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Abstract  

STRUCTURAL AND MECHANISTIC STUDIES ON AN 

ASTROVIRUS-NEUTRALIZING ANTIBODY: IMPLICATIONS 

FOR VACCINE DESIGN AND ANTIVIRAL THERAPIES 

 

By Walter A. Bogdanoff  

 

Human astrovirus (HAstV) is a leading cause of viral diarrhea in young 

children. HAstV is also associated with chronic diarrhea and even systemic 

infection in immunocompromised patients. Currently, no vaccines or 

antiviral therapies exist for HAstV infections. Several lines of evidence 

point to the presence of protective antibodies in healthy adults as a 

mechanism governing protection against future HAstV infection. Thus, we 

hypothesize that a vaccine that elicits protective antibodies will protect 

children from HAstV disease. A fundamental gap in our knowledge is an 

understanding of the binding sites and mechanisms of action of neutralizing 

antibodies that block HAstV infection. Our studies demonstrate that a single 

domain in the HAstV capsid protein is involved in binding to a potent 

neutralizing antibody. Furthermore, we have exciting structural and 

mechanistic studies on both the HAstV capsid domain and the neutralizing 

antibody. The overall studies have uncovered a point of vulnerability on the 

HAstV virus capsid surface and can lead the way for the development of a 

safe and effective prophylactic vaccine.  
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Chapter 1: Structural, Mechanistic, and Antigenic Characterization 

of the Human Astrovirus Capsid. 

 

1.1 Introduction 

Human astroviruses (HAstV) are a leading cause of viral gastroenteritis, 

specially affecting children, the immunocompromised, and the elderly(1-7). 

HAstV infections are estimated to be around 3.9 million cases per year in 

the United states alone(8). There are no vaccines nor therapeutics against 

the virus. HAstV is a nonenveloped, positive sense, single stranded RNA 

virus. In humans there are eight main viral serotypes (HAstV1-8)(1, 9, 10); 

with HAstV-1 being the most prominent viral serotype. HAstV is made up 

of a small genome of only about 7kb, with three open reading frames (ORF). 

ORF 1a and 1b code for non-structural proteins, and they are coded as a 

polypeptide where a frameshift between the two reading frames is 

responsible for the coding of open reading frame 1b (11, 12). Infection, as 

well as viral life cycle is poorly characterized. This complicates the 

production of viral vaccines and viral therapeutics. ORF 2 is responsible for 

the codding of structural proteins that form the capsid protein CP of the 

virus(13-15). The CP is made up of highly basic amino acids, followed by 

a highly conserved core domain, a variable spike domain, and a C-terminal 
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acidic domain (Fig. 1.1A)(16). The CP core domain contains a typical jelly 

roll β-barrel typical in many RNA viruses and a squashed β-barrel(16). It 

has been shown that the virus undergoes intracellular as well as extracellular 

processing in order to become fully infectious(17, 18). Intracellularly: the 

virus starts as a VP90 protein which gets cleaved by caspases, in particular 

caspase 3 and 9(19) . This leads to a VP70 capsid protein that no longer has 

the acidic domain(20, 21). The role of the acidic domain is yet to be 

determined, although it is thought that it may contribute to particle 

assembly. Extracellularly: after the virus is released from the infected cell, 

the virus has been shown to become fully infectious in-vitro only after the 

addition of trypsin to the media. After trypsin addition, viral infectivity 

increases by 105 fold(22-24). Analysis of the immature and mature particle 

through EM shows that in the immature state, the virus has 90 dimeric 

spikes. However, after trypsin digest, the number of spikes are reduced in 

number to 30(25). It is not known why the decrease of spikes is required for 

full viral infectivity, or if the structure of the spikes that shed is altered in 

any way. In this study, we provide insights into several explanations for the 

loss of spikes. To further explore structural features of the HAstV-1 spike 

domain, we solved the structure of the spike of HAstV-2 to 0.95 Å, and we 

used this information to fit the core domain with the spike domain into a 

previously solved cryo-EM density map to construct a fully immature and 
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mature viral particle. Finally, we also analyze if both domains in the CP are 

able elicit antibodies and if the antibodies that bind the human CP have cross 

reactivity with the CP of turkey astrovirus.          

 

1.2. Results  

1.2.a. Structure of the HAstV-1 CP spike domain. 

The HAstV-1 CP spike, composed of residues 429 to 645, was expressed in 

E. coli and purified. The HAstV-1 CP spike exhibited an apparent molecular 

mass of ~50 kDa as examined by gel filtration chromatography, consistent 

with dimer formation. The purified HAstV-1 CP spike was crystallized in 

the space group P41212, and a native diffraction data set was collected to 

0.95-Å resolution (Table 1). The previously determined structure of the 

HAstV-8 CP spike was used as a molecular replacement model. Structural 

alignment of the HAstV-1 and HAstV-8 CP spike dimer structures by the 

DaliLite server revealed nearly identical structures, with a root-mean-

square deviation of 0.8 Å (Fig. 1.1D). One noteworthy difference was an 

unexpected disulfide bond formed at the interface between the two 

protomers of the HAstV-1 CP spike dimer, despite the presence of reducing 

agents throughout protein purification. Sequence alignments of the HAstV-

1 to -8 capsid proteins revealed that this disulfide bond is unique to serotype 
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HAstV-1. To better understand the composition of the CP in mature HAstV, 

we mapped the locations of trypsin cleavage sites onto the HAstV CP core 

P1 domain (Fig. 1.1B) solved by a former member in the lab (Royce York). 

Most of the 11 trypsin cleavage sites are exposed on surface-accessible 

loops, suggesting that many sites may become cleaved during maturation. 

Consistent with this idea, SDS-PAGE studies of purified mature HAstV-1 

showed an absence of sizeable bands corresponding to the P1 domain. 

 

FIG 1.1. Schematics and crystal structures of HAstV-1 CP core and spike. 

(A) Schematics of the HAstV-1 CP domain structure and proteolytic 

processing events. Caspase and trypsin cleavage sites are indicated with 

white and orange arrows, respectively. (B) Crystal structures of the HAstV-

1 CP core. Trypsin cleavage sites are indicated with orange arrows. 

Disulfide bonds are labeled and colored yellow. N and C termini are labeled. 

(C) Model of mature T=3 HAstV-1 virion. Figures were made with 

PyMOL. (D) Crystal structure of HAstV-1 CP spike. Alignment of HAstV-

1 and HAstV-8 CP spike structures. The disulfide bond observed in the 

HAstV-1 CP spike is shown by stick models. 

Cys637 
Cys637 
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Table 1 Data collection and refinement statistics (molecular 

replacement) 
 

 HAstV-1 CP spike 

Data collection  

Space group P 41 21 2 

Cell dimensions  

    a, b, c (Å) 103.23 103.23 41.67 

    α, β, γ () 90.0 90.0 90.0 

Resolution (Å) 16.32- 0.95 (1.0-0.95) 

Rsym or Rmerge 0.073 (0.460) 

I / σI 13.7 (3.1) 

Completeness (%) 90.5 (67.4) 

Redundancy 6.0 (4.5) 

  

Refinement  

Resolution (Å) 16.21 – 0.95 

No. reflections 141,071 

Rwork / Rfree 0.131 / 0.143 

No. atoms  

    Protein 1,930 

    Ligands 20 

    Water 166 

B-factors  

    Protein 10.16 

    Ligands 17.48 

    Water 18.54 

R.m.s. deviations  

    Bond lengths (Å) 0.008 

    Bond angles ()  1.470 

 

 

*Data from one crystal was collected for the complete data set. *Values in 

parentheses are for highest-resolution shell. 
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1.2.b. Examination of polyclonal antibody binding and cross-reactivity. 

Almost nothing is known about the locations of epitopes on the surfaces of 

AstVs. Only two reports describe the isolation of anti-HAstV monoclonal 

antibodies, and all were found to immunoprecipitate VP25 or VP27, which 

we now know compose the HAstV spike. To investigate the antigenicity of 

both the HAstV-1 CP core and spike, we performed ELISAs and assessed 

binding to anti-HAstV-1 polyclonal antibodies, which exhibit high 

neutralizing activity against HAstV-1. Consistent with previous studies 

with monoclonal antibodies, we found that the HAstV CP spike is antigenic. 

Additionally, we showed that the HAstV CP core is also antigenic, though 

to a lesser extent. These data indicate that the mature HAstV-1 virion 

contains epitopes in both the CP core and spike domains that elicit an 

antibody response. However, the spike domain is more antigenic, and most 

importantly, we now know that only the spike domain elicits neutralizing 

antibodies against HAstV-1 (data not shown). To investigate the cross-

reactivity of anti-HAstV-1 polyclonal antibodies to divergent AstVs, we 

performed ELISAs with recombinant TAstV-2 CP core and spike (Fig. 1.2). 

We observed very little binding to anti-HAstV-1 polyclonal antibodies, 

suggesting a low level of sequence conservation between epitopes on 

HAstV-1 and those on TAstV-2. 
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FIG 1.2. Reactivities of HAstV-1 and TAstV-2 CP core and spike domains 

to anti-HAstV-1 polyclonal rabbit serum. (A) Reducing SDS-PAGE 

analysis of purified proteins used for ELISA. Lanes: M, Bio-Rad Precision 

Plus molecular weight markers; 1, HAstV-1 CP spike; 2, TAstV-2 CP spike; 

3, HAstV-1 CP core; 4, TAstV-2 CP core. Each lane was loaded with 10 µg 

protein. (B) Comparison of reactivities of purified HAstV-1 CP core (solid 

line) and TAstV-2 CP core (dashed line) to anti-HAstV-1 polyclonal rabbit 

serum by ELISA. (C) Comparison of reactivities of purified HAstV-1 CP 

spike (solid line) and TAstV-2 CP spike (dashed line) to anti-HAstV-1 

polyclonal rabbit serum by ELISA. Serum dilution 1 was 1/20 in blocking 

buffer, and each subsequent dilution was obtained by a 1:4 series dilution 

with blocking buffer. 
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1.2.c. Predicted functional sites on the surfaces of immature and mature 

HAstV-1 Models. 

Although the mechanism by which HAstV maturation by proteolysis 

increases infectivity is still unknown, our data provide insight into several 

possibilities, as follows. (i) Maturation may expose a receptor-binding site 

at an optimal time in the virus life cycle. Our data show that the surfaces of 

immature viruses are highly variable between HAstV-1 to -8, and 

maturation by trypsin, which removes 60 spikes, exposes a number of 

conserved sites on both the spike and core domains. A previous report 

identified three conserved potential receptor-binding sites on the spike 

domain: The P site, the S site, and the β-turn. We mapped these sites in the 

context of our immature and mature HAstV models and found that the P 

site lies on the most outward side of the virus and is exposed in both 

immature and mature HAstV (Fig. 1.3A). Thus, if the P site comprises a 

receptor-binding site, then immature HAstV would likely have the ability 

to attach to cells. In contrast, both the S site and the β-turn lie on the side of 

the spike and are sterically hindered by other spikes on immature HAstV. 

Thus, if the S site or β-turn comprises a receptor binding site, immature 

HAstV would not likely have the ability to attach to cells, and receptor 

binding would not occur until after virus maturation. Although the true site 

of receptor binding is unknown, having it unexposed until an optimal time 
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could be beneficial for both promoting virus release from cells and evading 

broadly neutralizing antibodies. (ii) Maturation may promote virus 

uncoating. Although the mechanism by which AstV is uncoated is 

unknown, protease maturation may change the ability of AstV to be 

triggered for uncoating in the endosome and for release of viral RNA. One 

possible mechanism is that the mature virus particle becomes less stable, 

making it primed for uncoating. (iii) Maturation may dampen host 

immunity. One possible mechanism is that the protease-released AstV 

spikes serve as decoys to dampen the effect of immune system antibodies. 

Another possible mechanism is that maturation allows HAstV to inhibit the 

complement pathway, and mapping of the previously determined C1q 

binding residues (HAstV-1 CP residues 80 to 138; also known as the CP1 

peptide) revealed that they are exposed only on mature HAstV (Fig. 1.3B). 

Although these may play a role in AstV pathogenesis, it is unlikely the sole 

purpose of protease maturation given its dramatic effect on AstV infectivity. 
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FIG 1.3. Known and predicted functional sites on the surfaces of immature 

and mature T=3 HAstV-1 models. (A) Predicted receptor-binding sites, i.e., 

the P site (red), the S site (yellow), and the β-turn (blue), mapped onto 

immature (top) and mature (bottom) T=3 HAstV-1 models. (B) The CP1 

peptide (HAstV-1 CP residues 80 to 138) (cyan) that binds complement 

C1q, mapped onto immature (top) and mature (bottom) T=3 HAstV-1 

models. Figures were made with Chimera. 
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1.3. Discussion 

We report here the crystal structures of the HAstV-1 CP core and spike 

domains at 2.60-Å and 0.95-Å resolutions, respectively. By using these 

structures to model immature and mature T=3 HAstV-1 particles, we 

provide new molecular insights into HAstV assembly, maturation, 

immunogenicity, and evolution. Our studies also provide new insights into 

HAstV maturation and the composition of mature T=3 HAstV particles. 

Like many viruses, HAstVs undergo proteolytic processing to produce 

mature, infectious particles. Although the in vivo protease(s) responsible for 

HAstV proteolysis has yet to be identified, it has been found that trypsin 

will increase HAstV infectivity 105-fold in cell culture. N-terminal 

sequencing studies previously identified the trypsin cleavage sites at 

residues 494 and 324 that produce the VP25 and VP27 proteins of the 

HAstV-1 CP spike, respectively; however, the boundaries of VP34 and the 

composition of the CP core domain in mature HAstV-1 remain elusive. Our 

data support a model in which the N terminus of the HAstV CP core is 

bound to RNA and protected from trypsin cleavage, making HAstV CP 

residue 1 the beginning of VP34. Thus, the C terminus of VP34 is likely 

made by a trypsin cleavage site occurring after residue 300, resulting in the 

observed ̴ 34- kDa band on SDS-PAGE. Here we mapped all 11 trypsin 

cleavage sites occurring between residues 299 and 394 of the HAstV-1 CP 
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core. Most of the sites lie on surface-exposed loops, suggesting their 

susceptibility to trypsin digestion; however, we do note that the trypsin 

cleavage sites at residues 299 and 304 lie on the side of the CP core on helix 

α4 and may be less susceptible. Thus, we hypothesize that the earliest 

trypsin cleavage occurs at R313, which is conserved in HAstV-1 to -8 and 

would result in a 33.7-kDa protein band. We also hypothesize that other 

trypsin cleavages occur; however, the remarkable fit of the full HAstV-1 

CP core structure into the cryo-EM map of mature HAstV-1 suggests that 

trypsin cleavage does not remove this region of the HAstV-1 CP entirely. 

