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Discovery, Functional Analysis, and Application of Bacteriophage Structural Proteins in 

Marine, Mucosal, and Human Gut Systems 

by 

Shr-Hau Hung 

Doctor of Philosophy in Biology 

University of California San Diego 

San Diego State University 

2019 

Professor Anca Segall, Chair 

 

Viruses have been studied since 1892, and for many years the emphasis has 

been on the mechanism of viral infection and disease. By the 1950s, researchers had 

begun to use enzymes and genomes of viruses of bacteria (bacteriophages or phages) 

as tools in developing molecular biology. Therefore, phage biology was biased on a few 

models like Lambda, p22, and T4 among other families that are extremely abundant, 

diverse, and unexplored. Yet even in the well-studied phage models, new pieces of 

evidences suggest that structural proteins with unknown functions may be involved in 

trilateral interactions between phage, host, and environments. Recently, there has been 

renewed interest in phage therapy due to the development of antibiotic resistance and 

microbiome-related diseases require precision treatments. Nevertheless, critical 



 

 xvii 

features regarding the discovery of new phages, characterizing their unknown functions, 

and therapeutic applications remain unaddressed. This dissertation examines the 

issues listed above with various techniques on cultured and uncultured environmental 

phages. In chapter 2, unknown function open reading frames (ORFs) in marine virome 

were predicted and experimentally validated as a workflow to investigate the rapid 

growing Next Generation Sequencing (NGS) data. Machine-learning algorithms trained 

by protein features were utilized to detect and categorize phage structural genes. The 

selected candidates were cloned, over-expressed, and purified for reconstitutions of 

structures in vitro. Chapter 3 is dedicated to phage-glycan interactions in mucosal 

surfaces. Immunoglobulin-like (Ig-like) domains have been found in many phage 

structural proteins and they were proposed to bind glycans displayed on mucus 

subunits. In chapter 3, methods of phage engineering were tested for editing Ig-like 

domains. In addition, various assays were accessed for characterizing the phenotypes 

of phage interacting with mucus. Chapter 4 is a pioneer study of phage therapy 

targeting immature microbiota in the gastrointestinal systems. In collaboration with 

Center for Phage Technology at Texas A&M University, a toxin-free, non-replicating, 

non-lytic Bacillus prophage-like element, PBSX, was selected and engineered as 

“phagocin” aiming to kill pathogenic strains. In chapter 4, the DNA packaging pattern in 

PBSX was further investigated for better understanding of its life cycle and future 

applications. 
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 : Overview 

1.1 From pathogens to biomaterials. 

Viruses have been studied since the discovery of Tobacco Mosaic Virus as a 

non-bacterial infectious agent in 1892 (1). For many years the emphasis has been on 

the mechanism of viral infection and disease for developing human medicine (e.g., 

treatments or vaccines). By the 1950s, researchers had begun to use viruses as 

molecular biotechnology tools. For example, genomes and enzymes of bacteriophages 

(phages) have been widely utilized for cloning and protein expression (2). Another old 

application was using phages to combat bacterial infection but soon be replaced by the 

discovery of the more effective antibiotics. In the 1970s, further studies focused on 

using virus-like particles (VLPs) without the viral genome to make anti-viral vaccines. 

These non-virulent and replication-deficient VLPs provided early versions of viral 

nanoparticles (VNPs), which were later widely adopted across many fields of science. In 

1980s, researchers started using plant viruses as expression vectors to produce protein 

for pharmaceutical usage (3). The product is in high expression level, with low cost, and 

free of contamination from animal or bacterial systems. 

Viral structural proteins such as the capsid are extremely stable due to their 

primary function as protecting genomic nucleic acids from environmental stresses. 

Some archaeal viruses can tolerate a wide range of temperature and pH in extreme 

environments such as hot springs and hydrothermal vents. Moreover, they possess 

other features like self-assembly with a high degree of precision, making them ideal 

candidates as VNPs for building blocks (4). VNPs can be produced in their natural hosts 

by genetic engineering (Fig. 1) (4). Comparatively, chemical modification methods are 
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also widely used to make VNPs in biomedicine, for the purpose such as tissue-specific 

imaging and drug delivery.  
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Figure 1-1: Viral nanoparticles from various sources and engineering procedures. 

Figure is adapted from (4). 1. VNPs engineered from natural hosts, such as plants, 
yeasts, and bacteria. 2. VNPs made from encapsulating materials inside capsid or to 
display ligands on the surface. VLPs: virus-like particles. 

  

Rod-shaped VNPs, for example, can be developed as templates
for mineralization and metallization reactions. Their propensity
to form crystalline one- and two-dimensional arrays has been
exploited to fabricate highly ordered hybrid materials.8 Although
VNPs are robust and stable, they are also highly dynamic
structures, and many icosahedral VNPs can undergo transitions
that lead to the formation of pores, thus allowing access to the
interior cavity as a constrained-reaction environment or storage
unit. Self-assembly strategies have been developed to encapsu-
late materials into VNPs.9

To endow VNPs with different functions, a broad range of
conjugation chemistries can be implemented.9,10 Ligands
ranging from small chemical modifiers to peptides and proteins,
and even to additional nanoparticles, can be attached by genetic
engineering, chemical bioconjugation, mineralization, or encap-
sulation techniques (Figure 2). This article focuses on recent
advances in the biomedical application of VNPs based on plant
viruses and bacteriophages. Mammalian viruses (e.g. adenovi-
rus) have also been investigated in the context of nanotechnol-
ogy, but currently their main application is gene delivery and not
drug delivery or imaging.11-13

The toxicity, biodistribution, and pharmacokinetics of VNPs

When developing novel materials for applications in
biomedicine it is essential to understand their in vivo properties,
particularly any potential toxic effects. Toxicity has certainly
been a challenge when dealing with human pathogens such as
adenovirus, even when using replication-deficient strains.14-16

VNPs derived from bacteriophages and plant viruses are
considered to be much safer because humans are not natural
hosts for the parent viruses, although there have been few studies
describing the characterization of such VNP platforms in vivo.
Animal studies have been carried out with the plant-derived
VNPs cowpea mosaic virus (CPMV) and cowpea chlorotic
mottle virus (CCMV), as well as with the phages Qβ and M13.
Toxicity studies were undertaken using CPMV and CCMV;
these showed no clinical symptoms.17,18 Both CPMV and
CCMV were detected in a wide variety of tissues throughout the
body, but there was no toxicity despite this broad bio-
distribution.18,19 CPMV, Qβ, and M13 particles accumulated
primarily in the liver and spleen,17,20,21 whereas CCMV particles
were mostly found in the thyroid gland (but also in the liver,
spleen, bladder, and salivary glands).18 The accumulation of

Figure 1. A snapshot of the viral nanoparticles (VNPs) currently being
developed for applications in medicine. Icosahedral plant viruses: brome
mosaic virus (BMV), cowpea chlorotic mottle virus (CCMV), cowpea
mosaic virus (CPMV), hibiscus chlorotic ringspot virus (HCRSV), red clover
necrotic mottle virus (RCNMV). Icosahedral bacteriophages: MS2 and Qβ,
and the filamentous phage M13. Rod-shaped plant viruses: potato virus X
(PVX), tobacco mosaic virus (TMV). (Images of the following VNPs were
reproduced from the VIPER database (http://viperdb.scripps.edu/): BMV,
CCMV, CPMV, RCNMV, MS2, Qβ. The structure of HCRSV was
reproduced from Doan DN, et al. Three-dimensional reconstruction of
hibiscus chlorotic ringspot virus. J Struct Biol. 2003;144: 253-61. M13 was
reproduced from Khalil AS, et al. Single M13 bacteriophage tethering and
stretchiing. Proc Natl Acad Sci USA 2007;104:4892-7. The structure of PVX
is from Kendall A, et al. Structure of flexible filamentous plant viruses. J
Virol. 2008;82:9546-54. The cryo-reconstruction of TMV was provided by
Bridget Carragher and Clint Potter; data were collected and processed at the
National Resource for Automated Molecular Microscopy at the Scripps
Research Institute.)

Figure 2. Viral nanotechnology—the assembly line. (1) VNPs can be
produced in their natural hosts—plants when using plant viruses, bacteria
when using bacteriophages, mammalian cells when using mammalian
viruses. Heterologous expression of viruslike particles (VLPs) in bacteria
and yeast is also a common production technique. (2) Once purified,
chemical tuning and design are carried out to attach and encapsulate
molecules that confer different functionalities. (3) The hybrid and
functionalized VNP is then evaluated in vitro and in vivo.

635N.F. Steinmetz / Nanomedicine: Nanotechnology, Biology, and Medicine 6 (2010) 634–641
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1.2 Importance of discovering new phages 

Phages are the most abundant biological entities, with an estimated 1031 

particles on earth (5). Their presence and life styles have significant ecological impact in 

microbial communities and hence they affect the global biogeochemical cycles (6). 

Upon infection by lytic phages, the molecular machines of host cells were hijacked to 

synthesize new phage particles. Eventually, phage particles are released into their 

environments by lysin- and holin-induced host cell lysis (7). Because of the specificity of 

the phage-host relationship, lytic phages directly shape the microbial community by 

killing certain abundant bacterial populations, described as “kill-the-winner” dynamics 

(8). As for lysogenic life cycles, the genomes of phages become part of the host 

genome as prophages and propagate with each cell’s replication cycle. When the host 

cells suffer damage such as UV or DNA-damaging chemicals, prophages are often 

induced to enter the lytic cycle. Most prophages modify the host physiology (host gene 

modifier), including promoting nutrient assimilation, photosynthesis, and resistance to 

antibiotics (9, 10). Hence, identifying new phages and their genes is important for a 

better understanding of life styles and effects of phages in the environment, phage-host 

genetic relationships, and development of new pathogens.  
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1.3 Extremely divergent phage genomes 

Currently, data on phage diversity is increasing exponentially since the 

application of next-generation sequencing (NGS) in different ecosystems (11). However, 

sequences from environmental phage genomes are so extremely divergent that over 

70% of phage-encoded genes cannot be annotated using the existing databases such 

as GenBank. Furthermore, unlike the 16S rRNA in bacteria, no single gene is universal 

among phages and thus usable for sequence-based taxonomy. For classifying phages, 

proteomic trees based on metagenomic sequences were proposed (12) to compare with 

the current taxonomy by the international committee on the Taxonomy of Viruses 

(ICTV). Recently, environmental viral peptide sequences identified by mass 

spectrometry (metaproteomes) were coupled with metagenomics to provide further 

insight into phage structural proteins (13).  

Among phage-encoded genes, genes of enzymes involved in phage life cycles, 

for examples polymerases, helicases, and nucleases, are relatively easy to identify 

using sequence alignment tools due to the conserved catalytic domains. On the other 

hand, genes of structural proteins and host physiology modifiers are more challenging 

to predict because of the lack of sequence similarity. Nevertheless, we expect to see 

structural proteins sharing certain features necessary for their function. These features 

may be very subtle but could be used for classifications. 

In 2012, Seguritan et al. developed a method using Artificial Neural Networks 

(ANNs) to predict phage tail and major capsid proteins (MCPs) from deduced amino 

acids (14). Phage structural ANNs are machine-learning neural networks trained using 

extracted features of known phage structural proteins, such as protein length, percent 
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amino acid composition (PC), and predicted global isoelectric point (pI). To validate 

these computational tools, ANN-predicted capsid proteins and tail proteins were 

overexpressed, purified, and observed as self-assembled phage-like structures using 

transmission electron microscopy (TEM) (Fig. 1-2). The ANNS were able to correctly 

predict a number of structural phage proteins whose function could not be predicted by 

the available bioinformatic tools. Chapter 2 describes the experimental validation of a 

new set of proteins whose structural function was predicted by ANNs. 
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Figure 1-2: TEM micrographs of ANN-predicted viral structural proteins.  

Figure is adapted from (10). Capsid (5515) and tail (5525) were predicted from unknown 
viral proteins in existing database and further validated by biochemistry and 
transmission electron microscopy (TEM).  
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1.4 Sophisticated structures of phages 

Phage structural protein assembly and morphogenesis is a highly ordered and 

complicated process that involves many proteins. For example, T4, one of the most 

complex bacteriophages, and it requires more than 40 proteins to form a mature viral 

particle (virion) (15). The morphogenesis of T4 was described in detail by current 

structural studies (Fig. 1-3). The head structure is composed of a 172-kbp dsDNA 

genome and at least 12 proteins for the shell, outer surface proteins, internal scaffolds, 

and the portal vertex. To initiate head capsid formation, the scaffold protein complexes 

are formed and coated by shell proteins, and the shell is folded into a procapsid by both 

host and phage-encoded chaperone proteins. After a series of proteolytic cleavages of 

both shell and scaffold proteins, the peptide fragments are expelled from the procapsids 

to make space for the genome. Phage DNA is then packaged through the portal, 

powered by ATP hydrolysis as the head expands. The packaging continues until the 

head is full. The terminase cuts free the mature capsid head from the long, branched 

phage DNA concatemer. In the case of tail, at least 26 proteins are involved in structural 

assembly, which including the inner tail tube, tail sheath, baseplate, tail fibers, and 

chaperone proteins for the attachment of the tail to the head and the long tail fibers to 

baseplates.  

The non-essential T4 head decoration protein, Hoc (highly antigenic outer capsid 

protein), bind to the mature, expanded head capsid at late stage of T4 morphogenesis 

(Fig. 1-3). In chapter 3, the novel proposed function of Hoc-mucus interactions was 

further investigated with phage engineering and other assays to characterize the 

specificity and strength of binding. 
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Figure 1-3: Morphogenesis of T4 bacteriophage virion. 

