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VI. Abstract 

vCCI: A potent CC chemokine inhibitor 

and 

Silk fibroin-based scaffolds study  

Wenyan Guan 

Doctor of Philosophy 

University of California, Merced 

2024 

Supervisor: Prof. Patricia J. LiWang 

 

Inflammation occurs when chemokines are secreted at a site of injury or infection, 
mediating a buildup of immune cells. Therefore, inhibiting chemokines in some cases 
could be an appealing target to control inflammation. Many viruses have evolved 
strategies to subvert the human chemokine system by producing chemokine binding 
proteins. Among them, poxviruses encode vCCI (viral CC chemokine inhibitor), which has 
been shown to bind more than 20 CC chemokines with high affinity. Therefore, 
understanding the mechanism of the high binding affinity between vCCI and CC 
chemokines could pave a way to develop vCCI as a new therapeutic candidate to treat 
inflammation related disease. In collaboration with the Prof. Michael Colvin group, 
combining an experimental approach and computational methodology, to unveil the 
possible key residues in the function of interaction between vCCI and chemokines, our 
work shows vCCI Y80, E143, and I184 residues are important for its binding to a 
chemokine vMIP-II (vCCL2). The vCCI mutation Y80R showed a loss of binding of 55 fold 
compared to the wild type of protein in BLI experiments, while E143K, I184R mutants 
decreased binding affinity of 37 and 25 fold respectively. We also found some key residues 
(G17, V44, Q45) of TARC (CCL17) involved in the interaction with vCCI. Highest affinity 
was achieved with the triple mutant CCL17 G17R/V44K/Q45R, which gave a Kd of 0.25 ± 
0.13 µM for the vCCI:CCL17 variant complex, a 68 fold improvement in affinity compared 
to the complex with wild type CCL17.   

Silk fibroin (SF or silk in abbreviation) derived from the species Bombyx mori has 
been recognized as a material for biomedical sutures for centuries. With excellent 
biocompatibility, biodegradability, and sufficient supply, silk fibroin has become a popular 
biomaterial in tissue engineering, drug delivery, and surgery. In addition, silk fibroin can 
be developed into a variety of shapes with multiple structures, such as 3D porous 
scaffolds, films, particulates, fibers, needle patches, etc. In this study, we investigated 
improving the adhesive property of SF scaffold to the wet tissue with the addition of 
polyethylene glycol (PEG) and glycerol, and realized the sustained release of an anti-HIV 
protein Griffithsin.  



1 

 

Chapter 1 
 

Introduction 

 

1.1 CC chemokines and vCCI 

1.1.1 Introduction of CC chemokines 

The human immune system plays a critical role in protecting us from harmful 
pathogens, including bacteria, viruses, fungi, and parasites, and battling against harmful 
cells, like cancer cells. It consists of a complex network of leukocytes, cytokines, tissues, 
and organs that work together to fight against infections and diseases. One of the most 
important processes engaged in the function of immune response is the migration of 
leukocytes to the infection sites 1. The movement of leukocytes is mediated by a gradient 
of chemokines (Figure 1.1). Chemokines are chemotactic cytokines secreted by immune 
cells at the beginning of infection or injury, and leukocytes move up the chemokine 
gradient toward the site of injury or infection 2. During the initiation of the infection, the 
chemokines interact with endothelial cells to trigger the secretion of more adhesion 
proteins and chemokines to facilitate the attachment of passing by leukocytes to the 
endothelial cell surface 3.  

Chemokines bind 
relatively weakly with 
glycosoaminoglycans 
(GAGs) on the surface of 
the endothelial cells, and 
this chemokine retention 
increases the 
concentration of the 
localized chemokines in 
the vicinity of the infection 
or injury sites, which 
increases the chance of 
interaction between 
chemokines and 
leukocytes when they are 
passing the endothelium 
surface 4.  Chemokines 
bind tighter with their 
cognate G protein-
coupled receptors on the 
surface of leukocytes 
compared with the 
interactions with GAGs 5. Once the chemokine binds to the receptors on leukocytes, it can 
lead to a conformational change of the receptor which triggers the activation of the 
heterotrimeric G-protein and leads to a downstream signal activation of phospholipase C 
(PLC) 5–7. Then phosphatidylinositol 4,5-bisphosphate (PIP2) will be hydrolyzed by PLC 
and generate inositol 1,4,5-trisphosphate (IP3) to signal the migration of Ca2+ from the 
endoplasmic reticulum to an intracellular location which further activates the protein kinase 

 
Figure 1.1 Chemokines induced the migration of leukocytes  

Chemokines setting up a concentration gradient to guide 
leukocytes toward infection/tissue damage sites. 
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C (PKC) 8. The PKC activates several GTPases related to the activation of actin and the 
release of Ca2+ activates the myosin, which results in the migration of leukocytes to move 
up the increasing chemokine gradient toward the site of infection or injury to battle against 
the pathogens 9,10. 

The chemokine family is subdivided into four subfamilies: C, CC, CXC, CX3C, 
where “C” represents a cysteine residue near the N-terminus which can form a disulfide 
bond with another cysteine, and “X” means any amino acid between the cysteine residues. 
Among these, CC and CXC are the main and well-classified families of chemokines. 
Chemokines were originally named in relation to their functions. For example, TARC, 
stands for Thymus and Activation-Regulated Chemokine. Currently, however, there is an 
official naming system for chemokines which have chemokines name followed by “ligand” 
and a number, such as CCL17 (CC chemokine ligand 17, called TARC) 11. Therefore, 
most chemokines have both a common name and an official nomenclature name. 

Though chemokines 
function as the guiders to 
help leukocytes to move 
towards damaged tissues to 
keep the body healthy, 
disordered expression of 
chemokines can result in 
immune related diseases 
(Figure 1.2). For example, 
over expression of 
chemokines will cause an 
influx of immune cells, 
contributing to injury in 
damaged parts, as in 
traumatic brain injury (TBI). 
CC chemokines have been 
reported to be involved in a 
variety of inflammation-
related diseases, especially 
chronic inflammation, such 
as rheumatoid arthritis (RA), 
asthma, crohn’s disease, 
adipose inflammation, 
diabetes, atherosclerosis, 
multiple sclerosis, 
neuropathic pain, insulin 
resistance, etc 12. In addition, a CC chemokine receptor, CCR5, plays a key role for HIV 
infection at the initial stage 13,14. Studying CC chemokines will help the understanding of 
the role of these chemokines and chemokine receptors in the immune system. 

1.1.2 Introduction of chemokine binding protein 

As part of viral evasion strategies, many viruses have evolved to cause the 
secretion of chemokine binding proteins to subvert the normal chemokine signal pathways, 
reducing leukocyte recruitment and activation at the site of infection 15. There are three 

 
Figure 1.2 Chemokine induced inflammation 

Many of chemokines cause the inflammation and healthy 
issues. 
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classes of viral chemokine binding proteins: chemokine receptor homologs which bind a 
chemokine and prevent its interaction with its natural receptor, chemokine homologs which 
bind a receptor and block binding by the natural chemokine ligand, and chemokine-binding 
proteins (CBPs) which bind the chemokine and prevent it from binding to its receptor 
and/or GAGs 16. CBPs have 3 classes: Class I which non-specifically binds all chemokines 
with a low affinity 17, Class II which binds CC chemokines  18,19, and Class III which binds 
C, CXC, and CX3C chemokines 20. Among them, Class II CBPs specifically bind CC 
chemokines with high affinity which makes them potentially good therapeutic candidates 
targeting CC chemokine-related inflammation diseases.  

One of the Class II 
CBP’s is Viral CC 
chemokine inhibitor (vCCI, 
also known as 35K) which is 
a virally produced protein 
(originally discovered from 
poxvirus) that has been 
reported to bind more than 
eighty CC chemokines of 
various species, and about 
twenty of them with high 
affinity [6, 7].  Therefore, 
vCCI has been broadly 
studied as an anti-CC 
chemokine therapeutic 
candidate in inflammation 
related diseases [8-11] and 
making the mechanism 
behind its binding to the 
chemokines of great 
interest.  

In 1999, Carfí et all 
first reported the structure of vCCI, showing contains a β-sandwich topology with one of 
the β-sheets having a strong negative charge; they hypothesized that it might interact with 
positively charged CC-chemokines 21. In 2006, our group reported the structure of vCCI 
(encoded by rabbitpox virus rabbitpox virus) in complex with a chemokine, CCL4, through 
NMR experimental data analysis (Figure 1.3) 22. vCCI has 11 β strands, one α helix, and 
several loops. The β strands form two β sheets, β sheet I (β5, β6, β1, β9, β10 and β11) 
and β sheet II (β2, β3, β4, β7 and β8). Between β2 and β3, there is a conserved loop 
(acidic loop in short) containing more than 50% negatively charged residues (Asp and Glu) 
which acts together with partially negatively charged β sheet II to interact with a 
chemokine’s basic residues on the N-loop, 20s region and 40s loop, blocking the 
chemokine binding to its receptor and GAGs in order to reduce the inflammation caused 
by the expression of the chemokine 19.  

 

 
Figure 1.3 vCCI:CCL4 complex structure 

The vCCI is on the left colored blue and its acidic loop is shown 
on red. The CCL4 is on the right colored with green. (PDB ID: 
2ffk) 
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1.2 Silk scaffold introduction 

Silk is one of the most abundant and economical biomaterials in nature. More than 
120,000 tons of Bombyx mori silkworm silk (“silk” in short in this thesis) are produced 
worldwide every year, and the main manufactures are in China, India, and Japan 23. 
Additionally, owing to prominent biocompatibility, biodegradability, and mechanical 
properties, silk has been used as a surgical suture since 150 ACE 24. Current US FDA 
approved clinical usage of silk fibroin biomedical materials includes surgical mesh called 
a SERI Surgical Scaffold for soft tissue support and repair, silk sutures, and silk clothing 
to treat dermatological conditions. Also, in China, the CFDA approved a silk fibroin film, 
Sidaiyi, for wound healing 25. Moreover, with special hierarchical structure and versatility, 
many scientists have been investigating using silk as a model to design novel materials 
with customized properties and specific applications, including drug delivery 
vehicle/system 26, tissue engineering applications 27, biosensors 28, wearable electronic 
devices 29, and water ultrafiltration systems 30. 

1.2.1 Composition and structure 

Silk’s advantageous properties are attributed to its exclusive structure and 
components. Silk is composed of two primary proteins: silk fibroin (about 75%) and sericin 
(about 25%). Fibroin is the main component of silk and acts as the inner core (which 
provides mechanical strength), while sericin is the outer glue-like coating. Each silk fiber 
is composed of two silk fibroin filaments coated with sericin 31. Silk fibroin is a very large 
protein, which could be subdivided into light chain (about 26 kDa) ,  heavy chain (about 
390 kDa) , and glycoprotein P25 (about 25 kDa) 32. The heavy chain and light chain are 
linked by a single disulfide bond at the C-terminus. P25 associated with the heavy-light 
chain complex via hydrophobic interactions, and the molar ratio of heavy chain, light chain, 
and P25 is 6:6:1 33–35.  

Yamada et al found that the silk fibroin heavy chain N terminus has two peptides, 
VITTDSDGNE and NINDFDED, which are thought to be able to promote fibroblast growth 
36. The mechanical properties of silk fibroin are due to the anti-parallel β sheets’ 
arrangement of the heavy chain, which is comprised of 11 short hydrophilic regions and 
12 hydrophobic blocks. The hydrophobic blocks mainly are composed of glycine-X (GX) 
repeats where X represents alanine (A) (65%), serine(S) (23%), or tyrosine(Y) (9%) [10]. 
The GX blocks could be further divided into three groups: (1) highly repetitive GAGAGS 
building blocks that contributes to the crystalline regions; (2) a less repetitive sequence 

 
Figure 1.4 Bombyx mori silk fibroin heavy chain 

The blue regions demonstrate repetitive blocks, while white regions represent amorphous 
regions. (1) highly repetitive GAGAGS; (2) a less repetitive sequence containing hydrophobic 
and/or aromatic residues, including GAGAGY, GAGAGV, GAGAGVGY; (3) like (1) but having 
AAS motif at the C-terminus. 
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containing hydrophobic and/or aromatic residues, including GAGAGY, GAGAGV, 
GAGAGVGY, forming semi-crystalline regions (Figure 1.4); (3) like (1) but having AAS 
motif at the C-terminus and may function as sheet-breaking  32,37.  

The GX repeating units form anti-parallel β sheets through intra- and inter-
molecular hydrogen bonds, contributing to the generation of nano β sheet crystallites  38. 
The nano β sheet crystallites are connected by amorphous peptide chains and cross-
linked via hydrophobic interactions and hydrogen bonds, forming nanofibrils (Figure 1.5) 
39. Finally, a bundle of nanofibrils form silk fibers with 30-35 nm in diameter 39. The 
macroscopic property of silk is determined by the three-dimensional hierarchical structures 
of crystal networks. The crystalline network consists of fibrils and “nodes” (individual 
crystal networks), and multi-domain networks of silk fiber, and the mechanical strength is 
determined by the interactions between domains, nodes, and synergy between the 
different levels of networks 39. The multi-domain systems with weak or zero domain-
domain interactions have lower mechanical properties, such as silk hydrogel. The multi-
domain systems with strong inter-domain interactions have stronger hierarchical networks, 
contributing to stronger mechanical properties 39. 

Silk fibroin modification is another way to adjust its properties which can be 
achieved via solvent or chemical treatment. Solvent treatment can adjust the secondary 
structural of silk fibroin. For example, immersion in alcohols or kosmotropic salts, or water 
annealing can increase β-sheets ratio and decrease the α-helix content. The increase of 
silk fibroin β-sheet crystalline structure could decrease its water solubility and enhance its 
aqueous stability of fibroin architecture 40. Methanol treatment is frequently used to 
generate crystalline architectures, while water annealing could produce flexible matrix with 
reduced β-sheet content 41. Chemical modification can improve and/or expand the 
functionalities of silk fibroin and sericin, including chemical modification of amino acid 
residues and insertion of chemical species 42. For example, covalently attaching integrin-
recognition sequence Arginine-Glycine-Aspartate (RGD) and parathyroid hormone (PTH) 
can improve cell compatibility of silk, and the modified silk fibroin shows higher osteoblast 
adhesion and overall calcification in vitro 43. Treatment via diazonium coupling can covert 
tyrosine residues on silk fibroin into hydrophilic groups (such as carboxylic acid, ketones, 
sulfonic acid, and amines) to facilitate cell adhesion and proliferation, and the human bone 
marrow-derived mesenchymal stem cells (hMSCs) show a cellular growth rate that 
depends on scaffold hydrophilicity 44. 

 
Figure 1.5 Silk fibers are composed of interlocking nanofibrils 

Each nanofibril is consisted of nano β sheet crystallites which are connected by amorphous 
peptide chains. The overall hierarchical structure contributes to the unique biophysical 
properties of silk. 
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1.2.2 Silk fibroin- based materials 

Owning to silk fibroin’s hemostatic properties, low inflammatory potential, 
permeability to water and oxygen, and bacterial barrier functionality, silk fibroin-based 
biomaterials have been studied in the skin repair and regeneration field for decades. 
Current US FDA approved clinical usage of silk fibroin biomedical materials includes 
surgical mesh called a SERI Surgical Scaffold for soft tissue support and repair, silk 
sutures, and silk clothing to treat dermatological conditions. Also, in China the FDA 
approved a silk fibroin film, Sidaiyi, for wound healing 25.  

Silk fibroin solution has been studied in preclinical animal models of eye disease, 
such as dry eye and corneal injuries, and it shows that silk fibroin treatment can (a) inhibit 
the detachment of corneal epithelial cells, (b) increase the number of conjunctive goblet 
cells, and (c) inhibit inflammatory factors in the lacrimal gland of the eye 45,46. Further, the 
silk fibroin films support the adhesion and growth of human corneal epithelial cells 47.  

There is an increasing investigating of silk fibroin-based scaffolds for use in the 
bone tissue engineering field. Porous scaffolds, 3D printing scaffolds, hydrogels, and films 
are the common forms for bone tissue engineering studies. Growth factors, drugs, and 
different stem cells have been incorporated into silk fibroin-based scaffolds to facilitate 
bone formation 48.  

Silk fibroin microneedle patches are a painless transdermal drug delivery method 
gaining increased attention. The tip of a microneedle has quick-dissolve abilities, while the 
pedestal of the microneedles could release a drug continuously through the micropore, 
achieving a sustained release effect over time 48,49.  

1.2.3 Silk-based scaffold for drug delivery 

Silk fibroin has prominent mechanical properties, biocompatibility, slow 
degradation, moderate processing conditions, and the ability to maintain the stability and 
activity of biological molecules in its matrix, making it a promising drug delivery vehicle. 
One of the main drug release mechanisms from silk fibroin matrices is diffusion, and the 
speed of releasing is dependent on the treatment used to process the silk and the chemical 
properties of the drug 50. Proteins and small molecules could be formulated into silk fibroin 
scaffolds, such as films, sponges, and microneedle patches, and released by passive 
diffusion.  

Zhang et al showed that protein HIV inhibitors, 5P12-RANTES, 5P12-RANTES-L-
C37, Grft, and Grft-L-C37, can be formulated into SF disks and remain functional for 14 
months at 50°C and sustained release of functional inhibitor Grft for 4 weeks 51. The SF 
disks showed strong inhibition against HIV in PBMC and human colorectal and cervical 
tissue explants without triggering inflammatory cytokine secretion. Crakes et al further 
explored the effect of SF disks on the mucosal tissues, cervical and colorectal, and the 
results showed effective Grft release and retention in mucosal tissues to protect against 
HIV without causing any inflammatory responses or changes in local microbiota 52. 
Lammel et al reported silk fibroin particles can be applied to deliver small molecule model 
drugs, and they demonstrated that the secondary structure of the particles, crystalline or 
less crystalline directly affect the release kinetics of the drug 26.  

Furthermore, drugs can covalently attach to silk fibroin/sericin matrix to decrease 
their diffusion rate and increase drugs’ stability. For example, L-asparaginase covalently 
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linked with silk fibroin scaffold by glutaraldehyde showed an increased activity and 
reduced immunogenicity than L-asparaginase alone 50. Zhang et al covalently attached 
insulin onto sericin peptides with cross-linking reagent glutaraldehyde, and the stability in 
vitro and in vivo of insulin was enhanced more than twice as they covalently linked insulin 
to silk sericin; the immunogenicity and antigenicity were not observed in both rabbits and 
mice 53.  

1.3 Chapter introduction 

In Chapter 2, “The binding and specificity of chemokine binding proteins, through 
the lens of experiment and computation”, we describe the critical role of chemokines for 
immune function, and many viruses as well as parasitic arthropods have evolved to 
secrete proteins to bind chemokines, mimic chemokines, or produce analogs of 
chemokine receptors in order to disrupt natural chemokines’ function and bypass the 
human immune response. The main content of this chapter is summarizing the structural 
properties of a diverse set of CBPs produced by mammalian viruses, such as vCCI, A41, 
ORFV CKBP, SECRET Domain, M3, R17, Evasins, M-T1 and M-T7. Based on the 
information above, we describe the current and emerging capabilities of combining 
computational simulation, structural analysis, and biochemical/biophysical 
experimentation to understand, and possibly re-engineer, protein-protein interactions. 
This article was published in Biomedical Journal in 2021 19. 

In Chapter 3, “Efficient production of fluorophore-labeled CC chemokines for 
biophysical studies using recombinant enterokinase and recombinant sortase”, we carry 
out experiments to measure the binding affinity vCCI and chemokine by a biophysical 
technique, namely a fluorescence anisotropy assay. We first designed a fusion-tagged 
(thioredoxin) chemokine gene and expressed it in Escherichia coli. After purification of the 
protein, the N-terminal fusion partner is cleaved by a lab-produced enterokinase, and then 
covalently labeled with a fluorophore mediated by the lab-produced sortase A enzyme. 
The process of producing enterokinase and sortase A enzyme used in this research 
reduces the need for expensive commercial enzymatic reagents. This work demonstrates 
an efficient method of production and fluorescent labeling of chemokines for study across 
a broad range of concentrations. This work was published in Biopolymers in 2023 54. 

In Chapter 4, “A combined molecular dynamics and biophysical approach to 
studying the chemokine binding properties of viral protein vCCI”, we studied the key 
residues involved in the interaction between vCCI and chemokine via the analysis of the 
data of fluorescence anisotropy, NMR, biolayer interferometry (BLI), and molecular 
dynamics. We used vMIP-II, a virally expressed chemokine homolog, as a binding partner 
for vCCI since it has high affinity for vCCI 55. Our results show that despite previous reports 
of poor binding, the Y80A vCCI variant still retains sub-nanomolar binding. Other 
mutations predicted to impair binding (Y80R, E143K, I184R) did indeed show a loss of 
binding compared to the wild type protein in BLI experiments, although each still bound 
the chemokine at nanomolar levels. Only a combination of mutations, rather than a single 
variant, was able to fully abrogate binding to vMIP-II. Overall, this work is a combination 
of biophysical techniques and molecular dynamics to pinpoint sites in vCCI that are 
involved in chemokine binding, including those that are indirectly involved due to allowing 
control of the active site loop of vCCI.  This work is useful as part of a strategy to 
understand and design specific chemokine binding ability. This phase of the work has 
finished, and the manuscript is in preparation.  
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In Chapter 5, “Design of higher affinity interaction between CC chemokine binding 
protein vCCI and CCL17/TARC”, we investigate the interaction between vCCI and CCL17 
which has been reported to only make a low-affinity complex 55. We did an analysis of the 
molecular dynamics simulation of a model of the vCCI:CCL17 complex, along with a 
sequence comparison of CCL17 with other chemokines, and found several sites of interest 
(G17, V44, and Q45) in CCL17. These were judged to be important to binding vCCI such 
that their mutation to a more suitable amino acid was hypothesized to improve binding to 
vCCI. These sites in CCL17 were mutated and the proteins expressed and purified. 
Highest affinity was achieved with the triple mutant CCL17 G17R/V44K/Q45R, which gave 
a Kd of 0.25 ± 0.13 µM for the vCCI:CCL17 variant complex, a 68 fold improvement in 
affinity compared to the complex with wild type CCL17.  It was found that single point 
mutants V44K and Q45R modestly increased binding affinity to vCCI, and their 
combination into a double mutant provided further improved affinity.  A final quadruple 
mutant CCL17 G17R/V44K/Q45R/R57W showed high affinity, but did not improve upon 
the triple mutant.  Overall, this work shows that structural analysis can lead to mutations 
that improve the binding of the vCCI:CCL17 complex, which could lead to development of 
specificity in vCCI binding that could be useful as an anti-inflammatory therapy. This work 
has finished, and the manuscript is in preparation. 

In chapter 6, “Sustained Delivery of the Antiviral Protein Griffithsin and Its Adhesion 
to a Biological Surface by a Silk Fibroin Scaffold”, we improved the adhesive property of 
silk-based scaffold on wet tissue and realized the sustained release of the HIV-1 inhibitor, 
Griffithsin (Grft) (Figure 1.6). We show that silk fibroin can be formulated with adhesive 
properties using the nontoxic polymer hydroxypropyl methylcellulose (HPMC) and glycerol, 
and that the resulting silk scaffold can both adhere to biological surfaces and release Grft 
over the course of at least one week. This work advances the possible use of silk fibroin 
as an anti-viral insertable device to prevent infection by sexually transmitted viruses, 
including HIV-1. 

 
Figure 1.6 Improving silk-based scaffold’s adhesion for drug delivery 

Screening the best candidate to improve silk-based scaffold’s adhesion on wet tissue and 
realize sustained release of Grft. 
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Chapter 2 
 

The Binding and Specificity of Chemokine Binding Proteins, Through The Lens 
of Experiment and Computation 

 

2.1 Abstract 

Chemokines are small proteins that are critical for immune function, being primarily 
responsible for the activation and chemotaxis of leukocytes. As such, many viruses, as 
well as parasitic arthropods, have evolved systems to counteract chemokine function in 
order to maintain virulence, such as binding chemokines, mimicking chemokines, or 
producing analogs of transmembrane chemokine receptors that strongly bind their targets. 
The focus of this review is the large group of chemokine binding proteins (CBP) with an 
emphasis on those produced by mammalian viruses.  Because many chemokines mediate 
inflammation, these CBPs could possibly be used pharmaceutically as anti-inflammatory 
agents. In this review, we summarize the structural properties of a diverse set of CBP and 
describe in detail the chemokine binding properties of the poxvirus-encoded CBP called 
vCCI (viral CC Chemokine Inhibitor). Finally, we describe the current and emerging 
capabilities of combining computational simulation, structural analysis, and 
biochemical/biophysical experimentation to understand, and possibly re-engineer, protein-
protein interactions. 

 

2.2 Introduction 

This is an exciting time in molecular immunology. Increasing capabilities in areas 
like structural biology and molecular simulation are providing powerful new scientific tools 
for deciphering the immune system. At the same time, there is a critical need for new 
therapies against emerging infectious diseases, such as that caused by the virus SARS-
CoV-2, and other diseases associated with a dysregulated immune response. This review 
describes current results and future directions in the study of the molecular function of the 
soluble chemokine binding proteins (CBP, sometimes called CKBP), with a focus on the 
poxvirus-encoded protein vCCI (viral CC Chemokine Inhibitor). As described below, these 
proteins are one component in the strategy used by mammalian viruses and various 
organisms to suppress their host’s immune response. These proteins have the interesting 
property that they bind with high specificity to entire classes of immune-signaling 
chemokines. Elucidating how these proteins specifically recognize their various 
chemokine ligands could allow the re-engineering of CBP for use as therapeutics.   

This review begins by giving a brief background on chemokines and the different 
tools that viruses use to reduce the infected host’s chemokine effectiveness. Then we 
describe the structural features of a range of CBP that provide hints to the common 
structural elements that mediate chemokine binding. This section includes a tabular 
summary of the properties of these proteins and figures highlighting their key features. 

After that summary, we describe in detail the chemokine-binding properties of 
rabbitpox protein vCCI as an archetype of the viral CBP. We also describe how molecular 
simulations, structural analysis, mutation studies, and biochemical/biophysical assays can 
be combined to elucidate a detailed map of how the structural features of vCCI determine 
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its chemokine binding specificity. Finally, we end with a look forward to how this structural 
information can be used to reengineer CBP or chemokines for specific biomedical or 
biotechnological applications. 

2.3 Background 

The immune system serves a variety of functions in protecting human health, and 
a critical aspect of the immune response is the activation and chemotaxis of immune cells, 
as mediated by chemokines. When injury or infection occurs, chemokines are secreted, 
producing an inflammatory immune response. Chemokines are small proteins (usually 
about 70 amino acids) that tightly bind their cognate 7-transmembrane receptor and are 
also able to bind glycosaminoglycans (GAGs). Their mode of action is generally to first 
bind GAGs on the endothelial surface, setting up a chemokine concentration gradient. 
They then bind tightly to their respective receptors on the surface of passing leukocytes, 
which are activated by this binding event. Chemokine-receptor interactions, including 
those involved in non-inflammatory processes, have been recently reviewed56,57. 

