fact has resulted in many 

laboratories, maintaining HAV-infected cell cultures for up to 5 weeks 

p.i. based on RIA or IF results. In cases where maximum virus yield is 

required in a minimal amount of time or when synchronous intracellular 

biochemical studies are to be performed, a one-step growth curve 

determination is an absolute prerequisite. 

Experiments in our laboratory have demonstrated that detection 

of HAV inoculated directly from crude stool or liver preparations 

requires longer passage periods (4-6 weeks) during initial adaptation. 

However, once adaptation to a given cell type occurs, a much shortened 

growth cycle is observed for all HAV isolates studied (2; S.L. Stramer, 

Centers for Disease Control, Atlanta, GA, personal communication). The 



adaption process and regions of the HAV genome responsible fO'r this 

phenomenon are currently being examined by oligonucleotide mapping of 

serially passaged, geographically distinct HAV isolates. 
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Recently, Siegl and coworkers reported that HAV strain GBM 

propagated in MRC-5 cells demonstrated an eclipse period of 24 h p.i. 

(68)~ In this study, HAV titers plateaued at day 6 p.i. and remained 

essentially constant thereafter. Our study demonstrated similar results 

with HAV HAS-IS propagated in FRhK-4 cells. As compared to other 

representative members of the picornaviridae, HAV posseses a 

characteristic prolonged eclipse and logarithmic growth phase (16, 50). 

One obvious factor responsible for a prolonged growth curve profile is 

that HAV does not shut off host-cell synthesis (44) and must, therefore, 

compete with host-cell biosynthetic machinery. 

The amount of infectious virus receverable after 12 h of 

adsorption onto susceptible cells suggests that HAV HAS-IS may possess 

unusual stability properties. This stability has also been shown in 

another study (69), which demonstrated HAV to persist at 600 C for 4 h 

when maintained at neutral pH. Collectively, this has led to the 

hypothesis that HAV uncoating and/or virus-receptor-mediated endocytosis 

is responsible for the rate-limiting step observed in the one-step 

growth curve. Other investigations using a "rapid" growing strain of 

HAV (HMI75) have noted that HAV RNA transcription does not begin until 

approximately 18 h p.i., just preceeding production of infectious 

virions, and continues through the observed logarithmic growth phase (K. 

Mihalik, J. Ticehurst, S. Feinstone; National Institutes of Health, 

Bethesda, ~ID, personal communication). This data would tend to support 
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our rate-limiting hypothesis because it is highly unlikely that "naked" 

viral RNA would remain intact intracellularly for 18 h before 

transcription begins. The exact mechanism(s) responsible for this 

phenomenon have not been determined and are currently under 

investigation in our laboratory. 



PEPTIDE MAPPING OF THE HEPATITIS A VIRUS CAPSID REGION 

Introduction 

Hepatitis A virus (HAV) is a morphologically, biochemically, and 

immunologically distinct agent which produces what is commonly called 

"infectious hepatitis" in humans after an incubation period of 

approximately 2 to 6 weeks. Recently HAV has been characterized as a 

picornavirus belonging to the enterovirus group (31). Like other 

picornaviruses, HAV is 27 nanometers in diameter (21) and contains a 

single stranded, positive sense infectious RNA genome (8, 11). Four 

major capsid polypeptides have been described with molecular weights of 

32,000 to 33,000 (VPl), 26,000 to 29,000 (VP2), 22,000 to 27,000 (VP3), 

and 10,000 to 14,000 (VP4). Despite adaptation to cell culture, 

detailed analysis of HAV structural proteins has remained difficult due 

to the characteristic non-lytic nature of this virus producing 

relatively low virus yields. 

The recent cloning and sequencing of the HAV genome (3, 42, 54, 

72, 77) has provided a wealth of knowledge facilitating further 

characterization of HAV structural and non-structural gene products. 

Utilizing HAV nucleotide-derh'ed amino acid sequence, synthetic peptides 

were generated corresponding to various amino acid sequences within the 

29 
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HAV PI region. Peptides were selected from regions which sho'uld 

represent each of the larger capsid polypeptides, be hydrophilic as 

predicted by a computer-generated Hopp and Woods analysis (32), and lack 

secondary structure as predicted by Najarian and co-workers (54). These 

synthetic peptides were coupled to a protein carrier and antibodies to 

these conjugated peptides were generated in rabbits. 

HAV strain HAS-IS was batch propagated in persistently-infected 

fetal rhesus monkey kidney cells (FRhK-4) and milligram quantities of 

highly purified HAV were obtained. We have employed these HAV specific 

anti-peptide sera and purified HAV to identify and localize the three 

major HAV polypeptides within the PI region of the HAV genome. 

Materials and ~ethods 

Propagation of Virus and Cell Lines 

A persistent infection of HAV strain HAS-IS (7) was initially 

2 established in a fetal rhesus monkey kidney cell line using 150 cm 

flasks (Corning Glass Works, Corning, NY). Subsequently, these \'irus 

producing cells were batch propagated in both 6000 cm2 and 24,000 

2 ern Nunc cell factories (Nunc, Roskilde, Denmark). Media for growth 

and maintenance was Williams Medium E (Gibco, Chagrin Falls, OH) 

supplemented with either 20% or 2% fetal bo\'ine serum, respectively, 
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non-essential amino acids, glutamine, gentamyacin, amphotericin Band 

sodium bicarbonate. 

Purification of Virus 

Purification of virus from infected cells and medium 

supernatants was performed by modification of the basic picornavirus 

purification approach described by Reuckert and Pallansch (63). Medium 

supernatants (Sl) were collected and stored at -20oe until 

processing. Trypsinized-infected cells were frozen and thawed three 

times and the resultant supernatant (82) was combined with SI. The cell 

debris was resuspended in Dulbecco's PBS pH 7.4 (DPBS) and extracted 

with trichloro-trifluoro-ethane (Freon). Aqueous and organic phases 

were separated by centrifugation at 10,000 xg for 10 minutes. The 

interface was reextracted twice with DPBS and all aqueous phases were 

combined with SI and S2. The combined aqueous samples were then 

precipitated with 10% polyethylene glycol 8000 (PEG-BOOO; Sigma, St. 

Louis, MO) and centrifuged in a eF32Ti continuous flow rotor (Beckman) 

o 
at IH,OOO xg and 5 e at a flow rate of 6 l/hr. The PEG pellet was 

resuspended in DPBS, extracted with Freon, and the combined aqueous 

phases were pelleted by centrifugation in a Type 35 rotor at 143,000 xg 

for 3.5 h. This pellet was resuspended in DPBS, cooled on ice, adjusted 

to 1% NP-40, and held for 30 min. at oOe. DNase (Worthington, 

Freehold, NJ) was added at a final concentration of 10 ug/ml in the 
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presence of 20mM MgCl
2 

and incubated at room temperature (RT) for 30 

min. After removal of debris by centrifugation at 10,000 xg for 10 

min., the sample was digested with trypsin (Sigma) at a final 

concentration of 500 ug/ml at 37
0

C until the opalescent suspension 

cleared. The sample was cooled to RT, and 10% sodium dodecyl sulfate 

(SDS) added dropwise to a final concentration of 1%. Forty percent 

PEG-8000 was then added to a final concentration of 7% and incubated at 

RT for h. After centrifugation for 10 min. at RT and 10,000 xg the 

pellet was resuspended in DPBS containing 0.002% phenol red. Virus 

aggregates were disrupted by alkaline treatment with 1.0 M Na
2

HP0
4 

followed by neutralization with 1.0 M acetic acid. The resultant virus 

suspension was centrifuged for 2.5 h at 112,000 xg and 20 0 C through 

3.9 ml of a 30% sucrose cushion in an SW27 rotor. Following 

centrifugation the supernatant was carefully decanted and the pellet 

soaked overnight in 1.0 ml of DPBS to facilitate resuspension. This 

resuspended material was layered onto a preformed linear 1.17g/cm3 to 

1.Slg/cm3 cesium chloride gradient and centrifuged for 48 h at 112,000 

xg and SoC. Fractions corresponding to the 1.34 g/cm3 HAV peak as 

determined by HAV-EIA were pooled and diluted twenty-fold in DPBS. 