Figure is adapted from (16) 

  

2360 P. G. Leiman et al. Structure and morphogenesis of bacteriophage T4

Figure 5. Morphogenesis of the bacteriophage T4 virion. The overall assembly pathway can be divided into three independent stages: head,
tail, and long tail fiber assembly. The chaperonines and catalytic proteins are indicated in brackets near the protein, or assembly step, that
requires the chaperonine. Known protein stoichiometries are given as subscripts. Crystal structures of structural proteins are shown as rib-
bon drawings. 
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1.5 Microbiome, health, and phage engineering 

The human gastrointestinal tract is inhabited by a tremendous number of 

microorganisms, approximately 1012 viruses and 1013 bacteria (17, 18). The Commensal 

microbial communities (also known as microbiomes or gut microbiota) play an important 

role in human health (19). For example, microbiomes in the gastrointestinal tract are 

associated with nutrient absorption, obesity, and even immune system development 

(20).  

Since phages are specific to their hosts, the idea of using phages to eliminate 

pathogenic bacteria was introduced in the 1940s (termed phage therapy) but, in the 

West, was soon replaced by the use of antibiotics. Recently, there has been renewed 

interest in phage therapy due to the development of multiple antibiotic resistance in 

pathogens because of and microbial biofilms that cannot be penetrated by drugs. In 

addition, various engineered hybrid phages have been built for diagnostic purposes. For 

example, phages expressing fluorescent proteins were designed to detect the presence 

of pathogenic Salmonella and E. coli in water and food (21, 22).  

A recent study investigating the modification of E. coli phages showed that the 

modular swapping of tail fibers allowed the targeting of pathogenic Yersinia and 

Klebsiella (Fig. 1-4) (23). Since phages are known as controllers and regulators of the 

microbiome, we expect that engineered phages may lead to personalized medical 

approaches aimed at shaping the human microbiome. Hence, a better understanding of 

the relationship between phages, their hosts, and their microenvironment is important 

for developing such applications. Chapter 4 discuss the analysis of a defective 

prophage of Bacillus subtilis, PBSX, in order to engineer a deliverable microbiome 
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modifying agent (Anthony M. Sperber, Matthew Theodore, Shr-Hau Hung, Anca Segall, 

Jennifer Herman, and Ry Young, manuscript in prep.). 
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Figure 1-4: Engineering phage tail fiber proteins allows the targeting of different 
species of hosts.  

Figure is adapted from (6). Phage tail fiber proteins were swapped by editing phage 
genome in yeast artificial chromosome, which resulted in changes of host specificity.  
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 : Expression, purification, and validation of Artificial Neuron Network-

predicted phage structural proteins 

Abstract 

Viruses of bacteria (bacteriophages) are the most abundant and diverse 

biological entities on earth, with critical roles in different ecosystems. As a consequence 

of extremely high sequence diversity among phage-encoded genes and early bias in 

phage biology research towards phages that infect human pathogens, on average 70% 

of phage open reading frames (ORFs) cannot be annotated by amino acid sequence 

alignment with known proteins in the existing databases. Phage genes that encode 

structural proteins are among the most diverse and difficult to annotate, in part because 

they are under selective pressure to diversify and partly because they serve 

architectural rather than enzymatic functions, and thus they are generally constrained to 

diverge. In 2012, we published a machine-learning approach to develop Artificial Neural 

Networks (ANNs) for detecting phage structural ORFs, including major capsid and tail-

associated proteins. From the phage sequence database, about 10 ANN-predicted 

ORFs with unknown functions were further validated experimentally. Here we aim to 

refine and extend this approach to explore "viral dark matter" in the marine ecosystem. 

Phage portal nets were trained as a new structural protein category. The new ANNs 

were utilized not only for predicting phage structural ORFs in databases but also in 

marine metagenomes from the Southern Line Island Star7 data set. After examination 

with other bioinformatic tools, the sequences with high ANN scores were then selected 

to be synthesized, cloned, and over-expressed in E. coli. Upon purification and 

assembly in vitro, proteins were visualized by transmission electron microscopy (TEM). 
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A capsid-like protein in Pseudomonas phage F116 was tested comprehensively through 

our experimental pipeline. Among the assembled contigs from Star7 island, three 

structural-like gene clusters were identified, while most of the selected ORFs remained 

insoluble upon IPTG-induced over-expression. The solubility was then improved by co-

expressing them with chaperon proteins, including DnaK, DnaJ, and GrpE. After a 

series of biochemical tests including buffer conditions, concentration changes, and 

mixing individually purified proteins, assembled phage-like structures such as portal 

rings, capsid and tail fibers were observed by TEM. The experimental results shows that 

some of the ANN-predictions did not correctly categorize the unknown phage protein 

functions. 
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2.1 Introduction 

Bacteriophages, viruses of bacteria, are the most abundant biological entities 

with 1031 estimated numbers on earth (1). Currently, data on phage diversity is 

increasing exponentially since the application of next-generation sequencing (NGS) 

technology in different ecosystems (2–4). However, sequences from environmental 

phage genomes are extremely divergent. On average, over 70% of open reading 

frames (ORFs) them cannot be annotated using existing databases such as GenBank 

(5–7). Among phage genes, enzymes involved in phage life cycles, with conserved 

catalytic domains, can be identified relatively easily by conventional sequence similarity-

based alignment tools. However, genes that encode structural proteins and host 

physiology modifiers are more difficult to predict due to rapid phage-host co-evolution, 

which reduces sequence similarity (8, 9). Furthermore, unlike the classification based 

on 16S rRNA in prokaryotes, no single gene is universal among phages for sequence-

based taxonomy. Nevertheless, structural proteins from the same family of phages, may 

share certain features and thus could in principle be used for classifications. In 2002, 

phage proteomic trees based on 105 sequenced phage genomes were proposed to 

compare with the current taxonomy based on physical parameters by international 

committee on the Taxonomy of Viruses (ICTV) (10). More recently, metaproteomics 

(sequencing peptides by mass spectrometry), coupled with metagenomics were applied 

to discover novel phage structural proteins in the ocean (11).  

In addition to sequence alignment, “threading” can be used to predict folding of 

proteins if they are related to other known structures, even with little or no sequence 

homology. There are servers for protein three-dimensional structure models (3D-
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modeling), such as I-TASSER (Iterative Threading ASSEmbly Refinement) and Protein 

Homology/analogY Recognition Engine V 2.0 (Phyre2). However, given a limited 

number of protein structures available from existing protein database, the results often 

give false predictions for unknown phage sequences. In addition, 3D-modeling is slow 

and limited by computer resources when dealing with a large number of sequences. As 

for protein structural studies, biochemically purified proteins approached by 

crystallography or cryo-electron microscopy are available for a limited number of 

viruses, due to high cost and labor considerations. In 2012, Seguritan et al. developed 

Artificial Neural Networks (ANNs) to predict phage tail and major capsid proteins 

(MCPs) in phage genome databases (12). Phage structural ANNs are machine-learning 

algorithms trained by extracting features of known phage structural proteins, such as 

peptide length, amino acid frequency, and isoelectric point (pI). It allows high-through-

put screening with same computing power and the algorithm can be easily updated 

using latest data for re-training. Lastly, to validate prediction, a relatively efficient way 

was adopted, in which the selected ANN-predicted proteins were overexpressed, 

purified, and visualized by negatively staining and transmission electron microscopy 

(TEM).  

In this study, we further developed and refined existing ANN algorithm by the 

approaches as follows. First, portal net was trained and added to ANN. Second, ANN 

with portal, capsid, and tail proteins feathers were utilized to predict marine phage 

metagenomes and compared with other bioinformatic tools. Third, selected highly-

phage structural-like ORFs were validated experimentally by various biochemistry tests 

and TEM (Fig. 2-1).   
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2.2 Materials and Methods 

Training Artificial Neural Networks to Detect Viral Portal Proteins 

The detailed training strategy was described in the earlier study (12). Briefly, 632 

sequences with “portal” in the annotation were extracted for the positive ANN training 

set from the ACLAME Virus and Prophage Protein Database v. 0.4, while the remaining 

21,155 sequences served as the negative training set. Because the training process is 

sensitive to the ratio between positive and negative examples, the neural nets were 

trained with different ratios of positive : negative examples. The different negative-to-

positive ratios tested were 1:1, 2:1, 4:1, 7:1, and 10:1, with the 1:1 ANN datasets 

containing 632 non-portals and 632 portals, or with 6,320 non-portals in the 10:1-trained 

ANNs. For each trained ANN, the samples were randomized prior to selection, ensuring 

broader distribution of the negative samples over the voting ANNs. To determine the 

optimum number of neurons to use in the ANNs, each as trained using from 1 to 30 

hidden-layer neurons. Along with training using amino acid frequencies, ANNs were 

trained using combinations of percent single amino acid composition (%AA), predicted 

global isoelectric point (pI), and length. The accuracy, sensitivity, and specificity of the 

networks were measured, defined below: 

𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =
𝑇𝑟𝑢𝑒𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠 + 𝑇𝑟𝑢𝑒𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑠

𝑇𝑜𝑡𝑎𝑙𝑇𝑒𝑠𝑡𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑜𝑛𝑠  

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑇𝑟𝑢𝑒𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠

𝑇𝑟𝑢𝑒𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠 + 𝐹𝑎𝑙𝑠𝑒𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑠 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦 =
𝑇𝑟𝑢𝑒𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑠

𝑇𝑟𝑢𝑒𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑠 + 𝐹𝑎𝑙𝑠𝑒𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠 
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Viral metagenomics from marine environments 

The viral metagenome (virome) used in this study was collected and processed 

as previously described (13). Briefly, 120 liter of seawater sample was collected at 

Starbuck Island Site 7 (Southern Line Islands, Republic of Kiribati) from the boundary 

layer above the benthos at a depth of 10 m. Next, Virus-like particles (VLPs) were 

purified through a series of filters, yielding 2.9x109 ml–1. Subsequently, DNA was 

purified using CTAB/phenol: chloroform extractions, then sequenced using Roche 454 

Life Sciences HTS technology (Environmental Genomics Core facility, Engencore, 

University of South Carolina, Columbia, SC). 

Sequence processing and assembly 

Sequence tags were removed with TagCleaner (14); duplicate and low quality 

reads were removed using PRINSEQ (15). DeconSeq (16) was used to remove 

sequences with ≥90% coverage and ≥94% identity to sequences from the following 

databases: RefSeq virus genomes; Human — Reference GRCh37; Human — Celera 

Genomics; Human — Craig Venter (HuRef); Human — Seong-Jin Kim (Korean); 

Human — Chromosome 7 version 2 (TCAG); and Human — James Watson, YanHuang 

(YH; Asian), Yoruba (NA18507; African) reference sequences. The resultant 939,311 

STAR7 sequences were uploaded to the MGRAST server (17) for analysis. Following 

dereplication, cleaned sequence reads were assembled using the Roche Newbler 

assembler software version 2.5.3 (454 Life Sciences, Roche Applied Science, Branford, 

CT) with the default assembly parameters (≥90% identical nucleotide sequence over at 

least 40 bases). Contigs were translated in all six reading frames and pORFs (putative 
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ORFs, i.e., sequences bounded by an ATG or GTG start codon and a stop codon) were 

identified using Perl scripts.  

Prediction and selection of viral structural ORFs and contigs 

ORFs longer than 100 amino acids (aa) were analyzed by artificial neural 

networks (ANN) trained to detect viral structural proteins including major capsid, tail-

associated (e.g., sheath, tail fiber, tail tube) (12), and portal (this study). Putative viral 

contigs were selected according to the following criteria. First, ANN scores (with range 

from -1 to +1) for all selected ORFs were greater than 0.3, a threshold that minimized 

false positive scores when examining ORFs from four bacterial genomes that included 

prophage sequences (E. coli, Salmonella enterica LT2, B. subtilis 168, and S. aureus). 

Second, selected contigs contain at least a predicted portal (using the newly developed 

neural nets). Third, selected ORFs within a contig can be in different reading frames but 

coded on the same strand, since frameshifts are common in phage genomes but 

bidirectional transcription tends to be rare for genes in structural protein modules. 

Subsequently, amino acid sequences from selected ORFs were further analyzed by 

NCBI BLASTp (Table 2-1) and the Phyre2 server for protein 3D structural modeling 

(http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index).  

Designing ANN-predicted viral structural protein constructs in E. coli 

To design genes for protein expression, nucleic acid sequences were converted 

to optimal codons in E. coli by using Gene Designer 2.0 (ATUM, CA). The sequences 

were then synthesized (Gen9, MA) and cloned into plasmids pEMB11, AmpR (Emerald 

BioSystems, Bainbridge Island, WA) in E. coli DH5a for storage. Subsequently, 

synthesized genes were cleaved with BamHI and HindIII and ligated into pEMB31, KanR 
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(Emerald BioSystems, Bainbridge Island, WA), behind an isopropyl-1-thio-b-D-

galactopyranoside (IPTG)-inducible promotor for protein expression. In addition, the N-

terminus of each construct was fused to a tag with hexahistidine and ubiquitin-like 

protein SMT3 (His-SMT tag) in the pEMB31 vector. Finally, pEMB31 plasmids 

containing individual ORFs were transformed into BL21 (DE3, pLysS, CamR) for 

subsequent protein overexpression. 

Expression and solubility tests of ANN-predicted protein constructs 

Overnight cultures of E. coli containing ANN-predicted constructs (Table 2-1) 

were diluted by 1 to 100 in LB with Kanamycin (50 μg ml-1) and Chloramphenicol (25 μg 

ml-1), and incubated in a shaking incubator at 37°C. When the optical density reached 

A600 of 0.5, IPTG (0.5 mM, final conc.) was added to cultures to induce the expression 

of proteins at 30°C for 4 hrs. To harvest the cells, cultures were centrifuged at 4000 × g 

for 5 min at 4°C, and the medium was removed. Cell pellets were then re-suspended in 

binding buffer I (500 mM sodium chloride, 20 mM sodium phosphate, 25 mM imidazole, 

pH=7.4, buffer : culture=1 : 20). The cells were then placed on ice and disrupted using a 

Misonix sonicator (70% power, 2 sec on/1 sec off, 3 min total). To separate the soluble 

(supernatant) and insoluble (pellet) protein fractions, cell lysates were centrifuged at 

16,000 × g for 45 min at 4°C. The soluble fraction was transfered to a new tube, and the 

insoluble fraction was re-suspended in the same volume of binding buffer. Protein 

concentrations were determined using Nanodrop spectrophotometer (ND-1000, Thermo 

Fisher Scientific) at 280-nm wavelength. For SDS-PAGE analysis, 30 μg of protein 

samples were mixed with loading buffer (50 mM Tris-HCI, pH=6.8, 2% SDS, 10% 

glycerol, 1% β-mercaptoethanol, 12.5 mM EDTA, 0.02% bromophenol blue, final conc.) 
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and heated at 70°C for 10 min. Samples were then immediately cooled down on ice for 

5 minutes and loaded onto NuPAGE 4-12% Bis-Tris Protein Gels (Thermo Fisher 

Scientific). Protein bands were separated by electrophoresis in 1X MOPS SDS running 

buffer (50 mM MOPS, 50 mM Tris base, 0.1% SDS, 1mM EDTA, pH=7.7, 20X) at 200 

volts for 50 min. Separated protein bands were then visualized by staining with 

InstantBlue (expedeon) for 2 hrs. 