Instead, these data together suggest that the trypsin-matured HAstV1 CP P1 

domain exists as proteolytic fragments that remain bound together through 

hydrophobic core interactions and the hydrogen-bonding network of the β-

barrel. Although the mechanism by which HAstV maturation by proteolysis 

increases infectivity is still unknown, our data provide insight into several 

possibilities. Which include: Maturation may expose a receptor-binding site 

at an optimal time in the virus life cycle.  Maturation may also promote 

virus uncoating. Another hypothesis is that maturation may dampen host 

immunity, or that maturation allows HAstV to inhibit the complement 

pathway. Finally, our studies reveal for the first time that the HAstV CP 

core domain plays a role in the adaptive immune response to HAstV. We 

showed that polyclonal antibodies raised against mature HAstV-1 recognize 
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both recombinant HAstV CP core and spike. Furthermore, we showed that 

these antibodies have almost no binding to a recombinant CP core and spike 

from an avian astrovirus (TAstV-2). These findings are consistent with the 

low level of conservation on the AstV particle surface observed by mapping 

out sequence conservation between mammalian and avian AstVs. Together, 

these antigenic studies have important implications for AstV vaccine 

development. 

 

1.4. Methods 

1.4.a. HAstV-1 CP spike production. 

cDNA corresponding to HAstV-1 capsid protein residues 429 to 645 

(accession number AAC34717.1) wascloned into pET52b in frame with a 

C-terminal thrombin cleavage site and a 10-histidine purification tag 

sequence. The plasmid was transformed into Escherichia coli strain 

BL21(DE3), and HAstV-1 CP spike expression was induced with 

1mMIPTG at 18°C for 16 h. E. coli cells were lysed by ultrasonication in 

20mMTris, pH 8.0, 300MNaCl, 1mMDTT, and 20 mM imidazole. The 

HAstV-1 CP spike was purified from soluble lysates by HisTrap metal-

affinity chromatography. The HAstV-1 CP spike was further purified by 

size-exclusion chromatography on a Superdex 75 column in 10mMTris, pH 
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8.0, 150mMNaCl, and 1mMDTT. The pure HAstV-1 CP spike was 

concentrated to ̴18 mg/ml. 

 

1.4.b. HAstV-1 CP spike structure determination. 

HAstV-1 CP spike crystals were grown by the hanging-drop vapor diffusion 

method at 22°C in a well solution containing 1Mammonium sulfate, 6% 

PEG 400, and 0.1M morpholineethanesulfonic acid (MES), pH 5.6. Crystals 

were transferred to a cryosolution of well solution and 35% (vol/vol) 

glycerol before being frozen in liquid nitrogen. Diffraction data were 

collected at cryogenic temperatures at Advanced Photon Source beamline 

23-ID-B. Data were processed with HKL-2000 (26) (Table 1.1). The 

HAstV-1 CP spike structure was solved by molecular replacement, using 

the HAstV-8 CP spike structure (PDB ID 3QSQ) (27) and the program 

PHASER (28). The HAstV-1 CP spike structure was refined and manually 

rebuilt by using Phenix (29) and Coot (30), respectively. 

 

1.4.c. TAstV-2 CP core and spike production. 

cDNAs corresponding to TAstV-2 CP residues 77 to 423 (core) and 424 to 

631 (spike) (accession number NP_987088) were cloned, expressed, and 

purified using the same methods as those for the HAstV-1 CP core and 
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spike, respectively. The only difference in methods was the use of E. coli 

strain Rosetta 2(DE3)pLysS for expression. 

 

1.4.d. Enzyme-linked immunosorbant assay (ELISA). 

Purified HAstV-1 or TAstV-2 CP core and spike (18.7 pmol/well) were 

incubated overnight at room temperature in their respective buffers in 96-

well enzyme-linked immunosorbent assay (ELISA) microtiter plates. Plates 

were then washed three times with phosphate-buffered saline containing 

0.05% Tween 20 (PBST). Wells were blocked by adding150 µl Thermo 

Scientific StartingBlock blocking buffer, followed by three PBST washes. 

The blocking and washing steps were repeated a total ofthree times. Anti-

HAstV-1 polyclonal rabbit serum (31) was initially diluted 1:20 with 

blocking buffer and then subsequently diluted 1:4 in series with blocking 

buffer. Wells were incubated with 150 µl of diluted polyclonal serum and 

incubated for 1 h at room temperature. Plates were washed three times with 

PBST and then incubated with a horseradish peroxidase (HRP)-conjugated 

secondary goat anti-rabbit IgG antibody diluted 1:5,000 in blocking buffer. 

Plates were washed three times with PBST and then developed by adding 

the peroxidase substrate o-phenylenediamine dihydrochloride (OPD) for 10 

min at room temperature. The reactions were stopped with 3 M sulfuric 

acid, and the absorbance was measured at 490 nm. 
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1.4.e. Modeling of HAstV-1CPcore and spike domains into the 

immature and mature HAstV cryo-EM maps. 

The HAstV-1 CP core was structurally aligned to the three quasi-equivalent 

HEV CP molecules from the T=3 model determined previously by cryo-

EM (32). This initial T=3 HAstV-1 CP core model was then fit into the 25-

Å-resolution cryo-EM density map of HAstV-1 (25) by using the program 

Chimera (33). Assessment of the T=3 HAstV-1 CP core model revealed a 

number of intermolecular clashes between core domains. Thus, sequential 

fitting between the three quasi-equivalent HAstV-1 CP core molecules, in 

combination with symmetric fitting, was performed with Chimera to reduce 

the number of clashes. Sequential rounds of fitting of the three quasi-

equivalent HAstV-1 CP core molecules into the cryo-EM map were then 

performed. This final T=3 HAstV-1 CP core model was used for 

construction of complete models of both immature and mature T=3 HAstV-

1. To construct the immature T=3 HAstV-1 model, 30 HAstV-1 CP spike 

dimers at the icosahedral 2-fold symmetry axes and 60 HAstV-1 CP spike 

dimers at the icosahedral 5-fold vertices were fitted into the immature 

HAstV-8 cryo-EM density map (25). To construct the mature T=3 HAstV-

1 model, 30 HAstV-1 CP spike dimers at the icosahedral 2-fold symmetry 

axes were fitted into the HAstV-1 cryo-EM map (25). 
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Chapter 2: De novo sequencing and resurrection of a human astrovirus 

neutralizing antibody.  

 

2.1 Introduction 

Human astrovirus (HAstV) is a leading cause of diarrhea in children and 

immunocompromised individuals but not in healthy adults. Currently no 

vaccines or antiviral therapies exist for HAstV infections. Several lines of 

evidence suggest that antibodies produced by the adaptive immune response 

are key to protection against HAstV infection. First, the rarity of HAstV 

infection in adults suggests that they have developed a protective adaptive 

immune response and, in fact, over 75% of healthy adults have anti-HAstV 

antibodies (1). Also, clinical studies with healthy volunteers found that 

those with more severe HAstV diarrheal disease had no detectable anti-

HAstV antibodies (2, 3). Finally, immunoglobulin therapy was associated 

with recovery of an immune-compromised patient with severe and 

persistent HAstV infection (4). Together, these data suggest that the 

development of a therapeutic antibody that neutralizes HAstV could 

provide a solution to treat and/or prevent HAstV infection.  

Only two reports published over twenty years ago describe the isolation of 

monoclonal antibodies (mAbs) that neutralize HAstV in cell culture (5, 6). 

These mouse mAbs bind to the HAstV capsid protein, which forms the T=3 



22 

 

icosahedral shell surrounding the viral RNA genome (5-7). In this study, we 

investigated one of these mAbs, mAb PL-2, which potently neutralizes 

HAstV serotype 2 (HAstV-2) (5). We obtained limited amounts of mAb PL-

2 in ascites fluid, however the hybridoma cells that produce mAb PL-2 are 

no longer available. Here, we describe the high-resolution crystal structure 

and de novo sequencing of the antigen-binding fragment (Fab) of mAb PL-

2. Having the Fab PL-2 sequence allowed us to “resurrect” the antibody and 

engineer a recombinant single chain variable fragment (scFv) that we find 

specifically binds to the HAstV-2 capsid protein.  

While de novo sequencing by mass spectrometry and resurrection of 

antibodies have been reported before (8), the case reported here is 

remarkable in two ways: (1) For the very first time, prior sequence 

knowledge of about 95% of the 430 amino acid residues in the Fab PL-2 

were already identified or constrained by X-ray crystallographic data, and 

(2) Fab Glycosylation – The Fab PL-2 had an unexpected N-linked 

glycosylation site. The advanced capabilities of the proteomics search 

software Byonic (Protein Metrics Inc.) allowed for the rapid amino acid 

sequence determination of Fab PL-2 and characterization of its 

glycosylation modifications.   
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2.2 Results 

 2.2.a.  Isolation and crystallization of Fab PL-2.  

Isolation and crystallization of Fab PL-2. The HAstV-2-neutralizing mAb 

PL-2 was purified from a limited supply of mouse ascites fluid using Protein 

A affinity chromatography. It is important to note that the original 

hybridoma cells were lost, and that no mRNA was available for sequencing 

of the mAb PL-2. Fab PL-2 fragments were then produced by papain 

cleavage, followed by Protein A, anion exchange, and size exclusion 

chromatography purification steps. Fab PL-2 crystallized after two to four 

weeks and formed needle clusters in two different crystallization conditions. 

Optimization of Fab PL-2 crystals into crystals suitable for X-ray 

crystallography was initially unsuccessful. We turned to a technique called 

streak seeding, in which crushed crystal microseeds are used to nucleate 

new crystallization drops (9). We found that streak seeding successfully 

promoted rapid growth of Fab PL-2 crystals within one to two days. 

Surprisingly, we found that single, three-dimensional crystals were obtained 

only by cross seeding, whereby microseeds from crystals formed in one 

crystallization condition are used to nucleate a drop containing a different 

crystallization condition (10). 
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Fig. 2.1 Fab PL-2 structure and amino acid sequence interpretation by 

X-ray crystallography. (a) Fab PL-2 crystal structure light chain (red) and 

heavy chain (blue) with the glycan highlighted in gray. (b) and (c) 

Ambiguous electron density where the amino acid could be interpreted as 

threonine or valine. (d) Lysine fitted in ambiguous electron density before 

mass spectrometry. (e) Fitting of N-acetyl-D-glucosamine (GlcNAc) into 

electron density from (d) after mass spectrometry.  The Fab PL-2 structural 

model and structure factors have been deposited into the online Protein Data 

Bank (PDB; www.pdb.org) as PDB entry 5I30. 

 

 

 

 

http://www.pdb.org/
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Table 2.1.  Data collection and refinement statistics (molecular 

replacement) 

 

 Fab PL-2 

Data collection  

Space group C 2 2 21 

Cell dimensions  

    a, b, c (Å) 72.22 107.47 78.27 

    α, β, γ () 90.0 90.0 90.0 

Resolution (Å) 38.79-1.90 (6.01-1.90) 

Rsym or Rmerge 0.112 (0.580) 

I / σI 13.2 (3.4) 

Completeness (%) 98.6 (97.4) 

Redundancy 6.7 (6.4) 

  

Refinement  

Resolution (Å) 85.24 – 1.90 

No. reflections 35,929 

Rwork / Rfree 0.191 / 0.219 

Ramachandran (%) 

    Favored                                                              

    Allowed 

    Outliers                                 

 

98.33 

1.43 

0.0 

R.m.s. deviations  

    Bond lengths (Å) 0.006 

    Bond angles ()  0.929 

 

*Data were collected from a single crystal.  Values for the highest-

resolution shell are shown in parentheses. bRfree was calculated using 5% 

of the reflections. 
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2.2.b. Crystal structure determination of Fab PL-2.  

Fab PL-2 crystals diffracted to 1.9-Å resolution and the Fab PL-2 structure 

was solved by molecular replacement (Fig. 2.1a and Table 2.1). Although 

we did not have the sequences of the Fab PL-2 heavy and light chains, the 

high resolution of our data allowed us deduce approximately 90% of the 

amino acids using a combination of electron density maps, neighboring 

amino acid interactions, and mouse mAb IgG sequence conservation (11). 

Problematic amino acids were those that had ambiguous electron density 

and no neighboring interactions with other amino acids. For example, valine 

and threonine residues had indistinguishable electron density maps (Fig. 

2.1b,c). Moreover, amino acid 88 in the heavy chain of Fab PL-2 had 

perplexing electron density that extended beyond the longest amino acids, 

and we initially assigned it as lysine (Fig. 2.1d). To obtain the complete 

sequence of Fab PL-2, we turned to de novo protein sequencing by mass 

spectrometry (see below).  The Fab PL-2 sequence determined by mass 

spectrometry was used to finalize the structure of Fab PL-2 (Table 2.1). 

 

2.2.c. Intact Mass of Fab PL-2.  

We determined the masses of the full Fab PL-2 and of the Fab PL-2 heavy 

and light chains from mass spectra of intact and reduced Fab PL-2. We 

achieved isotope resolution on the Fab PL-2 heavy chain and light chain 
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(Fig. 2.2), but not on the full Fab PL-2, although we identified multiple 

masses for the intact Fab. The Fab PL-2 heavy chain showed a number of 

mass variants in both the MS scans and in the deconvolved spectra (Fig. 2.2, 

inset). The mass deltas between variants could be explained by either 

glycosylation or N- or C-terminal extensions due to inexact cleavage by 

papain. For example, the delta of ~147 Da between the most abundant 

variants could be either Fucose or Phenylalanine. 

 

 

 

Fig. 2.2. Intact mass analysis of reduced Fab PL-2.  MS spectrum of Fab 

PL-2 light (red) and heavy chain (blue).  Deconvolution of the charge states 

yields intact reduced masses of 23,654 Da for the light chain and 25,528 Da 

for the heavy chain. The heavy chain gives a series of peaks with mass deltas 

suggestive of glycosylation, for example, the difference between the two 

largest peaks (147 Da) is close to the mass of fucose (insert).  
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Fig. 2.3.  De novo sequencing via wildcard search.  Byonic matched the 

pictured mass spectrum to MNSLQAK{+189.026}DTGIYYC[+57.021] 

GR, where { } indicates a wildcard (unidentified) mass delta and [ ] 

indicates a known modification, in this case cysteine alkylation. The peak 

at 204.086 is the oxonium ion for HexNAc, the nearly universal mark of a 

glycopeptide. Manual analysis quickly corrected the peptide to 

MNSLQAN[+203.079]DTGIYYC[+57.021]GR, explaining the peaks at 

1218.525, 1289.556, and 1418.607 as ~y10, ~y11, and ~y12 (iso1) with ~ 

indicating loss of the glycan. 
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2.2.d. De novo sequencing of Fab PL-2.   

We used four different protease digestions and high-resolution tandem mass 

spectrometry to obtain the full sequence of Fab PL-2.  De novo sequencing 

was accomplished semi-automatically using Byonic (Protein Metrics Inc.) 

by iterative error-tolerant “wildcard” (mass deviation allowed on any amino 

acid) searches against the current best protein sequence and manual 

improvement of the sequence to explain “wildcard” matches. A final gap in 

the sequence coverage revolved around peptides that contained the Fab PL-

2 heavy chain amino acid 88, which was also difficult to identify by electron 

density maps and was initially assigned as a lysine. In an effort to fill in the 

missing sequence, the maximum wildcard mass was increased from 130 Da, 

sufficient for single amino acid substitutions, to 500 Da. This search found 

several wildcard matches to the missing stretch with clear peaks at 204.087, 

the oxonium ion for HexNAc, and wildcard masses of 189.026 and 335.083, 

which are explainable by a single lysine to asparagine substitution (mass 

delta –14.052) and a truncated N-glycan, either HexNAc (203.079) or 

HexNAc-Fuc (349.137). Although the intact mass spectra had given hints 

that the Fab heavy chain might include glycosylation, the Fab PL-2 

glycosylation was initially identified serendipitously, by observation of the 

characteristic monosaccharide HexNAc oxonium ion in a spectrum with a 

wildcard match to the sequence gap (Fig. 2.3). The discovery of a 
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glycosylated asparagine provided a clear explanation for the electron 

density map at amino acid 88 (Fig. 2.1e).  Merging sequence information 

from crystallography and mass spectrometry allowed for the determination 

of the Fab PL-2 sequence with no ambiguities (Fig. 2.4). 