Diluted samples were pelle ted in a Type 60 Ti rotor for 2 h at 300,000 

. xg and RT. A portion of the resultant sample was rebanded in CsCl and 

pel Ie ted as described. 
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Protein Determination 

Quantitation of protein was determined by the Bio-Rad protein 

assay (Bio-Rad Laboratories, Richmond, CAl using IgG (for immunoglobulin 

samples) or BSA as a protein standard. 

Iodination 

Chloramine-T iodination of HAV peptides and polypeptides was 

performed by the method of Greenwood and co-workers (29). 

Enzymeimmunoassay for HAV 

Hyperimmune rabbit anti-157S HAV IgG and human anti-HAV IgG were 

used to develop a solid-phase double antibody sandwich enzyme 

immunoassay (EIA). Anti-HAV IgG fractions were purified by a 

combination of ammonium sulfate precipitation followed by ion exchange 

chromatography (DE-52; Whatman, Clifton, NJ). Convalescent human 

anti-HAV IgG was biotinylated essentially as described by Guesdon and 

co-workers (30). Immulon II removawells (Dynatech Laboratories Inc., 

Alexandria, VA) were coated overnight at RT with 125 ul of rabbit 

anti-HAV IgG (165 ng/well) prepared in O.OlM phosphate buffered saline 

(PBS), pH 7.4. Plates were washed 3 times with PBS containing 1% bovine 

serum albumin (PBS/BSA). Samples (100 ul) were added and incubated at 



45°C for 2 h followed by washing 3 times with PBS/BSA. Biotinylated 

human anti-HAY IgG (100 ul) was added at a 1:4000 dilution prepared in 

PrlS containing 10% normal rabbit serum and 25% normal human serum. 

° Plates were incubated with the conjugate for 1 h at 37 C followed by 

washing 3 times with PBS/BSA. One hundred microliters of 

strepavidin-biotinylated horseradish peroxidase (Detek I hrp; Enzo 
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Hiochem, Inc., New York, ~Y) in PBS was added at a 1:10,000 dilution and 

incubated at 37 0 C for 1 h. After a wash cycle, 200 ul of substrate, 

phosphate-citrate buffer (50 ml), pH 5.0, containing 20 ul of 30% 

H
2

0
l 

and 3U mg of o-phenylenediamine dihydrocnloride (OPO; Sigma, 

ST .Louis, i10), Ivas added to each well. The reaction was allowed to 

develop in the dark for 30 min or less and then terminated by the 

addition of 4cl H
2

SU
4 

(50 ul). Plates were read using a Microelisa 

autoreader clR5d0 (Dynatech Laboratories Inc., Alexandria, VA) set at a 

wavelength of 490 nm (OD
49U

). Optimum conditions achieving maximum 

sensitivity and specificity of this assay were determined by 

checkerboard titration analysis. 

BlocKing rinzymeimmunoassay 

A blocking EIA was developed to determine anti-HAY reactivity 

for various antisera. This assay was performed essentially as described 

for the HAV EIA except for two modifications. First, 100 ul of intact 

HAV (3.0 ng) was added to each immunoglobulin-coated well and incubated 

at 45
0
C for 2 hr. This concentration had been previously determined 
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to produce an OD 490 of 1.0 when blocked in this assay with normal 

rabbit or human sera. Second, undilute and serial 10~fold dilutions of 

test sera (100 ul) were then added to each HAV coated well and incubated 

for I hour at 37 0 C. After washing, biotinylated anti--HAV IgG 

conj ugate was added as described for the HAV EIA. Th~ remalining steps 

were as described for the HAV EIA. Anti-HAV reactivq:y was: considered 

positive whenever the OD
490 

was decreased greater than fifty percent 

compared to normal rabbit sera negative controls (n=l~). Fifty percent 

OD490 reduction represented greater than three standard deviations 

below the mean of the negative controls. Hyperimmune rabb:iJt anti-HAV 

and human sera positi\'e for antibody to HAV by HAVAB (Abbot,t 

Laboratories, North Chicago, IL) were used as positiv€! contlrols. 

Preparation of Hyperimmune Rabbit Anti-HAV Serum 

Hyperimmune rabbit anti-HAV serum was prepared as described in 

the the following chapter (Wheeler and co-workers, sUQmitte!d for 

publication). This serum was used to locate HAV capsid components in 

the EITB procedure. 

Synthesis of Peptides 

Based on the amino acid sequence predicted from thel capsid 

region nucleotide sequence (42, 54), peptides were synthesized using the 
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Merrifield solid-phase approach (49). The peptides were chos'en from 

regions, as described in the introduction, from each of the potential 

larger capsid proteins (shaded regions, Figure 9). The sequence of the 

VP2, VP3 and one of the VPl peptides (Fig. 10 and Fig 9, ID) was 

verified by the Edman degradation (19) using a gas-phase protein 

sequenator (Applied Biosystems, Foster City, CA). A cysteine or 

tyrosine-cysteine dipeptide was incorporated at the carboxy terminus of 

each peptide for purposes of coupling and labeling respectively (28). 

Coupling of Peptides to Carrier Protein 

Amino groups on the carrier protein keyhole limpet hemocyanin 

(KLH) (Sigma, St. Louis, MO), were modified with m-maleaminobenzoyl 

-N-hydroxysuccinimide ester (MBS) (Pierce Chemical, Rockford, 1L) as 

described by Liu and co-workers (43). Briefly, KLH (10mg/ml in O.OIM 

phosphate pH 7.0) was reacted with dimethylformamide dissolved MBS for 

30 min at RT. Free MBS was separated from the MB-activated KLH by gel 

filtration through a G-25 Sephadex column equilibrated in O.IM 

phosphate, pH 6, at 4oC, and monitored by absorbance at 280 nm. Total 

protein was determined by the Bio-Rad protein assay. Quantitation of 

the ME-activation ofKLH was calculated using the Ellman sulfhydryl 

consumption (20). 

Peptides were freshly dissolved in O.OIM phosphate buffer, pH 

6.4, containing 0.15 M NaCl. (PBS) or O.IM phosphate buffer pH 7.0 

depending upon solubility. An aliquot of the appropriate iodinated 
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peptide was reacted with an excess of 2-mercaptoethanol for 30 min at RT 

and then separated from free 2-mercaptoethanol by gel filtration over a 

G-10 Sephadex column equilibrated in PBS, pH 6.4. The labeled peptide 

was added to the freshly dissolved peptide, an aliquot removed to assess 

the molar amount of SH groups present using the Ellman's assay, and 

mixed with the MB-activated KLH. After three cycles of evacuation and 

nitrogen flushing, the components were coupled in a nitrogen atmosphere 

o for 2 hours at RT. Uncoupled peptide was removed by dialysis at 4 C 

against multiple changes of PBS, pH 6.4. Quantitation of 

peptide-coupled KLH was determined using a Bio-Rad protein assay. 