Improvement of solubility by co-expressing chaperones and modified culture 

condition 

Five plasmid sets (pG-KJE8, pGro7, pKJE7, pG-Tf2, pTf16) coding various 

chaperones (Table 2-2, Takara Bio Inc.) were individually transformed into E. coli BL21 

constructs without pLysS. For co-expressing chaperones with ANN-predicted proteins, 

inducers of each set of chaperone proteins were added upon IPTG induction. After the 

solubility test, chaperone dnaK-dnaJ-grpE (pKJE) was chosen for all the insoluble 

constructs. In addition, the culture conditions were optimized using a lower 

concentration of inducer (0.1 mM IPTG and 0.5 mg/ml L-arabinose, final conc.) in early 

log phase (A600=0.1) at low temperature (25°C, overnight). 

Protein purification by nickel affinity chromatography 

To purify the predicted capsid and tail proteins in small scales (5-10 ml cell 

lysate), the soluble fraction of the lysate (supernatant) after centrifugation and His 

SpinTrap columns (GE Healthcare) multiple fractions following the manufacture’s 

instruction. The columns were first equilibrated with binding buffer before loading of the 

soluble lysate to bind the His-tagged protein to the nickel-resin. Subsequently, the 

protein-bound resin was washed with washing buffer (binding buffer supplemented with 
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30 mM imidazole) with 10 times the resin volume. Finally, target proteins were eluted off 

the column with elution buffer (binding buffer supplemented with 500mM imidazole). For 

purifying the predicted portal protein on a large scale (0.5-2 liter cell lysate), cells were 

lysed in binding buffer II (20 mM Tris-HCl, 500mM NaCl, 20mM imidazole, pH=8.0, 

buffer : culture=1 : 20). The CrystalCruz® Chromatography Columns (Santa Cruz 

Biotechnology) packed with 5 ml His60 Ni Superflow Resin (Takara) were equilibrated 

with binding buffer, and the soluble fraction was pumped into the column with a 1 ml/min 

flow rate. After washing with binding buffer II supplemented with 20mM imidazole, the 

protein was eluted with buffer II supplemented with 500mM imidazole. Elution of the 

protein was followed using a UV monitor coupled with a fraction collector (Biorad). To 

remove the His-SMT tag, the buffer of the purified proteins was exchanged into SUMO 

protease buffer (50 mM Tris-HCl, pH=8, 0.2% igepal, 150 mM NaCl, 1mM DTT) and 

cleaved with one unit of SUMO protease (Molecular Cloning Laboratories) for every 4 

µg of portal protein at 16°C for 3 hours, then at 4°C overnight. Purified capsid and tail 

protein were store at 4°C for up to 1 week prior to TEM examination, or moved to -80°C 

freezer for long-term storage. 

Polymerization of portal rings 

Purified and cut portal protein was transferred to an Amicon spin column (30 

kilodalton, kDa) to remove the 15-kDa His-SMT tag fragment, followed by buffer 

exchange with polymerization buffer (20 mM Tris-HCl, pH=8.0, 100 mM NaCl, 60 mM 

EDTA, 10mM β-mercaptoethanol, 0.05% sodium azide) and concentration of the 

sample to 50 mg/ml. The concentrated protein was incubated at 25°C for 24 hours then 

switched to 37°C for 2.5 hours. The sample was then diluted 10-fold with cold storage 
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buffer (20 mM Tris-HCl, pH=8.0, 100mM NaCl, 0.05% sodium azide) and transferred to 

4°C for up to 3 days prior to TEM examination. 

Phage-like structures visualized by TEM 

The protein sample was diluted to 0.5-1 mg/ml with storage buffer before 

negative staining. Glow-discharged 300-mesh copper grids coated with formvar or 

carbon were floated on drops (30 µl) of purified protein samples for 3 min. To remove 

the salts in the buffer, the grids were rinsed 3 times with drops of water (20 µl). The 

grids were then negatively stained with uranyl acetate (0.5%) for 15 seconds, dried, and 

examined using a FEI Tecnai T12 TEM (FEI, Hillsboro, OR) operating at 120 kV at the 

SDSU Electron Microscopy Facility. Micrographs were taken with an AMT HX41 side-

mounted digital camera (Advanced Microscopy Technique, Woburn, MA).  
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2.3 Results 

Training artificial neural networks to detect viral portal proteins 

For the optimum number of neurons to use in the ANNs, the performance was 

evaluated using from 1 to 30 hidden-layer neurons. While there is some variability in the 

optimum number of neurons, each of the different training ratios expressed an 

approximate maximum accuracy at 20 neurons, which was used for final ANN training 

(Fig. 2-2). The overall accuracies of trained ANNs remained above 90% for each of the 

training ratios (Fig. 2-3). As suspected, the ability of the networks to correctly classify 

portals diminishes when using the highest training ratios, with sensitivity above 90% at 

the 1:1 training ratio and below 75% at the 10:1 ratio. As the ratio of negative training 

examples increased, ANNs become much more accurate at identifying those classes of 

proteins, which can account for the increasing accuracy with higher ratios. At higher 

negative-to-positive ratios, such as in the 10:1, the addition of length increases the 

sensitivity of ANNs by ~15%. Isoelectric point as an input to the portal ANNs results in 

little effect on the performance at equal training ratios, while decreasing performance as 

the negative ratio increased. The %AA and length-trained ANNs appear to have the 

highest accuracy, sensitivity, and specificity at all training ratios (Fig. 2-3, 2-4). 

Analysis of an uncultured marine virome  

In the Star7 virome, 939,311 sequence reads were generated with 579,664 

duplicate sequences and a mean sequence length of 395±131 bps on a 454 Genome 

Sequencer FLX instrument (Roche). As is typical for marine environments (3), few 

sequence reads (42,218) in the resulting viral metagenomes (viromes) showed 

significant similarity to sequences in the M5nr database (18) 
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(http://tools.metagenomics.anl.gov/m5nr/) (BLAT (19), e-value ≤0.001). Next, several 

approaches were used to search for viral structural proteins. First, predicted protein-

coding sequences were identified that were flanked by both a stop codon and either an 

ATG or GTG start codon, and that encoded at least 40 amino acids. Of these 7,370 

ORFs, 4753 (64.5%) encoded proteins of at least 100 amino acids. Although many viral 

proteins are shorter (e.g., holins, repressors such as λ cro, GroES analogs (20)), we 

focused on these longer ORFs, since longer proteins makeup 90% of the solved 

structures in the Protein Data Bank (21) and are more likely to form stable structures 

that can be assembled in vitro. Among them, most of the ORFs had no significant 

sequence similarity to known proteins based on BLASTP and TBLASTN searches 

against the NR database from May 2012 (Table 2-3). These 3705 unknown ORFs 

accounted for 78.0% which was further reduced to 75.5% by comparing to sequences in 

the Conserved Domain Database using RPS-BLAST (22). The 1163 known sequences 

included 286 viral structural proteins, chaperones (chaperonin Cpn10, GroES, and 

GroEL), as well as DNA modification and replication enzymes (e.g., DNA polymerase, 

methyltransferase, ribonucleotide reductase). For ANN predictions, only 6% ORFs were 

predicted as structural proteins, with 2.7% in the capsid and 2.1% in tail-associated 

categories (Table 2-3). Based on the results above, several contigs with known or 

predicted structural gene clusters were selected for further investigations. 

Predictions of selected phage structural proteins by ANN, BLAST, and Phyre2 

VCID5627, contig 724, 913, and 3730 were examined bioinformatically based on 

the predictions by NCBI BLASTp, ANN, and Phyre2 (23) (Table 2-1, Fig. 2-5). Among 

them, VCID5627 and contig 3730 exhibited the least information from databases (Table 
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2-1). As for contig 724 and 913, some of the ANN predictions contradicted with the 

results of BLASTp and Phyre 2 (e.g., 724_1 and 913_2 in Table 2-1), while the 

annotations of neighboring ORFs suggest certain viral structural gene clusters (Fig. 2-

5). In contig 724 (3509 bp), 724_1 and 724_2 were both predicted as portals next to an 

upstream terminase large subunit (ORF3), a DNA package protein gene commonly 

located next to portal genes (Fig. 2-5A). In addition, the secondary structure of 724_1 

aligned to the first three alpha-helices of P22 portal protein model while 724_2 aligned 

with most of the remaining structures (Fig. 2-6). In contig 913 (6810 bp), tail and capsid-

associated genes were found by BLSTp, indicating both structural gene clusters present 

on this contig (Fig. 2-5B).  For the tail-associated gene cluster, 913_1 has high ANN 

score of tail-associated category, and it is located adjacently to a tail tubular/adhesin-

like ORF 5 (Fig. 2-5B). Moreover, 913_1 was annotated as glycanase by BLASTp, a 

common enzyme found on tail fibers for phage anchoring bacterial cell walls (Table 2-

1). For the capsid-associated gene cluster, ORF 7 and 9 encoding scaffold and 

protease was found in the upstream of 913_2 (Fig. 2-5B). Besides, BLASTp and Phyre2 

both predicted 913_2 as major capsid protein with high scores on sequence (Table 2-1). 

3D-modeling of 913_2 fitted in perfectly with HK97 MCP GP5 (Fig. 2-7). Together, 

VCID5627, 724_1, 724_2, 913_1, 913_2, 3730_1, 3730_2, and 3730_3 with high 

possibility as MCP, tail, or portal were selected to precede the following experimental 

validations. 

Protein expressions, solubility tests, and purifications 

Upon IPTG induction, strong expressions with expected sizes were observed 

across all E. coli constructs by SDS-PAGE. However, most of the target proteins were 
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insoluble except for VCID 5627 and 913_1 (Fig. 2-8, contig913 as representative). In 

order to improve the solubility, various strategies were adopted, including induction and 

culture conditions, osmotic stress and heat shock (24), scout lysis buffers (Table 2-4), 

and co-expression with chaperones (Table 2-2, Takara Bio Inc.). After the 

comprehensive biochemistry tests, solubility was improved and optimized by co-

expressing chaperones dnaK-dnaJ-grpE with target proteins using low concentration of 

inducer under slow growth (0.1 mM IPTG, 25°C, overnight) (Fig. 2-9). Finally, partially 

soluble target proteins were co-purified with chaperones from Nickel-affinity 

chromatography (Fig. 2-10, contig724 as representative). 

Phage-like structures visualized by transmission electron microscopy (TEM) 

When VCID5627 was purified in the standard buffer, TEM micrographs showed 

mainly aggregates. After the sample was supplemented with Jeffamine, CaCl2, or 

MgCl2, different morphological types of capsid-like structures were observed (Fig. 2-11, 

Table 2-5). Among them, sample supplemented with MgCl2 showed the best variety of 

forms observed (Table 2-5). The folded heads found in the TEM micrograph are 

comparable to Pseudomonas aeruginosa phage F116 treated with chemicals (Fig. 2-

11F, G) (25). In contig 724, the addition of magnesium caused aggregation and irregular 

structures for 724_1 and 724_2, respectively (Fig. 2-12A and B). However, after the 

procedure of portal ring polymerization, ORF2 alone yielded some portal ring-like 

structures in different sizes, while more consistent portal rings appeared from the 

polymerized mixture of 724_1 and 724_2. (Fig. 2-12C and D). Moreover, the size 

exclusion chromatography (SEC) results showed only 724_2 present in the polymerized 

portals, which indicates 724_1 might only catalyze the polymerization and did not form 



 

30 

final structure (data not shown). As for contig 913, some irregular structures in purified 

913_1 were found in the elution buffer (Fig. 2-13A), and the fiber-like strutures became 

more consistent in size and shape after supplementing with 1 mM MgSO4 (Fig. 2-13B). 

Also, this semi-soluble purified protein aggregated when the concentration of NaCl 

decreased below 500 mM (data not shown). As for 913_2, broken capsid-like structure 

morphotypes were observed with the addition of 1 mM MgSO4 (Fig. 2-13C). 

Furthermore, folded capsid-like structures were found with the size of approximately 50 

nm in diameter (Fig. 2-13D). In contig 3730, capsid and unknown structures were found 

in 3730_1, 3730_2, and 3730_3 (Fig. 2-14). Procapsid-like structures were observed in 

3730_2 alone (Fig. 2-14B), and also in the mixture of 3730_1, 3730_3, and 3730_3 (Fig. 