There are four subfamilies of chemokines, totaling about 50 members, named 
based on the placement of conserved cysteines near the N-terminus of the protein (CC, 
CXC, CX3C, and C), with chemokines from all subfamilies having the same overall fold.  

 
Figure 2.1 vCCI binding to CC chemokines shows significant overlap with the 
chemokine’s natural binding contacts 

A. Binding contacts made by CC chemokines with the chemokine receptor and with 
glycosaminoglycans (GAGs). The CC chemokine CCL4 (PDB ID: 1HUM) is used as a typical 
example. The chemokine is shown in green, with receptor binding contacts shown in light blue.  
GAG contacts are shown in red.  Amino acids that are used both to bind receptors and to bind 
GAGs are shown in purple. With regard to receptor binding, note that after the initial binding 
event (using light blue and purple residues), the N-terminus of the chemokine is used to contact 
the transmembrane regions of the receptor. The chemokine is shown as a monomer although 
CCL4 forms a dimer under many conditions. B. Binding contacts made by CC chemokines with 
vCCI. The structure of CCL4 (PDB ID: 1HUM) is shown in green, with residues buried by contact 
with vCCI shown in deep pink.  Contacts were determined from analysis of molecular dynamics 
simulation of the structure of vCCI in complex with CCL4 (adapted from the structure PDB ID: 
2FFK). (Nguyen et al, and subsequent analysis of their data). 
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The name of each chemokine is based on its subfamily type, followed by L (to signify it is 
a ligand of a chemokine receptor), followed by a number to distinguish different specific 
molecules, e.g. CCL4.  For a table correlating older chemokine names with this numerical 
naming system, see Supplemental Table 1. The different subfamilies exert their influence 
on different receptors affecting different leukocyte populations57. There are about 20 
mammalian chemokine receptors, which are 7 transmembrane G-protein coupled 
receptors (except for so-called atypical receptors) that tend to bind chemokines from one 
subfamily.  There is a great deal of redundancy in the system because many chemokines 
can bind to multiple receptors, and many receptors can have multiple chemokines as 
ligands.  While this redundancy makes the system more resilient since a mutation in the 
gene for one receptor may not lead to a diminished immune response, it also means that 
medically targeting the chemokine system to reduce inflammation is a complex endeavor 
that may encompass the need to modulate multiple chemokines, multiple receptors and/or 
multiple cell types.57 

Chemokine binding to cognate receptors has been the subject of much inquiry and 
occurs with two sites on the chemokine interacting with two sites on the cognate receptor, 
leading to receptor activation.  The CC chemokine N-loop (from about residues 12-20) 
and basic residues in the 40s loop bind to the N-terminus of the cognate receptor; 
subsequently the chemokine N-terminal tail contacts the receptor transmembrane region56 
(Figure 2.1A). Mutation studies on chemokines have found that deletion of the N-terminal 
tail still allows the chemokine to bind, but not activate, the receptor 58,59, while mutations 
to the N-loop and basic 40’s loop residues reduce binding affinity 58–61.  Upon receptor 
activation, the receptor-bearing cells proceed to move up the chemokine concentration 
gradient, toward the site of injury or infection.  While chemokines tend to form oligomeric 
structures in solution and when bound to GAGs62–65, most (in particular CC chemokines) 
bind and activate the receptor in their monomeric form 58,59,66.  

Before turning to the topic of the modulation of chemokine signaling by pathogens 
and parasites, we should also note that dysregulation of this pathway to yield an 
inappropriate or an overly aggressive immune response which can cause or exacerbate 
a variety of ailments including arthritis, atherosclerosis, and traumatic brain injury 67–69. 
Hence, an increased understanding of this complex chemokine communication system 
may offer strategies to therapeutically dampen the immune response in some situations. 

Given the importance of the chemokine signaling system in maintaining 
surveillance, inflammation, and protection from various types of invasion, other organisms 
and especially viruses have evolved numerous ways to subvert the chemokine system. 
For example, some viruses express chemokine analogs that bind chemokine receptors, 
often (but not always) to antagonize the receptors and stop the response. An example of 
such a protein is vMIP-II, a viral protein of 72 amino acids that is produced by herpesvirus 
HHV-8 with a structure very similar to CC chemokines70.  This protein binds to several 
chemokine receptors, being an antagonist for CCR1, CCR5, and CXCR4, among others, 
while apparently agonizing CCR3 and CCR871,72. These chemokine analogs have been 
reviewed by Alcami and Lira73. Another strategy used by viruses is to produce chemokine 
receptor analogs, which are transmembrane proteins that can bind chemokines and 
sometimes share the ability to signal. Examples of these include ORF74, produced by 
Kaposi’s sarcoma herpesvirus, and US28, encoded by human cytomegalovirus73.   
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 Another strategy used by pathogens to control the chemokine response is to 
secrete soluble chemokine binding proteins (CBP), most acting to bind chemokines before 
they reach their receptors. The use of CBP allows the pathogen to target specific pathways 
to subvert the host immune response57,73–76.  Such CBP are expressed by a wide range of 
poxviruses and herpesviruses75,77, and include proteins such as vCCI and M3, 
respectively. More recently, it has also been discovered that a class of CBP (termed 
evasins) are used by arthropods such as ticks, that as a group may produce as many as 
257 CBP to modulate their host’s immune response78, but note that the arthropod CBP 
differ in both their structure and mode of function from the viral proteins. 

CBP have differing levels of specificity, with some broadly binding multiple sub-
families of chemokines, while others bind just one subfamily, or bind only a few 
chemokines. CBP bind to a variety of different sites on their targets’ chemokines. Some 
CBP bind the GAG-binding region of the chemokine and others bind and block the 
chemokine’s receptor-binding residues or appear to inhibit both functions.  Figure 2.1B 
shows the chemokine CCL4 colored to show the binding interaction sites with the CBP 
vCCI, in comparison to Figure 2.1A which shows typical residues used by the chemokine 
to bind GAGs and its cognate receptor. As described below, a common binding feature of 
these CBP are loops with up to 50% acidic residues that bind basic residues that occur in 
clusters on the chemokine surface. Other areas of electrostatic complementarity further 
stabilize the CBP-chemokine complex.  

2.4 Survey of Chemokine binding proteins 

In this section, we provide a tabular survey of the range of viral and arthropod CBP, 
listing their chemokine targets, the structural features of their binding, as well as selected 
data from mutagenesis and/or functional studies on these proteins. This information is 
listed in Table 2.1 and the corresponding structures are shown in Figure 2.2. Other 
reviews, with different emphases and scope, are available in the literature57,74,75,77,79.  

Despite the differences in the CBP noted in the table, there are important structural 
similarities between groups of these proteins. Several of the poxvirus immune-evading 
CBP share a conserved b sandwich fold (shown in yellow in Figure 2.2 and referred to by 
Nelson et al. as a “poxvirus immune evasion”, or “PIE” domain76 that is not seen in 
prokaryotic or eukaryotic proteins (the arthropod CBP Evasin-3 shown in Figure 2G does 
not contain a b sandwich since it has only one b sheet). One face of this b sandwich acts 
as the binding surface for the chemokines (see Figures 2.2 and 2.3). Another feature seen 
in several of these proteins is the “acidic loop” facing the binding site which acts as an 
“arm” to provide additional binding contacts to the chemokine (see Figure 2.3) and ranges 
in size from 25 residues in rabbitpox vCCI to only 4 residues in M3 (Figure 2.2E). Finally, 
an interesting structural feature that seems to be induced by chemokine binding to CBP 
is the β strand that is formed in the chemokine itself from chemokine residues 8-14 and 
that is observed in experimental structures of CBP-chemokine complexes, but not seen in 
the unbound proteins (see further discussion in section 2.5.1. below).   
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Figure 2.2 The structures of vCCI and other chemokine binding proteins, and their complex with chemokines 

Chemokine binding proteins are shown in yellow ribbons with purple helices and blue loops. A: Poxvirus CC chemokine 
inhibitors.  (Left) Three unliganded vCCI: rabbitpox vCCI (PDB ID: 2FFK, ectromelia (mousepox) vCCI (PDB ID: 2GRK), cowpox 
vCCI (PDB ID: 1CQ3), all shown in the same orientation with acidic loop on the top and b sheet II binding site in the front. 
Because no unliganded structure of rabbitpox vCCI is available, the “unliganded” rabbitpox vCCI shown here is derived from 
the vCCI:CCL4 complex and is shown without its ligand for comparison. (Right) rabbitpox vCCI in complex with a CCL4 variant 
(PDB ID: 2FFK), showing how the rabbitpox vCCI acidic loop and its b sheet II interact with CCL4. B: The structure of vaccinia 
A41(PDB ID: 2VGA, which is very similar to the structure of vCCI, but does not bind chemokines as tightly as the vCCI family. 
C: Orf virus ORFV CKBP has a similar b sandwich structure and acidic loop as vCCI, and binds CC chemokines in a similar 
manner as vCCI. ORFV CKBP has been found to be a dimer and forms a 2:2 binding stoichiometry with chemokines, but we 
show the monomer to illustrate the similarity to vCCI. From left to right is shown unliganded ORFV CKBP (PDB ID: 4P5I); ORFV 
CKBP bound to CCL2 (PDB ID: 4ZK9); ORFV CKBP bound to CCL3(PDB ID: 4ZKB; ORFV CKBP bound to CCL7(PDB ID: 
4ZKC). D: The ectromelia virus-encoded SECRET domain of CrmD (Left) (PDB ID: 3ON9) and its complex with chemokine 
CX3CL1 (Right, blue) (PDB ID: 3ONA). While the SECRET domain has a similar b sandwich structure as vCCI, it uses b sheet 
I rather than b sheet II to interact with the chemokine. E: (Left) Murine gammaherpesvirus68-encoded M3 forms a two-domain 
b sandwich (PDB ID: 1MKF). (Right) the complex of M3 with CCL2 (red) (PDB ID: 2NZ1) and XCL1 (salmon color, PDB ID: 
2NYZ. The stoichiometry of both of these complexes are 2:2. F: (Left) The structure of R17 (PDB ID: 4ZKQ), encoded by rodent 
herpesvirus Peru (RHVP), has a similar 2-domain b sandwich structure as M3, but (Right) the binding location of the chemokine 
CCL3 (pink) is different (PDB ID:  4ZLT). G: Evasin-1, a chemokine binding protein from tick salivary gland. (Left) unbound 
(PDB ID: 3FPR).  (Right) Evasin-1 in complex with CCL3 (pink, PDB ID: 3FPU). H: Evasin-3 (PDB ID: 6I31), a chemokine 
binding protein from tick salivary glands. This protein has a knottin scaffold structure which is necessary for different CXC-
chemokine-binding activities. 
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Table 2.1 The summary of chemokine binding proteins 
Name, Origin, and 
Chemokine Target 

Medical/Biochemical 
relevance 

Structural features and mutation effects 

Figure location (PDB IDs) 

vCCI (aka 35K)  

Organism: Various 
poxviruses, 
including rabbitpox 
virus, cowpox 
virus, vaccinia 
virus, variola virus 

• CC  
 

vCCI (aka EVM1) 

Organism: 
Ectromelia virus 
(Mousepox virus) 

• CC 

• Ameliorates numerous 
inflammatory 
conditions, including 
arthritis80 and 
atherosclerosis in 
mice,81–83 and allergic 
inflammatory reactions 
in guinea pigs84. 

• Effective when used 
intranasally to decrease 
airway inflammation in a 
murine model of 
asthma85.  

 

Figure 2A (2FFK86, 2GRK87, 1CQ388); (vCCI-CCL4 PDB ID: 
2FFK)86 

• Composed mostly of a β-sandwich fold and has a flexible, highly 
acidic loop between b strands 2 and 3; or b strands 2 and 4. 
Forms a 1:1 complex with chemokines. 

• Length of the acidic loop varies amongst the poxviruses; vCCI 
uses this loop to interact with key conserved basic residues in 
the CC chemokines 20s region and 40s loop. 

• Vaccinia virus vCCI shows a loss of function for mutations 
E143K or Y80A, and enhanced activity with the mutation 
R89A89.  

• Mousepox vCCI loses chemokine affinity with the Y69R and the 
I173R mutations (equivalent to Y80 and I184, respectively in 
rabbitpox vCCI)87. 

A41  

Organism: Vaccinia 
virus 

• CC 
 

• Does not inhibit 
chemokine-induced 
leukocyte chemotaxis90. 

• Interferes with GAG 
binding by 
chemokines90. 
 

Figure 2B (2VGA)90 

• Has 19% sequence identity and similar structure to cowpox 
vCCI90 

• Uses a negatively charged patch in β sheet II to interact with the 
chemokine’s positively charged loops.  

• Lacks the acidic loop between the N-terminal b strands, found 
in vCCI.   

• Binds chemokines less tightly than the vCCI family. 
ORFV CKBP  

Organism: 
Parapoxviruses 

• CC 
• CXC 
• C 
 

• BPSV CBP (related to 
OrfV CKBP) reduces 
skin inflammation in 
mice91 and reduces 
brain inflammation 
following a stroke in 
mice92.  

Figure 2C (4P5I, 4ZK9, 4ZKB, 4ZKC)93 

• Exists as a dimer and forms a 2:2 binding stoichiometry with 
chemokines, unlike the structurally similar A41 and vCCI. 

• Has a β-sandwich fold along with a small acidic loop between b 
strands 2 and 393. 

• Binds CC chemokines in a similar manner to that used by vCCI.   
• Contains key binding residues E58, E62, E67, binding to R18 

and R24 (CCL2 numbering) on the chemokine. 
• Has a hydrophobic region that forms an antiparallel b strand with 

the chemokine N-loop (residues 10-17, CCL2 numbering), 
which contains the residues F13/Y13 used by the chemokine for 
receptor engagement93.   

 

SECRET Domain  

Organism: CrmB 
(variola virus) and 
CrmD (ectromelia 
virus). 

• CC 
• CXC 
• C 
• CX3C 
 

• Inhibits arthritis when 
combined with a TNF 
binding protein94.  

• Transgenic expression 
CrmD attenuates gut 
inflammation in a mouse 
model of Crohn’s 
disease, likely due both 
to the TNF-binding 
ability and the 
chemokine binding 
ability of CrmD95. 

Figure 2D (CrmD SECRET domain from Ectromelia virus, 
PDB ID: 3ON9)96; (CrmD SECRET domain-CX3CL1 PDB ID:  
3ONA)96  

• SECRET domain of CrmD adopts a b sandwich and uses b-
sheet I in its interaction with the chemokine, unlike vCCI which 
uses b-sheet II.   

• Structure of SECRET domain of CrmD in complex with CX3CL1 
shows a relatively small surface area of interaction, with heavy 
reliance on the basic 40’s loop of the chemokine in the binding 
interaction96.  

• Mutation of the positively charged basic residues in the 
chemokine (K18 and basic residues in the 40’s loop, CX3CL1 
numbering) confirms their importance in binding the SECRET 
domain of CrmD. Corresponding mutations in the SECRET 
domain (D167A/E169A/D316A) abrogate chemokine binding96. 
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·  VaV CrmB and EV CrmD found to bind CCL28, CCL25, 
CXCL12β, CXCL13, and CXCL14 with high affinities, in a 
study of 43 human chemokines using SPR.97 

M3 

Organism: Mouse 
herpesvirus-68 

 

• CC 
• CXC 
• C 
• CX3C 
 

• In mice inhibits 
experimental 
autoimmune 
encephalitis (EAE), a 
disease model for 
multiple sclerosis in 
humans98. 

• Prevents 
streptozotocin-induced 
diabetes in mice99.  

 

Figure 2E (PDB ID: 1MKF)100; (M3-CCL2 PDB ID: 2NZ1, M3-
XCL1 PDB ID:  2NYZ)101 

• Inhibits both the receptor binding and GAG binding functionality 
of chemokines.  

• Exists as a dimer and the core of the N-terminal domain (NTD) 
possesses similar structure to vCCI, although with low sequence 
identity100. 

• Binds chemokines with 2:2 stoichiometry.  
• Makes contact with the N-terminal/N-loop receptor-binding 

portion of the chemokine, starting at around residue 8 of the 
chemokine and including the critical receptor binding residue 
CCL2 Y13 and XCL1 V12101. 

• Contacts basic regions of the chemokine, including R24 (CCL2 
numbering), parts of the 30’s loop, and the 40’s loop region, the 
same regions used by chemokines to bind 
glycosaminoglycans101.  

R17 

Organism: Rodent 
herpesvirus Peru 
(RHVP) 

 

• CC 
• C 
 

No medical application 
noted in the literature 

Figure 2F(PDB ID: 4ZKQ); (R17-CCL3 PDB ID:  4ZLT)102 

• Forms a two-domain structure (N-terminal and C-terminal b 
sandwich domains) connected by a bridging sheet; similar in 
structure to M3 despite only 8% sequence identity. 

• Has 1:1 stoichiometry compared to 2:2 for M3, with different 
chemokine binding location, despite their structural similarity. 

• Binds chemokines in a hydrophobic cavity formed by a flexible 
linker connecting the two domains.  

• Mutations that remove negatively charged residues from the 
linker region 266-270 greatly diminish its ability to bind CC 
chemokines.  

• Residues of the chemokine involved in binding R17 are very 
similar to those used to bind vCCI, including F13, S35, and the 
residues of the chemokine 40’s loop such as R45 and N46.  

• Mutations to the 40’s loop of CC chemokines to add positive 
residues showed increased binding to R17102.  

Evasin-1,4 

ACA-01 

Organism: 
Arthropod 

• CC 
 

• Evasins have been 
shown to reduce 
inflammation in mouse 
acute pancreatitis and 
experimental 
colitis103,104. 

 

Figure 2G (Evasin-1 PDB ID: 3FPR); (Evasin-1-CCL3 PDB ID: 
3FPU)105 

• Composed of mostly b strands in a “boat” shape.  When bound 
to CCL3, a 1:1 complex is formed. The chemokine sits in the 
“boat” and contacts both the N- and C- terminal portions of 
Evasin-1105.  

• Chemokine contacts include T16, S17, and R18, as well as 
having a ��� interaction between the F13 of CCL3 (a critical 
receptor binding residue) and F14 in Evasin-1105.   

• Evasin-1 uses residues Phe14 and W89, while Evasin-4, 
believed to have a similar fold, appears to bind chemokines 
using different residues, E16 and Y19106.   

• Evasin ACA-01 has been shown to be sulfated at an N-terminal 
Tyr, indicating likely sulfation of other evasins107.   

Evasin-3 

Organism: 
Arthropod 

• CXC 

• Inhibits neutrophil 
chemotaxis108.  

 

Figure 2H (Evasin-3 PDB ID: 6I31)109 

• 66 amino acid protein, structure determined in the absence of 
chemokines.108  

• Binds to “ELR” containing CXC chemokines, which are a subset 
having Glu-Leu-Arg near their N-terminus for receptor 
engagement.  

• Glycosylated when produced from mammalian cells; active 
when produced from E. coli without glycosylation.  

M-T1, M-T7 • Both M-T1 and M-T7 
have shown some 

No published structure 
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Organism: Myxoma 
virus 

 M-T1:  

• CC  
 M-T7:  

• CC 
• CXC 
• C 
 

efficacy in pre-clinical 
trials in suppressing 
inflammatory 
responses110,111.   

• M-T7 has been shown 
to reduce hyperplasia 
after vascular injury 
from angioplasty in both 
rabbits and rats111.  

 

• With 40% amino acid identity with vCCI proteins (the main 
subject of this review), M-T1 binds CC chemokines at nanomolar 
levels112.   

• M-T1can simultaneously bind both glycosaminoglycans and 
chemokines, potentially allowing localization to sites of 
inflammation as well as disruption of chemokine function113.   

• M-T7 binds IFN-g and weakly binds chemokines from three 
subfamilies114.  

• M-T7 likely binds chemokines via the chemokine GAG binding 
region, not via their receptor binding region114, indicating that the 
action of this binding protein is to disrupt the chemokine gradient 
rather than to directly disrupt receptor interaction.  

 

The structural and mutation data shown in this table provide numerous 
independent clues about the specific residue-residue interactions that mediate 
chemokine-inhibitor binding. However, this data does not on its own constitute a 
“deciphering of the language” of inhibitor recognition of chemokines. One path towards 
that goal, described in the remainder of this review, is to focus on one class of chemokine 
inhibitor, assay their binding affinities to a range of chemokines, and then correlate this 
data with contacts observed in atomistic molecular dynamics simulations of each inhibitor-
chemokine pair. The accuracy of the simulations is then validated by experimentally 
testing proposed mutations predicted in the simulation to increase or decrease binding. 

2.5 VCCI: a CC chemokine binding protein 

In this section we focus on one CBP, vCCI from rabbitpox, to provide a detailed 
analysis of the structural features of its chemokine binding and to highlight the roles of 
molecular simulation in elucidating these features. Poxviruses have large genomes and 
produce a variety of chemokine binding proteins. VCCI, sometimes called p35 or 35K, is 
a chemokine binding protein made by several poxviruses, including those that infect 
humans and other mammals. VCCI has been shown to bind dozens of CC chemokines, 
many with low sequence identity to each other, at nanomolar (or even picomolar) levels115–
117. This makes it a particularly intriguing example for the study of protein-protein 
interactions. 

2.5.1 Experimental studies of vCCI-Chemokine binding 

Structurally, vCCI resembles several other chemokine binding proteins, being 
composed of 11 b strands forming a b sandwich configuration86–88. Its bound structure 
reveals that one face of the sandwich contains the binding site, and there is a large, 
negatively charged loop between b strands 2 and 3 that is used to anchor the CC 
chemokine in place, as described in more detail in this section below86,87. VCCI is capable 
of binding more than 80 different CC chemokines across multiple species; however, Burns 
et al. found no significant binding of vCCI to chemokines from the other three 
subfamilies115. All CC chemokines share a similar tertiary structure composed of three 
antiparallel b sheets in a Greek key conformation, ending with a C-terminal α helix, but 
differ greatly in their amino acid sequence and also differ in their cognate receptors.  
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To maintain the specificity for CC chemokines along with the ability to bind such a 
variable group of proteins, vCCI utilizes both specific amino acids on its binding face, and 
its highly acidic loop to complement the positively charged residues conserved on 
chemokines.   

VCCI binds CC chemokines in a 1:1 ratio, as shown in Figure 2A where the 
structure of vCCI in complex with CCL4 is shown86.   Key contacts between vCCI and CC 
chemokines are mediated by negatively charged residues on vCCI, including a long loop 
composed largely of acidic amino acids. This loop can vary in length, with the rabbitpox 
vCCI loop being 25 amino acids, while the mousepox (ectromelia) EVM1 loop is only 15 
amino acids. These residues and others, including E143 and D141 bind to basic residues 
on the chemokine. VCCI also forms a hydrophobic interaction with F13 on the chemokine, 
a position typically containing a large hydrophobic residue in most CC chemokines, that 
is critical for binding its cognate receptor. Residues 8-14 of the CC chemokine interact 
with residues 180-186 of vCCI, forming an additional antiparallel b strand upon binding. 
Interestingly, this formation of a new b strand in the “N-loop” of the chemokine upon 
complex formation has also been observed in several other chemokine binding proteins, 
including in M3 binding to CCL2100, Evasin-1 binding to CCL3105, and ORFV CKBP binding 
to CCL293. While not labeled as a b strand in the structure for vCCI with CCL4 in Figure 
2.2A, the additional b strand has been observed in MD simulations with vCCI bound to 
several chemokines 118.  

Early studies of vCCI-chemokine interactions involved mutating residues on the 
chemokine and testing these for changes in binding affinity to determine the involvement 
of the residue in the interaction. Two such studies tested mutations on CCL2 by surface 
plasmon resonance and ELISA assays, and both found that Y13A, R18A, and R24A (as 
well as R24E) significantly reduced affinity to vCCI119,120. These residues have been 
previously shown to also be utilized for chemokine receptor binding61, indicating that vCCI 
blocks chemokine signaling by obscuring residues involved in receptor binding.   

Our group found similar interactions in these conserved residues in a variant of 
CCL4. This work determined the structure of vCCI bound to CCL4 using NMR86 and 
indicated that R18 interacts with D141 and E143 of vCCI, both found on the binding face 
of the b sandwich (Supplementary Figure 2.1C). In the vCCI:CCL4 structure, the residue 
F24 (analogous to R24 in CCL2), along with K45 and R46 (both mutated to alanine in the 
structural study to reduce aggregation) were found near the acidic loop of vCCI. 
(Supplementary Figure 1B shows the simulated structure of wild type CCL4 bound to vCCI 
including its interactions with the acidic loop, with residues 24, 45, and 46 highlighted.) In 
aligned sequences for multiple CC chemokines, at least one positive charge is found in 
the corresponding 24/45/46 residues. The distribution of acidic residues in the vCCI loop 
allows it to find complementary charges on the 20’s and 40’s loop of chemokines. In later 
work, we confirmed the importance of charged basic residues on the chemokine by 
mutating these residues in CCL11(R22A and K44A). Mutating only one of these residues 
results in a 1.5- to 2-fold decrease in affinity as measured by fluorescence, mutating both 
results in a 4.8-fold decrease, and mutating both along with R16A (equivalent to R18 in 
CCL4) leads to a 134-fold decrease 116. 

Structural studies also showed that F13 of CCL4 (Y13 in CCL2) fits in a 
hydrophobic pocket between b sheets I and II of vCCI. As noted in a sequence analysis 
by Ziarek et al, of 24 human CC chemokines, 9 had a Phe in this position, with other 



 

 

 

 18 

residues generally being large hydrophobics like Leu and Tyr121; this residue generally has 
a role in both in receptor binding and in mediating chemokine dimerization59,60. Mutation 
to alanine in this position results in an approximately10-fold decrease in affinity for 
vCCI119,120, likely due to reduced interactions with the hydrophobic pocket of vCCI, formed 
by conserved residues V185 and Y217 (Supplementary Figure 2.1D).  

Work on CCL2 also found that K49, when mutated to alanine, showed an increase 
in binding affinity to vCCI119,120. This is often a conserved basic residue in CC chemokines 
(K48 in CCL4, K47 in CCL11). When bound to vCCI, this residue packs closely with Y80 
and R89, likely causing steric crowding and/or poor electrostatic interactions due to the 
positive charges of the two basic residues (see Supplementary Figure 2.2). Fremont, et 
al. replaced Y69 of EVM1 (Y80 in vCCI) with a large, positive residue, correctly 
hypothesizing that it would drastically reduce chemokine binding87. Correspondingly, it 
was proposed that mutation of either Y80 or R89 to the small amino acid alanine in vCCI 
would likely reduce this clash and improve overall binding. White et al89 tested this 
hypothesis by separately mutating Y80 and R89 in vCCI to see if replacing these residues 
with alanine would result in better chemokine binding by vCCI and therefore lower 
chemokine function. Per their expectations, R89A was found to increase chemokine 
binding (and thereby block the activity of CCL5, which was the chemokine used in their 
functional assays). However, rather than enhancing chemokine binding, the Y80A 
mutation paradoxically resulted in loss of the ability of vCCI to inhibit CCL5 activity, 
presumably because the Y80A vCCI variant was no longer able to bind the chemokine89. 
The question of why the Y80A vCCI variant unexpectedly has weaker chemokine binding 
is currently being addressed computationally and in ongoing experiments122–124. 