Coupling efficiency, based on radioactivity present after dialysis, 

ranged from 10-25%. 

Generation of Anti-Peptide Antibodies 

Rabbits were initially immunized by an intramuscular injection 

with 2 mg KLH containing approximately 100 ug of the appropriate peptide 

in Freund's complete adjuvant (1:1). Subsequent boosting at two and 

four weeks later at the same carrier:peptide ratio was by subcutaneous 

injection in Freund's incomplete adjuvant (1:1). Animals were bled at 

four, six, and eight weeks after the primary immunization. 



Sodium Dodecyl Sulfate - Polyacrylamide Gel Electrophoresis ('SDS-PAGE) 

Separation of HAV polypeptides was accomplished using a 

discontinuous SDS-PAGE system with ten to twenty-five percent gradient 

gels essentially as described by Tsang and co-workers (74). Samples 

o were solubilized by heating at 65 C for 30 min in O.OlM Tris pH 8.0, 

containing 2.5% SDS, 1% 2-mercaptoethanol, 8% glycerol and 0.002% 

bromophenol blue tracking dye. Gels were electrophoresed at 100C in a 

Hoefer SE600 (Hoefer Scientific Instruments, San Francisco, CA) at lOW 

constant power per gel slab until the dye front was approximately Imm 

from the bottom of the gel. Pharmacia low molecular weight standards 

(Pharmacia Fine Chemicals, Piscataway, NJ) were used to calculate 
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molecular weight based upon a power regression analysis of the relative 

migration from the top of the gel versus the log of the molecular weight 

standards. Silver staining of gels was performed as described by Tsang 

and co-workers (75). 

Enzyme-linked Immunotransfer Blot 

The procedure used was essentially as described by Tsang and 

co-workers (74). Electrophoretic transfer of HAV polypeptides onto.16 x 

21 em nitrocellulose sheets (BA8S, Schleicher and Schuell, Keene, NH) 

was performed using.a Bio-Rad electrophoretic transfer apparatus 

(Trans-Blot, Bio-Rad) either overnight or for 4 h at 40 ~ with a 

constant 60 V and 250 mAo Following the electrophoretic transfer 
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individual nitrocellulose strips (0.8 cm) were incubated overnight with 

individual primary antibodies diluted in PBS {O.OIM) pH 7.4, containing 

0.3% Tween 20 (PBS/TW). The strips were washed three times with PBS/TW 

and horseradish peroxidase (HRP) conjugated to either goat anti-human 

IgM and IgG (Tago; Burlingame, CA) or to goat anti-rabbit IgG (Bio-Rad) 

was added at a 1:3000 dilution as the appropriate secondary detector 

antibody. After an incubation period of 2 hr at RT and a wash cycle, 

the processed strips were exposed for 5-10 min. to a substrate solution 

containing 50 mg 3,3' diaminobenzidine tetrahydrochloride dihydrate 

(DAB; Sigma) and 10 ul of H
2

0
2 

(30%) per 100 ml PBS, pH 7.4. Heavy 

metal intensification of this reaction was obtained by the addition of 

nickel ammonium sulfate and cobalt chloride as described by Adams (1). 

A single lane of molecular weight standards (Pharmacia Fine Chemicals) 

was run on each gel and transferred as described. The standard lane was 

cut from the blot and stained for 4 h in PBS-TW containing 0.1% india 

ink (Pelikan AG., D-3000, Hanover I, Germany). This stained lane was 

aligned to the immunoreacted strips facilitating calculation of the 

immunoreactive polypeptide molecular weights. 

Rabbit anti-157S HAV was reacted in the.EITB procedure to locate 

HAV capsid components. This sera reacted with the three HAV major 

capsid polypeptides (Wheeler and co-workers, manuscript submitted for 

publication,). 



Preparative Isolation of HAV Polypeptides for Amino Acid Sequence 

Analysis 
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Highly purified HAV (800 ug) was separated in 1.5mm slabs using 

the 10-25% gradient SOS-PAGE system. Sodium thioglycolate (10mM) was 

included in the cathode buffer in an attempt to prevent modifications of 

the HAV polypeptides. 125 I-HAV was added to assess percent recovery. 

Following electrophoresis gels were cut into 1mm slices and assayed by 

gamma spectrometry. Gel slices containing individual HAV polypeptides 

were minced into 0.1 mm pieces and subjected to electroelution in an 

Isco Electrophoretic concentrator (ISCO, Lincoln, NE). A concentration 

gradient of Tris-acetate, pH 8.6, was established as follows: O.lM in 

the outer cathode chamber, 0.04M in the inner cathode chamber, O.OlM in 

the sample cup and O.lM in the anode chamber. The concentrated HAV 

polypeptides (ca. 250 ul) were lyophilized in a Savant Speed Vac 

Concentrator (Savant Instruments Inc., Hicksville, NY). Lyophilized 

samples were resuspended in 50 ul of absolute ethanol and precipitated 

overnight at -20oC. Precipitates were collected by centrifugation for 

5 min at 12,000 xg and 4°C in a Beckman microfuge (Beckman 

Instruments). Residual ethanol was evaporated under vacuum. Samples 

were subjected to SOS-PAGE and analyzed by sih'er stain to assess the 

purity of each isolated polypeptide. Homogeneously pure individual.HAV 

polypeptides (100 ug each) were sent to Applied Biosystems (Foster City, 

CA) for protein sequence analysis using a Model 470 A Gas-Phase Protein 

Sequencer. 
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Results 

It has been shown that antigenic protein determinants in a 

protein can be mimicked by short carrier-linked peptides and antibodies 

against such peptides can recognize the corresponding linear amino acid 

sequence within the native or denatured protein (65). Therefore, the 

amino acid sequence predicted from the HAV capsid region nucleotide 

sequence was used to generate a Hopp and Woods analysis (Fig. 9) and a 

surface probability analysis (see ref. 54). Based on the results of 

these analyses, peptides were synthesized from specific regions (Fig 10 

and shaded regions of Fig. 9): a.a. 76-82, 279-295, 561-576, 591-602, 

606-618, and 661-668, respectively. These selected HAV synthetic 

peptides were coupled to KLH and used to generate rabbit anti-peptide 

sera. 