2-14D). In the mixture of all three ORFs, unknown structures found in 3730_1 and 

3730_3 were found binding to the capsid-like structure, indicating interactions between 

these capsid-associated protein structures (Fig. 2-14D). 
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2.4 Discussion 

Novel viral structures identified by ANN 

VCID 5627, an unknown gene product gp42, is likely a non-classical capsid 

protein given all the negative predictions (Table 2-1). Although the adjacent gene gp43 

was predicted and experimentally verified as capsid in Pseudomonas phage F116 (26), 

VCID 5627 might be a minor or alternative capsid-forming from other phages. Since the 

phage genome was proposed to replicate as a plasmid form during the lysogenic cycle 

(26),  VCID 5627 could be a product from horizontal gene transfer between 

Pseudomonas and prophages in other species. For contig 724, the concatemer of 

ORF1 and 2 seem to align well with another marine phage and also P22 phage portal 

(Table 2-1, Fig. 2-6). Whether the original portal gene in contig 724 was with one or two 

separate ORFs remains unknown. Here we propose two hypotheses. First, error might 

have occurred during the virome DNA library preparation or sequencing. The second 

possibility is phage evolution through the fast divergence of the viral genome. When 

comparing model phage portals in P22-gp1, SPP1-gp6, and phi29-gp10, both N-

terminal and C-terminal ends of the peptide vary in length, which result in different sizes 

of protal but with the conserved secondary structures in middle domain (27). Hence, the 

portal gene in contig 724 could be a transition from large to small portal when 

comparing with P22 portal (Fig. 2-6D). In contig 3730, although only 3730_2 got a low 

score on a BLASTp and Phyre2, the high ANN structural scores for all three ORFs 

suggest capsid gene cluster present on this contig (Table 2-1). 3730_1 and 3730_3 

both form unknow structures and showed interactions with the capsid-like 3730_1 (Fig. 
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2-13D). Therefore, these two unknown ORFs might be capsid-assemble associated 

protein forming scaffold or head-to-tail joining parts (28).  

Capsid, portal, and tail structural assembly in vitro 

Earlier studies have shown the reconstitution of the viral capsid, tail and portal in 

vitro by the aid of cations (Mg2+ or Ca2+), scaffolding proteins, chaperones…etc. Our 

results indicated magnesium played an important role in capsid assembly for VCID 

5627, possibly through enhanced protein folding and stability (Fig. 2-11, Table 2-5) (29). 

For 913_2, capsid formation seemed to be mediated by magnesium and chaperone 

(DnaK, DnaJ, and GrpE, also improved the protein solubility). Also, the chaperone-

mediated capsid assembly in vitro was described in Polyomavirus and Baculovirus (30). 

As for contig 3730, the procapsid might need more proteins to catalyze the maturation, 

such as scaffolding protein, protease, or chaperones in comparison of the complex 

capsid maturation (e.g.T4 head morphogenesis) (31). Overall, capsid-like structures 

(misassemble, immature heads) can be identified comparing our results to studies in 

P22 and T7 phages (32, 33). As for the portal ORFs in contig 724, the magnesium didn't 

facilitate the portal ring formation as in phage SPP1 gp6 (34), possibly due to its higher 

sequence similarity with P22 portal gp1 (Table 2-1). Hence, portal rings formed after the 

procedure the P22 portal polymerization in high concentration protein and EDTA (35). 

Although 724_2 alone formed some ring structures, 724_1 might be catalyzing the 

polymerization (Fig. 2-12C, D), but not forming part of the ring structure base on the 

size exclusion fraction analysis (data not shown). On the other hand, 724_1 was 

partially soluble (Fig. 2-9), which might also be a chaperone binding to 724_2 to prevent 

aggregation. As for tail-associated protein, only 913_1 was proceeded for experiments, 
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while other highly tail-like ORFs such as 913_3 and 913_5 remain insoluble (Fig. 2-5B). 

In the future, co-expressing tail-associated proteins and chaperones could help address 

the solubility problem and structural formation (36). Lastly, since tail-associated 

category is broad and also complicated involving many parts like major tail, tail sheath, 

tail spike, and tail fiber, finer tail-associated ANNs remains to be developed.  
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Figure 2-1: The workflow of identifying unknown phage structural proteins and 
the experimental validation for ANN.  

Dotted line represents reiteratively train neural nets based on experimental data to 
improve predictions by subtracting wrong predictions and put them into correct 
category. 

Marine environmental virome

BLASTp, MGRAST, ANN networks and 
Phyre2 analysis

Next-generation sequencing

Contig assembly, 6-frame translation,
and ORF prediction

ORFs selection and optimize codons 
in E. coli (Gene Designer 2.0)

Gene synthesis (Gen9) 

Cloned to plasmid (Emerald 
Biosystems) and transformed to E. 

coli BL21 

Protein expression, solubility tests, 
and purification

Phage structural protein assembly   
(in different buffers, concentrations, 

and with chaperones)

Negative staining and TEM

Bioinformatic pipeline Biochemistry pipeline



 

36 

 

 

Figure 2-2: The accuracy of portal nets using different negative-to-positive ratios 
of training sets and the number of hidden-layer neurons.  

Box plots represent the 25th and 75th percentiles, red lines indicate the mean vote, and 
whiskers represent outliers. 
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Figure 2-3: Performance in training ANN by using different protein features.  

Accuracy, sensitivity, and specificity of 500 voting ANNs trained using combinations of 
amino acid compositions (%AA), isoelectric point (pI), and peptide length on test data.  
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Figure 2-4: ROC curves for %AA and length-trained ANNs.  

Curves over the different negative-to-positive training ratios, with the minimizing 
distance between the curve and the ideal position (0, 1) of the graph, representing the 
highest rate of true positives attainable for the fewest false positives at a given cutoff.  
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Figure 2-5: Gene maps of contigs containing potential viral structural proteins 
from Star 7 virome.  

Selected ORFs with BLASTp annotations in contig 724, 913, and 3730. 
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Figure 2-6: Phyre2 predictions of contig 724 and P22 portal structural models. 

3D models of 724_1 (A), 724_2 (C) and their superpositions with P22 portal (green) (B 
and D). 

  



 

41 

 

Figure 2-7: Phyre2 predictions of contig 913 and HK97 MCP GP5 structural 
models.  

3D models of 913_2 (A) and its superposition with HK97 MCP GP5 (green) (B). 
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Figure 2-8: Protein expression solubility test of contig 913.  

The expected size for ORF 1: 25 kDa. ORF2: 44.5 kDa. s: supernatant (soluble). p: 
pellet (insoluble). BL21: background expression (no plasmid). This image was cropped 
from the same gel. 
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Figure 2-9: Protein expression and solubility test of contig 724, 913, and 3730. 

Left: expression with no chaperone. Right: co-expressions with chaperones. s: 
supernatant (soluble), p: pellet (insoluble). 
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Figure 2-10: Target protein co-purified with chaperones. 

Fractions of contig 724_1 and 724_2 in Nickel affinity purification. S: supernatant. F: 
flow-through. E1: elution 1. E2: elution 2.  
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Figure 2-11: Capsid-like morphotypes of purified VCID5627 in various buffer 
conditions.  

A: Aggregates found in standard buffer and Jeffamine (scale bar = 100 nm, 
magnification = 110,000 x). B: Multi-shell capsid found Jeffamine and standard buffer 
supplemented with CaCl2 or MgCl2 ((scale bar = 20 nm, magnification = 350,000 x). C: 
Multi-capsids found in Jeffamine and standard buffer supplemented with MgCl2 (scale 
bar = 100 nm, magnification = 150,000 x) ); D and E: broken capsid found in standard 
buffer supplemented with MgCl2 (scale bar = 100 nm, magnification = 220,000 x and 
150,000 x, respectively ); F: Folded capsid found in standard buffer supplemented with 
MgCl2 220,000 x); (G) Folded head P. aeruginosa phage F116 after treated with 
detergent. (25).   
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Figure 2-12: Portal ring-like structure formation by mixing 2 ORFs, polymerization 
procedure, and size exclusion in contig 724.  

A: Purified 724_1 supplemented with 1 mM MgSO4 (scale bar = 100nm, magnification = 
67,000 x).  B: Purified 721_2 supplemented with 1 mM MgSO4 (scale bar = 100nm, 
magnification = 150,000 x). C: Purified 724_2 after the portal ring polymerization and 
size exclusion (scale bar = 100nm, magnification = 220,000 x. D: Mixture of ORF1 and 
2 after the portal ring polymerization and size exclusion (scale bar = 100nm, 
magnification = 265,000 x).    
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Figure 2-13: Tail fiber and capsid structure formation by MgSO4 or chaperone 
(DnaK, DnaJ, GrpE) in ORF 1 and 2 of contig 913.  

A: Irregular structures found in purified 913_1 (with no chaperone) in elution buffer 
(scale bar = 100 nm, magnification = 150,000 x). B: Tail fiber-like structures found in 
purified 913_1 (with no chaperone) in elution buffer (scale bar = 100 nm, magnification 
= 220,000 x). C : Broken multi-capsid found in purified 913_2 (with chaperones) in 
elution buffer supplemented with 1 mM MgSO4 (scale bar = 100 nm, magnification = 
110,000 x). and D: Folded capsid found in purified 913_2 (with chaperones) in elution 
buffer supplemented with 1 mM MgSO4 (scale bar = 100 nm, magnification = 350,000 
x).  
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Figure 2-14: Capsid and capsid-associated protein-like structure formation by 1 
mM MgSO4 and chaperone (DnaK, DnaJ, GrpE) in ORF 1, 2, and 3 of contig 3730. 

A: Unknown structures found in purified 3730_1 in 0.5x elution buffer supplemented with 
1 mM MgSO4 (scale bar = 100 nm, magnification = 110,000 x). B: C capsid-like (Capsid 
with DNA) structure found in purified 3730_2 in 0.5x elution buffer supplemented with 1 
mM MgSO4 (scale bar = 100 nm, magnification = 265,000 x). C : Unknown structures 
found in purified 3730_3 (with chaperones) in 0.5x elution buffer supplemented with 1 
mM MgSO4 (scale bar = 20 nm, magnification = 350,000 x). D: multi-shell capsid found 
in purified 913_2 (with chaperones) in elution buffer supplemented with 1 mM MgSO4 
(scale bar = 100 nm, magnification = 110,000 x, arrow points similar structure found in 
C.) 
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Table 2-1: ANN-predicted phage structural proteins and bioinformatic predictions.  

BLASTp and Phyre2 results are from top hits. 

Contig_orf 

(solubillity) 

NR & 

ENV hits 

Length 

(a. a.)  
Structural Tail Capsid Portal 

BLASTp 

(E value) 

Phyre2 

(confidence 

score) 

VCID5627 

(soluble) 
183/7 376 0.7390 -0.8794 -0.1926  

hypothetical protein 

F116p42 [Pseudomonas 

phage F116]  (0) 

human 

kinetochore 

mis12-cenp-c 

complex 

(66.6%) 

724_1 

(partially) 
202/173 117 0.8976 0.5799 0.7373 -0.2814 

 putative portal protein 

from uncultured 

Mediterranean phage 

(1e-39) 

P22 portal 

(46.2 %) 

724_2 

(insoluble) 
456/296 526 0.7661 -0.6951 -0.3053 0.8301 

putative portal protein 

from uncultured 

Mediterranean phage (0) 

P22 portal (100 

%) 

724_1+2 447/360  n/a n/a n/a n/a 

putative portal protein 

from uncultured 

Mediterranean phage (0) 

 

913_1 

(partially) 
398/181 130 0.2324 0.8609 -0.8367 0.5190 

b-glycanase from 

uncultured 

Mediterranean phage 

(6e-68) 

splicing: yeast 

pre-mRNA 

leakage protein 

1 (18.70 %) 

913_2 

(insoluble) 
>500/275 313 0.7521 0.7867 -0.6159 -0.1601 

major head protein from 

uncultured 

Mediterranean phage (0) 

RB69 major 

capsid protein 

(98.5%) 

3730_1 

(insoluble) 
 188 0.5207 0.655421 -0.9538 -0.5280 

Hypothetical protein 

(Vibrio)  

Bacteriophage 

trimeric 

proteins 

domain (T4 

fibritin) (12%) 

3730_2 

(insoluble) 
 188 0.9958 0.7882 0.9501 -0.0823 

Hypothetical protein 

(gammaproteobacterium)  

bacteriophage 

spp1 capsid 

(29%) 

3730_3 

(insoluble) 
8/124 188 0.9976 0.8272 -0.9243 0.5490 

Hypothetical protein 

Rickettsiales bacterium  

Papovaviridae-

like coat and 

capsid proteins 

(6.3%) 
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Table 2-2: Chaperone plasmid sets co-expressed with target proteins for 
improving solubilities (Takara, Bio Inc). 

Plasmid Chaperone Promotor Inducer Resistant Marker 
pG-
KJE8 

dnaK-dnaJ-grpE 
groES-groEL 

araB 
Pzt1 

L-Arabinose 
Tetracycline 

Chloramphenicol 

pGro7 groES-groEL araB L-Arabinose Chloramphenicol 
pKJE7 dnaK-dnaJ-grpE araB L-Arabinose Chloramphenicol 
pG-Tf2 groES-groEL-tig Pzt1 Tetracycline Chloramphenicol 
pTf16 tig araB L-Arabinose Chloramphenicol 
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Table 2-3: Summary of Known ORFs from STAR7.  

ORFs from STAR7 with significant similarity (e-value ≤0.001) to sequences with known 
function in the NR (by TBLASTN and/or BLASTP) or CDD (by RPS-BLAST) database. 

TBLASTN / BLASTP / 
RPS-BLAST ANN Results 

Virome ORFs aCombined bCDD only Non-Structural All 
Structural Capsid Tailc 

STAR7 4753 1048 (22%) 115 (2.5%) 762 (16.0%) 286 (6.0%) 129 
(2.7%) 

100 
(2.1%) 

 
a Number of lpORFs that are similar to known sequences by TBLASTN, BLASTP, 
and/or RPS-BLAST searches. BLOSUM 62, the default scoring matrix, was used for 
analyses against the NR database. 
b The number of lpORFs with significant similarity to CDD, but not NR, sequences.  
c Tail proteins include a number of proteins generally associated with the tail structure 
but not with the head (e.g., sheath, tail fiber, tail tube).  
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Table 2-4: Scout lysis buffer for improving protein solubility.  