 

 

Fig. 2.4.  Alignment of Fab PL-2 sequences determined by X-ray 

crystallography (CR) and mass spectrometry (MS). Highlighted in 

yellow are amino acids whose identities were ambiguous in electron density 

maps. Highlighted in green are amino acids whose order was ambiguous in 

mass spectrometry data due to an absence of fragmentation. Highlighted in 

red are amino acids that were incorrect or absent from the sequence 

determined by X-ray crystallography but were corrected after mass 

spectrometry.       

 

2.2.e. Fab PL-2 glycosylation modification determination.   

Once glycosylation was recognized, the Byonic glycopeptide search found 

approximately 50 other glycoforms of the same peptide, using a 

glycopeptide search with a corrected FASTA protein sequence and 

Byonic’s predefined glycan database of 309 mammalian N-glycan 
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compositions. Some glycans are as large as HexNAc(5)Hex(9)Fuc(1) at 

2620 Da, which most likely represents a core-fucosylated glycan with three 

antennae each terminating in Gal-alpha-Gal. Other glycan compositions, 

along with manual inspection of characteristic spectrum peaks, indicate 

other glycan motifs not usually found in Fc glycosylation, such as antennal 

fucosylation and sialylation with either or both NeuAc and NeuGc. Our 

results are in agreement with previous reports that glycans on the Fab can 

be larger and more varied than those on the Fc (12). The distance between 

Asn87 and the closest CDR loop is ~20 Å, suggesting that the glycan is 

unlikely to be involved in antigen binding. More likely, the glycan is 

involved in Fab stability and solubility (13). 

 

2.2.f. Engineering of scFv PL-2.   

Having the Fab PL-2 heavy chain and light chain amino acid sequences 

allowed us to engineer a recombinant antibody construct comprising a 

single chain variable fragment (scFv) of the PL-2 antibody. Our 

recombinant scFv PL-2 construct is a fusion protein of the variable regions 

of the heavy and light chains, connected by a flexible 20-amino acid linker. 

We chose to express the scFv using the Drosophila S2 cell system because 

these cells can glycosylate protein and secrete the recombinant scFv into the 

growth media (14). Recombinant scFv PL-2 was purified by Strep-Tactin 
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affinity chromatography followed by size-exclusion chromatography to 

isolate the purified, monomeric form of the scFv (Fig. 2.5a,b). Overall 

yields are ~20 milligrams of scFv PL-2 per Liter of S2 cells.  

 

 2.2.g. Antigen recognition by mAb PL-2 and scFv PL-2.   

mAb PL-2 binds to the surface of the HAstV-2 virion, which is formed by 

the virus capsid protein (5). To determine if recombinant scFv PL-2 retains 

the ability to bind to the HAstV-2 capsid protein, we first used a wheat germ 

cell-free protein synthesis system to express the full length HAstV-2 capsid 

protein (15). Recombinant HAstV-2 capsid protein containing a C-terminal 

10-histidine tag (~90 kDa) was expressed and remained in the soluble 

fraction of the wheat germ extracts (Fig. 2.5c). Unfortunately, we were 

unable to purify the recombinant HAstV-2 capsid protein in sufficient 

amounts for antibody-binding studies. Instead, the binding studies described 

below were performed with wheat germ extract containing recombinant 

HAstV-2 capsid protein. 

To test for scFv PL-2 binding to the HAstV-2 capsid protein, we first 

performed a immunoprecipitation experiment using scFv PL-2 immobilized 

on Strep-Tactin beads (Fig. 2.5d). The scFv fragment was able to associate 

with recombinant HAstV-2 capsid protein and pull it out of the wheat germ 

extract. Although the amount of capsid protein was too low to detect by 
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Coomassie-stained SDS-PAGE, an anti-histidine-tag Western blot detected 

the presence of the His-tagged HAstV-2 capsid protein. As a negative 

control, we performed the immunoprecipitation experiment with wheat 

germ extract alone (no HAstV-2 capsid protein), and no His-tagged proteins 

were immunoprecipitated (Fig. 2.5d). 

To further validate the binding of scFv PL-2 to the HAstV-2 capsid protein, 

we performed an enzyme-linked immunosorbent assay (ELISA) (Fig. 2.5e). 

ELISA plates were coated with wheat germ extract containing recombinant 

HAstV-2 capsid protein (+ Capsid) or wheat germ extract alone (- Capsid) 

and binding by mAb PL-2, a negative control mAb NegC, or scFv PL-2 was 

determined. Our experiments reveal that both mAb PL-2 and scFv PL-2 

bind to wheat germ extract containing recombinant HAstV-2 capsid protein, 

and no binding was observed to wheat germ extract alone. Furthermore, no 

binding was observed by negative control mAb NegC. Together, these data 

suggest that recombinant scFv PL-2 has the same binding specificity as 

mAb PL-2. 
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Fig. 2.5. Detection of HAstV-2 capsid protein by scFv PL-2. (a) 

Reducing SDS-PAGE analysis of purified proteins. Lanes: M, Molecular 

weight marker; 1, mAb PL-2; 2, scFv PL-2; 3, negative control mAb NegC. 

(b) Anti-Strep-tag Western Blot detection of scFv PL-2, which contains a 

Strep-tag (lane 4). (c) SDS-PAGE (left) and anti-His-tag Western Blot 

(right) analyses of wheat germ extracts containing recombinant HAstV-2 

capsid protein (C) or wheat germ extract alone (-). (d) SDS-PAGE (left) and 

anti-His-tag Western Blot (right) analyses of immunoprecipitation 

experiments using scFv PL-2 and wheat germ extracts containing 

recombinant HAstV-2 capsid protein (C) or wheat germ extract alone (-). 

(e) ELISA detection of antibody binding to HAstV-2 capsid protein. Wells 

were coated with wheat germ extracts containing recombinant HAstV-2 

capsid protein (+Capsid) or wheat germ extract alone (-Capsid). Binding 

was detected by a HRP-conjugated goat anti-mouse IgG secondary antibody 

(for full-length mAbs) or HRP-conjugated Strep-Tactin (for scFv PL-2). 

Experiments with mAb PL-2 and scFv PL-2 were performed in triplicate. 

Due to limited amounts of wheat germ extract samples, the negative control 

experiments with mAb NegC or no primary antibody were performed in 

duplicate. Error bars represent the standard deviation. 
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2.3 Discussion 

In this study, we sought to resurrect the HAstV-neutralizing mAb PL-2, 

whose amino acid sequence was unknown. Unfortunately, as is often the 

case for mouse mAbs produced decades ago, the hybridoma cells that 

produce mAb PL-2 were no longer available for sequencing of antibody 

heavy and light chain mRNA transcripts. However, several milliliters of 

mAb PL-2 in ascite fluid still existed for further studies. Here, we 

determined the Fab PL-2 amino acid sequence and glycosylation 

modification by combining X-ray crystallography and mass spectrometry. 

Having the Fab PL-2 amino acid sequence allowed us to produce 

recombinant scFv PL-2 that retained specificity for binding to its viral 

antigen, the HAstV-2 capsid protein. Our ability to now produce 

recombinant forms of mAb PL-2 in endless supplies allows for further 

characterization of this antibody’s binding site epitope and mechanism of 

HAstV neutralization. Having the mAb PL-2 sequence also allows for its 

humanization and development into a therapeutic antibody for the 

prevention or treatment of HAstV infection.  

Our studies highlight the recent advancements in de novo protein 

sequencing by mass spectrometry. Advances in mass spectrometer 

instrumentation enable ultrahigh resolution studies on challenging, low-

abundance, and high-complexity samples. Equally significant are the 
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advances in mass spectrometry search algorithms that facilitate rapid de 

novo protein sequencing, allowing it to become a routine application. In this 

study, we needed only a few days to analyze mass spectrometry data and 

determine the Fab PL-2 sequence, however we concede that the high degree 

of prior sequence knowledge by X-ray crystallography facilitated the de 

novo sequencing by Byonic’s “wildcard” search. Nevertheless, in 

subsequent studies of other antibodies, we have found that it is quite normal 

to have over 90% identity between an unknown Fab and the closest Fab 

sequence in GenBank.  

An unexpected observation during the course of this study was the 

identification of a glycosylation site in Fab PL-2 at an asparagine in the 

sequence QANDT between CDRs H2 and H3. The Byonic glycopeptide 

search found approximately ~50 different glycoforms at this site. In 

subsequent studies of other antibodies, we have observed Fab glycosylation 

at this same site. Retrospective analyses reveal that ~20% of mouse and 

human mAbs have Fab glycosylation. The germline sequence is QADDT, 

and because D  N is one of the most common mutations, this N-

glycosylation site is fairly likely to arise during somatic hypermutation. 

Little is known about the role of Fab glycosylation in antigen binding and 

autoimmune disease. Recent studies have shown that Fab glycosylation 

varies in a similar way as Fc glycosylation (more sialylation, less bisecting 
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GlcNAc) during pregnancy, when autoimmune diseases generally go into 

remission (16). Furthermore, Fab glycosylation has been shown to react to 

certain leukocytes and affect local immune responses, such as those in the 

placenta (17). Only a few therapeutic mAbs include Fab glycosylation; one 

such example is cetuximab, a therapeutic mAb with Fab glycosylation at 

the homologous sequence QSNDT. Interestingly, engineering of a Fab 

glycosylation site into the therapeutic antibody bevacizumab has been used 

to mask hydrophobic amino acids, thereby increasing the antibody stability 

and decreasing its aggregation (13). 

Overall, we hope that our studies encourage other infectious disease 

researchers to characterize mAbs that have been isolated in their labs. With 

advancements in de novo protein sequencing and recombinant antibody 

production and engineering, these mAbs can now be developed into 

clinically useful diagnostic antibodies and antimicrobial therapeutic 

antibodies. 

   

2.4 Methods  

2.4.a. mAb PL-2 purification.  

mAb PL-2 was purified from mouse ascites fluid with Protein A Plus 

columns (Thermo Scientific). mAb PL-2 was eluted with IgG Elution buffer 
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(pH 2.8; amine-based), and elution was neutralized with 1M Tris pH 8. mAb 

PL-2 was dialyzed into phosphate-buffered saline pH 7.4 (PBS).  

 

2.4.b. Fab PL-2 production and purification.   

mAb PL-2 Fab fragments (Fab PL-2) were generated by incubation of 

purified mAb PL-2 with immobilized papain overnight at 37˚C. Antibody 

Fc fragments were removed with Protein A Plus columns and the flow 

through containing the Fab PL-2 fragments was collected. Fab PL-2 was 

then dialyzed into 20mM Tris pH 8.5 and 25mM NaCl and further purified 

by anion exchange chromatography on a HiTrap Q FF column (GE 

Healthcare) with a gradient elution with 20mM Tris pH 8.5 and 1000mM 

NaCl. Fab PL-2 was further purified by size-exclusion chromatography on 

a Superdex 200 column in PBS.  

 

2.4.c. Fab PL-2 structure determination.   

Purified Fab PL-2 was dialyzed into 10mM Tris pH 8.0 and 150mM NaCl 

and concentrated to 18.1 mg/ml. A crystal grew by sitting drop vapor 

diffusion with a well solution of 25% PEG 3350 and 0.1M citric acid pH 

4.5. This crystal was used for self-seeding into a pre-equilibrated hanging 

drop with a well solution of 32% PEG 3350 and 0.1M citric acid pH 4.5. 

Needle-like crystals grown in this condition were used for cross-seeding 
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into a pre-equilibrated hanging drop with a well solution of 15% PEG 3350 

and 0.2M ammonium phosphate monobasic pH 4.6. Crystals were 

transferred into a cryoprotectant of 30.8% PEG 3350, 0.2M magnesium 

acetate, and 30% ethylene glycol and then flash frozen in liquid nitrogen. 

Diffraction data were collected at cryogenic temperature at the Advanced 

Light Source Beamline 5.0.1. Diffraction data were processed with iMosflm 

18 (Table 2.1). The structure was solved by molecular replacement using the 

Fab fragment from the influenza virus N9 neuraminidase-NC41 Fab 

complex structure (PDB ID 1NCA) 19 and the program PHASER 20. The 

Fab PL-2 structure was refined and manually rebuilt using PHENIX 21 and 

Coot 22, respectively. The initial Fab PL-2 sequence was determined by 

assessment of the electron density maps of each amino acid side chain. 

Observations of hydrogen bond or van der Waals interactions aided in 

distinguishing between amino acids with similar electron density maps. If 

an amino acid could not be determined using the electron density alone, the 

consensus amino acid from an alignment of 29 different Fab-antigen 

complex crystal structures was used to predict the initial Fab PL-2 sequence 

11. This preliminary Fab PL-2 sequence was used as a starting point for 

sequence determination by mass spectrometry. The Fab PL-2 structure was 

corrected and finalized using the sequence determined by mass 

spectrometry. The Fab PL-2 structural model and structure factors have 
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been deposited into the online Protein Data Bank (PDB; www.pdb.org) as 

PDB entry 5I30. 

 

2.4.d. Sample preparation for mass spectrometry.  

Purified Fab PL-2 in PBS at 0.5 mg/ml in a total of 0.5 ml was used for 

mass spectrometry. 10ug was buffer exchanged into 0.5% acetic acid for 

intact mass analysis using 7kDa MWCO Zeba columns (Pierce). 4ug were 

reduced by adding TCEP in 0.5% acetic acid to a final concentration of 

20mM. The reaction was allowed to proceed at RT for 1h, and the sample 

was desalted using POROS R2 50 beads. For protease digests, 40ug Fab 

PL-2 were buffer exchanged into 100mM ammonium bicarbonate using 

7kDa MWCO Zeba columns. The sample was reduced in DTT (10mM final 

concentration) for 1h at 57C followed by alkylation with iodoacetamide 

(20mM final concentration) for 45min at RT in the dark.  The sample was 

divided into four aliquots of 10ug and digested over night at RT with 

Trypsin, Glu-C and Lys-C (Promega) overnight, or with Chymotrypsin 

(Promega) for 4h at RT. Samples were acidified with 0.2% TFA/5% formic 

acid and desalted using POROS R2 50 beads.  

 

 

 

http://www.pdb.org/
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2.4.e. Mass spectrometry.   