The anti-HAV peptide sera against each potential larger HAV 

capsid polypeptide located in the PI genome region was reacted in an 

enzyme-linked immunotransfer blot (EITB) with HAV polypeptides separated 

by 10-25% gradient SDS-PAGE (Fig. 11). Lane Al represents india ink 

stained molecular weight standards. Lane A2 demonstrates the 

immunoreactivity of hyperimmune rabbit anti-I57S HAV with all three 

major polypeptides corresponding to molecularweights of 33,000, 29,000 

and 27,000, respectively. In addition, a minor reaction with a spesies 

corresponding to a ~M of 39,000 was observed. These four polypeptides 

were also detected by silver stain analysis (Fig. 8). Lane A3 and AS 

(Fig. 11) reacted with anti-peptide sera generated against a.a. 76-82 

(VP2) and demonstrated specificity for the 27,000 MW protein. Lane A4 
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(Fig. 11) was reacted with anti-peptide sera to a.a. 279-285 which 

demonstrated a specificity for the 29,000 MW 'protein. Similar studies 

were initially performed in 12.5% Laemmli gels; however, these gels 

were abandoned because they were unable to unequivocably resolve the 

immunoreactivity of these sera due to poor separation of HAV VP2 and VP3 

(data not shown). Figure IIA or lIB represents blots prepared at 

different times. Lane Bl represents the immunoreactivity of hyperimmune 

rabbit anti-157S HAV. Lane B2 was reacted with anti-peptide sera 

generated against a.a. 5~1-602 (Vpl B). Lane B3 was reacted with 

anti-peptide sera generated against a.a. 606-618 (Vpl C). Both of these 

anti-peptide sera reacted strongly with the 33,000 MW polypeptide and 

only weakly with the 29,000 and 27,000 MW species. These weak reactions 

were judged to be non-specific since pre-immune rabbit sera also 

demonstrated identical reactions (data not shown). The EITB 

reactivities observed with these four anti-peptide sera correlate the 

map position of the HAV PI gene products with respect to molecular 

weight based on migration in SDS-PAGE. Two anti-peptide sera 

corresponding to Fig. 10 a.a. 561-576 and 661-668 (Fig. 9, VPIA, VPID) 

did not react. 

All of the anti-peptide sera were tested for anti-·HAV activity 

by a solid-phase blocking competitive inhibition assay. None of the 

anti-peptide sera reacted with intact HAV virions in this assay. 

Fine mapping of the HAV polypeptide amino-termini was attempted 

by isolation of the individual VPI, VP2, and VP3 molecules from a 10-25% 

gradient gel and subjecting them to the Edman degradation (19). 

Recoveries ranged from 67 to 75 percent of the total starting material. 
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As assessed by silver staining, the identity and purity of the isolated 

HAV polypeptides is shown in Fig. 12. Gas-phase sequencing for ten 

cycles of the Edman degradation revealed no released amino acids from 

any of the purified polypeptides suggesting that the three major 

structural proteins are blocked. 

Discussion 

Pre\'ious investigations of HAV structural proteins have been 

limited by the a\'ailability of sufficient quantities of \'irus. The 

studies detailed in this manuscript were made possible by large scale 

propagation of HAV persistently-infected cell cultures (rv1 x 

106cm2). A five milligram yield of HAV obtained in this system 

represented several months of cell culture propagation. Processing of 

large volumes of media supernatant (350 1» and cell lysates from HAV 

infected cells required implementation of continuous flow 

ultracentrifugation followed by a very intensive purification scheme. 

Electrophoretic mobility of macromolecules in SOS-polyacrylamide 

gels has been shown to vary according to the gel system employed (35, 

70). Therefore, we evaluated two different discontinuous gel syste~s 

for separation of the HAV polypeptides followed by an enzyme-linked 

immunotransfer blot (EITB). Initial studies employing a 12.5% 

acrylamide gel system (38) were unsuccessful in delineating anti-VP2 and 



Fig. 8. Silver stained SDS-PAGE of purified HAV. 

~ane 1 - molecular weight (MW)standards: albumin (67,000), 
ovalbumin (43,000), carbonic anhydrase (30,000), trypsin 
inhibitor (20,100) and lactalbumin (14,4000). Lane 2 - HAV 
major structural polypeptides: VP1 (33,000), VP2 (27,000), 
VP3 (29,000). 





Fig. 9. Hopp and Woods analysis of HAV PI Genome Region. 

Potentially immunogenic peptides were selected as indicated 
by the shaded areas. VPl, 2, and 3 coding regions were 
assigned by computer comparisons of HAV nucleotide sequence 
to poliovirus nucleotide sequence. 





Fig. 10. Amino acid sequence of selected HAV PI peptides. 

Starting from the 5' end of the HAV PI coding region, 
synthetic peptides corresponding to the amino acids 
designated were coupled to KLH and used to hyperimmunize 
rabbits. 





Fig. 11. HAV enzyme-linked immunotransfer blot (EITB) reactivities 
of HAV specific anti-peptide sera. 

Lane Al - electro blotted molecular weight standards stained 
with india ink (PBS/.l% Tween-20). Lane A2 and HI - reaction 
of hyperimmune rabbit anti-157S HAV. Lane A3 and AS -
reaction of anti peptide sera (a.a. 76-82). Lane A4 
reaction of anti-peptide sera (a.a. 279-294): reaction of 
anti-peptide sera (a.a. 591-602) and (a.a. 606-618) 
respectively. 
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anti-VP3 reactivities of peptide 76-82 and peptide 279-295. 'Antibodies 

against peptide 76-82 appeared to react with 'the faster migrating 

protein; however, good separation of the 27,000 and 29,000 MW 

polypeptides was not obtained. A 10-25% gradient SOS-PAGE system was 

employed to facilitate the unequivocal identification of the 

immunoreacted anti-peptide sera with their respective denatured HAV 

polypeptide. Assigned in accordance with L434 nomenclature (64), 

peptide 76-82 reacted with the 27,000 MW polypeptide IB(VP2) and peptide 

279-285 reacted with the 29,000 MW polypeptide lC(VP3). Two of the 

anti-p~ptide sera (peptide 591-602 and peptide 606-618) definitively 

reacted with the 33,000 MW polypeptide 10(VPl) in both the 12.5% and 

10-25% gradient gel systems. Anti-peptide sera generated against amino 

acid residues 561-571 and 661-668 failed to react in both gel systems. 

The lack of reactivity could result from poor immunogenecity and/or poor 

recognition by the rabbit, either of which would result in low antibody 

titer. As none of the anti-peptide sera reacted with intact virions in 

a competitive-blocking EIA, the possibility remains that more sensitive 

assays such as radioimmunoprecipitation and cell culture neutralization 

will be capable of demonstrating reactivity with intact HAV. 

The identification of a fourth structural polypeptide or "VP4" 

located at the extreme 5' end of the PI genome region was not addressed 

in these studies. However, silver st'ain analysis of highly purified HAV 

separated by a 10-25% gradient SOS-PAGE did not reveal the presence of a 

lower molecular weight molecule. If confirmed, the absence of a vp4 

molecule would be unique among the picornaviridae. We are currently 

investigating the extreme 5' end of the HAV Pl genome region using 



synthetic peptides in an attempt to address the possibility ihat this 

region codes for a fourth HAV structural poly'peptide. 
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The molecular weights determined in our peptide mapping studies 

and the delineation of the gene order of the major HAV capsid 

polypeptides are in agreement with nucleotide-derived amino acid 

sequence data presented by other investigators (3, 42, 54, 72). Using 

computer-generated comparisons to poliovirus nucleotide-derived amino 

acid sequence these investigators have assigned the probable proteolytic 

cleavage sites between the larger HAV capsid polypeptides. 

Subsequently, the assignment of one of these proposed cleavage sites has 

been verified by amino acid sequence analysis (42). Based on these 

assigned cleavage sites, calculated molecular weights of the HAV 

polypeptides predict VP2 as the smallest molecular weight protein 

followed by VP3 and VPI in that order. These calculations do not 

account for the coding of a potential VP4 molecule at the extreme 5' end 

of the HAV PI region. If a fourth HAV polypeptide is coded for in this 

region, the calculated molecular weight of VP2 would be even smaller. 