 Low Salt High Salt CHAPS BOG 

MES 

1 
50 mM MES 

pH 6.0 
0.25 M NaCl 
5% Glycerol 

0.5 mM TCEP 

2 
50 mM MES 

pH 6.0 
1.0 M NaCl 
5% Glycerol 

0.5 mM TCEP 

3 
50 mM MES 

pH 6.0 
0.5 M NaCl 
5% Glycerol 

0.5 mM TCEP 
1% CHAPS 

4 
50 mM MES 

pH 6.0 
0.5 M NaCl 
5% Glycerol 

0.5 mM 
TCEP 

0.2% BPG 

HEPES 

5 
50 mM HEPES 

pH 7.5 
0.25 M NaCl 
5% Glycerol 

0.5 mM TCEP 

6 
50 mM HEPES 

pH 7.5 
1.0 M NaCl 
5% Glycerol 

0.5 mM TCEP 

7 
50 mM 

HEPES pH 
7.5 

0.5 M NaCl 
5% Glycerol 

0.5 mM TCEP 
1% CHAPS 

8 
50 mM 

HEPES pH 
7.5 

0.5 M NaCl 
5% Glycerol 

0.5 mM 
TCEP 

0.2% BPG 

Tris 

9 
50 mM Tris pH 

8.5 
0.25 M NaCl 
5% Glycerol 

0.5 mM TCEP 

10 
50 mM Tris pH 

8.5 
1.0 M NaCl 
5% Glycerol 

0.5 mM TCEP 

11 
50 mM Tris pH 

8.5 
0.5 M NaCl 
5% Glycerol 

0.5 mM TCEP 
1% CHAPS 

12 
50 mM Tris 

pH 8.5 
0.5 M NaCl 
5% Glycerol 

0.5 mM 
TCEP 

0.2% BPG 
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Table 2-5: Morphotypes of VCID5627 observed by TEM in various buffer 
conditions.  

Standard buffer: 25 mM Tris, pH 8.0, 200 mM NaCl, 1% glycerol, 1mM TCEP 

 
Folded 

head 

Multi-shell 

capsid 

Multi 

capsids 

Damaged 

head 
Aggregates 

Standard buffer     X 

CaCl2   X   

MaCl2 X X X X  

Jaffamine  X X  X 
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 : Interactions of T4 phage with mucosal glycans: contribution of Hoc protein 

domains to glycan binding 

Abstract 

T4 Hoc is a dispensable capsid surface decoration protein without known 

significant function in the phage life cycle. The Hoc is composed of four protein 

subdomains, three diverse immunoglobulin-like (Ig-like) domains and one conserved 

capsid-binding domain among T4-like phage family. Conventionally, Hoc was 

considered as antiadhesive, which adds surface charge repulsion to prevent 

aggregation of phage particles. However, recent studies have shown new evidence of 

interactions between T4 Hoc and mucosal surfaces in metazoan. A model of 

bacteriophage adherence to mucus (BAM) has been proposed to describe the binding 

of Ig-like domains in T4 Hoc and glycan residues present on mucus subunits. In chapter 

3, various methods were accessed to build engineered synthetic phages with BAM 

domains and to develop assays to characterize the interactions between different BAM 

domains and specific glycans. 
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3.1 Introduction 

Interactions between proteins and polysaccharides (glycans) play important roles 

in many biological systems (1). A common feature of these interactions is a low 

dissociation constant (Kd, µM to mM), which provides reversible binding and versatility 

for the defense of immune system as well as for host-pathogen relationships. For 

example, the rolling leukocytes slow down in bloodstreams near the infection spots as 

they hunt for invading pathogens (2). On the other side, E. coli cells stick to and roll on 

urothelial cells waiting for opportunities to infect (3). A similar phenomenon was also 

observed between viral capsid proteins and cellular surfaces (4). Recently, studies 

related to eukaryotic virus against mucosal glycan have been widely reported (5–7), 

while little is known about phage decoration proteins against specific glycans.  

Immunoglobulin (Ig)-like domains are frequently found widely in the structural 

proteins of tailed double-stranded (ds) DNA phages. The Ig-like domains are classified 

into bacterial Ig-like domain 2 (Big 2), Immunoglobulin superfamily (I-Set), and 

fibronectin type III domain (FN3) (8). Although most of the phage Ig-like domains have 

unknown functions, studies suggest that they may bind to carbohydrates in ways that 

could contribute selective advantage for the phages that encode them (8, 9).  

The icosahedral head (capsid) of T4 bacteriophage is composed of the essential 

proteins gp23 and gp24, which together assemble into hexamers for faces and 

pentamers for vertices (10). Decoration proteins such as Soc, which cements 

hexamers, and Hoc, which protrudes out from the center of a hexamer, are also found 

on the T4 capsid surfaces. Soc protein functions as stabilizing the capsid structure while 

the Hoc only contributes the surface charge of T4 (11). Moreover, previous studies have 
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shown that deletion of the hoc gene does not affect T4’s burst size or infectivity in 

laboratory conditions. The Hoc protein consists of 3 Ig-like domains (D1-D3), and the C-

terminal non-Ig domain (D4), which is responsible for capsid binding during the T4 

morphogenesis. Among different T4-related phages, all Hoc homologous proteins are 

found with D4 for anchoring to the head structure (9). However, deletions and insertions 

of D1-3 are found frequently in T4-like phages (9), which suggests that recombination 

within the hoc gene may have occurred during evolution. 

Recently, a model of bacteriophage adherence to mucus (BAM) has been 

proposed by Dr. Jeremy Barr as a non-host-derived immunity (12). The Hoc protein with 

3 Ig-like domains on the capsid of T4 phage has been shown to bind to glycan residues 

present on mucins, the subunits of mucus (12). Even weak interactions between phage 

Ig-domains and glycans may have significant impact on the host population. Dr. Jeremy 

Barr and colleagues showed previously that T4wt contributed to more than 4,000-fold 

reduction of E. coli colonized on epithelial cells compared to T4Δhoc (13). Moreover, a 

microarray containing 610 mammalian glycan revealed O-linked glycan structures that 

accumulate more T4wt virions than T4Δhoc indicating the hoc-glycan interaction is 

responsible for the BAM phenotype (12).  

In this chapter, I would like to further explore the unknown mechanisms behind 

BAM, including characterizing and comparing the Ig-like domains in phage decoration 

proteins and how they interact with the complex mucosal glycans. We hypothesize that 

phages keep the dispensable decoration protein containing Ig domains to increase 

phage fitness in environments where mucosal surfaces are present. The goals of this 

study are to build engineered synthetic phages with BAM domains and develop assays 
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to characterize the interactions between different BAM domains and specific glycan 

polymers. We also expect the data from this chapter to contribute specific insights into 

the relationships between phages, the shaping of the microbiome, and mucosal 

surfaces, which directly influence human health.  
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3.2 Materials and Methods 

Cloning Ig-like domains on T7 display system 

T7Selectâ is commercially available and has been widely applied for studying 

peptide and chemical compounds (14). In wild-type T7, the capsid is composed of two 

forms of protein: 10A (344 aa, 90%) and 10B (397 aa, 10%). Gene 10B (minor head 

protein) is an alternative product from gene 10A (major head protein, MHP) caused by a 

translational frameshift at amino acid residue 341. Studies have shown that T7 capsid 

can be constructed by adapting various ratios of the two proteins with the 50 aa length 

differences. This flexibility allows expression of genes of interest fused to T7 10A. The 

T7 Select 415-1 cloning kit can express 415 copies of cloned peptides but are limited to 

50 amino acids. Primers containing restriction enzyme EcoRI and HindIII cutting sites 

were designed according to selected Ig-like domains from T3 and T4 (Table 3-1, 3-2). 

Selected DNA fragments from T3 and T4 genomes were amplified by a polymerase 

chain reaction (PCR) using Q5 High-Fidelity DNA polymerase (NEB). After verifying the 

amplicon sizes on gels, PCR products were excised and purified by using Wizard® SV 

Gel and PCR Clean-Up System (Promega). Sticky ends were then created by double 

digestion with EcoRI and HindIII in CutSmart buffer (NEB) and confirmed by running the 

digestion product on a 1.5% agarose gel. After further purifying the digested products 

from gels, they were ligated to T7Select EcoRI/HindIII Vector Arms by T4 DNA ligase 

with an insert to vector ratio of 3 to 1. Then 5 μl of ligation products were mixed with 25 

μl T7Select® Packaging Extract and incubated at 22°C for 2 hrs. Next, 270 μl LB 

medium was added to stop the packaging reaction, and the packaged phages were 

amplified by E. coli BL 21 lawns on LB plates to form individual plaques. For verifying 
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the DNA inserts, individual plaques are selected for PCR using T7 SelectUP and 

DOWN primers by NEB Taq polymerase. To confirm the protein expression from PCR-

verified constructs, liquid lysates were made by inoculating plaques into E. coli BL 21. 

After cleanup the lysate by chloroform and centrifugation, 10 μl of lysates were loaded 

on Bis-Tris 4-12% SDS-PAGE followed by staining with instant blue. 

T4Δhoc complementation 

Different hoc subdomains were amplified from the T4wt and RB69 genomic DNA 

by PCR with NcoI and HindIII cloning sequences designed in the primers (Fig. 3-1). The 

PCR products were then digested and ligated into the plasmid, pEMB31 (KanR) with an 

IPTG-inducible T7 promoter. The recombinant plasmids were then transformed into E. 

coli BL21 (DE3). Next, all constructs were incubated in LB media in a shaking incubator 

at 37°C until cultures reached an optical density (A600) = 0.5, and were then induced 

with 1 mM IPTG for 2 hrs. Target protein over-expression was confirmed by analyzing 

total protein from cell lysates on a 4-12% Bis-tris SDS-PAGE gels. To perform the 

T4Δhoc complementation, the same culture conditions described above were used but 

with 1 mM IPTG induction 1 hr prior to infection with T4Δhoc lysate (104 PFU/mL). 

When visible lysis occurred after 7hrs, 10% volume of chloroform was added to each 

lysate, the lysate was vortexed and incubated at room temperature for 10 min. Cell 

debris was removed by centrifugation at 16,000 g for 2 min. The supernatant containing 

synthetic phages was then transferred to a new tube and stored at 4°C in the dark. 

Phage titers were determined as ~109 PFU/mL on an E. coli B lawn in soft agar on LB 

plates. 
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Phage, E. coli strains, plasmids required in T4 insertion/substitution (I/S) system 

T4 K10 (38– 51– denA– denB–), E. coli CR63 (SupD), BE-BS (non-suppressing), 

plasmid pBSPL0+, pBSPL0– were obtained from Dr. Kenneth Kreuzer (Duke University, 

Durham, NC). MC1061(p3) and DH5a are from Segall lab strain collections (San Diego 

State University, San Diego, CA). T4 K10 fresh stocks are maintained by growing in 

CR63 (Table 3-4).  

T4hoc recombineering in T4 I/S vector system 

Hoc subdomains created from T4Δhoc complementation were extended with the 

flanking homologous sequence (1k-bp upstream, 850-bp downstream of hoc gene, 

respectively) were constructed by overlap extension PCR. The PCR products containing 

restriction sites were then digested, ligated to pBSPL0+ and pBSPL0–, and transformed 

into E. coli DH5a. After confirmed the inserts in the transformants by colony PCR, 

plasmids containing T4hoc mutant construct were then extracted and moved to MC1061 

for T4 I/S system recombination.  

T4hoc recombineering was performed by a modified protocol based on the 

procedure described in (15) Briefly, MC1061 bearing pBSPL0+/– with hoc mutant 

constructs were grown to mid-log phase in LB with ampicillin (50 µg/ml). The culture 

was infected by T4 K10 at MOI of 3 and incubated for 2 hours at 37 ºC for plasmid 

integrated into T4 K10 genome. The lysate was then cleaned by addition 10% volume of 

chloroform, centrifugation at 13000 rpm for 5min, and the supernatant was transferred 

to a new tube. The cleaned lysates were then diluted to appropriate concentration and 

plated on BE-BS for integrant selection. One or several plaques containing intergrants 

were then picked and grown in BE-BS, followed by lysate cleanup and repeat the plating 
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on BE-BS and CR63 for selecting pure integrants and quantifying total phage number. 

Next, the pure intergrants were picked and grown in CR63 to allow segregation of 

plasmid-free phage. After plating the lysate containing segregants, individual plaques 

were patched on BE-BS and CR63 lawn. The pure segregants can only grow in CR63 

but not BE-BS. Finally, the T4hoc mutants were screened by plaque PCR with primers 

by thermocycles as follows, 95 ºC for 10 min in initial heat-up, followed by 30 cycles of 

95 ºC for 30 sec, 58 ºC for 1 minute, and 72 ºC for 2 min. After verifying sizes of the 

amplicon on gel electrophoresis, the target PCR products were purified and sequenced 

to confirm no mutations generated during the process of engineering.  

Adsorption assay  

Phages were diluted to 105 PFU/mL in SM buffer only or with 1% type II porcine 

mucin (Sigma-Aldrich). In addition, chloramphenicol (34 µg/mL) was added to tubes 

containing phages to stop the replication during the adsorption (16). On the other hand, 

E. coli cells in log phase (106 PFU/mL) were spun down and re-suspended in SM buffer. 

After adding cells to the tubes with phages, 1 mL of each sample was removed to 

Eppendorf tubes containing 10% volume of chloroform at 2, 4, 6, 8, and 10 min and 

immediately shook 15 seconds to stop the adsorption. The free phage was transferred 

to a new tube for subsequent dilution and plating.   

Mucus-mimetic glycan bead arrays 

The 80-nm glycan polymers with biotin and Alexa Fluor 488 at each end of the 

polymer core were provided by Dr. Kamil Godula (University of California, San Diego, 

CA) (Table 3-5). The polymers were conjugated to 1μm-diameter Sera-Mag 

SpeedBeads coated with streptavidin (Thermo Fisher Scientific). By controlling the 
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glycan polymer concentration (4.5 µM, final conc.), glycan beads were derivatized by 

biotin-streptavidin conjugation, with an average density of 27-molecules/ 1600 nm2. The 

glycan beads (1000/μl) were stored in PBS supplemented with 0.05% sodium azide and 

kept at 4°C in dark (17). 