2.5.2 Computational simulations of vCCI-Chemokine binding 

The experimental data described in the previous section provided myriad separate 
clues about the roles of individual residues involved in vCCI-chemokine binding. 
Computational molecular modeling can provide a framework to holistically evaluate the 
contributions of each residue to this binding interaction. Recently we published a 
combined experimental and computational study of the binding of vCCI to the chemokine 
CCL4 and the virally produced chemokine analog vMIP-II125. NMR analysis showed an 
overall similar binding by vCCI to the two proteins, and fluorescence studies found that 
vCCI:vMIP-II had a higher binding affinity than vCCI binding to an actual mammalian 
chemokine, CCL4.  Molecular dynamics simulations (see Appendix for a brief overview of 
relevant molecular simulation techniques) were performed on these complexes, as well 
as on a complex with the CCL4 mutant that was used to solve the original structure of the 
vCCI:CCL4 complex (K45A/R46A/K48A). An analysis was performed of the type and 
duration of the vCCI-chemokine interactions. These simulations showed that the 
vCCI:vMIP-II structure had more interprotein hydrogen bonds and interface surface area 
than vCCI:CCL4, which in turn had more extensive contacts than the vCCI:CCL4 mutant. 
These results qualitatively corroborated the measured binding affinities, but importantly 
also produced residue-level “maps” of the interprotein interactions which mediate the 
binding. To give some examples of structural results noted in this study: the chemokine 
residue R18 is shown to be important in the binding of both vMIP-II and CCL4; vCCI S182 
was seen to have a persistent hydrogen bond to C51; and the vCCI I184 (rabbitpox 
numbering) which earlier studies in mousepox87 had suggested caused unfavorable 
interactions, was instead seen in the MD simulations to interact with I41 and C51 in vMIP-
II125. 



 

 

 

 19 

In addition to providing atomic-level details of the binding in experimentally realized 
complexes, simulations can also be applied to “hypothetical” complexes, to predict the 
structure and qualitatively estimate the binding strength. For example, the chemokine 
CCL17 is one of the few CC chemokines that does not bind well to vCCI115, likely because 
CCL17 lacks several of the positively charged residues that have been shown to be 
important in a vCCI:chemokine complex, including lacking basic residues at positions 18, 
45, and 46 (CCL4 numbering). Molecular dynamics simulations of the vCCI:CCL17 
complex yield results that can be compared to simulations of vCCI bound to CCL4 and 
vMIP-II118. Figure 2.3 shows the contacts and final bound structures from molecular 
dynamics simulations of vCCI bound to CCL4 and CCL17.  

 
Figure 2.3 Interface of vCCI and its chemokine ligands as predicted by molecular 
dynamics simulations 

The surface area is shown for (A) vCCI when bound to CCL4 and (B) vCCI when bound to 
CCL17. The structure used in A comes from the PDB ID 2FFK, in which the CCL4 ligand was 
mutated back to wildtype and molecular dynamics was run for 1μs. In B, the vCCI:CCL17 
structure was built by modeling the complex, starting with 2FFK and replacing the chemokine 
by aligning the Cα backbone. To visualize the intermolecular interactions, each component has 
been moved apart and rotated to reveal the binding face. vCCI (beige) is on the left, the 
chemokine ligand is on the right (green for the CCL4, blue for CCL17). The contact surface 
area between vCCI and each chemokine is colored in purple. The residues involved in the 
interface on both vCCI and the chemokine are labeled. Contact surface area identified on the 
CCL17 α helix suggests non-canonical binding with the vCCI acidic loop compared to other 
chemokines. 
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The images show the solvent-accessible surface of each protein superimposed on 
its secondary structure given in the usual “cartoon” format. The contact regions for both 
proteins are shaded in purple. This illustrates the similarities and differences in the binding 
of these two chemokines. Both chemokines have multiple contacts to the face of β sheet 
II of vCCI and all along the acidic loop which wraps over both chemokines. Comparing the 
two simulated structures, both chemokines obscure nearly the same residues of the vCCI 
b sheet II face. The differences appear in how the acidic loop of vCCI binds the chemokine. 
In complex with CCL4, the lower region of the vCCI acidic loop (residues 54-59) contacts 
the 40s loop of the chemokine, while the middle residues of the vCCI loop (residues 67-
71) interact with the chemokine's 20s region. In the simulation with CCL17, the lower 
region of the vCCI loop (residues 55-60) contacts the 20s region and the 40s loop of 
CCL17, while the middle residues of the vCCI loop interact with the α helix of the 
chemokine instead. 

 
Figure 2.4 Contact maps for vCCI:chemokine interactions 

Contact maps show the residues in close proximity between vCCI and the designated chemokine. Analysis 
was performed on the last 500ns of the 1μs simulations to allow the system to equilibrate. The top 
horizontal line in each figure represents the sequence of vCCI, from amino acids 1-242. The bottom 
horizontal line represents the amino acid sequence of each chemokine, ranging from residue 1 to about 
70, depending on the chemokine.  Each transecting line indicates a contact between vCCI and the 
chemokine during the last 500 ns of the simulation. The color of the line indicates the fraction of the 
simulation time the two residues are within 2.8 Å of each other, ranging from black (in contact for a third 
to a half of the simulation; 167-250ns); red (in contact for a half to three-fourths of the simulation; 250-
375ns); and green (in contact for more than three-fourths of the simulation; more than 375ns). The 
numbers above and below the horizontal lines list the residue numbers of vCCI and the chemokine, 
respectively, that are involved in an interaction. The color of the number is representative of the most 
persistent interaction it is a part of, matching the coloring used for the transecting lines. The number in the 
lower right of each graph is the sum of the fraction of time during the simulation that the indicated 
interactions are observed, where a higher number indicates more persistent and/or a larger total number 
of interactions throughout the simulation. 
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The persistent vCCI-chemokine contacts for vCCI bound to CCL17, as well as for 
vCCI bound to CCL4, mutant CCL4, and vMIP-II125 are shown in Figure 2.4. In each 
diagram, the line at the top represents the sequence of residues in vCCI and the line at 
the bottom represents the residues in the chemokine. The colored lines between the vCCI 
and the chemokines show persistent contacts during the molecular dynamic’s simulation, 
and these are color-coded by the fraction of the simulation time they are present, with the 
green line indicating the most persistent contacts. All four chemokines show extensive, 
persistent contacts between the N-terminal region of the chemokine (residues 8-14) and 
β strand 8 on vCCI (residues 180-187). But clear differences arise in the number and 
persistence of contacts from CCL17 to the vCCI acidic loop (residues 57-75) and other 
residues on β strand 7 (residues 143-149), compared to the other three chemokines. The 
fewer, but more persistent, contacts of the vCCI loop to CCL17 suggest the loop becomes 
locked in a particular conformation with the α helix due to the limited number of charged 
residues available for it to bind. In contrast, the acidic loop can move between the key 
charged residues along the 20s region and the 40s loop in other chemokines, resulting in 
more interactions118. 

Figure 2.5 shows the buried surface area for vCCI and several chemokines as 
determined by MD simulations. This type of representation illustrates the shared binding 
face on vCCI. One region of note, residues 180-186 of vCCI, shows identical occlusion 
(calculated based on the accessibility of the residues to a water-sized molecular probe) 
from each chemokine. Computer visualizations and secondary structure analysis of MD 
simulations of this region show each of the chemokines forming an additional β strand 

 
Figure 2.5 Buried surface area of vCCI and chemokines when forming a vCCI:chemokine 
complex 

The percent of buried surface area of each residue is shown for (A) vCCI and (B) selected CC 
chemokines.  The x-axis represents the amino acid sequence of each protein; the y axis 
represents the percent of that amino acid that is buried during the last 500ns of the 1μs 
simulation of the complex.  The percent of buried surface area is based on the ratio between the 
buried surface area (when bound) and the accessible surface area (when in solution).  Each 
colored line represents a complex between vCCI and a separate chemokine, with vMIP-II, CCL4 
WT, CCL4 Mut, and CCL17 shown in black, red, green, and blue respectively. (A) shows that 
buried surface area for vCCI is largely the same regardless of the chemokine bound, while (B) 
shows greater variability in amino acids making contact with vCCI, depending on the chemokine. 
“CCL4 Mut” is the K45A/R46A/K48A variant of CCL4. Similarities across complexes, such as 
the 180-186 peak in (A), indicate conserved regions involved in chemokine binding. 
Alternatively, differences in buried surface area, such as the peaks from 55-65 for CCL17 in (B), 
can reveal unique binding patterns not utilized by the other complexes. 
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aligned with chemokine residues 8-14 (see Figure 2.3 and Supplementary Figure 2.3). As 
noted previously in sections 2.3 and 4.1, this feature, observed in simulation, appears to 
be common in the experimentally determined structures of binding of chemokines by 
several CBP, including M3, Evasin-1, and ORFV93,100,105.  As in the results given in Figures 
2.3 and 2.4, Figure 2.5 shows that CCL17 has distinct differences in its binding structure 
compared to the other chemokines simulated. This chemokine causes a similar pattern of 
buried surface area on the residues of vCCI as do the other chemokines. However, the 
buried surface area on the CCL17 itself is notably different from that on other chemokines 
when bound to vCCI. Unlike the other three chemokines shown, CCL17 has several 
residues in the C-terminal α-helix in contact with vCCI. This distinctive binding pattern has 
not yet been experimentally verified, but it is reasonable to infer that the need for the vCCI 
acidic loop to be highly extended to bind to the CCL17 helix may lead to reduced binding 
for CCL17 compared to other CC chemokines. 

2.6 Prospects for engineering CBP specificity and affinity 

As described in section 2.4, many studies have investigated amino acids on the 
chemokine that affect its binding to a CBP, particularly with vCCI116,119,120. Perhaps more 
relevant for the practical use of CBP in medical applications are investigations to add 
chemokine binding functionality to this medically relevant protein itself94 or to study 
changes in CBP that affect their ability to bind particular chemokines. Structural studies 
have guided mutations in vCCI-like proteins to determine important features for chemokine 
binding87 as well as to allow the successful construction of a variant (R89A) that increases 
the potency of vCCI89. Another study used computer modeling to obtain a structural model 
of Evasin-4 in complex with a chemokine, followed by phage display to confirm binding 
determinants suggested by the model106. This was a successful marriage of computation 
and experiment, although the authors expressed disappointment that this work did not 
lead to the successful design of a potent chemokine inhibitor74. 

We contend that the synergy of structural biology, biochemical experiments, and 
computer modeling will lead to a more nuanced understanding of CBP-chemokine 
interactions, which can, in turn, allow molecular engineering of CBP and chemokines with 
novel binding strength and specificity. These can be tested experimentally, and iteratively 
optimized until a particular goal is achieved. In ongoing work, we are investigating the 
complex between vCCI and CCL17. As noted in the previous section, vCCI does not bind 
CCL17 well115, likely because CCL17 lacks several of the important basic residues that 
have been shown to confer affinity to vCCI. A highly specific CCL17-binding protein would 
be valuable in the study of certain diseases because this chemokine recruits Th2 cells 
during the inflammatory response in several medical conditions, including allergic 
asthma126,127. Therefore, we plan to use a combination of simulation and experimental 
work to make a variant vCCI that has high affinity to CCL17. The goal is to modify only 
vCCI, not CCL17, so that the modified CBP can bind wild type CCL17 as proof of concept 
that this design technique could be used in a real-world application. 

Overall, the long co-evolution of viruses and parasites with their hosts has led to a 
unique family of proteins, CBP, that subvert the mammalian immune system by binding to 
chemokines, thereby impeding the function of some host immune cells. Due to this binding 
ability, CBP have been shown to have remarkable anti-inflammatory properties in vitro 
and in vivo, with work ongoing in several labs to translate their function into useful 
therapeutics 74,79,94. These CBP often share structural features and bind conserved regions 
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of the chemokines, particularly basic residues and those residues involved in receptor 
binding and GAG binding. A greater understanding of how CBP bind their chemokine 
ligands can be pursued by a combination of computational and experimental work, with 
outcomes that may include altered or tailored specificity in chemokine binding.   

2.7 Appendix:  Computer simulations of protein-protein binding 

As has been described here, viruses and other parasites make a variety of 
chemokine binding proteins that can be studied to provide a wealth of knowledge about 
the details of protein-protein interactions.  These interactions can inform future studies of 
other proteins and can be used to make mutations to fine-tune the activity of a particular 
chemokine binding protein. Given the wealth of structural and biochemical data now 
available for several of these proteins, computational analysis can be a major tool in their 
study, leading to testable hypotheses about modes of interactions carried out by CBP and 
even proposing new mutations to tune binding specificity. 

Computer analyses play myriad roles in structural biology and biochemistry, from 
bioprospecting sequence data for novel genes128 (including a study to identify evasin-like 
proteins in tick genomes78) to identifying protein-protein binding inhibitors129. A potentially 
profound role for computers is the atomic-scale simulation of biomolecular structure and 
function, which in principle could elucidate the biochemical mechanisms at exquisite 
spatial and temporal scales130. The most accurate molecular simulations solve the 
equations of quantum mechanics to predict molecular structures, interaction energies, and 
even reaction rates, but such methods are presently too computationally costly to be 
routinely applied to biochemical questions. Instead, so-called classical molecular 
dynamics (MD) methods are typically used, where each atom is treated as a classical 
particle typically carrying a partial charge and bound to other atoms by springs (a detailed 
introduction to MD algorithms has been published by Frenkel and Smit131). The so-called 
“force fields” used in MD simulations include electrostatic and Van der Waals interactions 
that represent the whole range of molecular interactions, including hydrogen bonds, salt 
bridges, and hydrophobic contacts. These simulations produce “trajectories” in the form 
of 3D movies of the motions of every atom in the system during the simulation time. There 
are inherent limitations to classical MD, especially its inability to directly model chemical 
reactions, including acid-base chemistry, but despite these limitations, classical MD is 
emerging as a key tool for studying biochemical processes including protein folding and 
protein-ligand binding132,133. Improvements in computer speeds and MD algorithms have 
increased the size and timescale of feasible calculations to the point where multi-
microsecond simulations of complete proteins and their immediate surroundings are 
routine and the longest protein MD simulations run into the millisecond domain134. 

For the specific question of studying and engineering protein-protein interactions, 
MD has two primary uses. First, MD simulations can generate trajectories containing 
realistic conformations of the molecular system that can be analyzed to show the location 
and persistence of electrostatic, hydrophobic, and hydrogen bond interactions between 
the two proteins, as well as changes in the secondary and tertiary structure of the proteins, 
as was described in section 2.4.2 above. For most protein systems, such simulations are 
sufficiently easy to set up and are fast enough on inexpensive workstations that it is 
possible to routinely run many simulations of different protein-protein binding pairs. This 
allows the computational “mapping” of differences in the interactions between different 
binding partners and different protein isoforms. A recent review article describes many 
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examples of the complementarity of molecular modeling and experimental structural 
biology for the binding of chemokines to their natural targets as well as to small-molecule 
inhibitors135. 

Another at least potential use of simulation is for the prediction of absolute and/or 
relative binding free energies between proteins136. These simulations can in principle yield 
binding free energies accurate to a few kcal/mole, but there are still many challenges to 
routine free energy binding calculations137. Nevertheless, improvements in computer 
speeds, simulation algorithms, and force fields, are making calculations of relative ligand-
protein binding free energies increasingly accurate and feasible, especially for relatively 
small, “drug size” ligands138. The most established method for calculating binding free 
energies is “free energy perturbation” (FEP) also known as “alchemical perturbation” 
which involves the computational transformation of a molecule or molecular fragment into 
another molecule139. Although the FEP process is not possible in the physical world, this 
transformation has the same free energy change as a thermodynamic cycle that first 
unbinds the first ligand and then binds the second.  The routine calculation of accurate 
protein-protein binding free energies by FEP is hampered by the size and flexibility of 
protein ligands, but recent, carefully validated studies demonstrate that accurate results 
are achievable140. In addition to free energy perturbation methods, several promising new 
techniques for calculating the binding free energies are being developed, including 
fragment-based methods141 and machine learning methods142 that offer the promise that 
protein-protein binding energy calculations will become routine and accurate. 
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Chapter 3 
 

Efficient Production of Fluorophore-Labeled CC Chemokines for Biophysical 
Studies Using Recombinant Enterokinase and Recombinant Sortase 

 

3.1 Abstract 

Chemokines are important immune system proteins, many of which mediate 
inflammation due to their function to activate and cause chemotaxis of leukocytes. An 
important anti-inflammatory strategy is therefore to bind and inhibit chemokines, which 
leads to the need for biophysical studies of chemokines as they bind various possible 
partners.  Because a successful anti-chemokine drug should bind at low concentrations, 
techniques such as fluorescence anisotropy that can provide nanomolar signal detection 
are required.  To allow fluorescence experiments to be carried out on chemokines, a 
method is described for the production of fluorescently labeled chemokines.  First, a 
fusion-tagged chemokine is produced in E. coli, then efficient cleavage of the N-terminal 
fusion partner is carried out with lab-produced enterokinase, followed by covalent 
modification with a fluorophore, mediated by the lab-produced sortase enzyme.  This 
overall process reduces the need for expensive commercial enzymatic reagents.  Finally, 
we utilize the product, vMIP-fluor, in binding studies with the chemokine binding protein 
vCCI, which has great potential as an anti-inflammatory therapeutic, showing a binding 
constant for vCCI:vMIP-fluor of 0.37±0.01 nM.  We also show how a single modified 
chemokine homolog (vMIP-fluor) can be used in competition assays with other 
chemokines and we report a Kd for vCCI:CCL17 of 14µM.  This work demonstrates an 
efficient method of production and fluorescent labeling of chemokines for study across a 
broad range of concentrations. 

3.2 Introduction 

Chemokines are small immune system proteins that bind 7-transmembrane 
receptors and mediate chemotaxis of leukocytes. Given their size (around 70 amino 
acids), these proteins are amenable to structural characterization by NMR, and the groups 
of Marius Clore and Angela Gronenborn were instrumental in obtaining early high 
resolution structures of chemokines, such as CCL4 (MIP-1b) and CXCL8 (Interleukin-
8).143,144  There are four subfamilies of chemokines, based on the placement of conserved 
cysteines near the N-terminus of the proteins. So-called CC chemokines have contiguous 
cysteines and form one of the largest subfamilies, with about two dozen members, having 
roles from T cell maturation to inflammation upon injury and infection.145,146 Notably, due 
to their tight binding to the chemokine receptor CCR5, several CC chemokines (CCL3, 
CCL4, CCL5) have also been identified as inhibiting infection by HIV-1, which uses CCR5 
as a co-receptor for infection.146,147 Subsequently, variants of these chemokines have 
proven to be highly potent HIV inhibitors.51,148–150 

Due to their role in inflammation, maturation, and cell homing, chemokines play a 
role in both health and disease, and have been implicated in several pathologies including 
arthritis, multiple sclerosis, and traumatic brain injury.146,151–153 The study of these proteins 
remains robust, along with investigation of strategies to control their action. Therefore, 
there remains a need to optimize the production of chemokines, and in particular, to modify 
chemokines for biophysical study.148,154–156 While isotopic labeling of chemokines for NMR 
is already well-documented, many binding studies rely on fluorescence spectroscopy, 
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especially when working at the low concentrations that are necessary to investigate the 
binding constants of these proteins.   

The poxvirus protein vCCI (also called p35), is a 243 amino acid beta sheet protein 
that tightly binds CC chemokines, with equilibrium dissociation binding constants often at 
low nanomolar or even sub nanomolar concentrations.21,22,55,157,158 Due to its ability to 
inhibit chemokine function, vCCI is a potent anti-inflammatory agent and a possible 
therapeutic, especially if it can eventually be targeted to particular chemokines.12,159–161 
While nanomolar concentrations are not suitable for most protein NMR experiments, 
binding experiments observed via fluorescence spectroscopy can be carried out at these 
concentrations if the chemokine is labeled with a fluorophore.  We have pursued methods 
to label CC chemokines in order to allow a variety of fluorescence experiments, particularly 
to study the vCCI:chemokine interaction. 

Many chemokines can be expressed in high amounts from E. coli using the T7 
expression system, although often an N-terminal fusion tag is required. Generally, for CC 
chemokines, it is most efficient to unfold the protein in denaturant such as guanidinium 
chloride and then refold it using any of a variety of conditions.22,154,162,163 But there are still 
several impediments to the efficient production of fluorophore-labeled chemokine. One 
impediment is the cost of specific proteases to cleave the fusion tag, which can be 
hundreds of dollars per aliquot from commercial sources, but which is necessary because 
the activity of a CC chemokine is sensitive to the exact sequence at its N-terminus.163,164 
Several well-known proteases such as TEV and thrombin leave extra amino acids at their 
cut site, making them unsuitable for use in chemokine production. Another roadblock is 
the often-low yield (and sometimes low specificity) of chemical conjugation of a fluorescent 
tag, although this can be mitigated if the protein is small enough to allow solid phase 
synthesis, followed by efficient chemical addition of the fluorophore.165 

 
Figure 3.1 Flow diagram showing the steps of purification of fluorescently labeled 
chemokines 
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We present here a comprehensive set of methods for producing and purifying 
fluorescently labeled CC chemokines (Figure 3.1), including reducing costs for cleaving a 
fusion tag (by inexpensively producing the highly specific protease enterokinase in-lab) 
and similarly by implementing enzymatic fluorescent labeling of the chemokine with in-
house produced sortase. We then show the use of a fluorescently labeled model 
chemokine (the chemokine homolog vMIP-II) in both direct fluorescence anisotropy 
titration experiments and as a reagent to test binding by an unlabeled chemokine (CCL17) 
in competition anisotropy experiments. 

3.3 Materials and Methods 

3.3.1 Materials 

The gene sequence encoding the human Enterokinase (EK) catalytic subunit with 
an N-terminal tag (MGPINQTNDDDDK, which contains the EK recognition site for self-
activation of EK), a single mutation Cys112Ser, and a C-terminal His6-tag, was codon 
optimized in the pUC57 vector and purchased from GenScript (Piscataway, NJ).  The DNA 
sequence is as follows:  

ATGGGCCCTATTAACCAGACCAACGATGACGACGATAAAATTGTGGGTGGCAGCAA
CGCTAAAGAAGGCGCGTGGCCTTGGGTCGTTGGCCTGTACTATGGCGGTCGCCTG
CTGTGTGGCGCGAGCCTGGTTAGCTCCGATTGGCTGGTTAGCGCGGCGCACTGTG
TCTACGGCCGTAACCTGGAACCGAGCAAATGGACCGCCATCCTGGGCCTGCACAT
GAAAAGCAACCTGACGAGCCCGCAAACCGTACCGCGTCTGATCGATGAAATTGTGA
TCAATCCGCACTATAACCGCCGTCGTAAAGATAACGATATTGCGATGATGCATCTG
GAGTTTAAAGTTAACTATACCGATTATATTCAGCCGATTAGCCTGCCAGAGGAGAAT
CAGGTTTTCCCGCCGGGCCGTAATTGTAGCATTGCCGGTTGGGGTACGGTCGTCT
ACCAGGGCACCACTGCCAACATTCTGCAGGAGGCAGATGTGCCGCTGCTGAGCAA
CGAACGTTGCCAACAACAAATGCCGGAATATAATATTACGGAGAACATGATCTGCG
CAGGTTACGAAGAAGGCGGTATCGATTCTTGTCAGGGTGACAGCGGTGGTCCTCT
GATGTGTCAGGAAAATAACCGCTGGTTTCTGGCAGGCGTTACTTCCTTTGGTTACA
AATGCGCACTGCCGAATCGCCCGGGTGTGTACGCACGCGTGTCCCGTTTCACGGA
ATGGATTCAATCCTTTCTGCATCATCATCATCACCATTAA 

E. Coli BL21(DE3) cells, XL1-Blue cells, plasmids pET15b, pET28a, and pET32a 
were purchased from Novagen (Madison, WI). Ni-NTA agarose was purchased from 
Qiagen (Valencia, CA). Restriction enzymes were purchased from New England Biolabs 
(Ipswich, MA). The Broad-Range Molecular Weight Markers and 4-20% Mini-PROTEAN® 
TGXTM Gels were purchased from Bio-Rad (Hercules, CA). The peptide GGGK-FAM 
(fluorescein amidite) was obtained from Bon Opus Biosciences. 

A cure for HIV is impossible until the HIV reservoir is fully understood and either 
removed or permanently silenced so that the ability to produce new virions is completely 
abrogated. Various strategies have been proposed to eradicate the latently infected cells: 
“shock and kill”, “locking” cells in latency and dual-affinity retargeting (DART)166–175. The 
earliest and most investigated HIV elimination strategies are the “shock and kill”, which 
usually consist of a drug/compound that activates transcription of the dormant HIV 
genome (the “shock), yielding the expression of viral proteins that would be recognizable 
by the immune system, and potentially additional targeted drugs, that could then “kill” the 
infected cell166–168,170,171. The process of “locking” cells into a latent state, usually through 
gene therapy or tat inhibitors, theoretically prevents any future transcription of the HIV 
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genome. Locking techniques and development has been thoroughly reviewed168–
170,172,173,176–179 and will not be discussed further here.  

Shock and kill methods have shown promise to transiently increase viral 
expression in cell180–185 and animal models186–194 but, there is no visible evidence that the 
viral reservoir has been reduced, let alone eliminated. More targeted approaches for shock 
and kill methods are needed since many of the previously tested strategies are very 
broadly acting with toxic side effects169,195–198. Latency reversal agents (LRAs) include 
Histone Methyltransferase (HMT) inhibitors199, Toll-like receptor 7 agonists200–204, histone 
deacetylase (HDAC) inhibitors166,173,205–209, and activators of the nuclear factor-κB (NF-κB) 
pathway 193,194,210. HDAC and HMT inhibitors loosen the interactions between histones and 
DNA, unwinding the DNA and allowing transcription and production of viral proteins211. 
NFκB is a protein complex that controls transcription of DNA212 , so activation generally 
up-regulates transcription in a cell, increasing the chance of viral expression.  

The most natural and potent enhancer of HIV transcription, that should only induce 
activation of HIV DNA, is the HIV protein Tat. The Tat protein is responsible for ensuring 
viral transcription during the viral lifecycle. Tat stimulates transcription by binding to the 
transactivation response element (TAR) in developing RNA transcripts and recruiting 
Cyclin T1 and cyclin-dependent kinase 9, which compose the positive transcription 
elongation factor b (P-TEFb) and will promote transcriptional elongation by recruiting and 
phosphorylating RNA polymerase II, releasing the elongation inhibitor complexes termed 
NELF and DSIF213–222. Tat has also been shown to bind the upstream promoter regions223. 
Research has shown that insufficient Tat transactivation activity can result in latency224–
229. Tat inhibitors are being investigated as a means to lock latently infected cells174,230,231. 
Tat has also been investigated as a shock agent227,228,232–235, but issues with 
cytotoxicity227,236,237 highlight a need for a method to target Tat and other LRAs to cells 
most likely to be infected with HIV. Geng et al generated a mutated Tat to minimize its 
toxicity while maintaining activity as an HIV transcriptional activator in various latency 
models227. 