Recently, Linemeyer and co-workers (42) assigned VP3 as the smallest, 

fastest migrating HAV polypeptide based on amino acid sequencing of the 

protein isolated from urea containing polyacrylamide gels. The 

, discrepancy in the delineation of the gel migration of VP3 may be 

attributed to the inclusion of urea in the SOS-PAGE system employed. 

which has been shown to alter the migration of some viral polypeptides. 

'Alternatively, given the observed difficulties in amino acid sequencing 

of the HAV capsid polypeptides by ourselves and others (42) and the 

close migration of VP2 and VP3 in most PAGE systems, the possibility 



exists that co-sequencing of VP2 and VP3 which was evaluated 'as VP3 

resulted in the assignment of the smallest capsid protein as VP3 
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Automated Edman degradation of the three major structural 

proteins indicated blocked amino-termini which is in agreement with 

observations of other investigators (42). Since picornaviruses are 

known to be synthesized as a polyprotein and the larger picornavirus 

capsid proteins contain a free amino group, it seems unusual that all 

HAV capsid polypeptides appear to be blocked. The possibility exists 

that prolonged intracellular residence of HAV polypeptides may result in 

post-translational modifications not observed in other picornaviruses. 

Perhaps in vitro translated products efficiently cleaved into HAV capsid 

polypeptides would provide an alternative source for amino acid sequence 

analysis. This approach has been employed previously in the study of 

other picornavirus polypeptides (36, 60). 

The anti-peptide approach taken in these studies may prove 

useful in future mapping of the remainder of the HAV genome. 

Ultimately, this information will lead to a further understanding of HAV 

and its relationship to other picornaviruses. These studies represent 

one of the first attempts at defining and understanding the structural 

parameters of the HAV capsid. Such information is critical to the 

design of an effective synthetic or biosynthetic vaccine. 



I~1UNODOMINANT AND SURFACE EXPOSED HAV CAPSID POLYPEPTIDES 

Introduction 

Characterization of the hepatitis A virus (HAV) has led to its 

classification as a picornavirus belonging to the enterovirus group 

(31). Structurally the intact HAV virion is a 27nm particle composed of 

three major structural polypeptides and possibly a fourth lower 

molecular weight protein (13, 14, 67, 73). These physical features are 

consistent with those observed for other members of the picornaviridae 

(62, 64). 

The VPl protein of several picornaviruses appears to be the most 

immunogenic and chemically reactive capsid polypeptide of the intact 

virions as defined by labeling studies and antibody reactivity (9, 27, 

46, 47). Isolated VPl from poliovirus and foot and mouth disease virus 

(FMDV) can induce neutralizing antibodies in experimental animals (2, 

la, 39). Cloned expressed VPl (37) has protected against infection with 

FMDV in various susceptible animals, while chemically synthesized 

peptides (56) corresponding to the FMDV VPl polypeptide generated 

neutralizing antibodies as assessed by in vitro neutralization assays. 

These studies provide convincing evidence that selected regions of VPl 

are exposed on the virion surface and contain immunogenic sites 

important in virus neutralization. 

52 
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Investigations on the surface reactivity of HAV polyp'eptides 

have attempted to evaluate the accessibility of HAV VPl to immunological 

and chemical reaction. After reaction of SDS-disrupted HAV virions with 

convalescent human a'nti-HAV IgG, early studies failed to detect the 

immunoprecipitation of individual polypeptides (27). In addition, 

electroblot analysis revealed that monoclonal antibodies to HAV did not 

react with individual structural polypeptides, although a neutralizing 

monoclonal antibody which crosslinked to an epitope present on the HAV 

VP1 polypeptide was identified (33). More recently, isolated HAV 

VPl,VP2, and VP3 have elicited neutralizing responses in rats when 

examined at the cell culture level (34). 

In an attempt to further define the immunodominant HAV capsid 

polypeptides we have: 1) analyzed the reactivity of 19M and IgG human 

anti-HAY and rabbit anti-157S HAV by utilizing an enzyme-linked 

immunotransfer blot (EITE) technique and 2) further characterized the 

HAV virion and surface exposed polypeptides using selective iodination 

of intact and SDS-disrupted virions. These studies were facilitated by 

the use of an SDS-PAGE 10-25% gradient system which provided good 

separation of HAV structural polypeptides and also insured retention of 

very small molecular weight proteins. 
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Materials and Methods 

Growth, Purification, and Quantitation of HAV 

The large scale growth and purification of HAV (HAS-I5) from a 

persistently-infected fetal rheses kidney cell line (FRhK-4) is 

described elsewhere (Wheeler and co-workers, submitted for 

publication). Quantitation and recovery of purified virus was assessed 

using an enzyme immunoassay (HAV-EIA) which had been standardized using 

dilutions of purified 157S virions. Virus was quantitated by the 

Bio-Rad protein assay (Bio-Rad Laboratories, Richmond, CA) and by OD 

260/280 spectrophotometry. 

Sodium Dodecyl Sulfate - Polyacrylamide Gel Electrophoreis (SOS-PAGE) 

HAV polypeptides were separated using a 10 to 25% gradient gel 

and a 3% stacking gel. This discontinuous SOS-PAGE has been previously 

described by Tsang and co-workers (74). Briefly, samples were 

solubilized by heating at 65
0

C for 30 min in O.OIM Tris pH 8.0 

containing 2.5% SOS, 1% 2-mercaptoethanol, 8% glycerol and 0.002% 

bromophenol blue. The anode buffer was 0.42M Tris pH 9.18 and the 

cathode buffer was O.OlM Tris-borate pH 8.6 containing 0.01% SOS. Gels 

o were electrophoresed at 10 C in a Hoefer SE600 (Hoefer Scientific 

Instruments, San Francisco, CA) at lOW constant power per gel slab until 

the dye front was approximately Imm from the bottom of the gel. 
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Pharmacia low molecular weight standards (Pharmacia Fine Chemicals, 

Piscataway, NJ) or 125I-Iabeled molecular weight markers (NEN Research 

Products, Boston, MA) were used to calculate molecular weight based upon 

a power regression analysis of the relative migration from the top of 

the gel versus the loglO of the molecular weight standards. Silver 

staining of gels was performed as described by Tsang and co-workers (75). 

Enzyme-linked Immunotransfer blot 

The procedure used was essentially as published by Tsang and 

co-workers (74) and specific details have been described elsewhere 

(Wheeler and co-workers, submitted for publication). 

Antisera Against HAV 

Purification of Human IgM and IgG Anti-HAV. A pool of human 

sera obtained from an outbreak of hepatitis A positive for anti-HAV 

antibodies as determined by HAVAB-M (Abbott Laboratories, North Chicago, 

IL) was separated into IgG and IgM containing fractions by 

gel-filtration on a Sephacryl S-300 column (Pharmacia Fine Chemical~ 

Piscataway, NJ) equilibrated in 0.1 M Tris buffer pH 8.0, containing 

0.15 M NaCI. Fractions were analyzed by immunoelectrophoresis (IEP) for 

the presence of IgM and IgG using goat anti-human IgM and IgG 
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respectively (Tago, Burlingame, CA). IgM and IgG positive fractions 

were pooled separately as indicated by the IEP results. These pools 

were titered for anti-HAV activity by HAVAB (Abbott Laboratories) and 

analyzed by EITB for their ability to react with SOS-PAGE separated HAV 

polypeptides. 