Screening glycans by phage competitions 

Two 96-well plates were blocked with 0.5% BSA in PBS for 30 minutes. After 

rinsing the plate with SM buffer three times, three subsamples of about 10,000 beads 

were loaded to each well. The plate was placed on a magnetic bead separator 

(DynaMag, Life Technologies), and the preservative buffer was replaced by SM buffer. 

Next, 106 of T4 phage mutants (100 μl,107 PFU/ml) were loaded to each plate, sealed, 

vortexed briefly, and incubated at room temperature on an orbital shaker for 1 hour. The 

plate was then centrifuged for 2 minutes at 2000 rpm, placed on the magnetic beads 

separator for collecting the supernatant. Then, 100 μl of SM buffer was added to the 

plate and the beads were gently washed by moving plates between blocks on the 

magnetic bead separator. Then the wash fraction was transferred to a new plate, 

followed by adding another 100 μl of SM buffer for another wash step. After three 

washes, the beads were re-suspended in 60 μl SM buffer. The supernatant and bead 

fractions were then quantified by spot tittering or qPCR. 

Detections of relative phage amount by quantitative real-time PCR (qPCR) in 

glycan screen.  

QPCR reactions were initiated by adding diluted phage particles to 2x SYBR 

Green PCR FastMixâ (Quanta Biosciences) containing 100 nM of the forward and 

reverse primers (Table 3-5). The reactions were then conducted on a CFX96 real-time 
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PCR detection system (Bio-Rad). PCR thermo-cycle was set to 95°C for 10 min for 1 

cycle, followed by 40 cycles of 95°C for 15 s and 60°C for 60 s. The threshold cycle 

number (CT) at which the fluorescence intensity exceeded a preset threshold was used 

to calculate the amount of phage DNA in the original sample. In the competition assay, 

the bead fractions and the input phage mixtures were diluted 10 times for qPCR 

templates. To normalize the amount of phage on the beads to the input, relative phage 

numbers were calculated by the equations as follows, 

ΔCT=CTbeads - CTinput (E1) 

Relative phage amount=2-ΔCT (E2) 

where CTbeads is the threshold cycle number acquired from the bead fraction and 

CTinput is from the input phage mixtures (E1). E1 normalized the phage particles in bead 

fraction to the input, and E2 shows the fold changes assuming DNA doubles in each 

PCR cycle. While both the efficiencies of primers were greater than 90%, E2 can be 

applied for calculating the relative amount of CT numbers according to the 

manufacture’s instruction. 

Alternatively, absolute quantification was applied in T4 mutants constructed by 

T4 I/S system. Standard curves were established by phage dilutions with known 

concentrations (PFU/ml). CT values obtained from bead fraction in phage-glycan beads 

were converted to phage numbers by the equations fitting in the standard curves.  

Characterize BAM phenotypes on T7 hybrid phages by Multiple Particle Tracking 

(MPT) 

For T7 hybrid phages are made that correctly express BAM-like domains, their 

diffusion properties and phenotypes in mucus will be determined by labeling the phage 
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DNA with SYBR Goldâ and tracking particle movements in buffer with different 

concentrations of mucus (Fig. 3-3). Labeled phages were visualized using an Applied 

Precision OMX structured illumination microscope at 1000x with excitation at 488 nm. 

Movies will be collected in 38.5 millisecond intervals for 100 frames, with 15 movies per 

sample. Phage particle movements in two dimensions were tracked by MTrackJ plugin 

in ImageJ. Around 30 particles with various lengths of tracks were collected for every 

movie. The frame number, track ID, x and y coordinate were extracted and analyzed in 

Matlab using the following equations. 

MSD=Δr2(τ)=Δx2+Δy2 (E1) 

Deff = Δr2(τ)/4τ (E2) 

K= 2dDeff (d=2 in two dimension) (E3) 

MSD (τ) = K τ α (E4) 

In E1, the time-averaged mean square displacement (MSD) was calculated from 

the x and y coordinates, and the effective diffusivity (Deff) representing the velocity of the 

particle was converted by E2. Then effective diffusion constants (K, μm2/s), which 

represent the average area a particle traveled over time, were converted from Deff by 

E3. In normal diffusion, particles move as Brownian motion, and the MSD increases 

linearly with the time (MSD (τ) = Kτ ), in which α = 1. In anomalous solution, MSD (τ ) 

correlates with τ α, and diffusion could be enhanced as superdiffusive (α > 1)  or hinged 

as subdiffusive (α < 1) (E4).  
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3.3 Results 

Ig-like domain selection and unsatisfactory T7 display system 

Various Ig-like domains from T3 and T4 phage were selected to create T7 hybrid 

phages (Table 3-1). T3 and T7 are closely related phages sharing 80% of the major 

capsid protein, but T3 possesses a C-terminal Ig-like domain (big 2) after the 

homologous frameshift site. Two constructs with the full length of T3 C-terminal 10B 

(T3_FL) and Ig-like domain only (T3_Ig) were selected for cloning. As for T4, the three 

individual Ig-like sub-domains (T4_D1, D2, and D3) and Hoc domain without D4, the 

capsid binding domain, were selected for cloning (Table 3-1). After cloning selected 

domains to the T7 display system, the PCR results showed all selected constructs were 

inserted to T7 genomes. (Fig. 3-4A). However, the results of protein expressions on 

SDS-PAGE showed that only 2 constructs were successfully expressed (T3_FL) and 

T4_D1). When sequencing the inserts in the constructs, mutations were found in the T7 

constructs that were not expressed. The mutations were from spontaneous single 

nucleotide deletion during T7 growth, which resulted in early stop codons and truncated 

peptides (Fig. 3-4B).  

MPT of T7 hybrid phage constructs  

The T7 hybrid phages constructs expressing Ig-like sub-domains (T3_FL and 

T4_D1) and T3_Ig as a control (unsuccessful construct and renamed as T3_ΔIg) were 

selected for MPT. As a result, the effective diffusion constant decreased in all three 

constructs in viscous buffer with mucus (Fig. 3-5). Among, the effective diffusion 

constant was at around 6 µm2/s in SM buffer (no mucus), 4 µm2/s in SM with 1% 

mucus, and 2 µm2/s in SM with 2% mucus (Fig. 3-5A-C). On the other hand, the alpha 
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values for all the constructs were all near 1 (Fig. 3-5C-F). Overall, the T7 hybrid phage 

constructs showed Brownian motion with no subdiffusive motion (BAM phenotype) 

observed.  

Adsorption assay in T4Δhoc complementation 

The T4wt, T4Δhoc, and T4D1-4 (construct from T4Δhoc complementation) were 

selected for the adsorption assay. Initially, BAM phenotype was observed in T4wt with 

low MOI (Fig. 3-6A, B). T4wt showed higher adsorption rate in 1% mucus than in SM 

buffer (Fig. 3-6A, B). However, the adsorption rates were not reproducible in different 

batch of experiments (Fig. 3-6C, D). As for T4Δhoc and T4D1-4, higher adsorption rates 

were observed in SM buffer than 1% mucus, which contradict the BAM model. BAM 

phenotype was observed in both, suggesting the complementation (Fig. 3-6C, D). To 

sum up, the adsorption assay was inconsistent with variant results in different batches 

of cultures.  

T4wt and T4Δhoc competition assay by phage-titering 

The experiment involved mixing magnetic beads that were derivatized with 

mucus-mimetic glycans and incubating them with T4wt or T4Δhoc in a 96-well plate, 

washing 3 times when placed in magnetic holder, and titering each fraction, including 

the supernatant, wash, and beads. The results from experiments using beads modified 

with 4 different glycans showed that over 90% of phages (around 107) remained 

unbound in the supernatant fractions, which suggested weak binding between phage 

structural proteins and glycan beads.  After three washes, 104 to 105 of phages were 

recovered from the bead fraction. Unfortunately, the variability between replicates was 
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too large and the glycan interactions between T4wt and T4Δhoc could not be detected 

(Fig. 3-7). 

T4wt and T4Δhoc competition assay by qPCR (relative quantification) 

A mixture of T4wt and T4Δhoc was loaded as the input for a competition assay. 

To quantify the relative amount of T4wt and T4Δhoc, specific primers were designed 

within the hoc domain (T4hocQF3 and T4hocQR3) for T4wt, and over the junction 

spanning the hoc deletion (hocjcQF1 and hocjcQR1) for T4Δhoc (Table 3-3). Next, the 

same screening procedure was performed but with the mixture of T4 and Δhoc as input. 

After 2-3 washes, the bead fraction was collected the relative abundance of T4 and 

Δhoc was quantified by qPCR. As a result, the variability among replicates were 

revealed as high as 6-fold as observed in lactose (Fig. 3-8). The overall results showed 

no difference between T4wt and T4Δhoc on 7 glycan beads and also the negative 

control (beads only). Interestingly, around 5-fold more T4wt than T4Δhoc on beads with 

LacNAc was found in 5 out of 6 replicates (Fig. 3-8).  

Hoc mutants (T4 I/S) competition assay by qPCR (absolute quantification) 

To quantify the absolute amount of phage bound on glycan beads, K10 + K10 

hoc–, K10D2-4 + K10 hoc–, K10D3-4 + K10 hoc– + K10 hoc–, K10D4 + K10 hoc–, and 

K10RB69 + K10 hoc– were used as the input for a competition assay. Four replicates of 

each phage mixture (106 phage particles, quantified by whole-plate titering) were 

applied on eight glycan beads and naked beads (no glycan) for screening. As a result, 

the overall amount of phage bound on the tested beads were around 1% of the input 

phage, which was consistent with the previous qPCR screening by relative 

quantifications (Fig. 3-8, 3-9). Furthermore, no significant difference was observed 
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between K10hoc– and other construct with various Hoc domains (Fig. 3-9). In addition, 

slightly more phages bound on naked beads were observed versus phages bound on 

glycan beads (less than 2-fold, Fig. 3-10). After normalized the data to K10hoc–, the 

ratios of T4HocD4/Hoc– were nearly 1, indicating T4Hoc domain 4 did not add binding 

effects compared to T4Hoc knockout on all glycans and naked beads (T4HocD4/Hoc–, 

Fig. 3-11). As for the full-length Hoc proteins of T4 and RB69, slightly less or no binding 

effects (ratios£1) were observed (T4HocWT/Hoc– and RB69Hoc/Hoc–, Fig. 3-11). On 

most of the glycans and naked beads, T4Hoc domain 2-4 showed highly variable 

binding effects (T4HocD2-4/Hoc–, Fig. 3-11), suggesting protein misfolding in this 

construct. Lastly, T4Hoc domain 3-4 showed slightly more binding effects than all the 

other constructs (T4HocD3-4/Hoc–, Fig. 3-11). Overall, the phage-glycan interactions 

were very weak based on the qPCR results. 
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3.4 Discussion 

The comparison of different methods for building synthetic hybrid phages  

In T7 display system, the spontaneous mutation causing truncated peptide was 

reported in a previous study whose authors speculated that the cysteine residue, the 

disulfide bonds to neighboring capsid protein might affect the capsid assembly (18). 

However, the successfully expressed T3_FL not only has a cysteine near the C-terminal 

but also longer than T3_Ig with the extra N-terminal linker. Hence, the linker might play 

an important role in compensating cysteine and stabilizing the capsid structure. Overall, 

although the T7 display system is unsatisfactory, it may be worth revisiting when using 

alternative Hoc or Ig domain constructs.  

For T4Δhoc complementation, since Hoc binds onto capsid at the late stage of 

T4 morphogenesis, this binding can be accomplished in vitro. Hence, fusion protein 

contains Hoc have been applied to display on T4 hoc knockout (T4Δhoc). However, by 

this complementation, we cannot ensure the correct stoichiometry of the mutant Hoc 

and other proteins required during phage development. In addition, the new phage 

lysate also contains input phage, which could affect the signal of phenotypes in any 

subsequent assay. Although the T4Δhoc complementation was demonstrated 

conferring surface charge in electrophoresis (11), other study also showed the hybrid 

phage made by T4Δhoc complementation requires further purification from the non-

displayed phages (19). In addition, we are also considering other phage display 

systems. In this case, engineering the non-essential, decoration protein pb10 on T5 

capsids may be an useful alternative. Moreover, supplying the phage pb10 to T5Δpb10 

in trans in replacement to T4Δhoc complementation is another option, since pb10 has a 



 

73 

greater affinity to T5 capsids than the T4 Hoc does for T4 capsids (10,000-fold lower Kd) 

to T5 capsids (20)(21).  

Phage recombineering were initially tested in wild type phage T3 and T4 but no 

mutant phage was successfully isolated. The recombination was conducted by 

introducing DNA fragments with desired mutant genes flanked by homologous, with or 

without the lambda red recombineering system. The unsuccessful recombineering was 

possibly due to the incompatible recombination enzyme in different phages and the lack 

of selections. Moreover, recombination rate is low in wild type T4 since the T4 nuclease 

digest host DNA during phage development. Finally, we used T4 insertion/substitution 

(I/S) system and obtained good performance. First, T4K10 has mutated endonuclease II 

and IV as denA and denB, which allow higher recombination rates. Second, selections 

of plasmid-integrated phage were allowed by Amber mutations on T4K10 and E. coli 

suppression strains (e.g. SupF or SupD). Moreover, engineering T4 genome to alter the 

hoc gene has the advantage of being able to directly track the resulting mutant phages 

using PCR.  

Assessment of assays for characterizing BAM phenotype 

Since BAM model is relatively new, no standardized assay is currently available 

to characterize the phenotype. Different methods for detecting BAM phenotype have 

been applied in this study but with no conclusive results. These assays include agar 

plates coated with mucus for phage adherence (data not shown) (12), adsorption assay, 

glycan beads, and particle tracking. Among them, some are worth re-visiting but require 

further optimization. For example, the phage numbers in adsorption assay can be 

measured by fluorescence microscopy or qPCR to avoid the variable culture conditions. 
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As for glycan beads screening, enzymes that cleave glycoprotein such as 

neuraminidase, can be cloned to phage structures. Since the glycans were labeled with 

florescent molecules, the enzyme activity cause by phage-glycan interaction can be 

measured by flow cytometry. Lastly, multiple particle tracking also requires 

troubleshooting because of the mucus source and data analysis. First, the porcine 

mucin purchased from Sigma-Aldrich is not sterile and thus residual SYBR Gold-stained 

bacterial DNA generate too much background noise. In the future, further investigations 

for sterilizing mucus without disrupting glycan structure would be required. Second, the 

manual particle tracking is lengthy and often without tracks longer enough for analysis. 