3.3.2 Production of chemokines and vCCI 

Purification of chemokines (both vMIP-II and CCL17) was carried out as reported 
previously.55,158 The chemokine gene with a Thioredoxin tag followed by an enterokinase 
cleavage site on the N-terminus and a LPMTGHHHHHH tag on the C-terminus was 
transformed into E. coli BL21(DE3) cells (Novagen, Madison, WI, USA) and cultured at 
37°C. When the cells’ optical density OD600 reached ~0.7, protein expression was 
induced by adding IPTG to a final concentration of 0.5 mM and cells were allowed to grow 
for 18 hr at 22°C.  Cells were harvested by centrifugation at 4400 × g, 4°C for 10 min. The 
cell pellet was then resuspended in lysis buffer (6 M Guanidine HCl, 200 mM NaCl, 50 
mM Tris, 10 mM benzamidine, pH 8.0) and French pressed twice at 16,000 p.s.i. After 
centrifuging the lysate for 1 hr at 27,000 × g, the supernatant was purified by a home-
packed Ni-NTA affinity column (Qiagen, Hilden, Germany). The protein was eluted with a 
pH gradient ending at pH 4. The purified protein was reduced with 10 mM β-
mercaptoethanol (βME) at room temperature for 2 hours while stirring. Then the protein 
was added dropwise with a 10-fold dilution into refolding buffer (550 mM L-arginine 
hydrochloride, 400 mM sucrose, 9.6 mM NaCl, 0.4 mM KCl, 2 mM CaCl2, 2 mM MgCl2, 
1 mM reduced glutathione (GSH), 0.1 mM oxidized glutathione (GSSG), 50 mM Tris, pH 
8.0) and allowed to refold for 24 hr at 4°C with stirring. The protein was then dialyzed in 
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4L of high salt buffer (200 mM NaCl, 2 mM CaCl2, 20 mM Tris, pH 7.4) four times at 4°C.  
Subsequently the protein was cleaved using ~ 650 nM enterokinase for one to three days. 
(Due to low concentration of chemokine upon refolding and cutting at 4°C, higher 
concentrations of EK are used here.) Finally, the cleaved protein was purified by a C4 
reversed phase chromatography column (Vydac, Hesperia, CA, USA) using an acetonitrile 
gradient. 

vCCI was produced from E. coli as previously described.20 

3.3.3 Construction of the enterokinase plasmids 

The gene encoding the EK in the pUC57 vector is flanked by several restriction 
sites on the 5’-end (Xba I, Bgl II, and Nco I) and 3’-end (EcoR I, Sac I, Sal I, Hind III, Not 
I, Xho I, and BamH I) of the DNA. The EK gene was cloned into various pET expression 
plasmids by using the restriction sites of Nco I and BamH I to generate pET15b-EK, Nco 
I and Xho I to generate pET28a-EK, and Bgl II and Xho I to generate pET32a-EK. All 
constructs were verified by DNA sequencing to ensure correct sequences.  

3.3.4 Expression of recombinant enterokinase 

E. Coli BL21(DE3) cells were transformed with individual EK plasmids, and grown 
overnight on LB agar plates containing 50 µg/mL kanamycin for pET28a-EK, or 100 µg/mL 
ampicillin for pET15b-EK and pET32a-EK. Colonies from each plate were inoculated into 
5 mL LB starter cultures containing antibiotics (50 µg/mL kanamycin or 100 µg/mL 
ampicillin) and grown in a shaker at 37°C, 220 rpm for several hours until the cultures 
reached log phase of growth. The starter cultures were then added into 1 L of pre-warmed 
LB (37°C) containing antibiotics and allowed to grow at 37°C, 220 rpm until reaching an 
O.D.600 of 0.6-0.8, at which protein production was initiated by the addition of IPTG (1 
mM final concentration). After 4 hr, the cells were harvested by centrifugation at 4200×g, 
4°C for 10 min and the supernatant was discarded. The harvested cell pellets were stored 
at -20°C.  

3.3.5 Extraction and refolding of enterokinase 

The harvested cell pellets were resuspended with 20 mL of Lysis Buffer (500 mM 
NaCl, 50 mM Tris, pH 8), and lysed by three passages through a French press at 16,000 
psi (Thermo Fisher, PA). The resulting cell lysate was then centrifuged at 27,000×g, 4 °C 
for 1 hr. The supernatant was discarded, and the pellet was dissolved in 20 mL of 
Resuspension Buffer (6 M Guanidinium chloride, 200 mM NaCl, 50 mM Tris, pH 8) at room 
temperature for 2 hr with agitation. This mixture was then centrifuged at 27,000×g, 4 °C 
for 1 hr and the supernatant was collected. The supernatant was passed through a 3 mL 
home-packed Ni-NTA affinity column equilibrated with Resuspension Buffer. The column 
containing the bound EK was washed with 10 column volumes of Resuspension Buffer, 
and then with 10 column volumes of Wash Buffer (6 M Guanidinium chloride, 200 mM 
NaCl, 20 mM NaPi, pH 7.2). The EK was eluted from the Ni-NTA affinity column with 
Elution Buffer (6 M Guanidinium chloride, 200 mM NaCl, 60 mM NaOAc, pH 4). Fractions 
containing the eluted EK were identified by absorbance at 280 nm, or by SDS-PAGE after 
removal of guanidinium chloride by trichloroacetic acid (TCA) precipitation as described in 
the next paragraph.238 The fractions were combined (5~10 mL total volume) and reduced 
with 5 mM DTT at room temperature for 2 hr with agitation. The solution was then added 
dropwise into a 15-fold volume of Refolding Buffer (700 mM L-Arginine hydrochloride, 1 
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mM EDTA, 200 mM NaCl, 50 mM Tris, pH 8, modified from FoldIt Screen, Hampton 
Research, Aliso Viejo, CA) and incubated overnight at 4 °C with gentle stirring.   

For TCA (trichloroacetic acid) precipitation, all the samples and reagents are kept 
on ice throughout. 10µl of TCA is added into each 40µl of protein sample, and vortexed 5 
seconds, then samples are placed on ice for 10 minutes. The samples are then centrifuged 
at 15k rpm for 5 minutes and placed back on ice immediately. The supernatant is then 
removed without disturbing the pellet (which may not be visible).  The pellet is washed 
with 180µl ice-cold acetone and then centrifuged at 15k rpm for 5 minutes, and the 
supernatant is discarded; this wash step is repeated. The sample pellet is placed in a 60°C 
heat block for 10 seconds to evaporate the remaining acetone and 20µl of desired SDS-
PAGE sample buffer is added. The sample is heated for 1 minute in a 95°C heat block 
before running SDS-PAGE. 

3.3.6 Dialysis and concentration of enterokinase 

After refolding overnight, trace amounts of precipitation in the refolded EK solution 
were removed by centrifuging at 3600×g, 4 °C for 10 min. The refolded EK solution was 
dialyzed against 4 L of EK Cleavage Buffer (200 mM NaCl, 2 mM CaCl2, 20 mM Tris, pH 
7.5) at 4 °C. The buffer was changed every 8-10 hr. Active EK was obtained after 20 hr of 
dialysis, as evidenced by an SDS-PAGE gel showing the self-cleavage of its N-terminal 
fusion tag.  Any precipitates were removed by centrifugation at 3600×g, 4 °C for 10 min. 
A stock solution of 5M NaCl was added to the EK solution to adjust the final concentration 
of NaCl to 500 mM. The EK solution was then loaded onto a 3 mL home-packed Ni-NTA 
affinity column equilibrated with Native Equilibration Buffer (500 mM NaCl, 20 mM Tris, 
pH 7.5). The column was then washed with 10 column volumes of Native Wash Buffer 
(500 mM NaCl, 20 mM Imidazole, 20 mM Tris, pH 7.5), and finally, the protein was eluted 
with a small volume (10~15 mL) of Native Elution Buffer (500 mM NaCl, 250 mM 
Imidazole, 20 mM Tris, pH 7.5). Fractions containing EK were identified by SDS-PAGE 
and combined. The final EK solution was added with glycerol to 50% (v/v), aliquoted into 
individual tubes, and stored at -20°C. For concentration determination, prior to addition of 
glycerol, the EK solution may be dialyzed against 500 mM NaCl, 20 mM Tris, pH 7.5, and 
then its absorbance measured at 280 nm. The concentration of EK can be calculated using 
an extinction coefficient of 55390 M-1 cm-1.239 

3.3.7 Digestion of substrate proteins by EK 

Substrate proteins Thioredoxin-KaiC 1-247 R41A K173A (Trx-KaiC) 240 and 
Thioredoxin-vMIP-II (Trx-vMIP)155 were used to test the activity of EK. These proteins 
contain a thioredoxin fusion tag followed by a His6-tag and the EK recognition site 
(DDDDK↓). These substrate proteins were produced following procedures as previously 
described.155,240 To test the EK activity, 500 µg of the substrate proteins were digested 
with various amounts of EK in 1mL Cleavage Buffer (200 mM NaCl, 2 mM CaCl2, 20 mM 
Tris, pH 7.5) at 4 °C and 25°C. The substrate proteins were quantified by measuring the 
absorbance at 280 nm, using the extinction coefficients of 30035 M-1cm-1 for Trx-KaiC 
and 33835 M-1cm-1 for Trx-vMIP.239 Time point samples were taken and analyzed on 
17% Tris-Glycine SDS-PAGE for Trx-KaiC, and 4-20% Mini-PROTEAN® TGXTM Gels for 
Trx-vMIP. 
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3.3.8 Production of the sortase enzyme from staphylococcus aureus 

The gene for the sortase A enzyme was a gift of Dr. Archana Chavan, and was 
encoded with a 6-histidine tag on the N-terminus.  This was transformed into E. Coli 
BL21(DE3) cells, and cells were grown in M9 minimal media in a shaker at 37 °C. Protein 
production was induced with IPTG (0.5 mM final concentration) at OD600 ~0.7. The 
temperature was reduced to 18°C and shaking continued overnight (16 hr). Cell pellets 
were collected by centrifugation for 10 min at 4400×g at 4°C. The pellets were 
resuspended with ~20 mL buffer A (150 mM NaCl, 50 mM Tris, 20 mM Imidazole, pH 7.5) 
and the cells lysed 3× using a French press at 16,000 psi. Lysate was clarified by 
centrifuging at 27,000 ×g, 4 °C for 1 hr. Then the clarified lysate was introduced to a home-
packed Ni-NTA affinity column equilibrated with lysis buffer and passed through the 
column three times. The column was washed with 10 column volumes of buffer A, and 
then eluted with buffer B (150 mM NaCl, 50 mM Tris, 500 mM Imidazole, pH 7.5). The 
fractions containing His-Sortase A were identified by SDS-PAGE and combined followed 
by dialyzing in 4 L sortase buffer (150 mM NaCl, 50 mM Tris, pH 7.5) and then aliquoted 
and stored at -20°C.  A 1 L prep can generally produce around 20 mL of 30 µM – 70 µM, 
which is about 20 mg protein per prep.  

3.3.9 Labeling chemokine with fluorescein. 

In order to obtain a high yield of chemokine-fluor, several related fusion tags on 
the C-terminus of the chemokines were tested using the sortase reaction, including 
LPMTGG, LPMTG-CHis, LPETG-CHis, and LPETG-2His.  “CHis” is a 6-histidine tag, and 
“2His” is a 12 histidine tag, which was tested so that the cleavage of the tag during the 
reaction would be more easily visible on an SDS-PAGE gel due to the change in size of 
the starting protein. In our hands, the LPMTGHHHHHH tag could realize relatively high 
yield and had easy purification, while the others had lower yield and were more difficult to 
purify after the sortase reaction. 

For the ligation of the fluorophore-peptide with the chemokine analog vMIP-II, 50 
μM vMIP-II-LPMTG-CHis (powder was dissolved in sortase buffer (150 mM NaCl, 50 mM 
Tris, pH 7.5), 10 mM CaCl2, 5 μM His-Sortase A, and 150 μM GGGK5FAM (Bon Opus 
Biosciences) were incubated in the dark at 4°C for 2 days followed by incubating in 
ambient temperature for 17 hours.  The time required for a sortase reaction is heavily 
dependent on the substrate, with some proteins requiring less (as little as a few hours) or 
more time (as much as 3 days).  There is also a dependence on the particular amino acids 
used in the sortase tag on the same target protein.241 The target protein vMIP-II-
LPMTGGGK5FAM, was then purified through an analytical C4 reversed-phase 
chromatography column (Vydac, Hesperia, CA, USA), and verified by SDS-PAGE and 
mass spectrometry. The target chemokine-fluor was then aliquoted, then lyophilized and 
stored in the dark at -20°C. The protein was rehydrated in 20 mM potassium phosphate 
and 100 mM NaCl, pH 7.0 for fluorescence assays. 

3.3.10 Fluorescence anisotropy. 

The fluorescence anisotropy titration assays were performed in 20 mM potassium 
phosphate and 100 mM NaCl, pH 7.0, on a fluorimeter (PC1, ISS, Champaign, IL) 
(excitation: 498.4 nm, emission: 523.9 nm) at 25°C controlled by a water bath (VWR 
International, Visalia, CA). The reading of anisotropy was carried out with the excitation 
filter: 497/16, emission filter: 524/24 (BrightLine Fluorescence band pass filter). The 
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concentration of the vMIP-II-LPMTGGGK5FAM stock solution (buffer: 20 mM NaPi, pH 
2.5) and vCCI stock (buffer: 100 mM NaCl, 20 mM NaPi, pH 7.0) were measured by the 
Coomassie (Bradford) Protein Assay Kit (Thermo Scientific Pierce). The vMIP-II-
LPMTGGGK5FAM was diluted to a desired concentration in a beaker and mixed 1 min by 
shaking, and then 1990 μl was aliquoted into each cuvette and kept in the dark. Then, 10 
μl of desired stock concentration of vCCI (in random order to remove possible bias from 
using a regular order) was added into one cuvette and mixed 1 min by shaking the cuvette 
in a 50 mL beaker. After that, the cuvette was incubated at 25°C for 30 min to allow 
equilibration before measurement. Anisotropy data were recorded, and upon hitting a 
plateau, the average data over 10 minutes was recorded, and all the anisotropy values 
were normalized to the proportion of 100% bound anisotropy value. The data were fit to a 
system of mass conservation equations that included the following equation as previously 
described158: 

θ = ["]!"##	×	&$
'(	["]!"##	×	&$

    Eqn. 1 

where θ is the fraction of vMIP-II bound to vCCI, [L]free is the free vCCI 
concentration approximated by the total vCCI concentration, and Ka is the equilibrium 
association constant (1/Kd).  

Binding constants using competition for the interaction between CCL17 and vCCI 
were obtained by titrating this ligand into a preformed complex of vCCI and vMIP-fluor at 
8 nM20and observing the competition displacement of vCCI as a function of concentration 
at equilibrium via the observed change in anisotropy. The data were then normalized fit to 
a system of equations describing the conservation of species concentrations and both 
equilibria to yield the Kd for the CCL17:vMIP interaction using Scientist software 
(Micromath, St. Louis, MO).158  The data were fit utilizing a Kd for vCCI:vMIP of 0.37 nM 
(found in this work) which yielded a Kd for vCCI:CCL17 of 16uM; then fit using a Kd for 
vCCI:vMIP of 0.06 nM (reported previously55) which yielded a very similar Kd for 
vCCI:CCL17 of 14uM. The rationale for using competition experiments as opposed to 
direct binding to measure the Kd for CCL17/TARC was that while this protein can be 
labeled with fluorophore as described for vMIP-II, the resulting peptide-fluor on the C-
terminus of the protein was too mobile to provide useful anisotropy values upon directly 
binding vCCI. Therefore, it was used in its unlabeled form to compete for binding with 
vMIP-fluor.  

3.3.11 Mass spectrometry. 

The purified protein from the sortase reaction was collected after running it through 
a C4-reversed phase column and then lyophilized. To determine the mass of the intact 
protein, an aliquot of the purified protein was directly injected into an electrospray 
ionization mass spectrometer (ESI-MS) (Q-Exactive Hybrid Quadrupole-Orbitrap, Thermo 
Scientific). Additionally, some unpurified protein samples from the sortase reaction were 
diluted with 95% acetonitrile, 5% water, and 0.1% formic acid and then injected into a 
mass spectrometer coupled with an ultra-high performance liquid chromatography 
(UHPLC) system (Vanquish Flex, Thermo Scientific) at a flow rate of 0.3 ml/min for 
scouting purposes. The spectra, shown as signal intensity versus mass/charge, were 
analyzed using BioPharma 2.0 software (Thermo Scientific). 
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3.4 Results and Discussion 

3.4.1 Expression and purification of CC chemokines. 

CC chemokines have been easily expressed by a variety of methods for many 
years, so will only be briefly described here. Expression is usually effected using a T7 
expression system (such as the pET system) in E. coli such as BL21(DE3), encoding the 
T7 RNA polymerase. Since solubility of the chemokine is sometimes limited in the 
supernatant of disrupted cells, it is often desirable to adjust disruption conditions to place 
the chemokine into the inclusion body, followed by dissolution of the inclusion body in 6M 
guanidinium chloride, or to simply disrupt the cells in 6 M guanidinium chloride. This is 
generally followed by a His-tag affinity column such as a Ni-NTA column, followed by 
refolding the semi-purified protein and dialysis. Since it is common to produce chemokines 
with an N-terminal fusion partner, this can be selectively cleaved at this point by an 
appropriate protease, such as by enterokinase (below) or by ULP-1 protease if the fusion 
tag is the SUMO protein.20Each of these proteases leaves no extra amino acids on the 
chemokine N-terminus upon cutting. Finally, CC chemokines are amenable to final 
purification by a C4 reversed phase column, which has the benefit of de-salting the protein 
(so that it can be lyophilized without other components like salts or buffer) and of removing 
bacterial endotoxins (which is important if the chemokine will be used in cell or animal 
studies). 

For the present work, the CC chemokine homolog vMIP-II containing a C-terminal 
LPMTG sequence to allow eventual sortase labeling, was expressed with a Thioredoxin 
tag, partially purified using its His-tag with a Ni-NTA column, refolded, and finally purified 
with a C4 reversed phase column (Figure 3.1 and Supplementary Figure 3.1). The human 
CC chemokine CCL17/TARC was similarly expressed and purified.  In each case, several 
milligrams per liter of pure protein were produced; the yield can be improved if necessary 
by using more of the semi-pure protein from the Nickel column, although this leads to very 
high volumes upon the dilution necessary for refolding.    

3.4.2 Production of enterokinase. 

Assuming a chemokine construct with an EK cleavage site (DDDDK↓), the 
cleavage step of chemokine purification can be efficient but costly if commercial sources 
of protease are used. To more easily obtain EK in the lab, we have developed a method 
to purify the human EK light chain from E. coli. The human EK gene was codon optimized 
for expression in E. coli, and flanked with various restriction sites to allow convenient 
subcloning into the pET vectors 15b, 28a and 32a (Figure 3.2A). Two of these vectors, 
pET15b-EK and pET28a-EK, confer different antibiotic resistance (ampicillin versus 
kanamycin, respectively), but produce an identical fusion EK protein.  The third construct, 
pET32a-EK, expresses a thioredoxin fused to EK (Trx-EK).  

The EK expressed using our designed pET15b-EK and pET28a-EK vectors 
contains an N-terminal tag (MGPINQTNDDDDK) that includes the EK cleavage site.  This 
tag was incorporated as a tell-tale marker, as its self-cleavage from the initial fusion protein 
makes it easy to monitor successful production of mature, functional EK.  The N-terminal 
tag is immediately followed by the catalytic subunit of human enterokinase, with a single 
Cys112Ser mutation which has been shown to improve refolding yield.242 At the C-
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terminus of the EK, a His6-tag was added, enabling the purification of EK by a simple Ni-
NTA affinity column, as well as its convenient removal after cleaving a target protein.   

EK expressed in pET32a-EK includes original components from the pET32a 
vector: starting from the N-terminus, there is a thioredoxin fusion partner (105 amino acid 
residues), followed by a His6-tag, an S-tag (the N-terminal 15 amino acids from RNase A 
that can be used in affinity purification) and an EK cleavage site. Following these 
components is the human EK catalytic subunit with the Cys112Ser mutation, then a C-
terminal His6-tag. This thioredoxin fusion partner makes the self-cleavage of EK easier to 
monitor by SDS-PAGE. It is worth noting that by design, both the thioredoxin fusion partner 
and the final EK would each contain a His6-tag, so they would both bind to Ni-NTA beads. 
Therefore, the Trx-EK can be purified and self-cleavage of the Trx tag can occur, but no 
additional purification is needed before adding this to a solution with target protein, since 
both Trx and EK can be removed together by binding to Ni-NTA beads.  In cases where 
the co-existing thioredoxin tag may raise concerns, EK produced by the pET15b-EK and 
pET28a-EK vectors may be preferred. 

A  

B 

 
Figure 3.2 Expression vectors of enterokinase and protein expression test 

A. Schematic representation of the enterokinase expression vectors pET15b-EK, pET28a-EK, 
and pET32a-EK. B. Expression of Enterokinase from various vectors in BL21 (DE3) cells at 
37°C. Lane 1: Broad range molecular weight marker. Lane 2: Pre-induction time point of 
pET15b-EK. Lane 3: 4 h post-induction of pET15b-EK with 1 mM IPTG. Lane 4: Pre-induction 
time point of pET28a-EK. Lane 5: 4 h post- induction of pET28a-EK with 1 mM IPTG. Lane 6: 
Pre-induction time point of pET32a-EK. Lane 7: 4 h post-induction of pET32a-EK with 1 mM 
IPTG. The pET32a-EK has a thioredoxin fusion tag at the N-terminus of EK, resulting in a higher 
apparent molecular mass compared with the other two constructs. 
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When expressed in E. coli BL21(DE3) cells, all the three constructs were able to 
produce EK at high levels as evidenced by SDS-PAGE (Figure 3.2B). Despite the 
difference in antibiotic resistance, no apparent difference in expression level was observed 
for pET15b-EK and pET28a-EK (Figure 3.2B, lanes 3 and 5). Due to the similarity in 
experimental procedures for purification of EK from each of these constructs, only the 
purification of the EK from pET28a-EK will be discussed here; this protein has a thirteen 
amino acid residue fusion tag at the N-terminus. 

To summarize the purification of expressed EK, the cell pellet was resuspended in 
a Lysis Buffer containing a high concentration of NaCl (500 mM) to drive the EK fusion 
protein into the lysate pellet (Figure 3.3A, lanes 3 and 4).  After cell disruption, this pellet 
was re-solubilized with buffer containing guanidinium chloride to extract tagged EK in an 
unfolded form. The crude supernatant was twice passed through a Ni-NTA affinity column 
and the EK was eluted by guanidinium chloride buffer at pH 4. Analysis by SDS-PAGE 
revealed that the EK was purified to around 90% purity after this step (Figure 3.3A, lane 
5). To correctly fold EK into its native, functional tertiary structure, the purified EK was first 
fully reduced to break any disulfide bonds that may have formed, then the protein solution 
was refolded as described in Methods and dialyzed in cleavage buffer where self-cleavage 
to remove the N-terminal tag is observed (Figure 3.3B, lane 5). 

A                                                                        B 

                 
Figure 3.3 Enterokinase purification 

A. Purification of enterokinase expressed by pET28a- EK using a Ni-NTA column. Lane 1: Broad 
range molecular weight marker. Lane 2: 4 h post-induction of pET28a-EK with 1 mM IPTG. Lane 
3: Supernatant of cell lysate. Lane 4: Pellet of cell lysate. Lane 5: Elution from Ni-NTA column 
with pH 4 Elution Buffer containing a denaturing concentration of guanidinium chloride. TCA 
precipitation was performed to remove guanidinium chloride before preparation of gel samples. 
B. Self-cleavage of the N-terminal tag during dialysis to produce mature EK. Lane 1: Broad range 
molecular weight marker. Lane 2: Elution from Ni-NTA column by pH 4 Elution Buffer. Lane 3: 
pro-EK after the refolding procedure and before the start of dialysis. Lane 4: Refolded pro-EK 
after 8 h of dialysis. Dialysis Buffer was changed once after the first 8 h. Lane 5: Self-cleaved, 
mature EK after 20 h dialysis. Samples containing guanidinium chloride were processed by 
trichloroacetic acid (TCA) precipitation. 
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The matured EK was purified once more by loading the solution onto a Ni-NTA 
affinity column, and eluting with a small volume of buffer that contained 250 mM Imidazole, 
resulting in concentrated EK solution that could be used as a stock.  Determined by 
absorbance at 280 nm, approximately 2 mg of active EK was purified from a 1 L E. coli 

A 

 
B 

 
Figure 3.4 Enterokinase cleavage test 

A. Cleavage reaction of the Trx-KaiC fusion protein by EK. Samples containing 500 μg of Trx-
KaiC in 1 mL Cleavage Buffer with various amounts of EK were incubated at 4 or 25°C. Left set: 
4°C for 48 h with 0, 125, 250, and 500 ng of EK. Middle set: 25°C for 6 h with 0,125, 250, and 
500 ng of EK. Right set: Time course of 0, 4, 12, 24, and 60 h at 4°C with a fixed amount (250 
ng) of EK. B. Cleavage reaction of the Trx-vMIP fusion protein by EK. Samples containing 500 
μg of Trx-vMIP in 1 mL Cleavage Buffer with various amounts of EK were incubated at 4 or 25°C. 
Left set: 4°C for 120 h with 0, 125, 250, and 500 ng of EK. Middle set: 25°C for 24 h with 0, 125, 
250, and 500 ng of EK. Right set: Time course of 0, 12, 36, 72, and 120 h at 4°C with a fixed 
amount (500 ng) of EK. 
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prep. Note that this amount of protease is sufficient for the needs of most labs for several 
months but could be optimized for higher yields if desired. The final EK product was stored 
in 50% glycerol (v/v) at either -20°C or -80 °C. No special procedure was used to remove 
the imidazole, as upon usage, the EK solution will be diluted by at least several hundred-
fold when added into a target protein, and it has been shown that moderate concentrations 
of imidazole do not appear to affect the proteolytic activity of EK.243 

3.4.3 Digestion of substrate fusion proteins with EK 

To test the functionality of the purified EK, two recombinant proteins, each with an 
N-terminal thioredoxin fusion tag followed by an EK cleavage site, were chosen as 
substrates. vMIP-II is a small viral chemokine homolog of 8 kDa154,155 that will be used in 
fluorescent labeling (below), and the 26 kDa domain of KaiC is from a critical circadian 
clock protein.240 For the cutting reaction, 500 µg of Trx-vMIP-II or Trx-KaiC in 1 mL of EK 
cutting buffer were digested with increasing amounts of enterokinase, with the mass ratio 
of substrate protein to EK kept at or above 1000:1 (125, 250 and 500 ng EK).  In research 
labs, cutting reactions for recombinant proteins are frequently carried out either at room 
temperature, or at a colder temperature to limit bacterial or fungal growth when the cutting 
takes a longer period of time. To determine functionality under these conditions, the test 
cutting reactions were carried out at 25 °C and 4 °C. Time point samples were taken 
periodically and analyzed by SDS-PAGE (Figure 3.4A, B). The results showed that the 
time needed to achieve complete proteolytic cleavage for each substrate protein differed. 
500 µg of Trx-KaiC was completely cleaved by 500 ng of EK in 48 hours at 4 °C, or in 6 
hours at 25 °C (Figure 4A, left and middle section). For 500 ng of EK to completely cleave 
500 µg of Trx-vMIP, the time needed was about 120 hours at 4 °C, or 24 hours at 25 °C 
(Figure 3.4B, left and middle section).  