Preparation of hyper immune rabbit anti-HAV serum. Purified 157S 

and 80S HAV strain HAS-IS were used to immunize rabbits. Sedimentation 

coefficients were based upon sucrose rate-zonal analysis (51). Ten ug 

of intact 157S and an unknown quantity of 80S HAV contained in 500 ul of 

O.OIM Tris-acetate, pH 7.4, was emulsified in an equal volume of 

Freund's complete adjuvant. Female New Zealand white rabbits were 

immobilized with ketamine by intravenous injection via an ear vein. The 

rabbits were immunized intramuscularly (I.M.) with equal volumes of HAV 

into both rear flanks. Three weeks later booster injections containing 

the same antigenic mass as the primary injection emulsified in Freund's 

incomplete adjuvant were injected I.M. Rabbits were bled (50 ml) at two 

week intervals and rabbit anti-HAV activity was titered by HAVAB. 

Iodination of HAV 

Purified intact or SOS-disrupted (2% SOS/650C/30 min) HAV was 

iodinated by the following procedures: 



1. Chloramine-T iodination of intact HAV was performed 

essentially by the method of Greenwood (29). Ten micrograms 

of HAV was reacted with 1 mCi of Na 125 1 (NEN Research 

Products, Boston, MA) previously diluted in 10 ul of 0.05M 

PBS, pH 7.4. Ten microliters of Chloramine-T (1 mg/ml) were 

added to the reaction vial and vortexed for 3 min at room 
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temperature (RT). The reaction was stopped by the addi tion of 

10 ul sodium metabisulfite (1 mg/ml), ar.d quenched by the 

addition of 100 ul potassium iodide (1 mg/ml). Bound and free 

125 I were separated by gel-filtration on a PO-I0 column 

(Pharmacia Fine Chemicals). Twenty fractions (1.0 ml) were 

collected and assayed by gamma spectrometry. 

2. Intact and SOS-disrupted HAV (10 ug) was reacted for 30 min at 

RT in 12 x 75 cm test tubes coated with 10 ug Iodogen (Pierce 

Chemicals, Rockford, IL) and containing 1 mCi of 125 1 NaI 

previously diluted in O.IM PBS, pH 8.0. The iodination was 

stopped by transferring the reaction to an eppendorf microfuge 

tube followed by the addition of 50 ul sodium metabisulfite (1 

mg/ml) and 50 ul potassium iodide (1 mg/ml). Free iodine was 

separated from intact virion-associated iodine by gel 

filtration on a PO-I0 column. Free iodine was not separated 

from iodin,qted SOS-disrupted HAV to reduce any loss of ve::y 

small molecular weight proteins. 

3. SOS-disrupted HAV (10 ug) was reacted with 0.333 uCi of 

125 diiodo, I Bolton-Hunter Reagent (NEN) prepared in 0.1M 

PBS, pH 8.5 (6). The reaction was run at OOC for 1 h 
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o 
followed by overnight at 4 C. Unreacted ester was Teacted 

with 100 ul of 0.2M glycine in O.lM PBS, pH 8.5, for 5 min at 

OoC. 

Following iodination, intact virions were subjected to sucrose 

rate-zonal analysis. In an effort to avoid artifacts resulting from the 

iodination reaction, fractions corresponding to the 1578 HAV peak were 

pooled and examined by SOS-PAGE. Samples were subjected to 

electrophoresis and gels were exposed to Kodak X-OMAT AR-2 film for 

various periods of time proportional to the cpm values. Lanes 

containing free radiolabeled iodine required much shorter exposure times. 

Results 

SOS-PAGE of Purified HAV 

Purified HAV strain (HAS-IS) was subjected to SOS-PAGE using a 

10-25% gradient gel system and analysed by silver stain to assess 

purity. The electropherogram (Fig. 8) revealed 3 major structural 

polypeptides having molecular weights (MW) of 33,000 (VPl), 29,000 

(VP3), and 27,000 (VP2). A minor band migrating at 39,000 MW was also 

obsen·ed. No lower molecular weight (VP4) proteins were ,·isualized. 

The nomenclature of the separated viral polypeptides has been assigned 

on the basis of studies utilizing immunoreacth'ity of specific anti-HAV 

peptide sera (Wheeler and co-workers, submitted for publication). 
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EITB Ree.ctivities of Anti-HAV (EITB) 

EITB studies were used to reveal immunoreactivities of rabbit 

anti-157S HAV and human IgM and IgG anti-HAV with HAV polypeptides 

separated by gradient gel SDS-PAGE (Fig. 13). Rabbit anti-157S HAV sera 

(Fig. 13, Lane 4) reacted strongly with all three major structural 

proteins at dilutions ranging from 1:1000 to 1:5000 (data not shown). 

This sera also reacted slightly with the 39,000 MW protein observed by 

sih'er stain. Human anti-HAV IgM reacted with all three maj or HAV 

polypeptides, whereas human anti-HAV IgG reacted predominantly with VP1 

(33,000) and VP2 (27,000) and with minor reactivity against the 39,000 

MW protein. Preliminary studies demonstrated that a relatively high 

HAVAB anti-HAV titer was necessary in order to detect the HAV 

polypeptides using the EITB procedure. HAV infected chimpanzee sera 

examined during acute and concalescent phases of disease yeilded EITB 

results comparable to the human anti-HAV sera. A requirement for high 

titer anti-HAV was observed and correlated with the intensity of the 

reaction (data not shown). 

Iodination of Intact and SDS-Disrupted HAV 

Reactions of intact HAV with two different iodination agents 

revealed somewhat different labeling patterns of virion polypeptides. 

Iodination of intact HAV with Iodogen resulted in the predominant 
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labeling of VPl with negligible labeling of VP2 and VP3 (Fig '14, lane 

2). However, Chloramille-T iodination of intact HAV resulted in labeling 

of all three major atructural polypeptides with the following order of 

intensity: VPl > VP2 > VP3 (Fig 14, Lane 3). Neither agent iodinated a 

fourth lower molecular weight HAV structural protein when reacted with 

intact virions. 

SDS-disrupted HAV iodinated with the Bolton-Hunter reagent 

revealed labeling of all three major structural polypeptides with the 

following order of intensity VP3 > VP2 > VPl (Fig 14, Lane 4). 

Bolton-Hunter reagent also labeled very high molecular weight molecules 

(> than 100,000 MW) and a low molecular weight molecule « 14,000). A 

more quantitative evaluation of the HAV polypeptides labeled by the 

Bolton-Hunter reagent is depicted in Fig 15. In addition a smaller 

potential VP4 polypeptide can also be seen. 

SDS-disrupted HAV iodinated with the surface oxidant Iodogen 

reacted with all three major structural polypeptides in the following 

order of intensity: VP3 > VPl > VP2 (Fig 14, Lane 5). Again a unique 

lower molecular weight protein «14,000) was observed. Accurate 

calculation of exact MW for the very high and the very low molecular 

weight proteins was not possible using the 10-25% gradient gel system. 



Fig. 13. Enzyme-linked immunotransfer blot (EITB) immunoreactivities 
of rabbit anti-HAV and human IgM and IgG anti-HAVe 

Purified HAV polypeptides were separated in a 12%-27% 
gradient gel SDS-PAGE. Lane1 - india ink stained molecular 
weight markers. Lane 2 - human IgM anti-HAVe Lane 3 - human 
IgG anti-HAVe Lane 4 - rabbit anti-157S HAV. Each strip 
contained approximately 5 ug of total virion protein 
available for reaction. Human IgM was diluted 1:100, IgG 
1:500 and rabbit anti-157S, 1:3000 in PBS/Tween. 