Intact Fab: 0.1ug of Fab PL-2 was loaded onto a ProSwift RP-4H 

monolithic column (1 x 250 mm) column mounted on an EASY nLC-1000 

nanoUHPLC coupled to an Thermo Scientific Orbitrap Fusion mass 

spectrometer.  The Fab was eluted off the column using a gradient of 20-

100%B (90% acetonitrile, 0.5% acetic acid) over 50 minutes. MS1 data was 

acquired by alternating between ion-trap scans and Orbitrap scans, with the 

HCD cell set to Intact Protein Mode (0.003 Bar); ion trap scans were 

performed at 1000-2200 m/z using quadrupole isolation. Maximum 

injection time was set to 35ms with an AGC target of 3 x 105 summing 20 

microscans. S-Lens RF was set to 100 with ISD set to 5eV. Settings for the 

Orbitrap scan were identical, except the resolution was set to 15,000 and the 

AGC target was set to 5 x 105. Reduced Fab: 0.1ug of reduced Fab PL-2 

was loaded onto a ProSwift RP-4H monolithic column (1 x 250 mm), 

mounted on an EASY nLC-1000 nanoUHPLC coupled to an Orbitrap 

Fusion mass spectrometer.  The Fab was eluted off the column using a 

gradient of 0-100%B (90% acetonitrile, 0.5% acetic acid) over 50 minutes. 

Data was acquired at full MS in the Orbitrap, with an HCD cell set to Intact 

Protein Mode (0.003 Bar). Scans were acquired from 600-1800 m/z with 

450,000 resolution using quadrupole isolation. Maximum injection time 

was set to 35ms with an AGC target of 5 x 105 summing 10 microscans. S-
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Lens RF was set to 80 with ISD set to 5eV. Digested Fab: 0.2ug of each 

digest was loaded onto an EASY-Spray C18 Pepmap RSLC column (500 x 

0.075mm) mounted on an EASY nLC-1000 nanoUHPLC coupled to a Q-

Exactive mass spectrometer.  The sample was eluted off the column using 

a gradient of 0-30%B (90% acetonitrile, 0.5% acetic acid) over 90 minutes. 

MS1 data was acquired from 400-1500 m/z, 70,000 resolution, and1 

microscan . Data dependent MS2 scans were performed on the top 20 

precursors with dynamic exclusion activated for 30s. Precursors were 

isolated using a 2m/z window and HCD fragmented at 27% of normalized 

collision energy (NCE). Underfill ratio was set to 5%, with a minimum 

intensity of 2 x 104. Precursors with charges of 1-4 were excluded from 

fragmentation, as well as charge unassigned precursors. First mass at MS2 

was fixed at 150 m/z. 

 

2.4.f. Fab PL-2 amino acid sequence determination.   

Unknown amino acids were determined by iteratively searching the spectra 

against the current best protein sequence (FASTA format) using Byonic 

v.2.6 (Protein Metrics Inc.). Byonic searches used mass tolerances of 10 

ppm for precursors and 20 ppm for fragments, and digestion specificities 

appropriate for the protease, for example, semi-specific cutting after Arg 

and Lys for the trypsin digest, and semi-specific cutting after Trp, Tyr, Phe, 
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Met, and Leu for chymotrypsin. Initial searches allowed a “wildcard” 

modification (any mass delta from -130 to +130 Da on any one amino acid 

residue), along with a few of the most common known modifications, 

namely oxidized methionine, deamidated asparagine, pyro-glu N-terminal 

Glu and Gln, and over-alkylated His, Lys, and N-terminus. Recognizable 

wildcards were manually converted to known variants, usually single amino 

acid substitutions, by editing the FASTA, and spectra were then searched 

against the improved FASTA database. After ~5 iterations, the complete 

Fab PL-2 light chain sequence was determined, as well as the complete 

heavy chain sequence, except for a stretch of ~10 residues between the 

heavy chain CDR2 and CDR3, around the N-linked glycosylation site, as 

described above. 

 

2.4.g. Production of recombinant scFv PL-2.  

The pMT-BiP-scFv-PL-2 expression plasmid was constructed based on 

previous studies 13. Briefly, a synthetic gene codon-optimized for 

Drosophila melanogaster (Integrated DNA Technologies) containing the 

Fab PL-2 heavy chain residues Asp1- Ser115, a Kpnl restriction site, a 

GGS(GGGGS)2GGG linker, a Nhel restriction site, and the Fab PL-2 light 

chain residues Asp1- Arg108, was cloned into a pMT-BiP vector between 

the BglII and Sacll restriction sites in frame with an N-terminal BiP signal 
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sequence and a C-terminal thrombin protease cleavage site followed by a 

Twin Strep-tag. The plasmid contains a metallothionein promoter for 

induction of gene expression. The resulting pMT-BiP-scFv-PL-2 

expression plasmid along with a hydrogmycin resistance plasmid 

(pCoHygro) was used to obtain stably transfected Drosophila melanogaster 

Schneider 2 (S2) cells. The S2 cells were grown in shaker flasks to 4.2 x 

106 cells/ml in Insect-XPRESS medium containing 1XPen/Strep and 

400μg/ml of hygromycin, and expression of scFv PL-2 was induced with 

500 μM of cupric chloride. After 5 days, cells were pelleted and media 

containing secreted scFv PL-2 was 0.22uM filtered and 100-fold 

concentrated by tangential flow filtration. The media sample was 

supplemented with 80 mM Tris pH 8.0 and BioLock (IBA) to mask biotin 

in the media and 0.22uM filtered again. scFv PL-2 was affinity purified on 

a StrepTrap column followed by size-exclusion chromatography using a 

Superdex200 column in PBS.  Final yields of purified protein were ~ 20mg 

per liter. 

 

2.4.h. Production of recombinant HAstV-2 capsid protein.  

A synthetic gene codon-optimized for Spodoptera frugiperda (Genewiz) 

encoding the HAstV-2 capsid protein (UniProt Accession# Q82446) in-

frame with a C-terminal thrombin protease cleavage site and a 10XHis-tag 
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was cloned into the pEU vector between the KpnI and Notl restriction sites.  

The resulting pEU-HAstV-2-capsid expression plasmid was isolated 

following instructions from a DNA purification kit (Clontech Laboratories, 

Inc.), yet excluding the RNase from the resuspension buffer A1. To separate 

the DNA plasmid from bacterial RNA contaminants, a RNA and DNA 

precipitation protocol was adapted from an online protocol 23. Briefly, 

sample was diluted with RNAse-free water to 90µl and 30µl of 8M LiCl 

was added. Sample was incubated for 30min at -20°C and spun at 4°C at 

15,000xg for 15min. The supernatant was isolated and 80µl of isopropanol 

was added. Sample was incubated for 30min at -20°C and spun at 4°C at 

15,000xg for 15min. The supernatant was discarded; the pellet was carefully 

washed with 100µl of 70% ethanol. Sample was spun at 4°C at 15,000xg 

for 5min. Supernatant was discarded and pellet was dried at 50°C for 15 

minutes. DNA plasmid in the pellet was resuspended with 8µl of 5mM Tris 

pH 8.5. In-vitro transcription and translation of recombinant HAstV-2 

capsid protein was performed with a wheat germ cell-free protein synthesis 

system (WEPRO7240 Expression kit, CellFree Sciences). Transcription 

was carried out at 37°C for 6 hours with a 20 µl reaction containing 2µg of 

pEU-HAstV-2-capsid expression plasmid, 1X transcription buffer, 25mM 

NTP, 20U RNAse inhibitor, and 20U SP6 RNA Polymerase. Translation 

mixture containing 10µl of transcribed mRNA, 0.8µl of creatine kinase at a 
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concentration of 1mg/ml and 10µl of the WEPRO wheat germ extract was 

incubated under 206µl of 1X SUB_AMIX. Translation was allowed to 

proceed for 20 hours at 15°C. Protein expression was evaluated by using 

RFP as a positive control. The wheat germ extract reaction was mixed by 

pipetting and then spun down at 14,000xg for 10 minutes. The insoluble 

(pellet) and soluble (supernatant) fractions were analyzed by reducing SDS-

PAGE and Western Blot with a HRP-conjugated anti-His-tag antibody. 

 

2.4.i. HAstV-2 capsid immunoprecipitation using scFv PL-2-coated 

beads.  

100µl of Strep-Tactin Sepharose resin (IBA) was incubated at 4°C for 15 

minutes with 0.6mg of purified scFv PL-2 in PBS. Beads were washed twice 

with 500µl of buffer W (100mM Tris, 150mM NaCl, 1mM EDTA, pH8). 

Beads were then incubated at 4°C for 15 minutes with 100µl soluble fraction 

of wheat germ extract containing recombinant HAstV-2 capsid protein (+ 

Capsid) or 100µl wheat germ extract alone (- Capsid) containing all of the 

components for translation but no transcribed mRNA. Beads were washed 

twice with 500µl of buffer W and bound protein was eluted with 40µl of 

buffer E (buffer W containing 2.5 mM D-desthibiotin).   
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2.4.j. Enzyme-linked immunosorbant assay (ELISA).  

50µl soluble fraction of wheat germ extract containing recombinant HAstV-

2 capsid protein (+ Capsid) or 50µl wheat germ extract alone (- Capsid) was 

diluted with 100µl of PBS and incubated overnight at room temperature in 

a 96-well microtiter plate. The plate was then washed four times with 1X 

PBS containing 0.1% Tween 20 (PBST). Wells were blocked by adding 

150μL of 5% BSA in PBS and incubated for one hour, followed by four 

PBST washes. Wells were then incubated with 150µl of primary antibody 

at room temperature for one hour. Full-length antibodies mAb PL-2 and the 

negative control IgG1 mAb (mAb NegC) that recognizes the V1V2 domain 

in the HIV envelope glycoprotein were incubated at 5μg/ml in 1% BSA in 

PBS (blocking buffer). The scFv PL-2 was incubated at 20μg/ml in blocking 

buffer. Plates were washed four times with PBST and then incubated for 1 

hour at room temperature with HRP-conjugated goat anti-mouse IgG 

secondary antibody (for full-length mAbs) or HRP-conjugated Strep-Tactin 

(for scFv), each diluted 1:5,000 in blocking buffer. Plates were washed four 

times with PBST and then developed by adding peroxidase substrate o-

phenylenediamine dihydrochloride (OPD) in phosphate-citrate buffer and 

1.5% hydrogen peroxide for 5 minutes at room temperature. The reactions 

were stopped with 2N sulfuric acid, and the absorbance was measured at 

490 nm. 
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Chapter 3: Structure of a Human Astrovirus Capsid-Antibody Complex 

and Mechanistic Insights into Virus Neutralization. 

 

3.1 Introduction  

The Astroviridae family is comprised of two genera, Mamastrovirus and 

Avastrovirus, which infect mammalian and avian species, respectively(1). 

Members of the Avastrovirus genus cause a variety of disease 

manifestations, growth defects, and mortality in poultry(2). Members of the 

Mamastrovirus genus cause infections in humans and a wide range of 

mammals(3). Human astroviruses are classified into eight canonical 

serotypes (HAstV-1-8) within the Mamastrovirus genogroup 1 (4), where 

HAstV-1 is the predominant serotype worldwide(5, 6). HAstV is a leading 

cause of viral diarrhea in children, immune compromised individuals, and 

the elderly(7). There are approximately 3.9 million cases of viral diarrhea 

due to HAstV in the United States every year(8). In addition, highly 

divergent strains of HAstV have recently been attributed to encephalitis in 

immune compromised individuals(9-11). 

There are no vaccines or antiviral therapeutics for HAstV disease. Several 

studies provide evidence that antibodies developed by the adaptive immune 

response during childhood HAstV infection provide protection against 
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subsequent HAstV infection in adulthood. Approximately 75% of children 

in the United States have acquired antibodies against HAstV by age ten(12). 

Clinical studies with healthy adult volunteers found that those with more 

severe HAstV diarrheal disease had no detectable anti-HAstV 

antibodies(13, 14). Finally, immunoglobulin therapy was associated with 

recovery of an immune compromised patient with severe and persistent 

HAstV infection(15). Together, these data suggest that anti-HAstV 

antibodies acquired by active or passive immunity can provide protection 

against HAstV infection and disease. However, the locations of neutralizing 

antibody epitopes are unknown, and this information is critical for rational 

design of vaccine immunogens.   

Astroviruses are nonenveloped icosahedral viruses with a ~7 kb positive-

sense, single-stranded RNA genome. The astrovirus genome has three 

ORFs; ORF1a and ORF1b encode non-structural polyproteins and ORF2 

encodes the capsid protein that encapsulates the viral genome(16, 17). The 

multi-domain capsid protein (CP) contains a highly basic N-terminal region, 

a core domain, a spike domain, and a C-terminal acidic region(18). Newly 

synthesized CPs spontaneously assemble into virus-like particles inside 

infected cells(20, 21) and undergo caspase proteolytic removal of the C-

terminal acidic domain(22, 23). The immature T=3 HAstV particle is 

released from cells and becomes further processed by host extracellular 
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proteases to produce the mature HAstV particle. In cell culture, trypsin has 

been used to produce mature HAstV, which is 105-fold more infectious than 

immature HAstV(22, 24, 25). Electron cryomicroscopy studies of immature 

and mature HAstV particles reveal ~44 nm particles comprised of a T=3 

icosahedral shell and globular spikes(26). While the immature T=3 HAstV 

particle contains 90 dimeric spikes, trypsin proteolysis leaves the mature 

T=3 HAstV particle with only 30 dimeric spikes located on the 2-fold 

icosahedral axes. Our lab and others have determined the structures of the 

dimeric CP spikes from HAstV-1, HAstV-8, and turkey astrovirus 2(19, 27, 

28). We also reported the structure of the HAstV CP core domain that forms 

the icosahedral shell(19). The CP core domain contains two subdomains: a 

typical jelly-roll β-barrel found in many RNA viruses and a squashed β-

barrel (19). While it has been shown that mature HAstV gains entry into 

human cells via clathrin-mediated endocytosis(29), the identity of the host 

cell receptor(s) and the location of receptor binding site(s) on the surface of 

the HAstV particle are unknown. 

Here, we determined the structure of the HAstV-2 CP spike bound to a 

HAstV-neutralizing antibody to 3.2 Å resolution. This structure reveals a 

quaternary epitope that overlaps with several patches of conserved amino 

acids. We further provide evidence that the spike is a receptor-binding 

domain and that the antibody blocks HAstV-2 attachment to cells. Our 
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studies provide a roadmap to design vaccine immunogens that induce 

neutralizing antibodies and also provide a foundation to understand HAstV 

attachment and entry into human cells. 

 

3.2 Results 

3.2.a. Specificity and affinity of mAb PL-2 binding to HAstV-2 CP spike. 

Monoclonal antibody PL-2 (mAb PL-2) was previously generated from 

mice immunized with purified HAstV-2 virus and was reported to neutralize 

HAstV-2 virus infectivity in cell culture(37). To determine if mAb PL-2 

binds to the HAstV-2 CP spike (Spike2), the outermost domain on the virus 

surface, we first produced and purified recombinant Spike2 and observed 

that it elutes as a dimer by size exclusion chromatography, consistent with 

previous observations for Spike1 and Spike8(19, 27). To further show that 

Spike2 is folded correctly, we determined its structure to 1.87 Å (Fig. 3.1A 

and Table 3.1). Spike2 has structural homology to HAstV-1 and HAstV-8 

CP spikes (Spike1 and Spike8), with an RMSD of 0.49 Å and 0.57 Å, 

respectively (Fig. 3.1B)(19, 27). Unique features of Spike2 include an 

extended loop 1 and a short alpha helix (α1) within the interface of the 

dimeric structure (Fig. 3.1A). To assess binding of mAb PL-2 to Spike2, we 

performed an enzyme-linked immunosorbent assay (ELISA) (Fig. 3.1C). 
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We find that mAb PL-2 binds to Spike2 in a dose-dependent manner but 

does not bind Spike1 or Spike8, consistent with the previously reported 

specificity of mAb PL-2 for serotype HAstV-2(37). We then tested PL-2 

single-chain variable fragment (scFv PL-2), whose sequence and 

recombinant production we reported previously(30). We find that scFv PL-

2 also binds to Spike2 specifically and in a dose-dependent manner (Fig. 