Although the purification of active recombinant EK has been reported previously 
by several groups,244–246 we have made significant improvements on the production 
method, presenting a streamlined protocol that produces functional EK in as little as four 
days. The current protocol bypasses many drawbacks in previous reported methods, 
without the requirement of complicated multi-buffer exchange before initiation of refolding, 
or an extensive incubation period during the refolding process, or usage of multiple 
columns or specialized (and potentially expensive) affinity columns. In contrast to 
eukaryotic systems such as P. pastoris and S. pombe, our current method produces EK 
using the E. coli expression system, which greatly simplifies and expedites steps involved 
in plasmid construction and modification, transformation of expression host cells, and 
convenient induction of high levels of protein expression, which in turn, should make 
homemade EK readily accessible for most research labs. 

3.4.4 Production and use of the sortase enzyme from staphylococcus 
aureus. 

There are several strategies that can be used to fluorescently label proteins for 
subsequent biophysical experiments.  Direct chemical reaction with a fluorophore can be 
carried out, generally using the free thiol group of Cys or the amino group of Lys.158,247 
This can be an effective strategy, but maintaining a free thiol in a protein that also has 
disufides can be difficult, while labeling amino groups can lead to a variety of fluorescently 
labeled sites since a typical protein will have several Lys residues. For smaller proteins 
that can be entirely synthesized by solid phase synthesis, there is also the possibility of 
chemical steps added to the synthesis that allow conjugation of a fluorophore to the site 
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of interest. This latter method has been shown to be successful with variants of the 
chemokine CCL5.165 We chose to use enzymatic methods to fluorescently label our 
chemokines, due to the specificity of the enzyme used (sortase) and the simplicity of 
making all components with bacterial expression. The sortase enzyme has the ability to 
cleave a protein at a specific site (cleavage occurs after the T in LPXTG, where X can be 
any amino acid), and then covalently add a peptide or protein (that has an N-terminal 
series of glycines) to the LPXT sequence.241,248 When this procedure is applied to a 
chemokine bearing LPMTG at its C-terminus, adding to the reaction the peptide GGGK-
fluor, the product is: Chemokine-LPMTGGGK-fluor. The utility of the sortase enzyme has 
been described for a variety of functions.248–250 Briefly, the enzyme can be expressed in 
E. coli and purified with a single nickel column, then aliquoted for storage after brief dialysis 
(Figure 3.5). 

 

 
Figure 3.5 Expression and purification of sortase 

A. Expression of sortase in BL21 (DE3) cells at 37 and 22°C. Lane 1: Pre-induction. Lane 2: 
Molecular weight marker. Lane 3: 3 h post-induction at 37°C. Lane 4: 5 h post-induction at 37°C. 
Lane 5: 7 h post-induction at 37°C. Lane 6: 16 h post-induction at 22°C. Lane 7: 18 h post-
induction at 22°C. Lane 8: 20 h post-induction at 22°C. B. Purification of sortase A with a Ni-
NTA column. Lane 1: Pre-induction. Lane 2: 5 h post-induction at 37°C. Lane 3: Pellets after 
lysing. Lane 4: Ni-NTA column flow through. Lane 5: Ni- NTA column wash. Lane 6: Elution 1 
from Ni-NTA. Small amounts of impurities from E. coli proteins are observed if a large loading 
amount is used. Lane 7: Further elution from Ni-NTA. Lane 8: Result of further size exclusion 
column which is no longer used in lab due to sufficient purity after Ni-NTA column. Lane 9: 
Molecular weight marker. 
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When using sortase, the reaction should occur in the dark using foil to wrap the 
reaction tube, and it is advisable to set up several small scale (200 µL) test reactions to 
determine the optimal conditions for the ligation, including temperature and time scale. 
Once suitable conditions are obtained, larger scale reactions can be carried out, at 
sufficient scale to allow purification afterward. In our hands, reaction amounts of 2 mL 
containing 50µM chemokine were used, with the reaction requiring several days for 
optimal efficiency (although others report a wide range of time scales from hours to 
days241,251). Following the sortase reaction, the labeled chemokine can be purified using 
reversed-phase chromatography (Figure 3.6A). Figure 6C shows an SDS-PAGE gel of the 
various fractions after reversed phase chromatography, and also shows the same gel 
under UV light to illuminate the successful fluorescent labeling of the chemokine. If further 
evidence of purification of the correct labeled product is desired, mass spec can also 
provide this (Figure 3.6B).    

 
Figure 3.6 Purification of vMIP-II-fluor after the sortase reaction 

A. Analytical C4 column trace after the sortase reaction. The two large early peaks are the 
sortase and unreacted chemokine respectively. The peak for the correctly labeled chemokine 
is circled. B. C4 fraction 12 verified as vMIP-II-fluor by mass spectrometry. The major peak on 
the mass spectrum is the expected size after reaction with the fluorophore. The smaller peaks 
at slightly higher molecular weight correspond to the protein-fluor adduct with trifluoroacetic acid 
that was used in the purification process. C. (Left)The SDS-PAGE gel of the fractions from the 
analytical C4 column. Left lane is the molecular weight marker, second lane is the sortase 
reaction before the C4 column, followed by fractions of the C4 column. (Right) The same gel, in 
the presence of UV light. The overall yield from the sortase reaction is about 20%. 
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3.4.5 Fluorescently labeled vMIP-II tightly binds vCCI and competes with 
CCL17/TARC. 

The fluorescently labeled chemokine can be used in many types of assays, as 
fluorescence spectroscopy is an effective technique to measure binding across orders of 
magnitude of affinity.  Binding can be measured by observing fluorescence intensity, 
fluorescence anisotropy, and fluorescence correlation (and cross-correlation) 
spectroscopy, the latter of which has been used to study chemokine binding to the CCR5 
receptor.165 For the in vitro binding of a small chemokine with a larger binding partner 
(such as vCCI), fluorescence anisotropy is an effective tool that can be carried out in a 
cuvette or plate reader, and can also be used in a competition experiment where an 
unlabeled chemokine competes with a labeled chemokine for binding to vCCI.  It should 
be noted that a plate reader can be quite convenient in its ability to measure all the data 
points of a titration at once, although it tends to have lower sensitivity than the larger path 
length of a cuvette.  We proceeded with fluorescence anisotropy experiments.  As shown 
in Figure 7A vCCI is titrated into a solution containing vMIP-fluor, revealing sub-nanomolar 
binding with a Kd = 0.37±0.006 nM. Further, when a vCCI:vMIP-fluor complex is 
preassembled, a competition experiment can be carried out to determine binding 
constants of unlabeled chemokines as they compete with vMIP-fluor for the vCCI binding 
site. As shown in Figure 7B, CCL17 (also known as TARC) requires high concentrations 
to effectively compete with vMIP-fluor, demonstrating a binding constant of 14 µM. This 
chemokine has been implicated in several inflammatory disorders, such as allergic asthma 
and atopic dermatitis.252,253 CCL17 had been previously used in qualitative assays which 
did suggest low binding to vCCI,157 but fluorescence spectroscopy allows a quantitative 
assessment. Higher throughput is also easily achieved with these modified chemokines 
as 96 well plates can be used for multiple simultaneous binding assays (data not shown). 

3.5 Conclusions 

In conclusion, we describe techniques and constructs that allow the efficient and 
inexpensive production and purification of fluorescently labeled chemokines.  The 
elements involved are broadly applicable to other proteins. Three options are presented 
for the production of recombinant enterokinase, which is used to specifically cleave fusion 
protein from a target; these varying constructs allow a variety of choices in antibiotic during 
expression of enterokinase and maintain a simple purification thereafter.  The 
straightforward production of the sortase enzyme allows fluorescent labeling of a target 
protein if the target protein contains a simple 5 amino acid tag, which again can be applied 
in a wide variety of experimental systems.  As an example of the utility of these toolkit 
proteins, we show their application in the chemokine system.  It is demonstrated that 
chemokines can be expressed, purified and fluorescently labeled efficiently. Overall, this 
set of techniques can be used in a wide variety of experiments where proteins are 
expressed with fusion partners and there is additionally the desire to fluorescently label 
them inexpensively.  
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Chapter 4 
 

A Combined Molecular Dynamics and Biophysical Approach to Studying The 
Chemokine Binding Properties of Viral Protein vCCI 

 

 

4.1 Abstract 

 vCCI, the viral CC chemokine inhibitor encoded by rabbitpox virus, has a 
remarkable ability to bind almost all CC chemokines, many with nanomolar or sub-
nanomolar affinity. This binding abrogates the ability of CC chemokines, many of which 
are pro-inflammatory, to bind and activate their cognate receptors on leukocytes. 
Therefore, understanding the basis of vCCI’s binding ability could provide guidance on the 
design of anti-inflammatory therapeutics.  In the current work, a combination of molecular 
dynamics and biophysical characterization was used, first determining likely important 
contacts between vCCI and its chemokine binding partners, then mutating these in vCCI.  
Binding of the wild type and variant vCCI was assessed by fluorescence anisotropy and 
NMR, using as a binding partner vMIP-II, a virally expressed chemokine homolog having 
the highest reported affinity for vCCI.  Our results show that despite previous reports of 
poor binding, the Y80A vCCI variant still retains sub-nanomolar binding. However, 
molecular dynamics simulations suggest that the binding loop of this variant may 
transiently close and block the active site before chemokine binding, which is supported 
by experiments showing a reduced on-rate for the chemokine.  Similarly, the R89A 
mutation of vCCI was predicted by MD to alter the action of the binding loop, and this 
variant showed a 12-fold reduction in chemokine on-rate. Overall, this work is a 
combination of biophysical techniques and molecular dynamics to pinpoint sites in vCCI 
that are involved in chemokine binding, including those that are indirectly involved due to 
allowing control of the active site loop of vCCI.  This work is useful as part of a strategy to 
understand and design specific chemokine binding ability. 

 

4.2 Introduction 

Viruses have many techniques to evade the host immune system.  These range 
from obscuring their surface with glycosylation to avoid antibodies117, to producing decoy 
proteins71,254  to producing proteins that actively subvert the immune system (for reviews 
see 73,74,255). One example of the latter strategy is the production of chemokine binding 
proteins, which is a common feature of poxviruses 256, Many types of poxviruses produce 
a broadly-acting chemokine binding protein called vCCI (viral CC chemokine Inhibitor; also 
called “35K”.  Other viruses also produce a wide array of chemokine binding proteins, 
some having structural similarity to vCCI255; and other organisms such as ticks have also 
evolved a variety of proteins to bind chemokines to assist their own goals257.    

Binding and inhibiting chemokines is important both as a strategy for immune 
evasion, and also biomedically as a potential strategy to reduce an inflammatory immune 
response.  Chemokines are small (about 70 amino acid) immune proteins that bind 7-
transmembrane G-protein coupled receptors on the surface of leukocytes.  This binding 
event leads to activation and chemotaxis of the immune cell, which can either lead to 
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maturation and homing (mediated by certain chemokine subsets) or inflammation at a site 
of injury or infection 56.  Chemokines also bind glycosaminoglycans, allowing them to set 
up a concentration gradient on the endothelial surface so that immune cells can migrate 
to an appropriate site.  Chemokines have been subdivided into four subfamilies, based on 
the placement of conserved cysteines near the N-terminus; while all chemokines have 
essentially the same overall fold, each subfamily member binds receptors that largely 
restrict binding to members of that subfamily.   

So-called CC chemokines have contiguous placement of two cysteines near their 
N-terminus, and several of these are important mediators of inflammation.  For example, 
CCL2/CCR2 signaling regulates macrophage recruitment during inflammation 258; CCL5 
has been shown to mediate eosinophil, neutrophil and monocyte recruitment to the 
airways and trigger allergic airway inflammation259. 

vCCI proteins have been found in many poxviruses and have a very high sequence 
identity (Figure 4.1; the sequences shown range from 82% to 99%).  These proteins form 
a beta sandwich, with the chemokine binding site on one face, and having an acidic loop 
that acts as a “lid” on the binding site, contacting and holding the chemokine in place upon 
binding.  Chemokines tend to use multiple basic residues in specific locations on their 
surface to interact with both the binding site of vCCI and with its negatively charged 
loop93,260,261 .  Interestingly, vCCI has been shown to bind dozens of CC chemokines from 
various species with high affinity, showing low or no affinity to chemokines from other 
subfamilies such as CXC chemokines115,116.  The basis of this broad binding ability has 
been studied structurally and biophysically, with some key residues being identified for 
their importance to chemokine binding87,260,262.  For example, the vCCI acidic loop 
(between β2 and β3) has broad interaction with CC chemokine basic residues of 20s and 
40s region. In addition, the vCCI negatively charged β sheet II shows interaction with CC 
chemokine’s positively charged residues on the chemokine N loop, 20s region and 40s 
loop. The conserved hydrophobic residue of CC chemokine at 13th position was found to 
fit in a hydrophobic pocket between β sheet I and II of vCCI. 

Some vCCI variants have behaved differently than the available structures would 
suggest87,260. For example, two residues in vCCI (Y80 and R89) appear to protrude into 
the chemokine binding site, sterically interfering with chemokine binding.  Indeed, this 
seemed to be confirmed in vCCI from mousepox, where it was shown that the equivalent 
of a Y80R variant (Y69R in mousepox numbering) had lower affinity than the wild type of 
protein, presumably because of the positioning of a large, positively charged arginine in a 
location that was sterically crowded and in proximity to positive charges on the chemokine 
surface87. It was hypothesized that mutating Y80 to a smaller Ala would allow greater 
access by the chemokine and higher affinity. However, when the Y80A mutation was 
made in variola vCCI, rather than relieving crowding and showing increased chemokine 
affinity, the protein showed complete loss of ability to bind chemokine CCL5 to inhibit its 
function262.    
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Understanding the detailed interaction of vCCI with its various CC chemokine 
substrates can potentially allow the tailoring of vCCI’s binding interactions toward specific 
purposes in specific situations, such as controlling inflammation during an asthma attack 
or in traumatic brain injury, both of which have a chemokine component 69,263,264.   

 
Figure 4.1 vCCI sequence alignment 

RPV: Rabbitpox virus; EMV: Ectromelia virus; MPV: Monkeypox virus; VAR: Variola virus; VVL: 
Vaccinia virus Lister strain; VVC: Vaccinia virus Copenhagen strain; CPV: Cowpox virus; CMLV: 
Camelpox virus ;HSPV: Horsepox virus. 
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Molecular dynamics is a powerful technique that can be brought to bear on 
important protein-protein interactions such as those made by vCCI as it binds its 
chemokine substrates.  Molecular dynamics can be particularly helpful in situations where 
there is a disparity between structural observations and biological experiments.  

We have combined an in silico molecular dynamics treatment of vCCI binding with 
experiments on wild type and mutant vCCI, to provide a more complete picture of the 
binding surface and important interactions made by vCCI. 

 

4.3 Materials and Methods 

4.3.1 Protein Expression and Purification 

4.3.1.1 vCCI and its variants 

Rabbit pox vCCI was constructed as described previously 261, containing an N-
terminal Thioredoxin tag and a His tag, followed by an enterokinase cutting site.  For 
efficiency of the enterokinase protease, the first two amino acids of vCCI, Met-Pro, were 
replaced with Ala-Met-Ala. The vCCI Y80A variant was constructed by PCR; other 
mutations, including vCCI R89A, vCCI E143K, vCCI I184R, vCCI Y80R, vCCI triple mutant 
(Y80R/E143K/I184R) were synthesized by Twist Bioscience (San Francisco, CA). The 
vCCI wild type and Y80A variant were made using the pET-32a(+) expression vector from 
Novagen (Madison, WI) while other mutants were made using the Novagen pET-28a(+) 
plasmid.  

Purification of rabbit pox vCCI was carried out as reported previously 261 with slight 
modifications. vCCI and its variants’ plasmids were transformed into E. coli BL21(DE3) 
competent cells (Novagen) and expressed in Luria broth media or minimal media where 
15NH4Cl as the exclusive nitrogen source. The cells were grown in a shaker at 37°C, and 
the inducing reagent isopropyl β-D-1-thiogalactopyranoside (IPTG; 0.5 mM) was added 
when OD600 reached around 0.7. The incubation continued in a shaker at 22°C for a 
further 20 hr. Then, the cell pellets were collected by centrifugation at 4400 × g, 4°C for 
10 min followed by resuspending in lysis buffer 1 (6 M Guanidine HCl, 200 mM NaCl, 50 
mM Tris, pH 8.0 and passed through a French press (Thermo Fisher, PA) twice at 16,000 
p.s.i and centrifuged at 27,000 × g for 1 hr at 4°C. The supernatant was collected and 
frozen at -80°C overnight. Then the supernatant was centrifuged for additional 1 hr at 
27,000 × g at 4°C to further pellet cell debris. At this point, the supernatant was collected 
and was reduced with 15 mM β-mercaptoethanol (βME) at room temperature for 2 hours 
while stirring.  Meanwhile, a home-packed Ni-NTA affinity column (Qiagen, Hilden, 
Germany) was equilibrated with buffer A1 (6 M Guanidine HCl, 200 mM NaCl, 50 mM Tris, 
15 mM βME, pH 8.0). The supernatant was then passed through the nickel column three 
times followed with washing with 10 column volumes of buffer A1, and then buffer B1 (6 
M Guanidinium chloride, 200 mM NaCl, 15 mM βME, 80 mM sodium phosphate (NaPi), 
pH 7.2). After washing, the protein was eluted from the column with buffer C (6 M 
guanidine hydrochloride, 200 mM NaCl, and 60 mM sodium acetate (NaOAc), pH 4.0). 
The fractions were identified by the absorbance at 280nm and/or SDS-PAGE after 
removal of guanidinium chloride by trichloroacetic acid precipitation. Fractions containing 
vCCI were combined.  The pH of the solution was then adjusted 8.0 and βME was added 
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to reach the final concentration of 25 mM.  This was agitated at room temperature for 2 
hours, followed by stirring at 4°C overnight.  

The next day, the protein solution was dripped into 20 fold volume of refolding 
buffer (550 mM L-arginine hydrochloride, 400 mM sucrose, 9.6 mM NaCl, 0.4 mM KCl, 2 
mM CaCl2, 2 mM MgCl2, 3 mM reduced glutathione (GSH), 0.3 mM oxidized glutathione 
(GSSG), 50 mM Tris, pH 8.0) for 24 hr at 4°C with stirring. Then, the protein solution was 
dialyzed 4 times in 4 L of high salt dialysis buffer (200 mM NaCl, 2 mM CaCl2, 20 mM 
Tris, pH 7.4) at 4°C.  Enterokinase (produced in house, see below) was then added to the 
protein solution to a final concentration of 650nM to cleave the thioredoxin fusion tag for 
24 hr. After cutting, the protein solution was dialyzed in 4 L of low salt buffer (50 mM NaCl, 
20 mM Tris, pH 7.1) at 4°C followed by further purification on a HiTrapTM Q HP Column 
(GE Healthcare Life Sciences, Chicago, IL, USA), with a gradient separation from 50 mM 
NaCl, 20 mM Tris pH 7.1 to 1 M NaCl, 20 mM Tris pH 7.1. The fractions containing vCCI 
were verified on SDS-PAGE gel and dialyzed in 4 L of NMR buffer (100 mM NaCl, 20 mM 
NaPi, pH 7.0). 

4.3.1.2 vMIP-II and its variants 

Three vMIP-II proteins, vMIP-II wild type, vMIP-II-linker(GGSGS)-CHis(6 His-tag), 
vMIP-II-LPMTG-CHis, were used in this paper. Wild type vMIP-II has two constructs, His-
Thioredoxin-vMIP-II (pET-32a(+) vector) and His-SUMO-vMIP-II (pET-28a(+) vector), and 
both lead to an identical target protein. vMIP-II-linker-CHis was constructed via PCR and 
was cloned into the pET-28a(+) vector with a SUMO fusion tag on the N terminus. vMIP-
II-LPMTG-CHis (purchased from Twist Bioscience) was designed with a Thioredoxin tag 
followed by an enterokinase cutting site on the N terminus in a pET-28a(+) vector.  

vMIP-II and its mutants were purified as mentioned previous 261 with some 
modification. The plasmid was transformed into E. coli BL21(DE3) cells and the cells were 
grown in a shaker at 37°C. When the optical density at 600nm reached ~ 0.7, protein 
expression was initiated by adding IPTG to a final concentration of 0.5 mM, and the cells 
were grown for 5 hr at 37°C and then harvested by centrifugation at 4400 × g, 4°C for 10 
min.  The pellet was collected and resuspended in lysis buffer 2 (6 M Guanidine HCl, 200 
mM NaCl, 50 mM Tris, 10 mM benzamidine, pH 8.0) and French pressed twice at 16,000 
p.s.i. After centrifugation at 27,000 × g for 1 hour at 4°C, the supernatant was passed 
three times onto a home-packed Ni-NTA affinity column equilibrated with buffer A2 (6 M 
Guanidine HCl, 200 mM NaCl, 50 mM Tris, pH 8.0). After that, the column was washed 
with 10 column volumes of buffer A2, and then buffer B2 (6 M Guanidinium chloride, 200 
mM NaCl, 80 mM NaPi, pH 7.2). Proteins were then eluted from the column with buffer C 
(6 M guanidine hydrochloride, 200 mM NaCl, and 60 mM NaOAc, pH 4.0). The fractions 
containing vMIP-II were combined and brought pH to 8.0 followed by addition of the 
reducing reagent βME to a concentration of 10mM, and stirred at at room temperature for 
2 hr. The protein solutions was then dripped into 10 × volume of ice-cold refolding buffer 
(550 mM L-arginine hydrochloride, 400 mM sucrose, 9.6 mM NaCl, 0.4 mM KCl, 2 mM 
CaCl2, 2 mM MgCl2, 1 mM reduced glutathione (GSH), 0.1 mM oxidized glutathione 
(GSSG), 50 mM Tris, pH 8.0) with stirring and the protein was allowed to refold for 24 hr 
at 4°C. After refolding, the protein solution was dialyzed against 4 liters of high salt dialysis 
buffer (as above). The cleavage of fusion tags and further purification is described below. 

The protein with a Thioredoxin fusion tag was removed from dialysis and 
enterokinase was added to a concentration of 650nM. This was incubated for 24 hr at 4°C.  
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After enterokinase cleavage, an equal volume of water was added to the protein solution, 
followed by 0.2% TFA and 10% C4 buffer B (100% acetonitrile, 0.1% TFA). The protein 
solution was filtered (0.45 um) before loading to a C4 reversed-phase chromatography 
column (Vydac, Hesperia, CA, USA). The target protein was then eluted with an 
acetonitrile gradient. The fractions with the protein of interest were lyophilized for further 
usage. 

The protein with a SUMO tag was cleaved by 100 nM of the Ubiquitin-Like Modifier 
Protease (Ulp-1; produced in house as noted below) for 24 hr at 4°C. The protein solution 
was then dialyzed in low salt buffer (50 mM NaCl, 20 mM Tris, pH 7.1) at 4°C , followed 
by purification on a HiTrap Heparin HP affinity column (GE Healthcare) to separate the 
SUMO fusion tag from the protein of interest with a gradient separation from 50 mM NaCl, 
20 mM Tris pH 7.1 to 1 M NaCl, 20 mM Tris pH 7.1. The fractions containing target proteins 
were then analyzed on a SDS-PAGE gel and were further purified on a C4 reversed-phase 
chromatography column (Vydac, Hesperia, CA, USA), with an acetonitrile gradient as 
described above.  

4.3.1.3 Enterokinase 

The enterokinase (EK) gene was cloned into pET15b expression plasmid. E. Coli 
BL21(DE3) cells were transformed with the plasmid and cells were grown in a shaker at 
37 °C for several hours until the cultures reached an OD600 ~ 0.7, at which protein 
production was initiated by the addition of IPTG (0.5 mM final concentration). After 4 hr, 
the cells were harvested by centrifugation at 4400×g, 4 °C for 10 min and the supernatant 
was discarded. The harvested cell pellets were stored at -20 °C. The harvested cell pellets 
were then resuspended in 20 mL of lysis buffer 3 (500 mM NaCl, 50 mM Tris, pH 8.0), and 
lysed using three passages through a French press at 16,000 psi. The resulting cell lysate 
was then centrifuged at 27,000 ×g, 4 °C for 1 hr. The supernatant was discarded, and the 
pellet (containing enterokinase) was dissolved in 20 mL of buffer A2 at room temperature 
for 2 hr with agitation. This mixture was then centrifuged at 27,000×g, 4 °C for 1 hr and 
the supernatant was collected. The supernatant was passed through a home-packed Ni-
NTA affinity column equilibrated with buffer A2. The column containing the bound EK was 
washed with 10 column volumes of buffer A2, and then with 10 column volumes of buffer 
B2. The EK was eluted from the Ni-NTA affinity column with buffer C. Fractions containing 
the eluted EK were identified by absorbance at 280 nm, or by SDS-PAGE gel. The 
fractions were combined (5~10 mL total volume) and reduced with 5 mM dithiothreitol 
(DTT) at room temperature for 2 hr with agitation. The solution was then added dropwise 
into a 15-fold volume of refolding buffer (700 mM L-Arginine hydrochloride, 1 mM EDTA, 
200 mM NaCl, 50 mM Tris, pH 8.0) and incubated overnight at 4 °C with gentle stirring. 

After refolding 24 hr, trace amounts of precipitation in the refolded EK solution were 
removed by centrifuging at 4400×g, 4 °C for 30 min. The refolded EK solution was dialyzed 
against 4 L of high salt dialysis buffer (200 mM NaCl, 2 mM CaCl2, 20 mM Tris, pH 7.4) 
at 4 °C. Active EK was obtained after 20 hr of dialysis, as evidenced by the self-cleavage 
of its N-terminal fusion tag. Any precipitates were removed by centrifugation at 4400×g, 4 
°C for 30 min. The EK solution was adjusted to a final concentration of NaCl to 500 mM. 
The EK solution was then loaded onto a home-packed Ni-NTA affinity column equilibrated 
with native equilibration buffer (500 mM NaCl, 20 mM Tris, pH 7.5). The column was then 
washed with 10 column volumes of native wash buffer (500 mM NaCl, 20 mM Imidazole, 
20 mM Tris, pH 7.5), and finally, the protein was eluted with a small volume (~10mL) of 
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native elution buffer (500 mM NaCl, 250 mM Imidazole, 20 mM Tris, pH 7.5). Fractions 
containing EK were identified by SDS-PAGE and combined. The final EK solution was 
made to 50% (v/v) glycerol, and aliquoted into individual tubes, and stored at -20 °C. For 
concentration determination, prior to addition of glycerol, the EK solution may be dialyzed 
against 500 mM NaCl, 20 mM Tris, pH 7.5, and then its absorbance measured at 280 nm. 
The concentration of EK can be calculated using an extinction coefficient of 55390 M-1cm-

1. 