Fig. 14. Separation of iodinated intact and SDS-disrupted HAV 
polypeptides by a 10%-25% gradient gel SDS-PAGE. 

Lane 1 - 125I-protein molecular weight markers: [125 I ]-B 
D galactosidase (116,000), [125I]-bovine serum albumin 
(67.000), [125I]-carbonic anhydrase (30,000), 
[ 125 r]-soybean trypsin inhibitor (20,1000), and 
[125 I ]-lactalbumin (14,400). Lane 2 - iodination of intact 
HAV (10 ug) using the surface oxidant Iodogen. Lane 3 -
iodination of intact HAV using Chloramine-To Lane 4 -
iodination of SDS-disrupted HAV (10 ug) with Bolton-Hunter 
reagent. Lane 5 - iodination of SDS-disrupted HAV (10 ug) 
with Iodogen. *-location of lower molecular weight molecule 
«14,000) O-location of lower molecular weight molecule 
(much less than 14,000) 
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Discussion 

Although several investigators have reported the successful 

cultivation of HAV in cell culture (4, 7, 15, 17, 26, 27, 58, 68), large 

quantities of HAV have been difficult to obtain in these systems. 

Because HAV is non-cytopathic and establishes a persistent infection in 

cell culture (17, 23) we have batch propagated HAV strain HAS-I5 in 

persistently infected FRhK-4 cells using Nunc cell factories. This 

system has facilitated the purification of milligram quantities of HAV. 

Virus obtained from this system has been used to identify the 

polypeptide specific reactivities of antisera against HAV and to further 

characterize the virion capsid surface and composition. 

SDS-PAGE separation of HAV polypeptides was improved by the 

development of a 10-25% polyacrylamide gradient gel system. Previously 

used homogeneous gel systems have been unsuccessful at obtaining good 

separation of HAV VP2 and VP3 polypeptides (14, 27, 66). In addition, 

these homogeneous systems were not capable of resolving very small 

molecular weight proteins. Using 10-25% gradient gels, however, 

molecules as smalloas 3,000 HW were retained approximately 4 cm above 

the dye front (data not shown). 

High titer monospecific rabbit anti-I57S HAV sera (1:6,400 ~y 

HAVAB) was found to react in an EITE with all three SDS-PAGE separated 

HAV polypeptides. Reacti\'ity of this sera with VPI, VP2, and VP3 

suggests that all three major HAV polypeptides may be exposed to some 
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degree on the virion surface. Alternatively, the observed 

immunoreactivities may be due to degradation of intact virions after 

immunization. Hyperimmune rabbit anti-80S HAV sera (1:64 by HAVAB) 

revealed low titers of specific anti-HAV activity. This may have 

resulted from the inoculation of a subimmunogenic dose since the 

quantity of HAV in the inoculum was below the level of detection by any 

method employed. The rabbit anti-80S HAV sera was not tested for 

immunoblot reactivity since previous experience demonstrated 

undetectable reactivity of low titer anti-HAV sera by this technique. 

Human IgM anti-HAV reacted in an EITB with the three major HAV 

structural polypeptides while the IgG class reacted only with VPl and 

VP2. The reactivities of the IgG anti-HAV suggests that VPl and VP2 

represent the immunodominant regions of the HAV capsid. This 

observation is consistent with information known for the poliovirus 

capsid polypeptides (5, 37,41). Because all capsid components are 

exposed to the immune system during a naturally occurring infection the 

obsen'ed IgM immunoreactivities can e.asily be explained. Minor 

immunoreactivities of human IgG and hyperimmune rabbit anti-157S HAV 

with a 39,000 MW polypeptide suggest that this protein is tightly 

associated with the HAV virion; however, the possibility of nonspecific 

reactivity cannot be excluded. 

Similar immunoblotting techniques have been applied to the ~tudy 

of poliovirus (5, 71), coxsackievirus B (18) and echovirus 11 (59) and 

have also been used to analyze cross antigenicity among several 

enteroviruses (52). Antibodies present in polyclonal type-specific 



neutralizing sera to poliovirus type 3 immunoblot react with the two 

largest capsid polypeptides (VPI and VP2) (71). Both VPl and VP2 of 

poliovirus have been reported to contain major epitopes involved in 

infectious virus neutralization (76). 

66 

Iodination of HAV with the various chemical agents corroborated 

and extended the findings of other investigators (27). Our studies were 

performed in a controlled manner utilizing the same purified virus 

preparation and co-electrophoresed under identical conditions (Fig. 

14). Chloramine-T iodination revealed that the VPl polypeptide was the 

most accessible to iodination followed by VP2 and VP3. The Iodogen 

iodination of intact HAV selectively labeled VP1. Under the conditions 

used in this study, lodogen, a solid phase oxidant, will label tyrosine 

residues accessible on the surface of the virion. VP2 was slightly 

labeled by the Iodogen reaction demonstrating minor surface exposure of 

this molecule and VP3 labeling was barely detectable suggesting that 

little if any VP3 tyrosine residues are exposed on the virion surface. 

Iodination of SDS-disrupted HAV was performed in an effort to 

address the question of whether a "VP4" polypeptide is present within 

the HAV capsid. HAV capsid region nucleotide-derived amino acid 

sequence and computer analysis data (3, 42, 54) present the possibility 

that a small MW polypeptide « 3000 MW) coded for at the extreme 5' 

region of the HAV genome may not in fact contain any tyrosine residues. 

Therefore, Bolton-Hunter reagent which labels lysine residues was chosen 

in the event that a "VP4" polypeptide lacked any tyrosine residues and 

Iodogen was selected as a control for the labeling of tyrosine. 
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Although the two labeled proteins did not comigrate, a potential lower 

"VP4" was observed in both the Bolton-Hunter (migrating with an apparent 

MW of 14,000) and Iodogen labeled (migrating with an apparent MW much 

less than 14,000) SDS-disrupted HAV. These findings do not, however, 

unequivocably define a fourth HAV structural polypeptide. In an attempt 

to examine this question further, we are currently investigating a 

synthetic peptide approach to localize a "VP4" molecule within the P I 

genome region. 

The results of controlled iodination and reactivity of 

convalescent human IgM and IgG anti-HAY for intact virions both 

indicate that the VP1 and VP2 polypeptides are more available for 

chemical reaction and generate selective IgG reactive antibodies during 

convalescence. Recently, Hughes and Stanton using a different gel 

system (34) presented data demonstrating that HAV anti-polypeptide sera 

generated against VP1 (MW 33,000) and VP3 (MW 27,000; their fastest 

migrating polypeptide) reacted strongly when used to immunoprecipitate 

125 I labeled virions. Antisera generated against VP2 (MW 29,000) was 

weakly reactive with whole virions when analyzed by this same 

technique. Earlier work of Hughes and co-workers (33) demonstrated 

Chloramine-T iodination of HAV with the following labeling intensities 

observed: VP1 > VP3 > VP2. These studies would tend to support our 

results. In both cases, VP1 (33,000 MW) and the fastest migrating 

polypeptide (27,000MW) appear to be the surface reactive and 

immunodominant regions of the HAV virion. 