3.1D). Surface plasmon resonance (SPR) studies were then performed to 

quantify the binding affinities of mAb PL-2 and scFv PL-2 to Spike2 (Fig. 

3.1E,F). Spike2 containing a 10-histidine tag was captured by anti-His 

antibody immobilized on the sensor chip. Single-cycle kinetic 

characterizations were performed by sequentially injecting increasing 

concentrations of purified mAb PL-2 Fab fragments (Fab PL-2) or scFv PL-

2. Fab PL-2 was used for these kinetic studies to eliminate potential 

complications of avidity with divalent antibody. We find that the 

dissociation constants (KD) of Fab PL-2 and scFv PL-2 binding to Spike2 

are nearly identical at KD ~1.8 nM. Taken together, these studies show that 

mAb PL-2 and scFv PL-2 bind to Spike2 similarly with high affinity and 

specificity. 
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Fig. 3.1. Antibody PL-2 binds with high specificity and affinity to 

Spike2. (A) Crystal structure of Spike2, with half of the dimer in gray and 

the other half in red. The gray side has labeled β-sheets and α-helices. (B) 

Structural comparison of Spike1 (green), Spike2 (red), and Spike8 (cyan). 

(C) ELISA showing mAb PL-2 binds to Spike2 but not Spike1 or Spike8. 

(D) ELISA showing scFv PL-2 binds to Spike2 but not Spike1 or Spike8. 

(E) Background-subtracted SPR traces (orange) and curve fit with a 1:1 

binding model (black). Sequential injections of increasing concentrations of 

Fab PL-2 were tested with immobilized Spike2. kon = 3.45 x 105 M-1s-1, koff 

= 6.02 x 10-4 s-1, and Chi2 (RU2) = 1.36. (F) Background-subtracted SPR 

traces (brown) and curve fit (black). Sequential injections of increasing 

concentrations of scFv PL-2 were tested with immobilized Spike2. kon = 

6.55 x 105 M-1s-1, koff = 1.23 x 10-3 s-1, and a Chi2 (RU2) = 2.06.   
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Table 3.1. Data collection and refinement statistics (molecular 

replacement) 

 

 HAstV-2 Spike Complex  

Data collection   

Space group P 1 P 41 

Cell dimensions   

    a, b, c (Å) 44.07, 67.72, 90.53 200, 200, 157.52 

    α, β, γ (°) 76.53, 80.52, 86.29 90.0, 90.0, 90.0 

Resolution (Å) 47.58- 1.87 (1.97- 1.87)  50.00- 3.20 (3.36- 

3.20) 

Rsym or Rmerge 0.073 (0.445) 0.152 (0.555) 

I / σI 7.3 (2.1) 13.3 (1.8) 

Completeness (%) 96.3 (93.6) 89.2 (79.0) 

Redundancy 2.0 (2.0) 3.3 (2.5) 

   

Refinement   

Resolution (Å) 87.0- 1.87 49.31- 3.24 

No. reflections 80,278 86,380 

Rwork / Rfree 0.193 / 0.215 0.240 / 0.290 

No. atoms 7,459 25,962 

    Protein 7,124 25,886 

    Ligands 0 56 

    Water 335 20 

B-factors   

    Protein 27.69 110.45 

    Ligands 0 167.38 

    Water 25.12 52.29 

R.m.s. deviations   

    Bond lengths (Å) 0.004 0.004 

    Bond angles ()  0.706 0.770 

Number of TLS groups  16 142 

*Data from one crystal for each of the structures was collected for the 

complete data set. *Values in parentheses are for highest-resolution shell. 
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3.2.b. Structure of scFv PL-2 bound to HAstV-2 CP spike.  

To characterize the mAb PL-2 binding site on Spike2, we co-crystallized 

and solved the structure of the scFv PL-2/Spike2 complex to 3.2 Å 

resolution (Fig. 3.2A and Table 3.1). At this resolution, electron density 

maps enabled confident fitting of amino acid side chains and 

characterization of atomic interactions at the interface between scFv PL-2 

and Spike2 (Fig. 3.3A). The structure confirms size-exclusion 

chromatography data that the scFv binds to Spike2 in a 2:2 ratio, where two 

scFv molecules bind two molecules in the Spike2 dimer (Fig. 3.2A). scFv 

PL-2 and Spike2 are intimately associated with each other, and ~890 Å2 of 

surface area is buried at each scFv PL-2/Spike2 interface. Each scFv PL-2 

binding site is comprised of a conformation-dependent quaternary epitope 

in which five patches of amino acids from two linear Spike2 peptides come 

together in the three-dimensional structure (Fig. 3.2B). Many of the amino 

acids in the scFv PL-2 epitope are unique to serotype HAstV-2, consistent 

with ELISA and virus neutralization data showing that the antibody PL-2 is 

serotype-specific(37) (Fig. 3.2C). However, the scFv PL-2 epitope overlaps 

with several patches of amino acids that are highly conserved between 

serotypes HAstV-1-8, suggesting that scFv PL-2 may be blocking a 

conserved functional site on the virus surface (Fig. 3.2C, D, and E).   
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All six complementarity determining regions (CDRs) from the heavy and 

light chains of scFv PL-2 interact with Spike2 (Fig. 3.4A). The interface is 

characterized by three primary interactions: (i) scFv PL-2 CDR H2 contacts 

Spike2 loop 1 amino acid D465 and CDR H1 contacts N513 and I514 in the 

β5-β6 hairpin (Fig. 3.4B); (ii) scFv PL-2 CDR H2 contacts Spike2 loop 1 

amino acid T461, CDR H3 contacts T461 and G460, and CDR L3 contacts 

G460 (Fig. 3.4C); and (iii) scFv PL-2 CDR H3 contacts Spike2 amino acids 

Q552, Y554, and T531, CDR L1 contacts T557, and CDR L2 contacts 

T577, E580 in Spike2 strands β8 and β9 and also contacts D566 (Fig. 3.4D). 

Notably, scFv PL-2 CDR L2 amino acid R53 forms an electrostatic 

interaction with D566 in loop L3 of the neighboring protomer of the Spike2 

dimer, revealing a quaternary interaction (Fig. 3.4D). Nearby amino acids 

D564 and N565 in loop L3 are only 4-6 Å away from CDR L1 and may also 

interact with scFv PL-2 through water molecules. Overall, scFv PL-2 uses 

an extensive network of hydrogen bonds, electrostatic bonds, and 

hydrophobic interactions to bind to a quaternary epitope on the surface of 

the Spike2 dimer. 

 

3.2.c. Mutagenesis of HAstV-2 CP spike and mAb PL-2 binding.  

To investigate the role of specific amino acids in the mAb PL-2/Spike2 

binding interaction, we constructed mutations in Spike2 of amino acids that 
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were shown to make important contacts in the complex structure, and we 

analyzed mAb PL-2 binding of the mutants by ELISA. All Spike2 mutants 

elute as dimers by size exclusion chromatography and were purified to 

homogeneity (data not shown). However, all of the single point Spike2 

mutants, N513A, I514G, Q552A, Y554A, and E580A, showed similar 

binding curves and maxima for mAb PL-2 as compared to wild-type Spike2. 

We then constructed mutant Spike2 ΔLoop1 in which amino acids G460, 

T461, and N462 from loop 1 were deleted. This mutant had drastically 

reduced mAb PL-2 binding compared to wild-type Spike2, highlighting the 

key role of loop 1 for mAb PL-2 binding (Fig. 3.4E). We note that loop 1 is 

quite flexible in the structure of Spike2 alone, and in all four Spike2 

molecules in the crystallographic asymmetric unit have high B factors and 

adopt different conformations (Fig. 3.3B). However, when bound to scFv 

PL-2, the Spike2 loop 1 adopts the same orientation in all eight molecules 

in the asymmetric unit (Fig. 3.3C).  
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Fig. 3.2. Structure of the scFv PL-2/Spike2 complex and conservation 

within the epitope. (A) Structure of the scFv PL-2/Spike2 complex in 

cartoon view (left half) and surface representation (right half). The Spike2 

dimer is colored in red and gray. The scFv PL-2 light chains (VL) are colored 

purple and the scFv PL-2 heavy chains (VH) are colored blue. On the surface 

representation, the PL-2 epitope amino acids are colored yellow. The 

glycosylation site on the scFv PL-2 heavy chain Asn 88 is labeled 

(GlcNAc). (B) Surface representation of Spike2 showing that the epitope is 

comprised of four discontinuous amino acid segments of one protomer (in 

yellow) and amino acid D566 from the other protomer (in green). The PL-

2 epitope footprint is shown on top and the linear schematic of the spike 

domain is shown on the bottom. (C) Surface representation of Spike2 (top) 

and linear schematic of spike domain (bottom) with amino acids colored by 

conservation between serotypes HAstV-1-8 from red (strictly conserved) to 
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white (not conserved). (D) Spike2 structure shown from various sides. Half 

of the dimer is gray, the other half is colored by amino acid conservation, 

where conserved, strongly similar, weakly similar, and non-conserved 

amino acids are colored red, dark pink, light pink, and white, respectively. 

Patches (sites) of conserved residues that overlap with the mAb PL-2 

epitope are circled. (E) Sequence alignment of HAstV-1-8 CP spike 

domains. Extra amino acids in in HAstV-2 CP spike loop 1 are boxed in 

red. Conserved, strongly similar, weakly similar, and non-conserved amino 

acids are colored red, dark pink, light pink, and white, respectively. 

Alignments and mapping of conservation onto the structure was performed 

with the online ENDscript server. Blue boxes highlight epitope amino acids 

in Spike2 that interact with the antibody heavy chain. Purple boxes highlight 

epitope amino acids in Spike2 that interact with the antibody light chain. 

Black boxes highlight amino acids in Spike2 that interact with both the 

heavy and light chains. At the bottom of each box is a colored circle to 

further highlight its interaction with the antibody heavy chain, light chain, 

or both. 
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Fig. 3.3. Electron density maps and flexibility of loop 1. (A) Wall-eyed 

stereo view of the electron density maps surrounding one of the binding 

regions between scFv PL-2 and Spike2. Electron density map (black) is 

contoured at 1.8 . (B) Structural comparison of all four chains of Spike2 

in the asymmetric unit of the Spike2 crystal. Loop 1 is labeled. (C) 

Structural comparison of all eight chains of Spike2 in the asymmetric unit 

of the scFv PL-2/Spike2 complex crystal. Loop 1 is labeled.  
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Fig. 3.4. Intermolecular interactions at the scFv PL-2/Spike2 interface. 

(A) Semi-transparent surface representation of half of the scFv PL-2/Spike2 

complex. Spike2 is colored in red, scFv PL-2 light chain is colored purple, 

and scFv PL-2 heavy chain is colored blue. Primary regions of interaction 

are highlighted in black boxes with labels that correspond to the zoomed-in 

views in panels b-c. (B) Interactions between antibody CDR loops H1 and 

H2 with the Spike2 β5-β6 hairpin and end of the loop 1. (C) Interactions 

between antibody CDR loops H2, H3, and L3 and the Spike2 loop 1. (D) 

Interactions between antibody CDR loops H3, L1, and L2 and Spike2 

strands β8 and β9 (in red) and loop 3 of the neighboring protomer (gray). 

(E) ELISA showing binding of mAb PL-2 to Spike2 mutants.  
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Fig. 3.5. Model of mature HAstV-2 virion bound to Fab PL-2. Cartoon 

view of mature T=3 HAstV-2 virion bound to Fab PL-2 colored by 

structural domains, with inner core domain (green), outer core domain (light 

blue), spike domain (red), Fab PL-2 light chain (purple), and Fab PL-2 

heavy chain (blue). Black lines show the distances between C-terminal ends 

of the heavy chains of neighboring Fab PL-2 fragments. Two Fab fragments 

with ~32 Å distance are consistent with those found in an intact mAb. On 

the left is a zoomed-in view of two antibody PL-2 Fab fragments with a 

distance of ~32 Å. The figure was made with Chimera(42). 
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3.2.d. Model of mAb PL-2 bound to the HAstV-2 virion.  

We previously reported a model of the HAstV virion using the structures of 

the HAstV-1 capsid core and spike domains fitted into the 25 Å resolution 

electron cryomicroscopy density map of the mature T=3 icosahedral HAstV 

particle(19, 26). To assess whether mAb PL-2 binds monovalently or 

divalently to the HAstV-2 virion, we aligned our previously reported Fab 

PL-2 structure(30) onto each scFv in the scFv PL-2/Spike2 complex, and 

we then aligned this complex onto each of the 30 spike dimers on the mature 

T=3 HAstV model. By measuring the respective distances between any two 

C-terminal ends of the heavy chains of neighboring Fab PL-2 fragments, we 

are able to show that the angles and distances (~30-35 Å) between certain 

Fab PL-2 fragments are consistent with those found in an intact mAb (Fig. 

3.5). Thus, our model suggests that mAb PL-2 likely binds divalently to the 

mature HAstV-2 virion, which would increase the overall avidity of 

antibody binding.  

 

3.2.e. HAstV-2 CP spike binds to cells and is blocked by scFv PL-2.  

To characterize the mechanism of mAb PL-2 neutralization, we sought to 

test the hypothesis that the HAstV CP spike is a receptor-binding domain 

and that mAb PL-2 blocks virus binding to human cells. To test our 

hypothesis, we developed a cell binding assay using fluorescently labeled 
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HAstV CP spike. First, we produced and purified a recombinant fusion 

protein comprised of green fluorescent protein (GFP) fused at the N-

terminus of HAstV-2 CP spike (GFP-Spike2). For controls, we fused GFP 

to the N-terminus of serotype HAstV-1 and -8 CP spikes. For additional 

controls, we produced GFP alone and GFP fused to the N-terminus of 

glutathione S-transferase (GST), which is similar in size to CP Spike and 

also forms dimers. To determine if GFP fusion affects folding, we first 

analyzed all samples by size-exclusion chromatography (Fig. 3.6A).  We 

find that GFP-Spike1, GFP-Spike2, GFP-Spike8, and GFP-GST elute at the 

expected retention volume for a dimer (~110kD) compared to gel filtration 

standards (Fig. 3.6A). No aggregates were observed in the void volume. 

GFP elutes as a monomer (Fig. 3.6A). Next, to determine if GFP-Spike2 

retains its conformation-dependent quaternary epitope for antibody PL-2, 

we performed an ELISA (Fig. 3.6B).  We found that scFv PL-2 specifically 

binds GFP-Spike2 and does not bind GFP or any of the other GFP-fusion 

proteins. Taken together, our data show that GFP-Spike2 forms a dimer and 

retains its conformation-dependent epitope for scFv PL-2. 