4.3.1.4 Ulp-1 

The His-Ulp-1 plasmid (pET-28b(+)) was transformed into E. Coli BL21(DE3) cells 
followed by growing cells in M9 minimal media in a shaker at 37 °C, 220 rpm. Once the 
OD600 reached ~ 0.7, IPTG (0.5 mM final concentration) was added and the shaker 
temperature lowered to 25°C. After 12 hr, the cells were harvested by centrifugation at 
4400×g, 4 °C for 10 min and the pellets were resuspended in lysis buffer 4 (500 mM NaCl, 
50 mM NaPi, pH 8.0) and passed three times through a French press at 16,000 psi 
followed by centrifuging at 27,000 ×g, 4 °C for 1 hr. The supernatant was then passed 
through a home-packed Ni-NTA affinity column (equilibrated with lysis buffer 4) three times 
and washed with 10 column volumes of buffer A3 (500 mM NaCl, 50 mM NaPi, 25 mM 
imidazole, pH 8.0). The His-Ulp-1 was then eluted with buffer B3 (500 mM NaCl, 50 mM 
NaPi, 250 mM imidazole, pH 8.0). The fractions containing His-Ulp-1 were passed through 
a gel filtration column (HiLoad 16/60 Superdex 75, GE Healthcare) (buffer: 20 mM Tris, 
500 mM NaCl, pH = 8.0). Finally, the His-Ulp-1 made to 50% glycerol (v/v) and stored at 
-80°C. 

4.3.1.5 Sortase 

The gene for His-Sortase A (strain: S. aureus;  obtained from Prof. A. LiWang) was 
transformed into E. Coli BL21(DE3) cells, and cells were grown in M9 minimal media in a 
shaker at 37 °C, 220 rpm. Protein production was induced with IPTG (0.5 mM final 
concentration) at OD600 ~0.7.  The temperature was reduced to 18°C and shaking 
continued overnight (16 hr). Cell pellets were collected by centrifugation for 10 min at 
4400×g at 4°C. The pellets were resuspended with ~20 mL Buffer A4 (150 mM NaCl, 50 
mM Tris, 20 mM Imidazole, pH 7.5) and the cells lysed 3X using a French press at 16,000 
psi. Lysate was clarified by centrifuging at 27,000 ×g, 4 °C for 1 hr. Then the clarified 
lysate was introduced to a home-packed Ni-NTA affinity column equilibrated with Buffer 
A4,  and passed through the column three times. The column was washed with 10 column 
volumes of buffer A4, and then eluted with Buffer B4 (150 mM NaCl, 50 mM Tris, 500 mM 
Imidazole, pH 7.5). The fractions containing His-Sortase A were identified by SDS-PAGE 
and combined, followed by dialyzing in 4 L sortase buffer (150 mM NaCl, 50 mM Tris, pH 
7.5), and then stored at -20°C. 

4.3.2 Labeling vMIP-II with 5FAM 

C-terminal sortase mediated ligations were performed for the fluorescence 
labelling. For ligation, 50 μM vMIP-II-LPMTG-CHis (powder was dissolved in sortase 
buffer 150 mM NaCl, 50 mM Tris, pH 7.5), 10 mM CaCl2, 5 μM His-Sortase A, and 150 
μM GGGK5FAM (Bon Opus Biosciences) were incubated in dark at 4°C for 2 days 
followed with incubating in ambience temperature for 17 hours. The labelling reaction, the 
target protein vMIP-II-LPMTGGGK5FAM, was then purified through an analytical C4 
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reversed-phase chromatography column (Vydac, Hesperia, CA, USA), and verified by 
SDS-PAGE and mass spectrometry.  

4.3.3 Fluorescence Anisotropy 

The fluorescence anisotropy titration assays were performed in 20 mM potassium 
phosphate and 100 mM NaCl, pH 7.0, on a fluorimeter (PC1, ISS, Champaign, IL) 
(excitation: 498.4 nm, emission: 523.9 nm) at 25°C controlled by a water bath (VWR 
International, Visalia, CA). vMIP-II-LPMTGGGK5FAM stock solution (buffer: 20 mM NaPi, 
pH 2.5) and vCCI stock (buffer: 100 mM NaCl, 20 mM NaPi, pH 7.0) concentration was 
measured by the Coomassie (Bradford) Protein Assay Kit (Thermo Scientific Pierce). The 
vMIP-II-LPMTGGGK5FAM was diluted to a desired concentration in a beaker and mixed 
1 min by shaking, and then aliquoted 1990 μl into each cuvette and kept in the dark. Then, 
10 μl of desired stock concentration of vCCI (in random order to remove possible bias 
from using a regular order) was added into one cuvette and mixed 1 min by shaking the 
cuvette in a 50 mL beaker. After that, the cuvette was incubated at 25°C for 30 min to 
allow equilibration before measurement. Anisotropy data were recorded, and upon hitting 
a plateau, the average data over 10 minutes was recorded, and all the anisotropy values 
were normalized to XXX. The data were fit to an equation as before 116 [Nai-Wei paper]: 

θ = ["]!"##	×	&$
'(	["]!"##	×	&$

 

θ is the fraction of vMIP-II bound to vCCI, [L]free is the free vCCI concentration, 
and Ka is the association constant which is the 1/Kd.    

CLARIOstar multimode microplate reader (BMG Labtech) was also applied to 
record the vMIP-II fluorescence anisotropy change under titration of vCCI and its mutants 
over time. Aliquotes (90 μL) of vMIP-II-LPMTGGGK5FAM master mix were pipetted into 
black, non-binding 384-well microplates (Greiner BioOne), and 10 μL of vCCI with different 
concentration were added into each well. The plate was then incubated at 25°C for 30 min 
prior to measurement. Fluorescence polarization was measured in kinetic mode and 
fluorescence anisotropy data was calculated by CLARIOstar MARS software.  

4.3.4 Mass spectrometry 

The products of sortase ligation after analytical C4 reversed-phase 
chromatography column was identified by Mass spectrometry.  

4.3.5 Nuclear Magnetic Resonance (NMR) Spectroscopy 

All the NMR samples were prepared in 20 mM sodium phosphate buffer pH-7.0 
containing 100 mM NaCl, 10% D2O and 5µM 2,2-dimethyl-2-silapentane-5-sulfonic acid 
(DSS). 15N-labeled lyophilized vMIP-II powder was dissolved in 20 mM sodium phosphate 
buffer, pH 2.5 to prepare a stock solution of the 15N-vMIP-II protein. NMR sample of 15N 
labelled-vMIP-II (50 uM) was prepared by dissolving in NMR buffer containing 20 mM 
sodium phosphate buffer, pH-7.0 and 100 mM NaCl. NMR samples for the complexes of 
15N labelled-vMIP-II and 14N-VCCI mutant proteins were prepared by dissolving 15N-
labelled-vMIP in the NMR buffer containing respective 14N-VCCI mutant proteins 
((VCCI_Y80A, Y80R, I184R, E143K, R89A, and Triple mutant). 

All 1H-15N HSQC NMR experiments were carried out using a four-channel 600 MHz 
Bruker Avance III spectrometer equipped with TCI cryo probe. All the HSQC experiments 
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were performed at 37°C and were referenced with respect to internal DSS. NMR data was 
processed and analyzed using NMRPipe, Bruker Topspin 3.2 and CARA. For each HSQC 
spectra, spectral width of 14.09 ppm (8474.576 Hz) (1H) and 29 ppm (1766.656 Hz) (15N) 
with carrier frequencies set to 4.699 ppm and 119.498 ppm for 1H and 15N dimensions 
respectively. All the experiments were recorded using 1342 points in 1H dimension and 
350 points in 15N dimension. 

Chemical shift perturbation was calculated using the following equation:  

 
Where, δH and δN are the chemical shift changes of the 1H and 15N dimensions, 

respectively. Here, the ∆δ is the observed difference between bound and free form of 15N-
labeled complexes. 

 

4.4 Results and Discussion 
15N NMR reveals differences in chemokine binding by vCCI variants.  Six variants 

of rabbitpox vCCI were produced from E. coli and were purified as previously described261.  
Four of the variants were hypothesized to have reduced binding to chemokines (Y80R, 
E143K, I184R, and triple mutant Y80R/E143K/I184R); two have been hypothesized to 
enhance binding, but our MD simulations suggest these lead to changes in the motion of 
the binding loop which may impact binding (Y80A, R89A). Each vCCI variant was 
determined to be folded by NMR (data not shown).  In order to obtain information on the 
chemokine interactions with these variants, 15N-labeled vMIP-II (a chemokine analog 
made by herpesvirus that is known to tightly bind vCCI and to have favorable solubility 
under various conditions) was bound to 14N-labeled vCCI, so that the resulting spectra 
showed the chemical shifts of the chemokine analog in the complex (Figure 4.2).  

In general, vCCI variants with these three individual mutations did not show a 
profound effect compared to wild type vCCI in the perturbed residues upon complex with 
vMIP-II.  However, the cumulative of effect of three individual vCCI variants was clearly 
observed in interactions between the vCCI triple mutant and vMIP-II.  Differential vCCI 
variants with distinct mutations generally give perturbations in the major binding regions 
of vMIP-II, including in the N-terminal loop, second β-strand, and 50’s regions.  However, 
additionally perturbed residues that are specific to the individual vCCI variants were also 
observed. 

  1H-15N HSQC spectra of free 15N-vMIP and in complex with different 14N-vCCI 
variants (14N-vCCI-Y80A, 14N-vCCI-E143K,14N-vCCI-R89A, 14N-vCCI-I184R,14N-vCCI-
Y80R, 14N-vCCI-TM (triple mutant- Y80R-E143K-I184R) were recorded and analyzed to 
measure the movement of peaks of 15N-vMIP-II upon the complex formation (Figure 4.2). 
Assignment of peaks for the unbound form of 15N-vMIP-II were obtained from BMRB 
(Biological Magnetic Resonance bank) entry 4914. Best possible assignments of peaks 
were made for bound form of 15N-vMIP-II. Chemical shift perturbation values for each 
residue were determined (Figure 4.3, Figure 4.4, Supplementary Figure 4.1). 
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Figure 4.2 Changes in chemical shifts of 15N-vMIP upon binding to vCCI mutants 

(A) 14N-vCCI-Y80A, (B) 14N-vCCI-E143K, (C) 14N-vCCI-R89A, (D) 14N-vCCI-I184R, (E) 14N-
vCCI-Y80R, (F) vCCI-TM (Triple mutant –Y80R-E143K-I184R). Inset structures of vMIP are 
highlighted with major perturbed regions upon binding to differential vCCI-variants.  Blue and 
red color indicate the residues that falls in categories 2 and 3 respectively. All the structures 
were generated using PyMol 1.4.1 software. 
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Figure 4.4 displays the overlay of actual chemical shift perturbation values 
obtained for the complexes, where most of the highly perturbed residues in vMIP-II belong 
to the N-loop region and the 2nd β-strand region. A few residues that belong to 50’s region 
have also been observed to show substantial chemical shift changes. Of all the vCCI 
mutants, vCCI Y80R showed the highest magnitude of peak movement, which implies a 
strong interaction with 15N-vMIP-II. However, differential chemical shift changes in 
residues that belong to the N-loop region, the 2nd β -strand region and 50’s region were 
observed for distinct 15N- vCCI mutant:vMIP-II complexes.  

 

 

 

 

 
Figure 4.3 Overlay of 1H-15N HSQC spectra of free15N-vMIP (blue) and 15N-vMIP in 
complex with vCCI mutants 

(A) 14N-vCCI-Y80A (light green), (B) 14N-vCCI-E143K (pink), (C) 14N-vCCI-R89A (red), (D) 14N-
vCCI-I184R (green), (E) 14N-vCCI-Y80R (cyan), (F) 14N-vCCI-TM (triple mutant- Y80R-E143K-
I184R) (purple) with a ratio of 1:3. 
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Table 4.1 Annotations of chemical shift perturbation categories 

Chemical 
Shift 
perturbation 

Annotation 

0 Peaks not observed 

1 Chemical; shift values less than or equal to average 

2 More than average but less than one standard deviation away 
from average 

3 More than one standard deviation from average 

 

 

 

 

 

 

 

 
Figure 4.4 Overlay of all the chemical shift perturbation (CSPs) values of vMIP-II with 
vCCI mutants 

Overlay of all the chemical shift perturbation (CSPs) values obtained for 15N-vMIP upon forming 
the complex with (A) 14N-vCCI-Y80A (light green), (B) 14N-vCCI-E143K (pink), (C) 14N-vCCI-
R89A (red), (D) 14N-vCCI-I184R (dark green), (E) 14N-vCCI-Y80R (purple), (F) 14N-vCCI-TM 
(triple mutant- Y80R-E143K-I184R) (black). 
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Table 4.1 and 4.2 summarize the most highly perturbed residues for the different 

complexes. Such residues have also been mapped on the structure of vMIP-II (Inset, 
Figure 4.3). We have observed a few common residues including S35, F45, G42, that 
showed highest perturbation in more than 3 complexes. Such residues are predicted to 
be involved in indirect interactions between vMIP-II and vCCI variants, owing to their 
specific positions in the vCCI mutant:vMIP-II complexes. Further, the triple mutant of vCCI 
with the combination of three mutations including Y80R, E143K, and I184R, showed the 
least movement of peaks upon binding vMIP-II, which indicates its low binding affinity 
(Figure 4.4). This triple mutant, comprised of three mutations, is involved in disrupting the 
three major interactions between the vCCI and vMIP-II. Additionally, the vCCI variant with 
mutation of its acidic residue (E143) to basic residue lysine (K), also appears to show less 
interaction with vMIP-II as evidenced by small chemical shift changes upon binding, in 
contrast to other vCCI variants. This is due to the disruption of an important electrostatic 
interaction between E143 of vCCI and R21 of vMIP-II. Moreover, mutation of E143 to 
Lysine (K) may lead to repulsion between vCCI and vMIP-II, due to the presence of more 
positively charged residues (K20 and R21 of vMIP) in the vicinity of K143 of vCCI E143K 
variant (Figure 4.5). The vCCI Y80R mutant, in which the tyrosine has been replaced with 
arginine, potentially blocks another interaction between the Y80 of vCCI and R21 of vMIP-
II (Figure 4.5). Hence, the replacement of tyrosine 80 with arginine, not only disrupts an 
important interaction between vCCI and vMIP, it also leads to possible repulsion between 
the two proteins. Finally, the vCCI I184R variant, in which isoleucine 184 has been 
replaced with arginine, was designed to remove hydrophobic interactions with vMIP-II, 
and appears to show overall fewer large interactions than the other point mutants.   

Fluorescence anisotropy shows tight binding for vCCI variants.  Fluorescence 
anisotropy is an excellent technique for measuring binding of vCCI to chemokines, since 
a fluorophore on a chemokine will show higher anisotropy upon binding to the much-larger 
vCCI, and this technique can be used at nanomolar (or sub-nanomolar) concentrations116.  
Given the excellent solution properties of the chemokine analog vMIP-II, we used this 
protein as the vCCI binding partner, enzymatically placing fluorescein on its C-terminus:  
the C-terminus was engineered to contain the amino acids LPXTG, allowing the sortase 
enzyme from Staphylococcus aureus265,266 to efficiently covalently join this to the N-
terminus of a peptide, replacing the Gly with the peptide sequence.  In our case, we 

Table 4.2 Summary of residues falling in chemical shift perturbation categories 2 
and 3 for each 15N-vMIP-14N-VCCI variant complex 
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produced “vMIP-II LPMTG-CHis” and used the sortase enzyme with the peptide GGGK-
Fluorescein, to make “vMIP-II LPMTGGGK-Fluor”. We refer to this as “vMIP-fluor”.  
Purification of the sortase product was carried out with reversed phase chromatography, 
and the product verified by mass spectrometry.  It should be noted that anisotropy changes 
measured upon binding rely on a loss of motion of the fluorophore as the molecular weight 
of the complex increases.  Given the extra amino acids placed on the C-terminus of vMIP-
II, it was possible that the fluorophore would be able to retain high levels of motion 
regardless of the binding state of the chemokine, leading to a low anisotropy signal. 
Indeed, several chemokines having sortase-added fluorophore showed significantly less 
anisotropy change upon vCCI binding than vMIP-II, including RANTES and Eotaxin, which 
is why the present experiments were primarily carried out with vMIP-fluor which retained 
a robust change in fluorescence anisotropy upon binding to the vCCI variants. 

 

 
Figure 4.5 Depicting differential interactions between vMIP-II and vCCI 

Depicting differential interactions between I184, E143K and Y80 (marked in red) residues of 
vCCI and P11 and R21 (marked yellow) of vMIP. 

 
Figure 4.6 The Kd (nM) of vCCI WT and its variant from fluorescence anisotropy assay 
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Wild type vCCI binding to vMIP-fluor. We have previously used competition 
experiments to measure the wild type vCCI interaction with vMIP-II, resulting in a 
measured Kd of 0.06 nM261.  Here, we use direct binding of vCCI with vMIP-II and obtain 
a Kd of 0.37 ± 0.01nM (Figure 4.6, Supplementary Figure 4.2). The measurements were 
carried out at various concentrations, although the tight binding led to unreliable curves 
(resembling a step function) when concentrations of the fluorophore were significantly 
above the Kd.  However, at lower concentrations, there was insufficient sensitivity to carry 
out the binding experiment below 0.25nM of vMIP-fluor, leading us to conclude that 
0.37nM is likely an upper limit to the Kd as determined by this method. 

vCCI Y80A binding to vMIP-fluor.  The Y80A mutation of vCCI is of great interest 
due to seeming conflict between its predicted function and experimental results. The 
structure of rabbitpox vCCI with a soluble variant of the chemokine MIP-1b showed that 
Y80 was in close contact and possibly obstructing the 48 position of the chemokine260 
(Figure 4.7).  

The implication was that if this large residue were mutated into a smaller amino 
acid such as alanine, the chemokine binding might be tighter.  However, when the Y80A 
mutation was made by White et al. in the similar vCCI gene from variola (and expressed 
with an Fc tag), the authors found little ability to inhibit the function of the chemokine 
RANTES (suggesting low/no binding by vCCI Y80A), and concluded that the Y80A 
mutation unexpectedly disrupted its ability to bind chemokines262.   

 
Figure 4.7 vCCI Y80 residue (pink) is close to the side chain of MIP1-β K48 

 
Figure 4.8 vCCI Y80A structure 
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We carried out molecular dynamics simulations of vCCI Y80A to better understand 
its molecular motions and possible binding interactions.  In contrast to the functional assay 
by White et al, fluorescence anisotropy of vCCI Y80A binding to vMIP-fluor shows a tight 
Kd of 0.18 ± 0.12 nM (Figure 4.6, Table 4.3, Supplementary Figure 4.2).  This also appears 
to be in conflict with our own MD studies that repeatedly indicate that the Y80A mutant’s 
flexible loop closes over the active site, impeding chemokine binding (Figure 4.8).   

However, it should be noted that fluorescence anisotropy studies are an 
equilibrium technique, with measurements occurring on the timescale of minutes, while 
MD simulations show possible motions on a timescale of microseconds or faster.  
Therefore, while this does not explain the loss of activity obtained by White et al. by this 
variant, our own results are not necessarily contradictory: It is possible that on a short 
timescale, the Y80A mutation does allow the loop to close over the binding site, but this 
may be transient so that the chemokine can bind when the loop moves back and no longer 
blocks the site.  Once the chemokine binds, there is no indication that the Y80A mutation 
would disrupt binding (and indeed as noted the structure indicates that the smaller alanine 
in the 80th position may be favorable to binding) and the loop should behave normally to 
also assist binding by the chemokine.  Therefore, the overall Kd of binding of the 
chemokine by vCCI Y80A is apparently largely unaffected by the transient effect of this 
mutation on the vCCI loop.    

vCCI mutations predicted to lead to lower affinity at Y80, E143, and I184.    
Accordingly, vCCI variants with a mutation at each position, and at all three 
simultaneously, were produced.  For Y80 and E143, replacement was with a positively 
charged residue with the hypothesis that a large, basic amino acid would interact poorly 
with the basic surface of the chemokine binding partner, so the vCCI variants Y80R and 
E143K were produced.  At position 184, it was hypothesized that adding a charge to the 
site that interacts with the critical hydrophobic residue of the chemokine would similarly 
disrupt binding, so I184R was produced.  The triple mutant Y80R/E143K/I184R contains 
all three mutations.   

Fluorescence anisotropy of each single mutant showed markedly different results 
depending on which concentration and which type of instrument was used.  In each case, 
at low concentrations in a fluorimeter with a 2mL quartz cuvette, clear and fairly tight 
binding was observed:  Y80R 0.37nM; E143K 0.37nM; I184R 0.14nM (Figure 4.6, Table 
4.2, Supplementary Figure 4.2).  However, using the same instrument, higher 
concentrations gave higher Kd values.  Further, when the experiments were carried out in 
a 96 well plate reader (at much higher concentrations due to lower sensitivity of this 
instrument), the apparent Kd depended upon the time of reading (1-6hr) and ranged from 
21-97nM for Y80R mutant; 18-97nM for E143K mutant, and 4-49nM for I184R mutant 
(Supplementary Figure 4.2).  This suggests that these point mutants may have multiple 
equilibria, including possible aggregation, so further experiments were carried out using 
Biolayer interferometry (BLI, below).  Overall, however, while each individual variant 
shows fairly tight binding to vMIP-fluor using anisotropy, the triple mutant 
Y80R/E143K/I184R shows no binding up to 100 nM, which is not unexpected given the 
apparent low binding shown even at micromolar concentrations by NMR (Figure 4.3 for 
NMR and Table 4.1). 

The R89A variant tightly binds vMIP-fluor.  The arginine at position 89 in vCCI 
appears to contact. Therefore, it was hypothesized that mutating this residue to the smaller 
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and uncharged alanine would lead to better binding to chemokines.  As expected, this 
mutation showed tight binding to vMIP-fluor, with a Kd of 0.45 ±0.39 nM (Figure 4.6, Table 
4.2, Supplementary Figure 4.2). In addition, unlike several other point mutants, this variant 
did not show a tendency to aggregate, as noted by stable anisotropy readings at a wide 
range of concentrations and no sign of anomalous peaks in HSQC spectra (data not 
shown).   

 
4.5 Discussion 

Chemokines play a critical role in inflammatory processes, and are therefore 
implicated in many diseases, including arthritis, asthma, and traumatic brain injury 12. 
Chemokine binding proteins have great potential as potential therapeutics, particularly if 
their binding can be well enough understood to eventually target subsets of chemokines.  
These proteins are generally derived from viruses (that use CBP’s to subvert the immune 
system), and by arthropods such as ticks255,267. While there are a variety of types of CBP’s 
with an increasing amount of structural information known255, the vCCI proteins from 
poxviruses (sometimes called 35K or p35) are studied here because of their high affinity 
binding to the CC subfamily of chemokines, which includes chemokines directly relevant 
to the inflammatory diseases mentioned. These proteins have high sequence identity and 
have been shown to be amenable to production from E. coli261, baculovirus87 and 
mammalian cell systems262. 

The binding face of vCCI was predicted in the original X-ray structure of cowpox 
vCCI provided by Carfi et al88, and was confirmed by the NMR structure of rabbitpox vCCI 
in complex with a variant of CCL4260, and several other structures of vCCI-like proteins 
have been reported87,93. However, while these structures suggested areas of contact 
between the binding protein and the chemokine, it is not clear from a structure alone which 
interactions are critical for binding. Mutations on the CC chemokine ligand showed the 
importance of several basic residues (at position 18, 24, 44, 45 using CCL4 numbering), 
although even tightly binding CC chemokines do not necessarily have a positive charge 
at each position116,119,120.   

Several variants of vCCI proteins have been reported.  Using the vCCI-like protein 
EVM1 (encoded by the ectromelia virus, causative agent for mousepox), several 
mutations were shown to decrease binding to CCL3, particularly the I173R mutation 
(equivalent to I184R in rabbitpox vCCI) which caused a 448-fold higher Kd.  These authors 
also showed a large decrease in the ability of EVM1/vCCI to bind CCL3 when the 
negatively charged loop was completely removed and when the tyrosine at position 69 
was replaced by arginine (equivalent to Y80R in rabbitpox vCCI)87. Several variants of 
vaccinia virus (used in smallpox vaccinations) vCCI were also reported, each fused to an 
Fc domain for longer bioavailability in in vivo studies. In this work, variants were tested for 
their ability to inhibit the function of chemokines in activating their receptor and in 
mediating chemotaxis in vitro, as well as to blockade monocyte recruitment in mice.  It 
was found that switching the charge at E143 caused a loss of vCCI’s ability to inhibit CCL5 
and CCL2 function, suggesting that this site is important to the ability of vCCI to bind these 
chemokines262.  Conversely, replacing the bulky arginine at position 89 of vCCI caused an 
apparently enhancement of the ability of the protein to inhibit chemokine function.   

Finally, as previously noted the tyrosine at position 80 was particularly interesting, 
as White et al found that their Y80A variant of vCCI unexpectedly showed no ability to 
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inhibit CCL5 function.  It had been expected that this mutant would have less steric 
hindrance upon binding the chemokine and so inhibit chemokines very well262. 

Our results show some similarity to these results with related vCCI proteins, and 
also some differences.  In general, we observe higher affinity for point mutants than other 
studies, with no single point mutant leading to more than a 20 fold loss of binding, 
confirming that vCCI’s ability to bind is quite robust, with single changes not being 
particularly disruptive.  There are some caveats to this however, including that we work 
with rabbitpox vCCI, whereas others have reported work with similar (but not identical) 
vCCI’s from other poxviruses. Perhaps more important, our current results have been 
obtained using vMIP-II, a virally expressed protein, as a canonical chemokine. This protein 
has been shown to bind more tightly to rabbitpox vCCI than other chemokines tested261 
so its many productive binding interactions may give it more resilience to changes in vCCI.  

An important goal for research into chemokine binding proteins is the eventual 
ability to engineer them as anti-inflammatory therapeutics.  vCCI has great potential in this 
regard, but the ability of the wild type protein to bind essentially all CC chemokines could 
be considered limiting, particularly in situations where one (or a few) chemokines might 
be implicated in inflammation, and there is no need to inhibit others (some of which may 
be desirable to remain active).  In this work we identify particular vCCI residues that likely 
contact the chemokine, and show that changes in these locations still lead to a folded, 
active protein. MD studies indicate which regions of vMIP-II likely interact with each of 
these vCCI points of contact, allowing future studies of particular chemokines that have 
(or don’t have) likely productive interactions at those sites. Such work could include 
engineered vCCI that interacts most tightly with eotaxin (to possibly inhibit an asthma 
response 268) or CCL2/MCP-1 (involved in traumatic brain injury269. We are currently 
working on understanding the vCCI interaction with CCL17, one of the few CC chemokines 
that does not bind vCCI tightly, but which is involved in macrophage related inflammatory 
disease270,271 and so may be an appropriate future target for an engineered vCCI (255and 
manuscript in preparation). 