Recently, a relative new technique, differential dynamic microscopy, with the 

combination of video particle tracking and dynamic light scattering, could be applied to 

address this problem (22). Also, this method has less photo bleaching and the image- 

process python codes for high throughput analysis. Third, the T4 phage can be labeled 

by green fluorescent protein (GFP) and avoid the use of the SYBR Gold and 

background noise from the DNA stain. Previous study showed that up to 200 copies of 

GFP molecules were packaged into capsid with internal protein III (IPIII) fusion proteins 

or GFP tagged with the 10-amino acid residue CTS (capsid targeting sequence) from 

IPIII (23).  
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Figure 3-1: Hoc subdomains amplified from the T4wt and RB69 for T4Δhoc 
complementation.  

Figure is adapted from (9). Constructs were then extended for longer flanking 
homologous sequences (upstream: 1k bps; downstream: 850 bps) in T4 I/S 
recombineering (Fig. 3-2) 
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Figure 3-2: T4 recombineering by in T4 I/S system.  

Figure is adapted from (15). p23: promotor of T4 gene 23 (major capsid protein). Am: 
Amber mutations have early stop codon on essential genes (38: tail fiber adhesin and 
51: baseplate component).  
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Figure 3-3: Experimental design of mucus-binding assay by T7 phage display 
system.  

Synthetic phages with selected Ig domains were cloned and displayed on T7 capsid. 
The newly synthesized phages were then utilized for assays to characterize their mucus 
binding capacity (BAM phenotype).  
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Figure 3-4: Verification of inserts in T7 genome and Ig-like peptide expression on 
the capsid protein.  

A: Plaque PCR. B: SDS-PAGE of T7 clones lysate. Red arrow: the baseline for no-
insert capsid protein size (~40 kDa). Red asterisks: successfully displayed Ig-like 
domains with the larger size of the capsid proteins. numbers: successfully displayed 
amino acid residues based on sequencing results.  
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Figure 3-5: Multiple particle tracking (MPT) of T7 hybrid phage constructs. 

A-C: effective diffusion constant. D-F: Alpha values. Subdiffusive motion indicated by 
α<1 and the brownian motion by α=1. 
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Figure 3-6: Adsorption assay in T4wt, T4Δhoc, and T4Δhoc complemented with 
full-length Hoc protein. 

T4: T4wt, Hoc-: T4Δhoc, D1-4: complementation by plasmid supplying Hoc protein to 
T4Δhoc. (Table 3-3). Ratios–phage : E. coli cells 
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Figure 3-7: Binding of T4wt and T4Δhoc to 4 different glycans is highly variable. 

The titers of T4wt and T4Δhoc in the supernatant, washes 1-3, and bead fractions were 
quantified by spot-titering from 3 wells. 
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Figure 3-8: Relative amounts of T4wt and T4Δhoc bound on mucus mimetic 
beads in a competition assay.  

107 of T4wt and T4Δhoc plaques were mixed as the input. Same symbols (T4wt = filled; 
T4Δhoc: empty) represent the competition assay from the same replicates. Values 
represent ratio of bead fraction normalized to the input. Error bars represent 2 technical 
replicates. 

  

no difference
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Figure 3-9: Hoc mutants (made by T4 I/S system) bound on mucus mimetic beads 
in the competition assay (absolute qPCR quantification). 

T4HocWT: T4K10, T4HocD2-4: K10D2-4, T4HocD3-4: K10D3-4, T4HocD4: K10D4, 
RB69Hoc: K10RB69, hoc–: K10hoc–. Phage genotypes are listed in Table 3-3. Error 
bars represent 2 biological replicates. 
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Figure 3-10: T4Hoc– has variable binding on beads. 

A: data plotted with average and standard deviation. B: data plotted with individual data 
points 
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Figure 3-11: Data in Fig. 3-9 normalized to Hoc–. 
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Table 3-1: Selected Ig-like domains from T3 major head protein (MHP) and T4 Hoc 
for T7 Select 415-1 cloning kit 

Source Ig-like domains  Classification of Ig Length (amino acids) 

T3 MHP Full length  big 2 89 

 Ig only  big 2 68 

T4 Hoc Full length (D1-D3)  376 

 D1 (PKD, 92 aa) PKD 92 

 D2 (PKD, 81 aa) PKD 81 

 D3 (I-Set, 79 aa) I-Set 79 
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Table 3-2: PCR primers for T7 Select 415-1 cloning and verification of inserts.  
Primer ID Sequences 

Ig-cloning  

T3-FL-for tcaaccttgatcgttatGAATTCtGGTGTCGGAGTAATTCCCGACC 

T3-Ig-for tcaaccttgatcgttatGAATTCtACCATGACGCTTGTTGAGGGTGC 

T3-Ig-rev tgcctatgccttaagcgcAAGCTTTTAAGACGTTGCGGCGTTAACAATCAC 

T4-hoc-for tcaaccttgatcgttatGAATTCtACGGTCGCTGCTACTTTTACAGTTGATATAACTCCT

AAAACACCTACAG 

T4-hoc-rev tgcctatgccttaagcgcAAGCTTATGGATAGGTATAGATGATACCAGTTTCTAAAGC 

T4-D1-rev tgcctatgccttaagcgcAAGCTTACTTATTTTTAACTGTGATAGTTGTTGTCGCTTCA

G 

T4-D2-for tcaaccttgatcgttatGAATTCtACGGTCGCTGCTCCTGCTAGTCCTGCGGCTGG 

T4-D2-rev tgcctatgccttaagcgcAAGCTTATGATACTTCATTAGAAGTAACGCTTAGTGCATC 

T4-D3-for tcaaccttgatcgttatGAATTCtACGGTCGCTGCTATGAATCCACAGGTTACATTGAC
TCCTCC 

T4-D3-rev tgcctatgccttaagcgcAAGCTTATACAGGGTTATAATCTGCAGCAGTAACAG                                                                                    

Insert 

verification 

 

T7 SelectUP GGAGCTGTCGTATTCCAGTC  

T7 SelectDN AACCCCTCAAGACCCGTTTA  

 

Capitalized sequences with underscores: restriction enzyme sites, EcoRI (GAATTC) 
and HindIII (AAGCTT). Lowercase sequences on the left of the restriction enzyme sites: 
linkers for restriction digestions. Uppercase sequences on the right of the restriction 
enzyme sites: homologous Ig-like domains. Lowercase t between EcoRI sites and Ig-
like homologous sequences: insertion for expressing peptides in frames. 
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Table 3-3: Bacterial strains, phages and plasmids used in the study. 
Strain 
number Organism Genotype Reference 
 Bacteriophage   
    T4wt T4 wild type Lab strain 
    T4Δhoc T4Δhoc – Lab strain 
    T4K10 38amB262 51amS29 denAnd28 denB-rIIB ΔrIIPT8 K. Kreuzer 
    K10D2-4 T4K10 ΔhocD1 This study 
    K10D3-4 T4K10 ΔhocD1-2 This study 
    K10D4 T4K10 ΔhocD1-3 This study 
    K10hoc– T4K10 Δhoc This study 
    K10RB69 T4K10 RB69hoc  This study 
 E. coli   
G686    DH5a F– endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG 

purB20 φ80dlacZΔM15 Δ(lacZYA-argF)U169 
hsdR17(rK– mK+), λ– 

Lab strain 

G799    MC1061(p3) Sup0 F– hsdR (rk–  mk+) araD139 Δ(araABC-leu)7679 
galU galK ΔlacX74 rpsL thi mcrB 

Lab strain 

    
G1256    CR63 supD lr K. Kreuzer 
G1257    BE-BS Sup0 K. Kreuzer 
 Plasmid   
G1259    pBSPL0+ AB1/ pBSPL0+ Ampr K. Kreuzer 
G1260    pBSPL0– AB1/ pBSPL0– Ampr K. Kreuzer 
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Table 3-4: Glycan polymers used in this study 

Glycan names Structures 

6’ SialylLacNac  
 

3’ SialylLacNac  

GD2 
 

Disialyated Penta Type 

I 
 

Lewis A Tetrose 
 

Fucose  
Lactose  
LacNAc  
Glucose  

GlcN  
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Table 3-5: Specific primers for the quantifications of T4 mutants by qPCR. 

Q_Up_F was used as forward primer in T4K10, K10D2-4, K10D3-4, and K10D4. 
Primer ID Sequences Target 

T4hocQF3 CGCGACAGATTATGATGCACTAAGCG 
T4wt 

T4hocQR3 GTAGCCGAAGCATCTTGCTGAAC 

hocjcQF1 CATTAATCGCGATGGATCAGTTTTAATTCTAGAAGC 
T4Δhoc 

hocjcQR1 CACCACAACCTCAGTTCTCATAATCAATCTC 

Q_Up_F GCTTAATTTATTACATTAATCGCGATGGATCAG T4K10 

Q_hoc1234_R GGAGTTATATCAACTGTAAAAGTCATAAGTTATCC  

Q_hoc234_R CTAAGGTAGTCGTCTGTGTCATAAGTTATCC K10D2-4 

Q_hoc34_R CATTGTCTTCTTATTAACCGTTAACATAAGTTATCC K10D3-4 

Q_hoc4_R CATTACCAGTTTTGGTAACGGTCATAAGTTATCC K10D4 

QhocjcF1-1 CGCGATGGATCAGTTTTAATTCTAGAAGC 
K10hoc– 

QhocjcR1-2 CAATCTCATGTTATCGAGTTGGTGCC 

Q_rb69_F CAATCAACCTAGTGGTGCTGCTATTGC 
K10RB69 

Q_rb69_R GTTCCTTCAGATGTTGGTGTATATTCAAAGGTTG 
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 : DNA packaging into PBSX, a defective prophage of B. subtilis 168 

Abstract 

Dysregulation of microbial succession in the human gut leads to diseases such 

as malnutrition and kwashiorkor in African infants. The immature microbiota have shown 

to be dominated by anaerobic Firmicutes (e.g. Bifidobacterium, Lactobacillus, 

Streptococcus, and Clostridium). Since the conventional antibiotic treatments also target 

a broad spectrum of beneficial microbes, bacteriophages are proposed to modulate the 

microbiome specifically. Due to the potential problems in phage therapy such as 

mutation and release of endotoxin in the host, the non-replicating, non-lytic prophage-

like element PBSX was selected as a good candidate of “phagocin” for killing a specific 

population in the microbiome. PBSX is a defective prophage in Bacillus subtilis 168, one 

of the most well-studied Firmicutes, hence it is more accessible for engineering target 

specificity and further investigation of its life cycle. Here we examined the pattern and 

content of DNA packaged into the PBSX capsid. Upon phage induction in Bacillus 

subtilis 168 culture, PBSX phagocin particles were purified and subjected to DNA 

extraction. The phagocin DNA was then sequenced, and the reads were recruited onto 

B. subtilis 168 reference genome. After genomic analysis, PBSX DNA packaging 

patterns were revealed by the examining the coverage on the reference genome.  The 

results showed that PBSX does not package the phage locus. Moreover, packaged 

DNA is not randomly distributed across the host genome, but favor certain regions, 

which might contain potential pac-like sites. Overall, PBSX is likely a generalized 

transducer, and understanding PBSX DNA packaging may be useful for precise delivery 

of modifier genes into target bacteria.  
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4.1 Introduction 

The succession of the microbial community is critical in the human gut 

microbiome during the first two years after birth (1). In healthy microbiota development, 

the dominant species transition from Firmicutes to Bacteroides (2). Failed microbial 

succession can lead to Immature microbiota and cause malnutrition disease such as 

“kwashiorkor” in African infants (3). Current treatment against the “pathogenic” 

microbiome includes controlling dominant bacteria using antibiotics, rehabilitation of 

diet, and re-establish microbiota by fecal transplantation (4). In gnotobiotic mice, recent 

studies have shown that fecal transplantation can directly affect the growth and gut 

dysfunction based on the health condition of microbiome donors (5). In clinics, 

remodeling existing microbiota has been considered as an essential strategy in 

correcting developmental defects related to the microbiome (6). Instead of 

supplementing “healthy microbes,” direct attacking the dominant anaerobic firmicutes by 

phages may facilitate the transition to mature microbiota. 