The studies presented have further defined the expose'd and 

immunogenic regions of the HAV capsid. This information should 

facilitate endeavors by ourselves and other investigators in the 

development of an HAV subunit vaccine. 
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propagate the agent in the usual laboratory animals or subsequently in 

cell culture allowed for only limited studies involving human 

volunteers. It was demonstrated that hepatitis A (as it came to be 

called) had an incubation period of 15 to 45 days, was usually 

transmitted from person-to-person by the fecal oral route, and that the 

infectious agent was present in blood and feces shortly before and for a 

limited time after the onset of acute illness. 

During the 1970's continued research on the etiology of 

hepatitis A led to several important breakthroughs including the 

visualization of tne virus by immune electron microscopy and its 

subsequent characterization (21). Then in 1979, Provost and Hilleman 

(58) reported the successful cultivation of HAV in cell culture and this 

finding was soon confirmed by other workers (15, 22, 44,). Although 

investigators began using HAV propagated in cell culture, the fact that 

HAV did not produce cytopathic effect, plaques or cell death hindered 

signiiicant progress. Results of early investigations demonstrated that 

HAV was produced in very low titers and had a prolonged propagation time 

of 4-6 weeks (~~). 

As a result of difficulties encountered in the cell culture 

propagation of HAV, it has remained difficult for most laboratories to 

obtain enough HAV for sequence determination of its RNA and proteins. 

After propagating a ,wild type strain of HAV in marmosets, subgenomic 

cDNA clones that represented the entire HAV genome were obtained (3, 

72). Examination of the 7.5 kb nucleotide sequence revealed a 5' 
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noncoding region of 734 bases that lacks a poly(C) tract, a polyprotein 

coding region of approximately 6.7 kb, and a 3' noncoding sequence of 63 

bases. The organization of the HAV genome is therefore similar to that 

of other picornaviruses, particularly the enteroviruses. However, 

comparison of nucleotide sequences using computer programs or 

hybridization revealed that the HAV genome is not closely related to 

representatives of the four picornaviral genera. Homologous regions 

detected between HAV and poliovirus type 1 were less than 25 bases. 

l~hen analyzed by comparison of predicted amino acid sequences, 

HAV proteins also did not appear to be closely related to those of any 

other picornaviruses. However, there is enough homology between amino 

acid sequences to tenatively assign gene locations within the clAV 

polyprotein (3, 54). Most of the proteolytic cleavages appear to occur 

at sites that have different dipeptides from those previously found in 

other picornaviral polyproteins. The most extensive homology was 

detected in proteins 3D (lY% amino acid identity when cow~)ared to 

poliovirus type 1) and 2C and 3C (28% and 25% identity with EMC virus). 

tlased on the homology detected between the first 75 amino acids of the 

HAV polyprotein and those surrounding the VP4/2 cleavage site of EMC and 

F~W viruses, it is probable that HAV does not have a leader protein 

(protein L) and that it has a very small (23 amino acids) or nonexistent 

VP4.' 

Molecular clones of clAV cDNA (42, 54, 77) from viral strains 

having diverse geographic origin and laboratory passage history have 

been ootained by several investigators. When the available data from 
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any two laboratories was compared, there was about 60% identity detected 

between restriction endonuclease sites, at least 90% homology between 

nucleotide sequences, and 98% identity between amino acid sequences 

(3). HAY appears to be a unique member of the picornavirus group. 

Currently the thrust of HAY research, primarily due to available 

funding, is toward the development of a synthetic / biosynthetic 

vaccine. Given the amino acid homology observed for all HAY isolates 

examined and the epidemiological evidence for a single serotype, such 

approaches to vaccine production appear highly feasible. Several 

researchers have constructed various eucaryotic and procaryotic 

expression vector systems. Chiron Research Laboratories has 

successfully expressed the nAY YPl gene and is currently beginning 

animal immunogenicity and protection studies (G. Van ~est, personal 

communication). 

The CDC, Hepatitis Branch is collaborating with Dr. Michael 

Rossman of Purdue University in an effort to determine the three 

dimensional structure of HAY by X-ray crystallography. Although not 

detailed in this dissertation, the spontaneous crystallization of HAY 

observed during HAY purification has directed our research toward these 

studies. The determination of the HAY three dimensional strLcture would 

not only elucidate the potential immunogenic exposed amino acid residues 

but also help to further characterize HAV within the picornaviridae. 

Using solid-phase peptide chemistry, in collaboration with Dr. Rob 

Meloen of the Central Veterinary Institute, The Netherlands, we are also 

attempting to examine the immunoreactive HAV epitopes to the resolution 
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of a single amino acid residue. Antisera gen"erated against 157S HAV, 

HAV VP1, and HAV 12S subunits will be evaluated by this technique. Both 

the X-ray crystallography and the solid-phase peptide approaches should 

define specific HAV epitopes potentially capable of inducing 

neutralizing antibodies and thus provide justification for evaluation as 

effective subunit vaccine candidates. 

Although HAV vaccine development has received considerable 

attention, basic virological studies of HAV continue. Investigations 

have primarily centered around the non-cytopathic nature of this agent. 

Sporadic reports of cytopathic HAV have failed to be subsequently 

confirmed. These reports have been ultimately attributed to other 

contaminating cytolytic viral agents. Laboratories continue to examine 

alternative cell lines and propagation conditions in an attempt to 

obtain a lytic nAY infection. Such a finding if confirmed, would 

contribute to an understanding of the genetics responsible for HAV 

non-lytic infection and facilitate further quantitative biochemical 

characterizations. Future necessary examinations of HAV infection in 

cell culture include: an elucidation of the morphogenesis of viral 

subunits into mature virions, electron microscopic and biochemical 

characterizations of virus egress from infected cells, identification of 

the "rate-limiting" step(s) responsible for the prolonged growth cyele 

ob~crvcd in HAV infection, and a determination of the mechanism(s) 

responsible for the'observed cell culture adaptation phenomenon. It is 

interesting to note that the characteristic non-lytic persistent 

infection in vitro seems contrary to the in vivo clinical manifestations 
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of this disease. Clinical infection in humans with HAV appears to 

result in severe cellular liver damage. Preliminary evidence in studies 

of HAV experimentally infected chimpanzees (H.S. Margolis, personal 

communication) suggests that liver damage may be immune-complex 

mediated. Thus, HAV infection in vivo may not be directly cytotoxic and 

the non-cytopathic nature of HAV in vitro may be a true representation 

of natural occurring HAV infection. 

In conclusion, this work is but another step in the ongoing 

process of the characterization of hepatitis A virus. The contents of 

this dissertation have provided important information concerning the 

overall molecular characterization of HAV. Growth and adsorption 

characteristics of HAV strains had not been previously well defined and 

as a result of this dissertation research, the first one-step growth 

curve for HAV was reported. In this day of rapidly advancing molecular 

virology a one-step growth curve study may seem unusual; however, the 

lack of a cytopathic strain of HAV and a reproducible, quantitative 

infectivity assay has prevented such determinations previously. The 

delineation of the J~V Pl region gene order using specific anti-peptide 

sera has given future researchers valuable information by localizing 

genes coding for immunologically important capsid polypeptides. This 

worK also defines HAV VPl and VP2 as the immunodominant and exposed. 

polypeptides. Collectively, this research provides information critical 

to the design of an effective synthetic and/or biosynthetic vaccine. 
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