In conclusion, we have used a combination of biophysical techniques and 
molecular dynamics to probe the specific interactions between vCCI and a canonical 
chemokine, vMIP-II.  We show specific points of contact between the two proteins that are 
likely important to binding and that point the way toward making vCCI retain affinity, yet 
have more specificity for particular chemokines.   
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Chapter 5 
 

Rational Design of Higher Affinity Interaction Between CC Chemokine Binding 
Protein vCCI and CCL17/TARC 

 

 

5.1 Abstract 

The poxvirus-derived protein vCCI (viral CC chemokine inhibitor) binds almost all 
members of the CC chemokine family with high affinity (in the nanomolar range), inhibiting 
their biological interactions and thereby eliminating their pro-inflammatory actions.  
However, vCCI binds at only micromolar levels with the CC chemokine CCL17, despite 
this protein having the canonical chemokine fold.  The development of an understanding 
of the binding of vCCI in terms of both affinity and specificity is important so that this protein 
can potentially be developed as an anti-inflammatory therapeutic.  Therefore, an analysis 
of the molecular dynamics simulation of a model of the vCCI:CCL17 complex was 
undertaken, along with a sequence comparison of CCL17 with other chemokines.  Several 
sites of interest in CCL17 were judged to be important to binding vCCI such that their 
mutation to a more suitable amino acid was hypothesized to improve binding to vCCI.  
These sites in CCL17 were mutated and the proteins expressed and purified.  It was found 
that single point mutants V44K and Q45R modestly increased binding affinity to vCCI, and 
their combination into a double mutant provided further improved affinity.  Highest affinity 
was achieved with the triple mutant CCL17 G17R/V44K/Q45R, which gave a Kd of 0.25 ± 
0.13 µM for the vCCI:CCL17 variant complex, a 68 fold improvement in affinity compared 
to the complex with wild type CCL17. A final quadruple mutant CCL17 
G17R/V44K/Q45R/R57W showed high affinity (0.59 ± 0.09 µM) compared to wild type, 
but lower affinity than the triple mutant. This work demonstrates that sequence 
comparisons and molecular simulations can predict chemokine mutations that increase 
binding to vCCI, an important first step in developing engineered chemokine inhibitors 
useful for anti-inflammatory therapy. 

5.2 Introduction 

One of the most effective inhibitors of chemokines is the poxviral protein vCCI (also 
called 35K).  This protein tightly binds and inhibits many members of the CC chemokine 
subfamily, which are involved in inflammation and are so named because they have a 
conserved pair of cysteines near their N-terminus.  As such, vCCI has been suggested as 
an anti-inflammatory protein that may be useful for use against a wide variety of immune-
related pathologies, including asthma, traumatic brain injury, and arthritis 12,272,273. 

All chemokines share the same general fold, and CC chemokines have a high 
degree of sequence similarity.  For instance, chemokine CCL17 (also called TARC) is a 
small protein that binds the receptor CCR4 on the surface of some immune cells, causing 
activation and chemotaxis. CCL17 shares 28% identity and 57% similarity to CCL2,  and 
35% identity and 61% similarity  to CCL11, which both tightly bind vCCI. Despite these 
similarities, vCCI was reported to have limited binding affinity for CCL17157. We confirmed 
this in a recent study, showing a vCCI:CCL17 binding Kd of 14 µM54. This is several orders 
of magnitude weaker than vCCI binding to similar CC chemokines such as CCL2, CCL4, 
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and CCL11, which bind vCCI at low nanomolar (nM) or even sub-nM levels158,274,275.  In 
this work we use a combination of molecular dynamics simulations and sequence 
comparisons to engineer CCL17 mutants with improved binding to vCCI, and succeed in 
improving the binding of CCL17 by 68-fold. This significant gain of affinity demonstrates 
the promise of combined computational and experimental biochemistry to determine the 
key amino acids mediating protein interactions. 

The vCCI-chemokine system provides an ideal test for engineering protein binding, 
because the chemokines all share the same fold, while exhibiting a range of affinities for 
vCCI. Hence, it should be possible to indentify the pairwise interprotein contacts that 
strengthen or weaken binding, and mutate amino acids on either the chemokine or vCCI 
to modulate the binding affinity. Additionally, there is an experimentally determined 
structure of the vCCI:CCL4 complex276 which can be used as a template for molecular 
dynamics simulations of vCCI binding to other chemokines 277–279.  This work is conceived 
as a proof-of-concept study toward eventually redesigning vCCI itself in a complementary 
fashion to obtain affinity and specificity toward CCL17 or other CC chemokines. Mutant 
vCCIs that are specific for certain sets of chemokines could be useful therapeutically, 
allowing for precise inhibition of those particular chemokines that cause damage while 
allowing protective inflammatory chemokine signaling to persist. 

5.3 Materials and Methods 

5.3.1 Protein expression and purification 

The gene for CCL17 containing an N-terminal thioredoxin tag followed by an 
enterokinase (EK) cleavage site along with a C-terminal LPMTGHHHHHH (to allow the 
sortase reaction) was purchased from Twist Bioscience (San Francisco, CA). We then 
mutated CCL17 into 3 single mutants: V44K, Q45R, and G17R using PCR with primers 
purchased from Integrated DNA Technologies (Coralville, IA); and 3 double mutants: 
V44K/Q45R, G17R/V44K, G17R/Q45R made by PCR using a single mutant as a template 
and using primers purchased from Integrated DNA Technologies. The genes for the triple 
mutant G17R/V44K/Q45R and for the tetra mutant G17R/V44K/Q45R/R57W were 
purchased from Twist Bioscience. Each of these was placed in a pET-28a (+) expression 
vector, and was purified using the protocol described in our previous paper 54. One single 
mutant (CCL17 G17R), and 2 double mutants (G17R/V44K and G17R/Q45R), were found 
to not express well and were not further considered. 

In brief, the gene was expressed in E. coli BL21(DE3), and the cells were lysed in 
6M guanidinium chloride, and the protein was semi-purified over a home-packed Ni-NTA 
affinity column (Qiagen, Hilden, Germany) followed by refolding the semi-purified protein 
and then dialysis. The fusion protein was then cleaved by EK, and CCL17 was further 
purified by a C4 reversed phase chromatography column (Vydac, Hesperia, CA, USA) 
using an acetonitrile gradient. The target protein was verified by SDS-PAGE and 
lyophilized. 

Purification of vMIP-II-LPMTG-CHis and vCCI, were carried out as reported 
previously 54. Labeling vMIP-II-LPMTG-CHis with fluorophore 5FAM was carried out 
through a reaction with the enzyme sortase A. This enzyme was produced in-lab as 
described previously 54. The reaction was carried out in the dark using the peptide GGGK-
5FAM purchased from Bon Opus Biosciences (Millburn, NJ), as described previously 54. 
Briefly, a solution containing 50 μM vMIP-II-LPMTG-CHis, 5 μM sortase A, 10 mM CaCl2, 
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and 150 μM GGGK-5FAM were incubated in the dark at 4°C for 2 days followed by 
incubating in ambient temperature for 17 hours. The target protein vMIP-II-
LPMTGGGK5FAM (vMIP-fluor) was then purified over an analytical C4 reversed phase 
column (Vydac) and verified by SDS-PAGE and mass spectrometry. The protein vMIP-
fluor was then aliquoted, lyophilized, and stored in the dark at -20 °C. 

5.3.2 Fluorescence Anisotropy Assay 

The competition fluorescence anisotropy assay was performed as reported 
previously 54. Briefly, the 1:1 complex of vCCI and vMIP-fluor at 8 nM was aliquoted into 
each cuvette and kept in the dark. Different concentrations of unlabeled CCL17 and its 
mutants were titrated into pre-incubated vCCI-vMIP-fluor cuvettes with observation of the 
competition displacement of vMIP-fluor as a function of concentration at equilibrium via 
the observed change in anisotropy. The data were then normalized fit to a system of 
equations describing the conservation of species concentrations and both equilibria to 
yield the Kd for the CCL17 and its mutants with vCCI interaction using Scientist software 
(Micromath, St. Louis, MO) 158.  

5.3.3 NMR Spectroscopy 

NMR experiments were carried out as described previously.2,3 In brief, CCL17 
mutants and vMIP-II-LPMTG-CHis NMR samples were dissolved in 20 mM sodium 
phosphate buffer with 10% D2O, 20 µM 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS), 
pH 2.5. vCCI samples were dissolved in buffer containing 100 mM sodium chloride, 20 
mM sodium phosphate, 10% D2O, 20 µM DSS, pH 7.0. Some samples were isotopically 
labeled with 15N, allowing two-dimensional HSQC experiments, while others were not 
isotopically labeled and were determined to be folded by one dimensional 1H NMR. The 
NMR spectra were obtained on a Bruker 600- MHz AVANCE III spectrometer equipped 
with a TCI cryo-probe. 

5.3.4 SEC-MALS  

SEC-MALS (size exclusion chromatography with multi-angle static light scattering), 
WYATT Technology (Hollister Ave, Santa Barbara, CA), were applied in this study to 
evaluate the stoichiometry of CCL17 and vCCI at high concentration (10 mg/mL). The 
column was first equilibrated with buffer (100 mM sodium chloride, 20 mM sodium 
phosphate, pH 7.0) overnight to bring down the system noise. Then, samples were 
concentrated to 10 mg/mL with an Amicon concentration system and filtered with a 0.22 
µm filter before injecting onto the SEC-MALS instrument. 

5.3.5 Molecular Dynamics methods 

All-atom molecular dynamics simulations (MD) were performed on two 
vCCI:CCL17 complexes, one with wild type CCL17 and the other with the CCL17 triple 
mutant (G17R/V44K/Q45R). Both of these structures were derived from the experimental 
NMR structure of the vCCI:MIP-1β complex (PDB: 2FFK). The vCCI:CCL17 starting 
structure was created from the vCCI:MIP-1β structure by computationally superimposing 
the experimental CCL17 wild type structure onto the MIP-1β chain and minimizing the 
root-mean-square distances between the corresponding Cα backbone atoms. The 
vCCI:CCL17 triple mutant was created by manually modifying the three amino acids to 
their mutant form. The net charge on the complexes was neutralized and adjusted to an 
ion concentration of approximately 70 mM by adding Na+ and Cl− ions. We first ran a series 
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of short minimization and equilibration runs, followed by a full 1 microsecond MD 
“production” simulation. All MD simulations were performed using Gromacs 2016.3 280 
using the NPT ensemble, the Verlet cutoff scheme and a 2 fs timestep. All bonds to 
hydrogen were constrained to their equilibrium length using the LINCS algorithm 281. 
Temperature was maintained at 300K using the Bussi et al. thermostat 282 and pressure 
at 1 bar using the Parrinello-Rahman barostat 283. The simulations were performed using 
the AMBER99SB-ILDN force field for the protein 284 and the TIP3P water model 285. The 
analysis of the interprotein contacts was performed using the “Protein interfaces, surfaces 
and assemblies” service, PDBePISA (https://www.ebi.ac.uk/pdbe/pisa/) hosted at the 
website of the European Bioinformatics Institute 286. We wrote a custom Python script 
using the Selenium package (https://www.selenium.dev/) to automatically upload 
structures sampled every 2 nanoseconds from the 1 microsecond trajectories. 

5.4 Results 

We began by performing a sequence alignment of CCL17 with five other 
chemokines with high affinity for vCCI (Figure 5.1A). This showed that CCL17 differs in 
several key residues from the other chemokines. Specifically, CCL17: 1) has a glycine 
instead of a positively charged residue at position 17; 2) lacks a positively charged residue 
at positions 44 and/or 45 present in most other chemokines; and 3) has an arginine instead 
of the highly conserved tryptophan at position 57. These positions are marked on the 
vCCI-bound CCL17 model shown on the right in Figure 5.1B which were suggested by 
molecular simulations (see below).  

The sites at 17, 44 and 45 are in locations that previous experimental structures 
and molecular simulations have shown can contact vCCI residues. Based on these 
observations, to create a mutant CCL17 that should have improved binding to vCCI, we 
identified the following three mutations:  G17R, V44K, and Q45R.  It is less clear what role 
the conserved W57 may play in the other chemokines’ binding affinity to vCCI. In the 
experimental vCCI:CCL4 structure the chemokine W57 is not located near the vCCI 
interface, and, if it were able to contact vCCI, the R57 in CCL17 might be expected to 

A                                                                                                       B 

 
Figure 5.1 CCL17 sequence alignment and the structure of vCCI WT in complex with 
CCL17 

A. Sequence comparison of several CC chemokines that bind vCCI with high affinity, along with 
CCL17, which binds vCCI several orders of magnitude more weakly. B. Model of the 
vCCI:CCL17 interaction, as determined by molecular dynamics.  vCCI is shown in blue, with 
the acidic loop denoted in red.  CCL17 is shown in green. 
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contribute to stronger binding to vCCI like the other positively charged residues on the 
chemokines. 

 

After the sequence analysis, we used molecular dynamics (MD) simulations to 
study the effect of the mutations at sites 17, 44, and 45. We simulated wild type CCL17 
bound to vCCI and also the triple mutant G17R/V44K/Q45R for a full 1 microsecond of 
molecular dynamics. The starting structures were built using as a template the 
experimentally determined structure of vCCI bound to a human CC chemokine (MIP-1β) 
22. Figure 5.2 (and Supplementary Figure 5.1) shows the bound conformations after 1 
microsecond of MD, with vCCI:CCL17(wild type) on the left and vCCI:CCL17(triple mutant) 
on the right. The Supplementary Figure shows the bound structures “opened” to reveal 
the binding interface and the purple surface shading shows where there are close contacts 
between the vCCI and chemokine. The most obvious difference in the interface between 
the CCL17 wild type and triple mutant is in the contacts with the large vCCI loop (residues 
51-74) which has more complete contact with the mutant CCL17 than the wild type. 
Quantitatively, the interface surface areas calculated using PDBePISA, are 1419.6Å2 and 
1210.9Å2 for the CCL17 triple mutant and wild type, respectively, suggesting stronger 
interaction between the CCL17 mutant and the vCCI. PDBePISA also calculates an 
empirical approximation of the binding ΔG, which yields a binding free energy for the triple 
mutant 1.1 kcal/mole stronger than for the wild type, which corresponds to a Kd 7-fold 
smaller for the triple mutant than the wild type. 

We analyzed the specific amino acid interactions between the vCCI and 
chemokines using PDBePISA. This allowed us to count the number of hydrogen bonds 
(including salt bridges), and also allowed us to identify close inter-protein contacts that are 
not hydrogen bonds. We analyzed the last 500 ns of the 1 microsecond trajectories, 
sampling every 20 ns, and only noted interactions that were present in at least 1/3 of the 

 
Figure 5.2 vCCI WT in complex with CCL17 WT and triple mutant 

Left: vCCI in complex with CCL17 WT. Right: vCCI in complex with CCL17 triple mutant 
G17R/V44K/Q45R. vCCI is shown in blue, with the acidic loop denoted in red.  CCL17 is shown 
in green. The purple surface shading shows where there are close contacts between the vCCI 
and chemokine.   
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sampled frames. Figure 5.3 plots these contacts between the amino acids in the vCCI 
(represented as the top line of dots in each graph) and the chemokine (represented as the 
bottom line of dots). The red lines show the persistent hydrogen bonds (including salt 
bridges) and the dashed black lines represent the close contacts that do not involve a 
hydrogen bond. The numbers above and below the axes indicate the residues involved in 
each interaction, color coded by the type of interaction (red for hydrogen bond, black for 
close contact). These results show that each of the CCL17’s mutated residues are 
involved in persistent hydrogen bonds with vCCI. The CCL17 R17 hydrogen bonds to 
vCCI E143, the CCL17 K44 hydrogen bonds to vCCI D59 (in the vCCI loop), and the 
CCL17 R45 hydrogen bonds to vCCI E53 (also in the vCCI loop). Therefore, these sites 
in CCL17 appear to be promising sites to experimentally mutate to improve binding to 
vCCI. Overall, the triple mutant CCL17 was found to have 23 persistent hydrogen bonds 
to vCCI and the wild type only had 14, indicating a stronger binding affinity for the mutant. 

 This simulation also sheds light on the possible effect of the CCL17 R57W 
mutation on binding. In the simulation of the triple mutant CCL17, the R57 is able to form 
hydrogen bonds to vCCI intermittently during the 1µs simulation. For example, 
Supplementary Figure 5.2 shows the R57 in the CCL17 triple mutant forming a hydrogen 
bond with D73 in the vCCI at the 800 ns point in the simulation. Additionally, the contact 
maps shown in Figure 5.3 show that R57 in both the wild type and mutant CCL17 has 
persistent hydrogen bonds with acidic residues in vCCI. If the CCL17 R57 were replaced 
by a tryptophan, we would expect the interactions with the vCCI acidic residues to be 
weakened. Therefore, the molecular modeling predicts that the CCL17 R57W mutation 
will not increase binding to vCCI, despite the tryptophan being highly conserved at that 
location in tight-binding chemokines. 

We experimentally tested the effects of the G17R, V44K, Q45R, and R57W 
mutations by synthesizing and assaying the mutations individually, in pairs, and as a triple 
(G17R/V44K/Q45R) and quadruple (G17R/V44K/Q45R/R57W) mutant. The gene 
sequence for each CCL17 variant was made by PCR or ordered from a commercial source, 
and these mutants were expressed in BL21(DE3), solubilized in 6 M guanidinium chloride 
followed by Ni+2 affinity chromatography, then refolded, and finally purified by reversed-
phase chromatography. The mutants were verified to be folded by NMR. Similarly, wild 

 
Figure 5.3 The contacts between the amino acids in the vCCI and CCL17.  

The red line shows hydrogen bond/salt bridge, and the black dashed line shows the interface 
contacts. 
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type vCCI from rabbitpox was expressed in BL21(DE3), refolded and purified with ion 
exchange chromatography as previously described 55. 

To ascertain the vCCI:CCL17 complex stoichiometry, Size Exclusion 
Chromatography with Multiangle Light Scattering (SEC/MALS) was carried out to 
demonstrate that vCCI:CCL17 does indeed form a 1:1 complex at high concentrations (10 
mg/mL) as observed for other chemokines 22. To determine the affinity for each CCL17 
variant for vCCI, competition fluorescence anisotropy was used. In this technique, a 1:1 
complex of vCCI with tight binding ligand vMIP-II having a fluorophore (vMIP-fluor) was 
first formed and anisotropy measured. Then a CCL17 variant was added to the complex 
in increasing concentrations and equilibrated. As the CCL17 mutant binds to vCCI, 
displacing the vMIP-fluor, the anisotropy signal of the vMIP-fluor decreases because an 
increasing amount of it is in the unbound, i.e. low-anisotropy, form. Using the known Kd 
(0.06 nM) for vCCI:vMIP-II 55, the curve of anisotropy versus concentration of CCL17 can 
be fit to obtain a Kd for the CCL17 variant 54. 

 As shown in Figure 5.4, the designed changes in CCL17 do indeed increase 
affinity for vCCI.  Single mutations show a decrease in Kd of 2-3 fold relative to the wild 
type CCL17 (Kd of 17.0 ± 3.4 µM): CCL17 Q45R has a Kd of 7.3 ± 0.9 µM, and similar 
variant CCL17 V44K has a Kd of 5.5 ± 1.0 µM. The effect is more pronounced for the 
double mutant CCL17 V44K/Q45R, which has a Kd of 2.4 ± 0.8 µM.  Further, when multiple 
areas of contact are mutated in CCL17 to provide a strong ionic interaction with vCCI, 
significant improvement is observed, with triple mutant CCL17 G17R/V44K/Q45R showing 
a Kd of 0.25 ± 0.13 µM, a 68-fold increase in affinity compared to wild type CCL17 binding 
to vCCI (Figure 5.4). 

 

 
Figure 5.4 Improved vCCI binding for CCL17 variants 

Main chart: Mutating various residues in CCL17 leads to improved binding to vCCI.  Insets:  
Fluorescence anisotropy of CCL17 (left) or triple mutant CCL17 G17R/V44K/Q45R (right) in 
competition with a pre-formed complex of vCCI:vMIP-II-fluor. 
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In addition to this triple mutant (G17R/V44K/Q45R) which we accurately predicted 
would increase CCL17 binding to vCCI, we also created a quadruple mutant 
(G17R/V44K/Q45R/R57W) to include the highly conserved tryptophan. This change was 
not predicted by structural modeling to enhance affinity, and indeed, the quadruple mutant 
does not improve the binding to vCCI beyond that of the triple mutant, giving a Kd of 0.59 
± 0.09 µM.  

To put these results in the context of earlier vCCI:chemokine mutation studies by 
us and others, more than 20 years ago alanine scanning mutagenesis was applied to the 
chemokine CCL2 to determine which residues were important to binding vCCI. These 
determined that most single point mutations were either neutral or reduced binding to vCCI, 
with the exception of K49A which increased binding to vCCI by 2-3-fold 274,275. Our earlier 
work expanded on this, using multiple chemokines, further demonstrating the key role of 
positively charged chemokine residues in vCCI binding. For example, in a study of CCL11 
we showed that the replacement of positively charged R and K residues with A typically 
led to a weaker binding with binding constants up to 4.8 times, 18 times, or 134 times 
larger for single, double, or triple mutants respectively.4  Replacement of a single basic 
residue, R, by an acidic residue, E, in CCL11 led to a more dramatic 34-fold increase in 
the binding constant. Only one CCL11 mutation, K47A, led to improved binding, with an 
8-fold decrease in Kd, similar to the earlier CCL2 K49A result mentioned above. These 
and other mutation studies were important in identifying specific residues required for tight 
binding of chemokines to vCCI, but did not lead to mutant chemokines for which 
significantly increased binding was measured, which was the goal of the present study.  

The vCCI:chemokine interaction is important both for the impressive ability of vCCI 
to tightly bind many different chemokines, and also because this binding interaction has 
great therapeutic potential. An important goal of the study of this interaction is to discern 
the reasons why a very few CC chemokines such as CCL17 do not bind vCCI well.  Most 
mutagenesis studies involve changing amino acids with the hypothesis that the changes 
will show the importance of these sites by decreasing binding to an important binding 
partner. However, in the current work, hypotheses were formed about how to improve 
binding to vCCI through mutagenesis of CCL17. We used a combination of molecular 
modeling and biochemical methods to design variants of the chemokine CCL17 to 
increase the number of favorable interactions between the two proteins, resulting in an 
overall change in the binding constant from 17.0± 3.4 µM to 0.25 ± 0.13 µM, a remarkable 
68-fold increase in binding affinity.  

This work illustrates how modifications to the chemokines can lead to stronger 
vCCI:chemokine interaction, but the complementary approach of designing mutant 
chemokine inhibitors with modified specificity is an essential next step towards developing 
therapeutics. An important proof-of-concept of this approach was recently published for 
evasins, a family of chemokine-binding proteins distinct from the vCCIs.  Aryal et al. 
showed that they could mutate evasins to exhibit substantially higher affinity binding to 
CCL17, while yielding weaker binding to other chemokines 287,288. Our group is currently 
working on the design and testing of mutant vCCI tailored for strong binding to specific 
chemokines. 
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Chapter 6 
 

Sustained Delivery of Antiviral Protein Griffithsin and Adhesion to A Biological 
Surface by A Silk Fibroin Scaffold 

 

6.1 Abstract 

The protein Griffithsin (Grft) is a lectin that tightly binds to high mannose 
glycosylation on viral surfaces. This property allows Grft to potently inhibit many viruses, 
including HIV-1. The major route of HIV infection is through sexual activity, so an important 
tool for reducing the risk of infection would be a film that could be inserted vaginally or 
rectally to inhibit transmission of the virus. We have previously shown that silk fibroin can 
encapsulate, stabilize, and release various antiviral proteins, including Grft. However, for 
broad utility as a prevention method, it would be useful for an insertable film to adhere to 
the mucosal surface so that it remains for several days or weeks to provide longer-term 
protection from infection. We show here that silk fibroin can be formulated with adhesive 
properties using the nontoxic polymer hydroxypropyl methylcellulose (HPMC) and 
glycerol, and that the resulting silk scaffold can both adhere to biological surfaces and 
release Grft over the course of at least one week. This work advances the possible use of 
silk fibroin as an anti-viral insertable device to prevent infection by sexually transmitted 
viruses, including HIV-1. 

6.2 Introduction 

Since the HIV pandemic began, about 84.2 million people have been infected with 
the HIV virus, 40.1 million people have died of it, 38.4 million people were living with HIV 
in 2021, with 1.5 million new HIV infections worldwide every year 289. HIV can be 
transmitted through sexual activity, blood transfusions, parenteral exposure via needles, 
prenatally and through breastmilk 290,291. Most new infections appear in developing 
countries and in most cases affect women and young girls. In the United States, 68% of 
new HIV diagnoses in 2020 were among men who have sex with men; people who inject 
drugs, sex workers, and prisoners are also disproportionally affected by HIV 292,293. 

HIV-1 is a member of the lentivirus family and is 100nM in diameter, covered with 
surface proteins composed of gp120 and gp41 294. Gp120 is the outer spike component 
while gp41 connects to the viral lipidic membrane 294; these form trimeric glycoproteins on 
the surface of HIV-1 and are responsible for targeting viral entry into the cell 295. Gp120 
binds to its receptor CD4, mainly expressed on the surface of the CD4 T cells, which 
causes conformational changes in gp120 to facilitate the exposure of the fusogenic 
domain of the gp41 to start the viral fusion to the host membrane 296. 

Scientists have been working on an HIV vaccine for more than 30 years. Unlike 
other viruses, such as polio, smallpox, influenza, measles, and COVID, which can be 
effectively targeted by antibodies and have long-term or even life-long immunity against 
subsequent infection, the immune system fails to produce an effective antibody response 
to the infection.  HIV infects, disables, and kills the CD4 T cells which are crucial to the 
intact function of the immune system297. After infection, T-lymphocytes and other immune 
cells can then become latent reservoirs which harbor the virus and may release HIV at 
any time.  Therefore, even though current small molecule drugs can essentially eliminate 
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the circulating virus, if medication is stopped HIV reservoirs can activate and viremia will 
rebound. Furthermore, HIV mutates rapidly which lead to the changes in the structure of 
proteins that would normally be the target of antibodies, allowing HIV to elude the immune 
system 297. Most recently, an HIV vaccine has failed in Phase 3 clinical trial announced by 
a pharmaceutical company, Johnson & Johnson, on January 18, 2023 298. 