Nevertheless, phage therapy in anaerobic microbes is limited mostly 

metagenomic approaches, and hindered by the lack of the lytic phage cultures, the 

under-studied phage biology with few lysogenic isolates (7). Besides, even treatment 

using lytic phages can cause problems and unexpected results. First, the nature of 

phage exponential propagation increases the difficulty in dosing and titration when 

particular populations spike in the microbiota (8). Second, the mutation or recombination 

with inhabitant phage or prophage may alter the host range via horizontal transfer and 

lead to mixed results (e.g., antibiotic genes)  (9). Third, lytic phage can release 

endotoxin from lysed bacteria cell walls, which could induce a strong immune response 
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in patients (10). To address these problems in phage therapy, a non-replicative, non-

lytic phage-like element, PBSX, named ‘phagocin’ was selected to control firmicutes in 

immature microbiota. PBSX is a defective prophage in the well-studied firmicute Bacillus 

subtilis 168 (11). Upon Induction, around 300 complete virions contain the icosahedral 

head, contractile-like tails, and six tail fibers are released per cell (12). The PBSX can 

adsorb to the cell surface receptor on the specific strain and result in killing, presumably 

by membrane depolarization (13). Structurally, the volume of the relatively small head 

can accommodate around 13 kb of DNA, which is insufficient for 30-kb PBSX locus 

(14). Also, the content of packaged DNA and whether the DNA is injected into cells after 

adsorption remains unknown (15). Understanding PBSX packaging may be useful for 

precise delivery of modifier genes into target bacteria. In this study, the PBSX packaged 

DNA was extracted from purified phagocin particles, followed by NGS and bioinformatic 

analysis to reveal the DNA content and potential sites for DNA packaging (pac-like 

sites).  
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4.2 Materials and Methods 

Purification and DNA extraction from PBSX phagocin particles 

An overnight culture of Bacillus subtilis (BAS260) containing the temperature-

inducible version of phagocin PBSX (obtained from Dr. Ry Young at Texas A&M 

University, College Station, TX) was diluted 100 fold into 1 liter of LB and incubated in a 

shaking incubator at 37°C. When the optical density (A600) reached 0.1, the culture was 

supplemented with MgSO4 and CaCl2 (10 mM and 5 mM, respectively, final conc.), and 

moved to a 48°C water bath shaker until the culture lysed (1.5 hours). The lysate was 

treated with CHCl3, then centrifuged and subsequently passed through a 0.45 µm filter 

to remove any unlysed cells. This filtrate was treated with DNase I and RNase A (each 

at 1mg/ml, final conc.) to digest any free DNA and RNA. Phagocin particles were then 

concentrated by precipitation with PEG8000. The pellet was resuspended in SM buffer 

(recipe), treated with DNase I and RNase A again (1mg/ml, final conc.), and the 

phagocin particles were separated from all other solutes and cellular components using 

CsCl gradient ultracentrifugation as described in (16) with the following modifications: 

CsCl was used at a density of d=1.3 g/ml; centrifugation was performed in a SW41 Ti 

rotor at 36,000 rpm, 4°C, 24 hours. Two blue-ish bands in the gradient were extracted 

with a syringe, and treated again with DNase I as above. The particle structure of 

purified and concentrated PBSX was confirmed by Transmission Electron Microscopy 

(Fig. A) (17), and viral DNA was subsequently extracted using the protocols described 

in Thurber et al., 2009 (18).  

Library preparation and sequencing of phagocin DNA 
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Phagocin DNA was quantified using a Qubit ® 2.0 fluorometer (Thermo Fisher 

Scientific) and the DNA sequencing library was prepared using the Nextera® XT DNA 

Preparation Kit according to the manufacturer’s instructions (19) (Illumina, CA). 

Subsequently, the size distribution of DNA fragments in the library was determined 

using an Agilent 2100 Bioanalyzer high sensitivity DNA analysis kit (Agilent 

Technologies). The library was then diluted and denatured following the manufacturer’s 

instructions in Illumina’s protocol A (20) before loading in the MiSeq Reagent Cartridge 

v3 (600 cycles) (Illumina, CA).  Finally, sequence reads were generated on an Illumina 

MiSeq sequencer using a loading concentration of 15 pM of library.  

Bioinformatic analysis of phagocin DNA sequences 

FastQC (on the Main Galaxy server at usegalaxy.org) was used to evaluate the 

quality of the forward and reverse raw reads (21). FASTQ files were converted to 

fastqsanger using FASTQ Groomer. Trimmomatic was used to trim and pair reads with 

SLIDINGWINDOW trimming with Illumina clip set to Nextera (for paired-end reads) (21). 

The paired-end reads were assembled into contigs using SPAdes (21, 33, 55 K-mers) 

on the CPT Phage Galaxy server at cpt.tamu.edu/galaxy-pub (22). The assembled 

contigs were mapped/aligned to the Bacillus subtilis reference genome sequence 

(accession number: GCF_000009045.1) using Bowtie2 (22). The BAM file of reads 

aligned to the reference genome was visualized in the Anvi’o (23). Independently, the 

forward and reverse raw sequence reads were analyzed using PhageTerm to predict 

the packaging mode and identify the potential phagocin termini within the Bacillus 

subtilis reference genome (24). 
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4.3 Results 

PBSX induction, purification, and DNA extraction 

Upon induction, thermo-inducible PBSX completely cleared Bacillus subtilis 168 

culture within 90 minutes in the flask. On the other hand, more detailed lysis curves 

were recorded by a plate reader at 600 nm adsorption wavelength: The lysis by 

temperature shift occurred when the culture reached higher cell density when 

comparing with the mitomycin induction (Fig. 4-1A). Hence, more phagocin production 

were expected in the engineered, thermo-inducible PBSX. The lysate was treated with a 

series of clean up and concentration steps, which include further lysis by chloroform, 

DNase digestion against free DNA, precipitation by PEG8000, and equilibrium CsCl 

ultra-centrifugation. In centrifuge tubes, two phage-like bands observed when 

illuminated with a flashlight in a dark room (Fig. 4-1B). Both bands were extracted and 

examined by TEM. Only the bottom band contained PBSX virion with intact capsid and 

no contractile tail structures (Fig. 4-1B). In addition, phagocin killing activities were also 

confirmed in different purification fractions (Fig. 4-1C). By spotting 10ul of each dilution 

on the bacterial lawn of Bacillus subtilis W23, the zone of inhibition (ZOI) was found as 

low at 10-2 dilution after the first condensation step by PEG8000. Subsequently, the 

phagocin-packaged DNA was extracted by the viral nucleic acid method with around 

12.5 mg yield from 500 ml culture. The phagocin-packaged DNA and the digested 

fragments by EcoRI were examined through gel electrophoresis (Fig. 4-1D). The 

purified PBSX-packaged DNA formed a single band at around 13 kb position. On the 

other hand, multiple unclear bands with smear showed in EcoRI-treated sample, which 

indicates multi-species are included in PBSX DNA package. 
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Bioinformatic analysis for potential pac site 

The MiSeq run generated 105547 reads with the average size at 300 bps. When 

aligned total reads to Bacillus genome, the average coverage was around 3. A highly-

enriched region was observed at Bacillus subtilis reference genome position from 1.44 

to 1.62 M with the average count ranging from 74-175 times (Fig. 4-2A). This region is 

about 0.1 M apart from PBSX locus, which proved the prophage defective package 

machinery does not recognize its DNA. Besides, two other minor enriched regions were 

found at position 0.1 M and 3.3 M. On the other hand, the PhageTerm also predicted six 

pac-like sites within the highest enriched region base on the sequence similarity and 

coverage (Fig. 4-2B). Next, 40 nucleotides from each predicted sites were extracted and 

aligned by ClustalX for searching consensus sites (Fig. 4-2C). Only four consensus 

sites and four highly similar sites were found in the alignment of the 40-nucleotide 

fragments. Overall, the coverage pattern exhibited the headful-like package based on 

the single peak, unidirectional enriched regions.  
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4.4 Discussion 

The impaired DNA package in PBSX genomic analysis 

In tailed phage, DNA package was well-studied, including the molecular motor, 

the specific package sites (pac sites) on phage DNA, and the phage protein complex 

(terminase) recognizing pac sites (25). According to our sequencing analysis, the DNA 

package in PBSX is neither randomly nor specifically selected in the Bacillus subtills 

Genomic DNA. The electrophoresis of EcoRI-digested PBSX DNA agreed with an early 

study, which concluded the DNA packaging could not be too stringent but in favor of 

particular regions (14). The major enriched sites located at 1.44 to 1,62 showed strong 

signal but low consensus of nucleotide sequences. In model phage P22, the 

unidirectional, headful DNA package is initialized by gene 3, a subunit of the terminase 

complex recognizing the 22-bp pac sites of P22 genome (26). As for PBSX, although 

the large and small terminase subunit were both identified bioinformatically in PBSX 

genome, there is no currently bioinformatic method to predict the pac site but only by 

experimental verification based on the protein sequences (27). Moreover, when 

comparing the structural gene cluster of PBSX to related prophages, the large head 

protein and several head-tail joining protein were missing (28). Hence, the binding 

subunit of terminase or the pac site on DNA might have lost their specificities for mutual 

recognitions, possibly due to gene arrangements or mutations events in the prophage 

degeneration across PBSX-like element in different species (11). Nevertheless, the 

highly-enrich region (pac-like) on Bacillus subtilis 168 genome in PBSX genomic 

analysis can be further used for future engineer purposes. 
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Verification of PBSX pac-like sites and future applications 

Understanding PBSX packaging may be useful for delivery of modifier genes to 

manipulate the physiology in target bacteria (29). For example, operons encode toxic 

proteins such as holin to disrupt the inner membrane without lysis followed by release of 

endotoxin (30). Toxic protein cassettes be cloned into the downstream of pac-like sites 

to allow PBSX package and for further delivery when phagocin injects DNA upon 

infection (29). On the other hand, the potential pac-like sites from PBSX genomic 

analysis may be verified by inserting a putative pac-like region from highly-enriched 

sites into a region of low coverage, followed by additional phagocin particle purification 

and DNA sequencing experiment. In addition, PBSX is likely a generalized transducer 

with the potential for recombining its DNA to the host genome. Hence, transduction can 

be validated by packaging an antibiotic cassette, transferring it to the sensitive recipient 

strain W23, and select for antibiotic-resistant W23 colonies.  
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Figure 4-1: Induction, purification, and DNA extraction of PBSX.  

A. Lysis curves of prophage induction in Bacillus subtilis 168. WT: wild-type normal 
growth curve. WT + mitomycin: induced by adding mitomycin (10 ng/ml) at A600=0.1. 
Thermo-inducible PBSX: induced by shifting culture to 48°C. B. CsCl purified PBSX 
particles and Transmission Electron Microscopy (TEM). Arrow: phage band confirmed 
by TEM. The purified PBSX particles were negatively stained and analyzed using the 
FEI Tecnai T12 TEM (magnification: 150,000 x). C. Killing activities of purified PBSX on 
the lawn of the sensitive strain Bacillus subtilis W23. Chloroform: lysate treat with 
chloroform and centrifugation. PEG 8000: phage particle precipitation by 10% PEG 
8000 and resuspend in smaller volume. CsCl: further purified cellular DNA free 
phagocin by equilibrium CsCl ultracentrifugation. D: PBS DNA analysis by gel 
electrophoresis. Lane 1: purified PBSX packaged DNA. Lane 2: PBSX packaged DNA 
treat by EcoRI at 37°C for 1 hour. Lane 3: PCR by 16S universal primers on PBSX 
packaged DNA. Lane 4: DNA ladder.  
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Figure 4-2: Sequencing analysis of DNA packaged in phagocin particles.  

A. Coverage of sequenced reads mapped to Bacillus subtilis reference genome. Mean 
coverage: each peak represents coverage from 10,000 sites. 1.31-1.34M: PBSX 
prophage locus. 1.44-1.62 M: the most highly enriched region. B. Positions and average 
counts of the most highly enriched sites Bacillus subtilis genome. C. Sequence 
alignment of 40 nucleotides on selected regions by ClustalX. +: consensus sites. *: 
highly similar sites.  
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 : Summary and Future Directions 
 

In this dissertation, the foci were on discovering new phage structural proteins, 

characterizing their novel functions, and applying the knowledge in phage biology for 

infectious or microbiome-related diseases. Multiple techniques have been accessed, 

and here I summarize the key results and propose some experiments that are essential 

for future directions.  

In chapter 2, the ANN was further applied from predicting phage structural 

proteins in the existing database to metagenome from the marine field study. Although 

there is still room to refine the ANN-predictions, structural gene clusters were 

successfully identified with the help of other bioinformatic tools new annotations on the 

database. One of the future approaches can focus on training existing ANN and add 

finer categories for the complex phage subunits (e.g., tail-associated category divided 

into the tail tube, tail sheath, tail fiber…etc). Another emphasis will be on the high-

throughput in-vitro assembly. Buffer conditions and combinations of different purified 

proteins can be achieved by automation such as use of Mosquito crystallization robot. 

Next, the structural assembly can be detected by the ThermoFluor assay (1). Finally, 

the negative staining for TEM can be further optimized. Different stains with various pH 

ranges such as sodium phosphotungstate (pH 5-8) or smmonium molybdate (pH 5-7) 

can be tested, since the acidic uranyl acetate (pH 4) can damage some viral structures 

(2). In addition, serial EM, automated EM data acquisition software can be applied to 

create a montage from a large number of micrographs for further browsing or analysis. 

In chapter 3, phage engineering and phage-glycan assays were tested with 

different performance and trade-offs. T7 display system and T4 complementation 
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require less cloning procedure but more errors for correctly expressing desired protein 

constructs (3, 4). T4 I/S system can directly alter the phage with selections and was 

hence a better option for modifying essential or non-essential genes (5). As for the 

glycan-phage interactions, many assays were repeated but not reproducible, possibly 

due to the weak signal. Hence, the use of glycan beads plus enzyme kinetics as 

demonstrated in Influenza virus might be a better option (6). However, this assay 

requires further modification on phage surface, such as adding neuraminidase that 

cleaves glycoproteins. On the other hand, the time-consuming manual multiple particle 

tracking can be replaced by differential dynamic microscopy (DDM), which allows 

extracting maximum amount of video information and automation for analysis. In 

addition, the non-sterile mucus can be further purified to remove bacterial cells. 

Alternatively, engineer the green fluorescent protein (GFP) to be packaged into capsid 

can avoid the use of the SYBR Gold and background noise (7). 

In chapter 4, a toxin-free, non-replicating, non-lytic Bacillus prophage-like 

element, PBSX, was selected and engineered as “phagocin” aiming to kill pathogenic 

strains. The DNA package sites in PBSX was investigated by extraction of the purified 

phage particles, NGS, and bioinformatic analysis. By understanding the DNA package 

sites, genes encode bacteriocin can be engineered into phagocin particles for the 

delivery into target cells. Furthermore, other features such as glycan-binding domains 

can be expressed on phagocin according to mucus profile of the patients. 

Overall, better understanding of bacteriophage structural proteins can lead to the 

design of viral nanoparticles (VNPs) and next-generation personalized precision 

medicine (8). Ultimately, a virus can be a piece of “good” news wrapped in protein.  
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