We then developed a cell binding assay using fluorescence-activated cell 

sorting (FACS) to quantitatively measure GFP-Spike binding to human 

colon adenocarcinoma cells (Caco-2 cells), the gold-standard cell line for 

HAstV propagation (Fig. 3.6C). Purified GFP, GFP-GST, GFP-Spike1, 
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GFP-Spike2, and GFP-Spike8 were incubated overnight with Caco-2 cells 

and FACS was used to measure the percentage of fluorescent cells (Fig. 

3.6D-G). We find that Caco-2 cells incubated with GFP-Spike1, GFP-

Spike2 and GFP-Spike8 have markedly higher fluorescence than GFP alone 

or GFP-GST, supporting our hypothesis that HAstV CP spike comprises a 

receptor-binding domain. As a control for specificity of cell binding, we 

find that the presence of scFv PL-2 reduces the GFP-Spike2 signal to 

background fluorescence levels comparable to GFP alone. Importantly, 

scFv PL-2 did not reduce fluorescence of any of the other GFP-fusion 

proteins or GFP alone (Fig. 3.6D, G). Together, these data support our 

hypothesis that the HAstV CP spike is a receptor-binding domain and that 

mAb PL-2 blocks virus infectivity by blocking virus binding to cells.  
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Fig. 3.6. scFv PL-2 blocks GFP-Spike2 binding to Caco-2 cells. (A) 

Superdex 200 10/300 size-exclusion chromatography traces of indicated 

GFP and GFP-fusion proteins. (B) ELISA showing binding of scFv PL-2 to 

GFP-Spike2 but not GFP, GFP-GST, GFP-Spike1, or GFP-Spike8. (C) 

Schematic of the Caco-2 cell binding assay showing GFP-Spike dimer 

attachment to the cell surface. (D) Cell binding assay showing the 

percentage of fluorescent Caco-2 cells after incubation with indicated 

proteins. Note abbreviations for GFP-Spike 1 (GFP-SP1), GFP-Spike2 

(GFP-SP2) and GFP-Spike8 (GFP-SP8). Samples containing scFv PL-2 are 

indicated with + below protein names. Experiments were performed in 

biological duplicates. Unpaired t test for GFP with GFP-Spike2, and GFP-

Spike2 with GFP-Spike2 + scFv confirms significant differences. (E) 

Coomassie-stained SDS-PAGE of protein samples used for the cell binding 

assay. Samples containing a four molar excess scFv PL-2 (band at ~30kD) 

are indicated. (F) Overlay of histogram plots of Caco-2 cells incubated with 

PBS, GFP, GFP-GST, GFP-Spike1, GFP-Spike2, and GFP-Spike8. (G) 

Stacked histogram plots of Caco-2 cells incubated with GFP-fused proteins 

alone or with scFv PL-2. All histogram plots show fluorescence intensity 

versus relative cell count. 
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2.3 Discussion 

Here, we present the crystal structure of the HAstV-2 capsid spike domain 

bound to the neutralizing antibody PL-2. Antibody PL-2 binds to a ~890 Å2 

conformation-dependent quaternary epitope on each side of the dimeric 

spike. The antibody uses all six CDR loops to form intimate interactions 

with its epitope, resulting in a binding KD of ~1.8 nM. Our model of 

antibody PL-2 bound to the T=3 icosahedral HAstV particle reveals that 

mAb PL-2 may bind divalently and with high avidity to the HAstV-2 virion. 

We provide evidence that the HAstV CP spike is a receptor-binding domain. 

The CP spike is the outermost domain on the HAstV surface, and the spikes 

of many other non-enveloped viruses are receptor-binding domains(38-40). 

Here, we show that GFP-Spike1, GFP-Spike2, and GFP-Spike8 bind to 

Caco-2 cells, supporting that all canonical HAstV serotypes may use a 

common mechanism through the CP spike domain to bind to human cells. 

The sequence identity between CP spike domains from canonical serotypes 

HAstV-1-8 is 40-60%, and we have identified surface-exposed patches of 

conserved amino acids that overlap with the neutralizing antibody PL-2 

epitope (Fig. 3.2C-E). Thus, our studies provide new avenues to investigate 

both the receptor-binding site(s) on the HAstV surface as well as the identity 

of the host cell receptor(s).  
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We also present evidence for the hypothesis that mAb PL-2 neutralizes 

HAstV by blocking HAstV receptor-binding. Antibodies could potentially 

block HAstV infection at a number of stages including (i) extracellular 

protease cleavage and maturation of the HAstV particle, (ii) HAstV 

receptor-binding, (iii) HAstV endocytosis, and (iv) HAstV capsid uncoating 

and genome release. We ruled out the possibility that mAb PL-2 blocks 

protease maturation, as this mAb was previously shown to not be able to 

bind to immature HAstV CP particles(20). We also ruled out the possibility 

that mAb PL-2 blocks capsid uncoating, since we find that it binds to the 

spike and not the core domain that forms the T=3 icosahedral shell of the 

virus. It is possible that spike dimers also need to disassociate during virus 

uncoating, although our structural studies suggest that mAb PL-2 binds only 

slightly to the dimer interface and would not prevent disassociation. Instead, 

we hypothesize that mAb PL-2 blocks HAstV receptor-binding. Here, we 

show that mAb PL-2 specifically blocks binding of GFP-Spike2, but not 

GFP or GFP-Spike8, to Caco-2 cells. Thus, our data support our hypothesis 

that mAb PL-2 neutralizes HAstV-2 infection by blocking virus attachment 

to cells. Definitive cell binding inhibition studies with radiolabeled HAstV-

2 virus can now be pursued. 

Finally, our studies lay the foundation to develop novel therapies to prevent 

and treat HAstV diarrheal disease. We provide direct evidence that the 
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HAstV CP spike is the target of a neutralizing antibody, suggesting that a 

subunit vaccine immunogen comprised of recombinant HAstV CP spike 

may elicit a protective neutralizing antibody response. However, polyclonal 

antibodies raised against HAstV tend to be very serotype-specific (41), 

suggesting that a vaccine comprised of CP spikes from several serotypes 

may be required to elicit a broadly protective polyclonal antibody response. 

Our studies also highlight the potential to develop therapeutic anti-HAstV 

antibodies. One study describes the rapid recovery an immunocompromised 

patient with severe and persistent HAstV disease following high-dose 

immunoglobulin therapy(15). We predict that a therapeutic anti-HAstV 

antibody could be useful not only for the treatment of individuals with 

severe or chronic HAstV infection but also as a prophylaxis against HAstV 

infection in high-risk and immunocompromised individuals. 

  

3.4 Methods  

3.4.a. mAb, Fab, and scFv PL-2 production.   

mAb PL-2 was purified from mouse ascites fluid as described 

previously(30). Fab PL-2 was generated by incubation of mAb PL-2 with 

immobilized papain, followed by Fab fragment purification, as described 

previously(30). Production of recombinant scFv PL-2 was described 

previously(30). Briefly, scFv PL-2 containing an N-terminal BiP signal 
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sequence and a C-terminal thrombin cleavage site followed by a Twin 

Strep-tag was expressed in stably-transfected Schneider 2 insect cells. 

Secreted scFv PL-2 was affinity purified on a StrepTrap column followed 

by size-exclusion chromatography using a Superdex 200 column in 

phosphate buffered saline (PBS).  

 

3.4.b. Expression and purification of Spike constructs.  

Synthetic genes codon-optimized for Escherichia coli encoding HAstV-2 

CP spike amino acids 429 to 644 (UniProtKB entry Q82446), HAstV-1 CP 

spike amino acids 429 to 645 (UniProtKB entry O12792), or HAstV-8 CP 

spike amino acids 429 to 647 (UniProtKB entry Q9IFX1) were purchased. 

To make Spike expression plasmids, genes were cloned into pET52b 

(Addgene) in-frame with a C-terminal thrombin cleavage site and a 10-

histidine purification tag. To make Spike2 mutant expression plasmids, the 

Phusion Site-Direct Mutagenesis Kit (Thermo Scientific) was used with 

phosphorylated mutagenesis primers. To make GFP-Spike expression 

plasmids, genes were cloned into a pET-GFP plasmid (Addgene #29716) 

in-frame with an N-terminal 6-histidine purification tag and enhanced green 

fluorescent protein (GFP). All plasmids were verified by DNA sequencing. 

Plasmids were transformed into E. coli strain BL21(DE3), and protein 

production was induced with 1mM isopropyl-β-D-thiogalactopyranoside at 
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18⁰C for 16 h. E. coli cells were lysed by ultrasonication in 20 mM Tris-

HCl, pH 8.0, 500 mM NaCl, and 20 mM imidazole (Buffer A) containing 2 

µM MgCl2, 1250 U benzonase (Millipore), and 1X protease inhibitor 

cocktail Set V EDTA-Free (Millipore). Proteins were batch purified from 

soluble lysates by TALON metal affinity chromatography and eluted with 

Buffer A containing 500 mM imidazole. Proteins were dialyzed into 20 mM 

Tris-HCl, pH 8.0 and 25 mM NaCl and purified by anion exchange 

chromatography on a HiTrap Q FF column with a gradient elution to 20 

mM Tris-HCl, pH 8.0 and 1 M NaCl. Proteins were buffer exchanged into 

PBS and further purified by size-exclusion chromatography on a Superdex 

200 column in PBS.  

 

3.4.c. Enzyme-Linked Immunosorbent Assay (ELISA).  

Purified Spike or GFP-Spike proteins at a concentration of 5 µg/mL in PBS 

(150 µL total) were incubated overnight at room temperature in 96-well 

ELISA microtiter plates. Plates were then washed three times with PBS 

containing 0.05% Tween 20 (PBST). Wells were blocked by adding 150 μL 

of 5% BSA in PBS and incubating at room temperature for 1 hr followed 

by three PBST washes. Antibody samples mAb PL-2 or scFv PL-2 was 

diluted to 5 µg/mL with 1% BSA in PBS, and serially diluted 1:3 with 1% 

BSA in PBS. Wells were incubated with 150 µL antibody for 1 hr at room 
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temperature and the plates were washed three times with PBST. For ELISAs 

where the primary antibody was mAb PL-2, plates were then incubated for 

1 hr at room temperature with 150 µL HRP-conjugated, secondary goat anti-

mouse IgG antibody diluted 1:5,000 in 1% BSA in PBS. For ELISAs where 

the primary antibody was scFv PL-2, plates were then incubated for 1 hr at 

room temperature with 150 µL HRP-conjugated Strep-Tactin protein, 

diluted 1:5,000 in 1% BSA in PBS. Plates were washed three times with 

PBST and developed by adding peroxidase substrate o-phenylenediamine 

dihydrochloride (OPD) in 0.05 M phosphate-citrate buffer, pH 5.0 and 1.5% 

hydrogen peroxide for 10 min at room temperature. The reactions were 

stopped by incubation with 2N sulfuric acid for 10 min at room temperature, 

and the absorbance was measured at 490 nm. 

 

3.4.d. Surface plasmon resonance.  

Surface plasmon resonance data was collected on a Biacore X100 

instrument at 25°C. A Histidine-Capture Kit (GE Healthcare) was employed 

to covalently immobilize anti-His antibody onto a CM5 sensor chip surface 

using amine coupling at 12000 RU, allowing for subsequent immobilization 

of the His-tagged Spike2 ligand. The reference surface was prepared in the 

same way without the antibody. The running buffer for experiments was 10 

mM HEPES, pH 7.4, 150 mM NaCl, 3.4 mM ethylenediaminetetraacetic 
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acid, and 0.005% v/v Surfactant P20. Spike2 containing a C-terminal 10X-

histidine tag was diluted to 0.3 µg/mL after scouting, such that 120-150 RU 

of Spike2 ligand was bound to the surface following a 60 sec injection at 10 

µl/min. A single-cycle kinetics approach was employed because the 

extended dissociation time of 2400 seconds made a multi-cycle kinetics 

approach impractical. The analytes scFv PL-2 or Fab PL-2 were flowed 

over the sensor surface at: 0 nM, 1.12 nM, 3.74 nM, 11.23 nM, and 37.44 

nM. Each injection had a contact time of 60 sec at 30 µl/min. Sensor 

surfaces were regenerated with glycine buffer pH 1.5 using a 30 sec 

injection at 30 µl/min. Biacore X100 Evaluation software (v2.x) was used 

to determine unique kinetic constants using the 1:1 fitting algorithm. Start-

up cycle and blank injection runs prior and after triplicate sample runs were 

used to correct for background, as established with the single-cycle kinetics 

analysis. For single-cycle kinetics, the analyte is injected with increasing 

concentrations in a single cycle without the need of regeneration of the chip 

between runs. 

 

3.4.e. Structure determination of Spike2.   

Purified Spike2 was dialyzed into 10 mM Tris-HCl, pH 8.0 and 150 mM 

NaCl and concentrated to 11.5 mg/mL. Crystals were grown by hanging 

drop vapor diffusion at 22°C with a well solution of 12% PEG 3350, 0.1 M 
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ammonium sulfate, and 0.1 M sodium citrate pH 7.0. Crystals were 

transferred into a cryoprotectant solution of 20% PEG 3350, 0.1 M 

ammonium sulfate, 0.1 M sodium citrate pH 7.0, and 25% glycerol and flash 

frozen in liquid nitrogen. Diffraction data were collected at cryogenic 

temperature at the Advanced Photon Source on beamline 23-ID-B using a 

wavelength of 1.033 Å. Diffraction data from a single crystal were 

processed with iMosflm(31) and Scala(32)(Table 3.1). The Spike2 structure 

was solved by molecular replacement, using the HAstV-8 CP spike (PDB 

ID 3QSQ)(27) and the program PHASER(33). The Spike2 structure was 

refined and manually rebuilt using PHENIX(34) and Coot(35), respectively. 

The final Spike2 structure (PDB 5KOU) had two dimers in the asymmetric 

unit of the crystal.  

 

3.4.f. Formation and structure determination of scFv PL-2/Spike2 

complex.  

Complex formation was performed by incubation of 1.9 mg of Spike2 with 

7.6 mg of scFv PL-2 (~3.5 molar excess of scFv PL-2) overnight at 4°C. 

Purification tags from both Spike2 and the scFv PL-2 were removed by 

digestion of the complex with thrombin protease overnight at 4°C. The scFv 

PL-2/Spike2 complex was purified by size-exclusion chromatography on a 

Superdex 200 column in PBS. The complex co-eluted at an apparent 
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molecular weight of ~110 kD compared to gel filtration standards, 

consistent with a 2:2 (Spike2 : scFv) complex in solution (data not shown). 

Purified complex was dialyzed into 10 mM Tris-HCl, pH 8.0 and 150 mM 

NaCl and concentrated to 12.3 mg/mL. Crystals were grown by hanging 

drop vapor diffusion at 22°C with a well solution of 20% PEG 3350 and 0.2 

M sodium phosphate monobasic. Crystals were transferred into a 

cryoprotectant solution of 24% PEG 3350, 0.2 M sodium phosphate 

monobasic, and 25% glycerol and flash frozen in liquid nitrogen. 

Diffraction data from a single crystal were collected at cryogenic 

temperature at the Advanced Photon Source on beamline 23-ID-B using a 

wavelength of 1.033 Å. Diffraction data were processed with 

HKL2000(36). The structure was solved by molecular replacement using 

the Spike2 structure (PDB 5KOU) and the variable domain of Fab PL-2 

(heavy chain amino acids 1-117 and light chain amino acids 1-108) (PDB 

ID 5I30)(30) and the program PHASER(33).  To obtain the initial model, 

both structures were inserted in the search in a 2:2 ratio. The results showed 

most complexes having many clashes, one spike monomer however, 

showed good electron density and no clashes with an scFv molecule. A PDB 

was built with this half of the complex and a symmetry mate was built to 

form the full dimer. The new complex was used in a new molecular 

replacement search, which gave the final results. The scFv PL-2/Spike2 
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complex structure was refined and manually rebuilt using PHENIX(34) and 

Coot(35), respectively. The final scFv PL-2/Spike2 complex structure (PDB 

5KOV) had a total of four scFv/Spike2 complexes in the asymmetric unit 

of the crystal. High Rmerge is due to the crystal being anisotropic, likely 

due to the packing of the scFv PL-2/Spike2 complex in the crystal. Two 

poorly ordered scFv molecules (chains Q and W) contribute to high B-

factors. These scFv molecules had weak electron density and high B-factors 

due to the lack of molecular contacts with neighboring molecules. However, 

the good redundancy of the data and signal to noise in the highest resolution 

shell gives us confidence in our final model.  

 

3.4.g. Caco-2 cell binding assays.  

The human colon adenocarcinoma cell line Caco-2 was obtained from 

ATCC (HTB-37). Cells were propagated in prewarmed Dulbecco’s 

Modified Eagle Medium (DMEM) containing 15% fetal bovine serum and 

100 U/mL penicillin-streptomycin. Caco-2 cells were subcultured every 3-

4 days at 37°C in a 5% CO2 atmosphere. For cell binding assays, 3 mL of 1 

x 105 cells/mL Caco-2 cells were plated into wells of a 6-well tissue culture 

treated plate and incubated overnight. This resulted in 90-100% confluency, 

which matches conditions for HAstV propagation in Caco-2 cells(29). On 

day 2, media is aspirated, followed by the addition of 1125 µL pre-warmed 
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media premixed with 375 µL protein sample in PBS. Final concentration of 

GFP and GFP-Spike samples was 5 µM. For samples containing scFv PL-

2, the final concentration of scFv PL-2 was 20 µM. Caco-2 cells were 

incubated overnight. On day 3, media and protein was aspirated, and cell 

monolayers were washed three times with 3 mL cold PBS. To detach cells, 

500 µL pre-warmed trypsin-EDTA (0.25%) was added to each well and 

cells were incubated for 10 min at 37°C in a 5% CO2 atmosphere. Cells were 

resuspended in 9.5 mL growth medium and pelleted by centrifugation for 

10 min at 200 g. Cell pellets were washed by resuspension in 10 mL PBS 

and pelleted again by centrifugation for 10 min at 200 g. Cell pellets (~0.5 

x 106 cells) were resuspended in 500 µL PBS and kept on ice. Cells were 

analyzed by fluorescence activated cell sorting on a LSR II flow cytometer 

(BD Biosciences) with a 488 nm excitation wavelength, a 505 LP mirror, 

and a 525/50 BP filter. Scatter gating was used to exclude small debris and 

large clumps of cells. Ten thousand events were measured. The percentage 

of fluorescent cells was then determined by gating at a FITC-A signal of 

800, where the percentage of fluorescent cells incubated with PBS only 

samples is ~1%. FlowJo Software was used for data analysis and display. 
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Chapter 4: Structural basis for human astrovirus resistance from 

antibody neutralization and broad implications for vaccine strain 

selection. 

 

4.1 Introduction  

Astroviruses are a diverse family of small, non-enveloped, icosahedral 

positive RNA viruses(1, 2). Astroviruses have been found to affect a range 

of several mammalian species such as dogs(3), mink(4), cheetahs(5), 

turkey(6-8), rabbits(9), and humans.(10-13). In humans, there are 8 

different astrovirus serotypes and new serotypes are being identified 

rapidly(14). Astroviruses are a leading cause of pediatric acute 

gastroenteritis, though it also affects the immuno-compromised and elderly. 

In the United States alone, there are approximately 4 million cases of viral 

diarrhea due to human astrovirus(13). Astroviruses have also been 

associated with asymptomatic infections and more recently astrovirus have 

been linked with neurological complications such as encephalitis(15). 

Antibodies developed by healthy individuals during previous infection 

correlate with protection from future infection. Approximately 75% of 

children in the US have developed antibodies against human astrovirus 

(HastV) by the age of ten(16). A study found that healthy volunteers which 

were infected with astrovirus revealed that those with a more severe HastV 
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diarrheal disease did not have antibodies prior to infection of HAstV; while 

those that had antibodies for astrovirus prior to infection were protected 

from infection(17). In addition, Immunoglobulin therapy was associated 

with the recovery of an immuno-compromised patient with severe and 

persistent HAstV infection(18). To this day there are no vaccines or 

antiviral therapeutics available to prevent or treat astrovirus infection.    

The genome of astroviruses is composed of three open reading frames(19). 

ORF1a and ORF1b code for nonstructural proteins, ORF1a encodes several 

proteins including a serine protease, whereas ORF1b encodes the RNA-

dependent RNA polymerase(20). ORF2, encodes the viral structural capsid 

protein (CP)(21). The CP is a multi-domain capsomer called VP90 

containing a highly basic N-terminal domain, core domain, spike domain 

and a C-terminal acidic domain(22). The core and spike structural domains 

have been studied previously(23, 24). The structure of VP90 is composed 

of two domains: an S domain, which adopts a jelly-roll β-barrel fold, and a 

P1 domain, which forms a squashed β-barrel consisting of six antiparallel 

β-strands, which interestingly has been observed in the hepatitis E virus 

(HEV) capsid structure(24). The C-terminal domain is cleaved by 

intracellular caspases yielding an immature HastV particle VP70. The viral 

particle is further processed by extracellular host proteases, to yield a 

mature infectious viral particle with fragments called VP34, VP29, and 
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VP26. Studies of mature and immature HastV particles using Electron 

cryomicroscopy revealed a ~44nm particles composed of a T=3 icosahedral 

shell and protruding spikes(25). The immature T=3 HastV particle contains 

90 dimeric spikes, which is then reduced to 30 dimeric spikes by trypsin 

cleavage to become fully infectious(21, 26, 27).  

Identifying and understanding the sites at which antibodies neutralize the 

virus could help advance research in developing vaccines and antiviral 

therapeutics. A previous study reported the monoclonal antibody PL-2 was 

able to neutralize HastV-2 virus infectivity through cell cultures(28). mAb 

PL-2 immunoprecipitated VP26 and VP29, which are the fragments now 

known to form the dimeric spikes, which protrude on the surface of the 

HastV. However, the hybridoma cells which produced the mAb PL-2 were 

no longer available and only a limited sample was obtained and therefore it 

was resurrected by de novo sequencing of an antigen binding fragment 

(fab). The mAb PL-2 was engineered into a single chain variable fragment 

(scFv)(29). Recently, we reported the binding site of this potent neutralizing 

antibody in the astrovirus spike domain(30). Using X-ray crystallography, 

the scFv and Spike-2-CDC-Spain were co-crystallized to characterize its 

binding site interactions. The determination of the complex with Spike-2-

CDC-spain bound by scFv antibodies revealed a quaternary epitope, which 

overlaps with several conserved patches of residues, leading to potential 
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evidence that the spike is a receptor-binding domain. It was also 

demonstrated that the loop region L1 plays a major role in the binding of a 

neutralizing antibody. The mAb PL-2 as well as the scFv PL-2 were used 

to test neutralization of the HastV-Spike-2-Oxford virus in-vitro, however, 

neither neutralized viral infectivity of different HAstV-2 subtypes. Serotype 

HAstV-2 has high genetic heterogeneity with different stains discovered 

with variability in the spike domain(31), thus we wanted to determine if the 

structure of the Spike-2-Oxford had differences from that of the Spike-2-

CDC-Spain that allowed for the scape of neutralization. In this study, we 

report that a single point mutation in the loop region of Spike-2-Oxford, 

specifically residue Ser463 to P463 is enough to completely block antibody 

binding.  

 

4.2 Results 

 

4.2.a. Testing viral neutralization of different HAstV-2 subtypes by the 

PL-2 monoclonal antibody.  

We previously reported the structure of the scFv PL-2 fragment bound to 

the Spike-2-CDC-Spain virus, and reported that the scFv blocks viral 

infectivity by blocking viral cell attachment. For this study, we used the 

spike domain of the virus tagged with GFP and showed that pre-incubation 
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of the GFP-Spike-2-CDC-Spain blocks cell attachment. We wanted to 

pursue these test results further and test neutralization of the virus using this 

antibody. We investigated whether the full mAb and the scFv PL-2 were 

able to block cell infectivity and prevent viral cell attachment to CaCo-2 

cells. We pre-incubated different HAstV-2 subtype viruses with different 

concentrations of either mAb PL-2, scFv PL-2, a neutralizing polyclonal 

serum isolated against astrovirus 8 (Yuc8), or a polyclonal serum raised 

against HAstV-2. To our surprise, the PL-2 samples did not neutralize any 

of the HAstV-2 viruses tested. No neutralization was observed by neither 

the mAb or scFv PL-2, even at concentrations as high as 100µg/ml (Fig. 

4.1A-B) respectively. In comparison, the polyclonal serum against HAstV-

2 neutralized viral infection in a dilution dependent manner (Fig. 4.1C). The 

control, polyclonal antibody against HAstV-2-Oxford neutralized 100% of 

the virus with dilutions as low as 10-4 and a polyclonal antibody raised 

against HAstV-8 showed some neutralization of the Spike-2-CDC-Spain 

subtype (Fig. 4.1D). We sequenced the various spikes from the different 

HAstV-2 subtypes in the lab and found all of the subtypes carried few 

mutations in the spike domain. Our interest however targeted one mutation 

in particular that happened in the in loop1 of the spike in the S463 amino 

acid, an important region for binding to the scFv PL-2. This amino acid in 

all of the serotypes found in the lab had a Proline instead of a Serine at 
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position 463 (Fig. 4.1E). To determine if this mutation had an effect on the 

overall structure of this region, we determined the structure of this new 

serotype named Spike-2-Oxford.    

 

 

Fig. 4.1. Viral infectivity studies using the mAb or scFv PL-2. a. Viral 

neutralization study for different HAstV-2 subtypes pre-incubating the virus 

with mAb PL-2. b. Viral neutralization study for different HAstV-2 

subtypes pre-incubating the virus with scFv PL-2. The y-axis shows the 

infectivity of the virus normalized based on the percent of the control, while 

the x-axis shows the different PL-2 concentrations used for both 

experiments. c. Viral neutralization study using different HAstV-2 subtypes 

pre-incubating the virus with polyclonal sera raised against the Spike-2-

CDC-Spain serotype. d. Viral neutralization study using HAstV-2-Oxford, 

and HAstV-8-Yuc8, and pre-incubating with polyclonal sera raised against 

HAstV-2-Oxford. The y-axis show the infectivity of the virus normalized 
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based on the percent of the control, the x-axis shows the dilutions used of 

each of the polyclonal sera. e. Sequence alignment of Spike-2-CDC-Spain, 

Spike-2-Oxford, Spike-2-RIVMa-c. Conserved, strongly similar, weakly 

similar, and non-conserved amino acids are colored red, dark pink, light 

pink, and white, respectively. Alignments and mapping of conservation 

onto the structure was performed with the online ENDscript server. Black 

boxes show the epitope in the spike domain from the binding of the Spike-

2-CDC-Spain/scFv PL-2. A star in box one shows where the mutation from 

S to P happened. 

 

4.2.b. Structure of the Spike-2-Oxford subtype. 

We expressed and purified the spike domain of the HAstV-2-Oxford 

subtype and noted that it eluted at the expected elution volume in size 

exclusion chromatography in comparison to previously purified spikes (Fig. 

4.2A). We used an enzyme-linked immunosorbent assay (ELISA) to test 

whether the mAb PL-2 binds the Spike-2-Oxford subtype and compare its 

binding to our previously purified Spike-2-CDC-Spain domain. No binding 

of the antibody was observed to the Spike-2-Oxford subtype, just as 

expected (Fig. 4.2B). To note any structural difference in the spike domain 

of this new subtype, we crystalized the spike domain to 1.35 Å (Fig. 4.2C 

and Table 4.1). The structure of the Spike-2-Oxford subtype is similar to 

that of the previously solved structure of Spike-2-CDC-Spain. A major 

structural difference in the Spike-2-Oxford subtype happens in loop 1. Loop 

1 is responsible for major contacts that happen with the scFv PL-2. The 

serine to proline mutation kinks part of the loop forcing an alpha helix to 

form stably, this locks loop 1 in a particular conformation and prevents 



93 

 

flexibility. We analyzed the way in which Spike-2 crystalized in the 

asymmetric unit of the different structures being analyzed, and noticed that 

the loop in Spike-2-Oxford is not flexible. All of the four monomers in the 

asymmetric unit of the crystal in loop 1 adopt the same conformation with 

a short alpha helix (Fig. 4.3A). In comparison, the Spike-2-CDC-Spain 

adopts a more flexible conformation and we can see that all of the four 

monomers in the asymmetric unit have a slightly different position (Fig. 

4.3B). The flexibility that the Spike-2-CDC-Spain has, allows for binding 

of the scFv PL-2. After binding of the scFv PL-2 to the Spike-2-CDC-Spain, 

the loop now adopts one particular conformation. The loop of all of the eight 

monomers in the asymmetric unit of the Spike-2-CDC-Spain/scFv PL-2 

complex adopt the same conformation (Fig. 4.3C). We hypothesized that 

the point mutation in which Ser463 changes to Pro463 causes the alpha 

helix to form, and that the helix brings rigidity to the loop and prevents the 

binding of the scFv to PL-2. By superimposing the Spike-2-Oxford 

structure to the Spike-2-CDC-Spain/scFv PL-2 structure, we see that loop 1 

of the Spike-2-Oxford subtype clashes with CDR 3 of the scFv (Fig. 4.4). 

Thus the clash would prevent the binding of the scFv PL-2 to the Spike-2-

Oxford. Overall, the rigidity of the loop 1 due to the serine to proline 

mutation leads to a loop 1 in the spike to clash with the CDR 3 of the heavy 

chain of the PL-2 antibody and prevents binding.   
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Fig. 4.2. Structure and specificity of Spike-2-Oxford. a. Superdex 200 

16/600 size-exclusion chromatography trace of Spike-2-CDC-Spain 

purified protein. b. ELISA showing specific binding of scFv PL-2 to Spike-

2-CDC-Spain, but no specific binding towards Spike-2-Oxford. c. Crystal 

structure of Spike-2-Oxford, with half of the dimer in gray and the other 

half in light blue. The gray half is labeled with its corresponding β-sheets, 

α-helices and loops. 

 

 

 

Fig. 4.3. Showcasing the rigidity of loop 1 in the Spike-2-Oxford domain 

in comparison to the Spike-2-CDC-Spain domain. a. Structural 

comparison of all four monomers of the Spike-2-Oxford in the asymmetric 

unit of the crystal. b. Structural comparison of all four monomers of the 

Spike2-CDC-Spain in the asymmetric unit. c. Structural comparison of all 

eight monomers of Spike-2-CDC-Spain in the asymmetric unit of the scFv 

PL-2/Spike2-CDC-Spain complex structure. Loop 1 is labeled in all images.  
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Table 4.1 Data collection and refinement statistics (molecular 

replacement) 

 

 

 

 HAstV-Spike-2-Oxford 

Data collection  

Space group P 1 21 1 

Cell dimensions  

    a, b, c (Å) 68.63 71.94 92.81 

    α, β, γ ()  90 111.22 90 

Resolution (Å) 43.97 - 1.348 (1.396 - 

1.348) 

Rsym or Rmerge 0.098 (0.301) 

I / σI 10.4 (4.8) 

Completeness (%) 96.3 (93.6) 

Redundancy 2.0 (2.0) 

  

Refinement  

Resolution (Å) 43.97 - 1.348 

No. reflections 177,796 

Rwork / Rfree 0.155 / 0.184 

No. atoms  

    Protein 7,022 

    Ligands 0 

    Water 464 

B-factors  

    Protein 15.32 

    Ligands 0 

    Water 21.91 

R.m.s. deviations  

    Bond lengths (Å) 0.008 

    Bond angles ()  0.967 

*Data from one crystal for each of the structures was collected for the 

complete data set. *Values in parentheses are for highest-resolution shell. 

 

 

 

 

 

 



96 

 

 

 

 

 

 

Fig.4.4. Superimposing the scFv PL-2/Spike-2-CDC-Spain complex 

with Spike-2-Oxford structure. a. Cartoon representation of the 

superimposed Spike-2-CDC-Spain(red) and Spike-2-Oxford (cyan) bound 

to the scFv PL-2, scFv heavy chain (blue) and the light chain (purple). Top 

right corner: a zoom in of the Spike-2-CDC-Spain structural loop 1 

containing amino residue S463 playing a major role in the flexibility of the 

loop. Lower Right Corner: a zoom in of the Spike-2-Oxford loop 1 is 

locked in one conformation, clashing with CDR H3(blue) due to the P463 

mutation causing an alpha helix to form. 
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4.2.c. Reverting the mutation from proline back to serine re-establishes 

binding of the PL-2 to Spike-2-Oxford subtype.  

To confirm the hypothesis that the mutation from serine to proline causes 

the loop to be less flexible and that this prevents the binding of the Spike-

2-Oxford subtype to the mAb PL-2, we mutated the proline back to serine 

in the Spike-2-Oxford subtype. The protein elutes in the expected elution 

volume in size exclusion chromatography (Fig. 4.5A). We ran SDS gels of 

the mAb and scFv PL-2 and of the proteins purified to show purity and as a 

loading control (Fig. 4.5B). To see if the mutation is responsible for the 

prevention of the binding to the mAb PL-2, we preformed ELISAs using 

the full mAb PL-2 or the scFv PL-2. We see that both PL-2 samples now 

bind to the mutated Spike-2-Oxford subtype P463S; thus the flexibility that 

the serine gives to the loop 1 of the spike allows for the binding to the PL-

2 (Fig. 4.5C-D). Proline and glycine are two amino acids that do not follow 

the typical Ramachandran plot. Proline in particular, due to the ring 

formation which is connected to the beta carbon prevent the ψ and φ angles 

from having greater flexibility, thus giving the rigidity observed in the 

structure.  
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Fig. 4.5. Purification, and binding analysis of the Spike-2-Oxford-

P463S mutant to mAb PL-2 and scFv PL-2 by ELISA. a. Coomassie-

stained SDS-PAGE of the mAb and scFV PL-2 (left), coomassie-stained 

SDS-PAGE of the Spike-2-CDC-Spain, Spike-2-Oxford, and Spike-2-

Oxford-P463S mutant proteins showing purity and loading control of 

ELISA experiments. b. Superdex 200 16/600 size-exclusion 

chromatography traces of Bio-Rad Gel Filtration standards in the 

background, and analysis of Superdex 200 16/600 size-exclusion 

chromatography traces of indicated purified proteins. c. ELISA showing 

scFv PL-2 binding to Spike-2-CDC-Spain, Spike2-Oxford and Spike2-

Oxford-P463S mutant. d. ELISA showing mAb PL-2 binding to Spike-2-

CDC-Spain, Spike2-Oxford, and Spike2-Oxford-P463S mutant. 
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4.3 Discussion  

Viruses evolve extremely fast to evade the host’s immune system, or to 

compete with other viruses to become more prevalent. In designing an 

effective vaccine, it is important to stay ahead of the virus to prevent future 

infections. In our case the mutation of only one amino acid in the Spike-2-

Oxford was sufficient to completely eliminate binding of a potent 

neutralizing antibody to the spike domain of a HAstV-2-CDC-Spain 

subtype. The antibody PL-2 was isolated from a mouse and so, we cannot 

say that viral evolution caused this mutation in the spike domain so that the 

virus will be able to evading the immune system of the host. However, 

because loop1 is important for neutralization of the virus by at least one 

known neutralizing antibody, we can predict that a similar mechanism could 

happen or could have already happened in this viral subtype. HAstV-2 

serotype is extremely diverse, encompassed of many viral sub-types. By 

comparing all four subtypes of HAstV-2 analyzed in this study it is 

interesting to note that S463 is within the epitope binding site of the potent 

neutralizing antibody PL-2, and that all serotypes tested have a proline in 

this critical site. The proline mutation because of its restricted angles forces 

part of the loop to kinks and form a small alpha-helix. This completely 

blocks binding of the antibody because it clashes with the CDR 3 of the 

antibody heavy chain.  
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A possible explanation is that perhaps the virus has evolved this mutation 

to evade the attack from the immune system, making this mutation to be 

part of newly evolving viruses of the HAstV-2 family. In terms of vaccine 

design, astroviruses are extremely stable and a vaccine made of attenuated 

viral particles would be challenging to obtained; not only is the viral particle 

stable, but it is extremely difficult to express the viral particle in-vitro. 

Moreover, there is no animal model to test viral attenuation for astroviruses. 

An alternative approach could be to use a known immunogenic domain of 

the virus that could elicit neutralizing antibodies. When choosing vaccine 

strains, it may be best to choose strains that have serines, not prolines, in 

antigenic loops. In particular, because the family of HAstV-2 encompasses 

many different evolving sub-types a sub-unit vaccine that elicits broadly 

neutralizing antibodies would be desirable. By analyzing the structure of the 

HAstV-2-Oxford spike and by using the complex of the neutralizing scFv 

PL-2 together with the HAstV-2-CDC-Spain spike, we can determine that 

the spike with a serine at position 463 would be a really good candidate for 

a subunit vaccine. By having a serine instead of a proline in loop1in the 

spike, we could target an antibody response that could be of a broader 

impact to the HAstV-2 viral family. By analyzing the flexibility and the 

different conformations that the loop is able to have with the serine instead 

of a proline (Fig. 4.3), we can assume that the spike could elicit antibodies 
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that could target all different loop conformations. Additional evidence is 

shown by analyzing the sera that was used for neutralization studies. The 

sera used for these studies was isolated from mice inoculated with the 

Spike-CDC-Spain, which has a serine and not the proline in loop1. The sera 

which has a mixture of polyclonal antibodies was able to neutralize all of 

the HAstV-2 sub-types tested.  

 

4.4 Methods  

 

4.4.a. Cells, viruses, and reagents.  

The C2Bbe1 cells, derived from the colon adenocarcinoma Caco-2 cell line, 

were obtained from the American Type Culture Collection, and propagated 

in a 10% CO2 atmosphere at 37°C in Dulbecco´s modified Eagle´s medium-

High Glucose (DMEM-HG) (Sigma Chemical Co., St. Louis, Mo. Cat. 

D7777-10X1L), supplemented with non-essential amino acids (Gibco Life 

Technologies, Carlsbad, CA Cat. 1140) and 15% fetal bovine serum (FBS) 

(Cansera, Ontario, Canada). HAstV serotype 2 strain HAstV-2 Oxf was 

obtained from JB Kurtz in (Department of Virology, John Radcliffe 

Hospital, Oxford, UK), the strains HAstV-2 RIVMa, HAstV-2 RIVMb, 

HAstV-2 RIVMc were obtained from S Guix (Dept. Microbiologia, 

Facultat de Biologia, Universitat de Barcelona). All viral strains were 

activated and grown as described (Mendez-Toss et al., 2000). 
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Rabbit polyclonal sera were generated by inoculation with either 

recombinant HAstV-1 capsid core (amino acids 80-429) or HAstV-2 capsid 

spike (amino acids 429-644). 

 

4.4.b. Blocking assays.  

The indicated concentration of each antibody or scFV were incubated with 

the indicated HastV-2 strain for 1 h at room temperature. The virus-antibody 

mix was then added to C2Bbe1 cells grown in 96 multi-well plates, and 

incubated for 1 h at 37C. After this time the cells were washed three times 

with PBS and the infection was left to proceed for 18 h at 37C. Infected 

cells were detected by an immunoperoxidase focus-forming assay, as 

described (Méndez et al., 2004), with the following modifications. At 18 h 

post infection the cells were fixed for 20 min at room temperature with 

formaldehyde 2%, washed, and permeabilized using 0.2% Triton X-100 (in 

PBS) for 15 min, at room temperature. For detection of infected cells, a 

polyclonal serum directed to the capsid core protein of HAstV-1 was used.  

 

4.4.c. PCR and sequencing.  

For sequencing, RNA was isolated from viral lysates using PureLink viral 

RNA/DNA Mini Kit (Invitrogen, cat12280-050), and cDNA was 

synthesized with SuperScriptTM III reverse transcriptase (Thermo Fisher 
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Scientific, Cat. 18080044) using as primer the sequence 5’-

GCGGTCTCCAGAAAGTTTG-3’ (HastV2LW) corresponding to the 

nucleotide position 2369 to 2387 of the HAstV2 capsid protein (access 

number 8497068). For PCR amplification, Vent DNA Polymerase (New 

England BioLabs, Cat. M0254S) and the oligonucleotides HAstV2LW and 

HAstV2Up 5’-CAGTTCACTCAAATGAACCA-3’ corresponding to 

nucleotides 1215 to 1234 of the HAstV-2 capsid protein aAccess number 

8497068). The PCR product was purified using the kit DNA clean and 

ConcentratorTM-5 (Zymed Research, Cat. D4014), and sequenced in the 

sequencing facility of the Instituto de Biotecnología-UNAM.  

 

4.4.d. Expression and purification of Spike constructs.  

Synthetic genes codon-optimized for Escherichia coli encoding HAstV-2-

CDC-Spain CP spike amino acids 429 to 644 (UniProtKB entry Q82446), 

and Spike-2-Oxford CP spike (viral cDNA sequence determined in C. Arias 

lab) were purchased. To make spike expression plasmids, genes were 

cloned into pET52b (Addgene) in-frame with a C-terminal thrombin 

cleavage site and a 10-histidine purification tag. To make Spike-2-Oxford 

mutant expression plasmids, the Phusion Site-Direct Mutagenesis Kit 

(Thermo Scientific) was used with phosphorylated mutagenesis primers. 

All plasmids were verified by DNA sequencing. Plasmids were transformed 
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into E. coli strain BL21(DE3), and protein production was induced with 

1mM isopropyl-β-D-thiogalactopyranoside at 18°C for 16 h. E. coli cells 

were lysed by ultrasonication in 20 mM Tris-HCl, pH 8.0, 500 mM NaCl, 

and 20 mM imidazole (Buffer A) containing 2 µM MgCl2, 1250 U 

benzonase (Millipore), and 1X protease inhibitor cocktail Set V EDTA-Free 

(Millipore). Proteins were batch purified from soluble lysates by TALON 

metal affinity chromatography and eluted with Buffer A containing 500 mM 

imidazole. Proteins were dialyzed into 20 mM Tris-HCl, pH 8.0 and 25 mM 

NaCl and purified by anion exchange chromatography on a HiTrap Q FF 

column with a gradient elution to 20 mM Tris-HCl, pH 8.0 and 1 M NaCl. 

Proteins were buffer exchanged into PBS and further purified by size-

exclusion chromatography on a Superdex 200 column in PBS.  

 

4.4.e. Enzyme-Linked Immunosorbent Assay (ELISA).  

Purified spike proteins at a concentration of 5 µg/mL in PBS (150 µL total) 

were incubated overnight at room temperature in 96-well ELISA microtiter 

plates. Plates were then washed three times with PBS containing 0.05% 

Tween 20 (PBST). Wells were blocked by adding 150 µL of 5% BSA in 

PBS and incubating at room temperature for 1 hr followed by three PBST 

washes. Antibody samples mAb PL-2 or scFv PL-2 were diluted to 5 µg/mL 

with 1% BSA in PBS, and serially diluted 1:3 with 1% BSA in PBS. Wells 
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were incubated with 150 µL antibody for 1 hr at room temperature and the 

plates were washed three times with PBST. For ELISAs where the primary 

antibody was mAb PL-2, plates were incubated for 1 hr at room temperature 

with 150 µL HRP-conjugated, secondary goat anti-mouse IgG antibody 

diluted 1:5,000 in 1% BSA in PBS. For ELISAs where the primary antibody 

was scFv PL-2, plates were incubated for 1 hr at room temperature with 150 

µL HRP-conjugated Strep-Tactin protein, diluted 1:5,000 in 1% BSA in 

PBS. Plates were washed three times with PBST and developed by adding 

peroxidase substrate o-phenylenediamine dihydrochloride (OPD) in 0.05 M 

phosphate-citrate buffer, pH 5.0 and 1.5% hydrogen peroxide for 10 min at 

room temperature. The reactions were stopped by incubation with 2N 

sulfuric acid for 10 min at room temperature, and the absorbance was 

measured at 490 nm. 

 

4.4.f. Structure determination of Spike-2-Oxford.   

Purified Spike-2-Oxford in PBS was concentrated to 28.3 mg/mL. Crystals 

were grown by hanging drop vapor diffusion at 22°C with a well solution 

of 20 % PEG 3350, 0.2 M magnesium acetate, and 0.1 HEPES buffer, pH 

7.5. Crystals were transferred into a cryoprotectant solution of 25% PEG 

3350, 25% glycerol, 0.2M magnesium acetate, 0.1M HEPES, pH 7.5, and 

flash frozen in liquid nitrogen. Diffraction data were collected at cryogenic 



106 

 

temperature at the Advanced Photon Source on beamline 23-ID-B using a 

wavelength of 1.033 Å. Diffraction data from a single crystal were 

processed with iMosflm(32) and Scala(33)(Table 4.1). The Spike-2-Oxford 

structure was solved by molecular replacement, using the HAstV-2-CDC-

Spain CP spike (PDB ID 5KOU)(28) and the program PHASER(34). The 

Spike-2-Oxford structure was refined and manually rebuilt using 

PHENIX(35) and Coot(36), respectively. The final Spike-2-Oxford 

structure had two dimers in the asymmetric unit of the crystal.  
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