After four decades of endeavors, multiple treatments have been approved by the 
FDA (Food and Drug Administration), including antibodies 299, protease inhibitors 300, 
nonnucleoside reverse-transcriptase inhibitors 300, integrase inhibitors300, and combination 
antiretroviral therapy with three or more drugs treatment regimens (cART) 301.  These 
prolong a patient’s life, but there is still no cure and no vaccine available currently 301. 
Therefore, preventing HIV infection in uninfected and/or at-risk populations is vitally 
important. More than 10 years ago the FDA approved the first PrEP (pre-exposure 
prophylaxis) drug Truvada, composed of emtricitabine and tenofovir disoproxil fumarate, 
both of which are nucleotide reverse transcriptase inhibitors (NRTI), to reduce the risk of 
HIV infection among high-risk populations and who may engage in sexual activity with 
HIV-infected partners 302. It has been found that using daily PrEP by at-risk but uninfected 
people reduces the sexual acquisition of HIV infection by 99% 303. Daily oral PrEP, 
however, relies heavily on a person’s ability to adhere to an active prescription or proper 
schedule, which can be problematic in some settings, particularly for women and girls in 
the developing world 304. There is also a concern regarding increasing viral drug resistance 
when the antiretroviral drugs for PrEP are being used as actual treatment for infected 
people also 305. 

As an alternative to a daily pill, microbicides can be useful as a tool to prevent HIV 
infection. Microbicides are a type of product or substance that could be inserted into the 
vaginal or rectal tract to safely prevent HIV acquisition through sexual transmission 306.  
Microbicides can be applied to deliver an anti-HIV drug (PrEP product) topically to the 
vaginal or rectal mucosa surface through materials including foams, films, vaginal rings, 
gels, etc. 307. The application of such microbicides provides users with a protection that 
they can control. Therefore, microbicides have been actively studied and developed as a 
potential tool in the application against sexually transmitted infections of HIV, especially in 
resource-poor areas where access to other prevention approaches including condoms or 
oral PrEP may be limited. An ideal microbicide should be biocompatible, nontoxic, cheap, 
easy to apply, highly potent against HIV, potentially able to mediate sustained release of 
anti-HIV drug, and not require refrigeration. The silk fibroin based anti-HIV drug delivery 
system has all of these properties, making it an excellent candidate for microbicide 
formulation.  

Silk fibroin (SF or “silk” used herein) is derived from silkworm (Bombyx mori) 
cocoons and is a high-molecular-weight natural protein polymer that has been recognized 
as a material for biomedical applications for centuries. Silk-based sutures were approved 
by the FDA in 1993 308,309. Later, four silk-based biomedical materials have been 
commerialized, including bioresorbable surgical mesh (SERI Surgical Scaffold®) 310, silk 
fabric (MICROAIR DermaSilk®) for atopic dermatitis in children 311,312, a silk patch 
(Tympasil) for acute tympanic membrane perforation treatment 313, and a silk fibroin wound 
dressing (Sidaiyi) 314. With superior biocompatibility, controllable biodegradation into 
noninflammatory byproducts, aqueous processible, compatibility with sterilization, robust 
mechanical and thermal properties, and sufficient supply, silk has become a popular 
biomaterial for drug delivery, as a biosensor, and for tissue engineering 315–325. It has been 
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shown that silk is able to encapsulate a variety of molecules, including protein HIV 
inhibitors, antibodies, and small molecules, with multiple modalities, such as 3D porous 
scaffolds, films, gels, particulates, and microneedle patches, contributing a desired drug 
delivery system as a microbicide 49,51,326,327. 

We have shown the sustained release of HIV inhibitor Griffithsin (Grft) in silk discs 
in vitro for 1 month and that Grft remains functional for 14 months at 25°C, 37°C, and 50° 
C 51. Grft is a lectin derived from red alga that can tightly bind to high mannose 
glycosylation on viral surfaces. Against HIV, Grft binds the envelope glycoprotein gp120 
to inhibit viral infection and is one of the most potent lectin inhibitors of HIV 328–330. It also 
exhibited effective inhibition of other enveloped viruses such as SARS (SARS-CoV-1 and 
2) 331,332, and Hepatitis C 333, as well human papillomavirus (HPV) 334, Japanese 
encephalitis virus (JEV) 335 and Hantaan virus (HTNV) 336. When Grft is encapsulated into 
silk fibroin, the SF discs showed strong inhibition properties in activated peripheral blood 
mononuclear cell (PBMC) and human colorectal and cervical tissue explants. In macaques, 
insertable SF-Grft disks protected both vaginal and rectal tissue from SHIV infection ex 
vivo without triggering inflammatory cytokine secretion 51,52. However, the weak adhesion 
of silk film discs to tissue surfaces may hinder its application in clinical usage.  

The objective of this study was to improve the SF discs’ adherence to biological 
tissue while retaining sustained release of the protein drug.  Four chemical additives, 
tannic acid, Tren-Lys-Cam (TLC) (tris(2-aminoethyl)amine-glycyl-2,3-dihydroxy-
benzamide; a siderophore analogue), 3,4-dihydroxybenzoic acid (3,4-DHB), and 
Hydroxypropyl methylcellulose (HPMC), which may improve SF disc’s adhesion to the 
tissue, were formulated into SF discs. It was found that the silk-HPMC disc can adhere to 
sample tissue, but this was also accompanied by swift disintegration of the film (within 30 
minutes). Therefore, various additives were incorporated into the silk films, including 
polyethylene glycol (PEG), glucose, and glycerol, to slow down the disintegration of the 
Silk-HPMC disc. The results show that the addition of the glycerol can decrease the 
disintegration of the Silk-HPMC while retaining adhesion and sustained release of Grft. 
Finally, in vitro studies showed the Grft release from Silk-HPMC-Glycerol-Grft discs 
remain active against HIV. 

6.3 Materials and Methods 

6.3.1 Production of Grft 

The protein Griffithsin was prepared as described previously with small 
modifications 337,338. Briefly, the gene encoding the protein Grft with an N-terminal His6 tag 
in a pET15b vector was transformed into E. coli BL21(DE3) cells (Novagen, Madison, WI) 
and cultured in Luria–Bertani (LB) medium (VWR, Avantor, Radnor, PA). After expression 
induced by the adding of IPTG (Gold Biotechnology, MO) to 0.5 mM, for 4-6 h at 37°C, 
cells were harvested by centrifugation at 4200×g. The cell pellet was then resuspended in 
lysis buffer (6 M guanidinium chloride (VWR), 200 mM NaCl (Thermo Fisher Scientific, 
Waltham, MA,), 50 mM Tris (Thermo Fisher Scientific) pH 8.0) followed by sonicating 
(Qsonica, Newtown, CT) for 10 min to disrupt the cells. After centrifugation, the 
supernatants were collected and purified by a home-packed Ni-NTA affinity column 
(Qiagen, Hilden, Germany). The protein was eluted with a pH gradient ending at pH 4.0, 
and was added dropwise with a 10-fold dilution into refolding buffer (550 mM L-arginine 
hydrochloride, 200 mM NaCl, 50 mM Tris, 1mM EDTA (Thermo Fisher Scientific), pH 8.0) 
and allowed to refold for 24 h at 4°C while stirring. Then the protein was dialyzed in 4L 
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buffer A (200mM NaCl, 20mM Tris pH 8.0) at 4°C twice and then 4L buffer B (80mM NaCl, 
20mM Tris pH 8.0) at 4°C twice. Finally, folded Grft was further purified on C4 reversed 
phase chromatography column (Vydac, Hesperia, CA, USA) with an acetonitrile gradient. 
The fractions containing pure Grft as determined by SDS-PAGE were combined and 
lyophilized.  

6.3.2 Production of HIV-1 pseudovirus 

The single-round virus used containing a lentiviral core with the envelope protein 
of HIV strain PVO.4 on its surface was a kind gift from Dr. Kathryn Fischer 328. Viral 
plasmids’ env gene from HIV-1 were from the AIDS Research and Reference Reagent 
Program, Division of AIDS, NIAID, NIH, and details are as follows: PVO, clone 4, strain 
SVPB11 (referred to as PVO.4), from David Montefiori and Feng Gao 339. TZM-bl cells 
were obtained from the NIH AIDS Research and Reference Reagent Program, Division of 
AIDS, NIAID, NIH from Dr. John C. Kappes, Dr. Xiaoyun Wu and Tranzyme Inc 340–343. 
The TZM-bl cells were cultured in DMEM (Gibco, Life Technologies, Carlsbad, CA, USA) 
containing 10% FBS, 25mM HEPES (Thermo Fisher Scientific), 1.1% GlutaMAX (Gibco), 
0.3% Penicillin/streptomycin (Antibiotic-Antimycotic Solution, Cellgro, Lincoln, NE, USA).  

6.3.3 Preparation of silk fibroin solution 

The SF isolation and solution preparation is the same as described previously 
51,326,344. Briefly, Bombyx mori cocoons were cut into about 1 cm2 pieces and inspected for 
debris and stains. Clean cocoon pieces were degummed by boiling in 20 mM Na2CO3 
(Thermo Fisher Scientific) for 30 min to remove the sericin protein. The fibers were then 
rinsed thoroughly in deionized water and air-dried for 2 days. The dried fibers were then 
dissolved in 9.3 M LiBr (Thermo Fisher Scientific) (1 g silk fibroin fibers in 4 mL LiBr 
solution) for 4 h at 60°C followed by dialyzing against deionized water for 4 days to remove 
LiBr. The resulting silk solution was centrifuged to remove debris and the solution was 
sterilized by autoclave. The SF stock solution was determined to be 5.89% (w/v) and was 
then stored at 4°C until use. The concentration of SF using this procedure tends to range 
from 4-6% (w/v).  

6.3.4 Production of silk-based discs 

The SF stock solution (5.89%) was used to prepare all silk-based discs in this study. 
The Grft powder was dissolved in 20mM HEPES (Thermo Fisher Scientific) pH8.0 buffer 
and the concentration were determined by absorbance at 280 nm.  

For chemical additives used for increasing adhesion, we tested 4 candidates: 
tannic acid (VWR), TLC, 3,4-DHB, and HPMC (Thermo Fisher Scientific). The TLC and 
3,4-DHB were a gift from Prof. Roberto Andresen Eguiluz and Dr. Syeda Tajin Ahmed. 
Silk-tannic acid scaffold solution was 1% tannic acid and 2% silk. Silk-TLC scaffold 
solution was made at two concentrations, 50μM TLC with 2% silk, and 500μM TLC with 
2% silk. Silk-3,4-DHB scaffold solution also was made at two concentrations, 50μM 3,4-
DHB with 2% silk, and 500μM 3,4-DHB with 2% silk. Silk-HPMC scaffold solution was 
made with three formulations, 0.75% HPMC with 2% silk, 1.5% HPMC with 2% silk, and 
3% HPMC with 2% silk. All these scaffolds’ solution was aliquoted to 200μL in 1.5 mL 
centrifuge tubes and frozen at -80°C for 2 h followed by lyophilizing to make the scaffold.  

To determine the best candidate for decreasing the disintegration of Silk-HPMC 
discs, we tested 3 additives: PEG (polyethylene glycol 400, Merck KGaA, Darmstadt, 
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Germany), glucose (Thermo Fisher Scientific), and glycerol (Thermo Fisher Scientific). 
Silk-HPMC-PEG scaffold solution was made with 1% PEG, 3% HPMC, and 2% silk. Silk-
HPMC- glucose scaffold solution was made with 15% glucose, 3% HPMC, and 2% silk. 
Silk-HPMC- glycerol scaffold solution was made with 1% glycerol, 3% HPMC, and 2% silk. 
All these scaffolds’ solutions were aliquoted to 1mL in 24-well plates followed by using 
one of two processing conditions. The first condition (“condition 1”) was to cool the 
samples to -80°C and then freeze-dry the samples, followed by annealing in an 80°C water 
bath for 4 days. The second condition (“condition 2”) was to annealing samples in an 80°C 
water bath for 1 hour to allow HPMC polymerization, and then cool the samples to -80°C,  
freeze-dry the samples, followed by annealing in an 80°C water bath for 4 days. All 
samples were dried in a 50°C incubator for 2 hours after the processing mentioned above. 
This results in a flat cylindrical disc of diameter 1.6 cm.  The thickness is 0.4 cm for discs 
made with 1mL silk-based solution, and 0.8 cm for those in the silk adhesion tests (below) 
that were made with 2 mL silk-based solution. 

The discs for sustained release of Grft experiments include Silk-Grft, Silk-HPMC-
Grft, and Silk-HPMC-Glycerol-Grft. Silk-Grft scaffold solution was made with 10 μM Grft 
and 2% silk. Silk-HPMC-Grft scaffold solution was made with 10 μM Grft, 3% HPMC, and 
2% silk. Silk-HPMC-Grft scaffold solution was made with 10 μM Grft, 3% HPMC, 1% 
glycerol, and 2% silk. All these scaffolds’ solutions were aliquoted to 1mL in 24-well plates 
followed by condition 2 (above) processing. All samples were dried in a 50°C incubator for 
2 hours after the processing. To sterilize the samples for the Grft release experiments 
(because the Grft was later used in pseudoviral assays with mammalian cells), the discs 
were placed in a biosafety cabinet with the UV light on for 1 hr before adding PBS.  

The discs for the tissue adhesion test, Silk, Silk-HPMC, Silk-HPMC-Glycerol, and 
Silk-HPMC-Glycerol-Grft, were made the same way as the discs for sustained release of 
Grft experiments, except each disc made in 2 mL solution in 24-well plates to allow a 
thicker disc that can be more easily tested with hanging weights.  

The discs for the degradation experiment were made under processing condition 
2, including 2%Silk-3%HPMC, 2%Silk-3%HPMC-1%PEG, 2%Silk-3%HPMC-
15%Glucose, 2%Silk-3%HPMC-1%Glycerol, and 2%Silk-3%HPMC-1%Glycerol-10 μM 
Grft. 

For FTIR experiments, the unannealed discs were the same formula solution as 
the discs for sustained release of Grft experiments followed with freeze-drying without 
annealing (that is, without further processing in a water bath or being placed in a warm 
incubator). The annealed discs were made the same way as the discs for sustained 
release of Grft experiments.  

The colorful silk-based discs were made by adding small amounts of green, red, 
blue and yellow food coloring (McCormick, Hunt Valley, MD) to the silk solution and placing 
it into shaped molds rather than 24 well plates, followed by lyophilization with no further 
processing.  

6.3.5 Morphology of silk-based discs 

The interior morphology of the silk-based discs was assessed by Scanning 
Electron Microscopy (SEM), a Zeiss EVO MA10 electron microscope (Carl Zeiss AG, 
Germany). The samples were cut to expose the cross sections and mounted onto SEM 
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stubs and coated with gold via a SC7620 sputter coater (Quorum Technologies, UK). The 
diameter of the pore in each image was measured by the average of 20 pores in ImageJ.  

Fourier-transform infrared spectroscopy (FTIR; JASCO FTIR 6200 spectrometer, 
Jasco, USA or a Bruker Vertex 70 spectrometer, Germany) was used to evaluate the 
secondary configurations of silk-based discs as described previously 51. The amide I 
region (1585 to 1720 cm−1) was overlayed to compare the β-sheet content.  

6.3.6 Adhesion tests 

The preliminary adhesion tests were carried out by placing a silk-based disc on the 
wet surface of the sample skin (chicken skin from commercial sources) and using a 
tweezer to lift the disc to see whether the disc could adhere well enough to draw up the 
tissue when pulled (supplementary video 1). If it was able to pull up the tissue, then it was 
considered a candidate for further experiments.  

To measure the adhesion differences among the 4 SF-based discs, called: Silk, 
Silk-HPMC, Silk-HPMC-Glycerol, and Silk-HPMC-Glycerol-Grft, the retention time that a 
disc could remain attached to the tissue under a pulling force was recorded. First, the 
tissue was rinsed and submerged in PBS for 5 min, and then was stabilized against a 
glass surface horizontally (measuring 10 cm x 7.4 cm). An SF disc was placed on the 
tissue with brief finger pressure, then incubated for 5 min and allowed to adhere, followed 
by rotating the set-up to a vertical orientation. Under these conditions it was found that the 
discs were able to adhere indefinitely. So a further test of adherence to the skin was 
carried out using small weights (12 g total) attached to the disc. The length of time that a 
disc retained its hold on the tissue was measured (Figure 4A).  

6.3.7 Measurement of sustained release of Grft from the SF discs 

The Grft released from 3 SF-based discs, including Silk-Grft, Silk-HPMC-Grft, and 
Silk-HPMC-Glycerol-Grft, were measured by BLI (biolayer interferometry) (Gator Bio, Palo 
Alto, CA, USA). To test for Grft release, 1 mL of PBS was added into each disc-containing 
well (of the 24-well plate) and incubated in a 37°C incubator. The initial “burst” effect of 
release was collected after the first hour by removal of the PBS, and the solution replaced 
with fresh PBS. Later time points were taken daily for 7 days, each time collecting the PBS 
solution and replacing it with fresh PBS.  

The concentration of Grft from these timepoints was then determined by a BLI 
quantitative assay. First, a standard curve was made, using pure Grft that had not been in 
a disc.  For this, several standard Grft concentration solutions were made in PBS at pH 
7.4.  Four standard concentration solutions were measured by BLI and compared to two 
sustained release samples, and one PBS buffer at the appropriate pH as a control. All 
samples were centrifuged 3 min at 15,000 rpm to remove debris before measurement. 
The pH of the samples that were collected by soaking at pH 4.0 were adjusted to pH 7.4 
to allow the His6-tag on Grft to have the protonation state to bind to the BLI anti-Histag 
sensor. Each type of disc was measured in triplicate, with three separate samples.  

6.3.8 HIV inhibition assays 

The inhibition of Grft in the sustained release solutions mentioned in 2.7 (above) 
was tested for its activity against PVO.4 infection of TZM-bl cells 51,326 In brief, 6,000 TZM-
bl cells were seeded in a 96-well plate (100 μL per well) and incubated for 16 h. Then the 
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medium was removed and 20 μL of HIV-pseudovirus PVO.4 was added. For no-virus 
control wells, 20 μL/well of cell medium were added. Then, 15 μL medium and 15 μL of 
Grft sample was added. For negative control wells, 15 μL medium and 15 μL/well of pH 
7.4 PBS were added. After 10 h infection, 160 μL of media was added into each well and 
incubated at 37°C for another 36 h.  

The viral infection in TZM-bl cells was measured by luciferase quantification of cell 
lysates using Bright-Glo Luciferase Assay System (Promega, Madison, WI, USA). In brief, 
of the media was removed, leaving 20 μL in each well; then 20 μL of Bright-Glo Luciferase 
Assay System solution was added and allowed to react 3 min. After that, the cells and 
solution are transferred into a white 96-well plate (OptiPlate-96, PerkinElmer, Valencia, 
CA) and incubated at room temperature for 5 min, followed by reading the luminescence 
signal on a CLARIOstar plate reader (BMG Labtech, Cary, NC). 

6.3.9 Biocompatibility assays 

The biocompatibility of the Silk-HPMC-Glycerol-Grft disc was assessed by an MTT 
assay. In brief, HEK-293Ft cells (Homo sapiens, embryonic kidney cells; a gift from Dr. 
David Gravano, University of California, Merced) were seeded into a 96-well plate at a 
density of 10,000 cells per well with 90 μL of culture media and 10 μL of sample (the day 
6 sustained release solutions mentioned in 2.7) or pH 7.4 PBS (control). The cells were 
cultured at 37°C for 24 hours. After that, the cell viability was measured by following the 
protocol of the MTT Cell Proliferation Assay Kit (Cayman Chemical, Ann Arbor, MI). 

6.3.10 Degradation evaluation 

The degradation of the silk-based discs, including Silk-HPMC, Silk-HPMC-Glycerol, 
and Silk-HPMC-Glycerol-Grft, Silk-HPMC-PEG, Silk-HPMC-Glucose, were measured by 
immersing the discs in a 24-well plate with 2mL of PBS (pH 7.4 or both pH 7.4 and pH4.0 
for Grft-containing discs) in each well and incubated at 37°C for 7 days. After that, each 
disc was placed in a 2mL centrifuge tube and spun down for 10 min at 15,000 rpm. Then 
the supernatant was removed and the pellets was vacuum-dried with a speed-vac at 60°C 
for 5 hours. The remaining dry weight (%) is an indicator of each disc’s extent of 
degradation. Silk-HPMC-Glycerol-Grft discs’ degradation experiments were done in 
triplicate at both pH7.4 and pH4.0 PBS. Other discs’ degradation experiments were done 
in duplicate in PBS pH7.4. 

6.3.11 Statistical and mathematical analysis 

Degradation evaluation One-way and two-way ANOVA (Excel) was applied to 
evaluate the differences among several groups. Student’s t-test (Excel) was utilized to 
compare two groups’ differences. Both ANOVA and Student’s t-test alpha value was 0.05. 
The probability p-value less than 0.05 was considered statistically significant; NS indicates 
p>0.05; * indicates p < 0.05; ** indicates p < 0.01. 
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6.4 Results 

6.4.1 HPMC increases the adhesion of the silk discs to sample tissue 

To test adhesion in a biological system, moist animal skin was used. The biological 
tissue used in this study was chicken skin, from Cornish Cross chickens. While not as 
close a mimic to human skin as porcine skin 345,346, chicken skin has both an epidermis 
and a dermis (like human skin), and has several similar components, including collagen, 
elastin, and keratinocytes 347,348. Additionally, the advantage of being inexpensive and 
available commercially in large amounts makes it good candidate for preliminary studies. 
A simple formulation of SF and Grft can adhere to a surface containing the skin but its 
adhesion is not strong, as evidenced by its easy removal from the surface with a tweezer 
(Supplemental video 1). Therefore, four candidates, tannic acid, TLC, 3,4-DHB, and 
HPMC, were blended with silk solution individually to form discs and each disc (2% final 
SF) was tested for adhesion to the tissue. The silk films that included tannic acid showed 
significant precipitation on the side of the well and did not form sponge-like discs, so tannic 
acid was judged to be an unacceptable additive for this work. Discs made of SF/TLC and 
SF/3,4-DHB were tested at two concentrations of the additive (50μM and 500μM). While 
these did form sponge-like discs, none of them were able to adhere to moist skin that had 
been hydrated with either pH 7.4 or pH 4.0 PBS.  Finally, discs were formulated with 3% 
HPMC and 2% silk fibroin in a total of 1mL solution. This formed a disc that adhered well 
to skin (Supplementary video 1). Lower HPMC concentrations were also used (1.5% and 
0.75%) but these showed less ability to adhere to the tissue (data not shown), so 3% 
HPMC was used in further experiments.  

6.4.2 Glycerol decreases the disintegration of Silk-HPMC discs 

While 2% silk-3% HPMC discs adhered well to model skin samples, these discs 
did not hold their shape, and under some conditions (such as when silk discs were not 
annealed) disintegrated on the wet tissue in 30 minutes. This property would be favorable 
in a situation where rapid drug release and quick protection are a priority. However, this 

 
Figure 6.1 The remaining dry weight (%) from a degradation experiment of silk-based 
discs 

Discs were immersed in PBS pH 7.4 for 7 days at 37°C.  Silk-HPMC-Glycerol showed the 
compbined properties of lower degradation and better ability to hold its shape.  Two-way 
ANOVA shows significant differences among groups. The Student’s t-test was applied to 
evaluate the extent of differences between Silk-HPMC and other discs. * indicates p < 0.05. 
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would not be ideal for use as a sustained release device to allow several days or weeks 
of protection. Therefore, additives were sought to slow the degradation of the film. Three 
candidates, PEG 400, glucose, and glycerol, which have been reported to increase the 
crystallinity of the silk scaffold 349,350, were used. In this study, for 1mL working solution, 
the silk final concentration was 2%, and the HPMC final concentration was 3%. The 
candidates’ concentrations were (separately) PEG 1%, glucose 15%, and glycerol 1%. 
The results showed that over the course of a week incubated in PBS pH 7.4, Silk-HPMC-
Glycerol scaffolds held their shape and degraded (as judged by remaining dry weight) 
approximately as much as Silk-HPMC. Both of these showed less degradation than Silk-
HPMC-PEG, and Silk-HPMC-Glucose scaffolds (Figure 6.1). Therefore, Silk-HPMC-
Glycerol was judged to have desirable properties for further study.  

6.4.3 The morphology and FTIR spectra of the silk discs 

The 4 silk-based discs, Silk, Silk-HPMC, Silk-HPMC-Glycerol, and Silk-HPMC-
Glycerol-Grft, processed with condition 2, were cut to expose the internal structure and 
evaluated via scanning electron microscopy (SEM; Figure 6.2A-D). The control Silk disc 
(with no additives) has smaller pores with diameter 20 ± 9 µm in its structure compared to 
the other three types of discs. Only small visual differences were observed among Silk-
HPMC (diameter 68 ± 30 µm), Silk-HPMC-Glycerol (diameter 120 ± 70 µm), and Silk-
HPMC-Glycerol-Grft (diameter 82 ± 60 µm) discs.  

 
Figure 6.2 SEM images of the 4 silk-based scaffolds 

A. control silk disc. B. Silk-HPMC disc. C. Silk-HPMC-Glycerol disc. D. Silk-HPMC-Glycerol-
Grft disc. Pore size was measured with ImageJ. 
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FTIR was performed to analyze the protein secondary structure of the 4 silk-based 
discs (Figure 6.3A-B). For unannealed (no processing after simple lyophilization) 4 silk-
based discs, Silk-HPMC-Glycerol has higher β-sheet content (wavenumber 1,619-1,628 
and 1,697-1,703 cm-1) 351 than the other three discs. After processing with the condition 2, 
however, the annealed 4 silk-based discs all transformed into more β-sheet structure to 
form silk II assembly which is an organized crystalline form of fibroin and can slow down 
the degradation of the discs 351. 

 
Figure 6.3 FTIR spectra of 4 silk-based scaffolds, unannealed and annealed 

A. Unannealed scaffolds: control silk (light green), Silk-HPMC (light blue), Silk-HPMC-Glycerol 
(blue), and Silk-HPMC-Glycerol-Grft (magenta). B. Annealed scaffolds: control silk (green), Silk-
HPMC (dark blue), Silk-HPMC-Glycerol (brown), and Silk-HPMC-Glycerol-Grft (red). 
Unannealed refers to SF scaffolds that are not further processed beyond lyophilization.  
Annealing refers to processing under humid conditions as described in Methods 2.4 (condition 
2). 

 
Figure 6.4 Adhesion test of the 4 silk-based scaffolds 

A. The set up of the adhesion test. A silk disc is placed on chicken skin that was stabilized on a 
glass surface and then oriented perpendicular to the table. All silk discs were able to remain on 
the skin for at least 2 hours under these conditions. To further test adherence to the biological 
surface, a weight was added to the disc (a ring and three clips connected to the ring). The time 
was measured until the silk disc fell from the biological surface. B. The time that various 
formulations of silk disc could remain adhered to the surface in the presence of a 12 g weight; 
pH 7.4 (blue) and pH 4.0 (pink). Two-way ANOVA shows significant differences among groups. 
The Student’s t-test was applied to evaluate the extent of differences between different groups; 
a, significance between silk and other discs at pH 7.4; b, significance between silk and other 
discs at pH 4.0. There was no significant difference within each disc at pH 7.4 and pH 4.0.  * 
indicates p < 0.05; ** indicates p < 0.01. The p value for Silk-HPMC-Glycerol-Grft compared to 
the Silk alone is 0.1 due to the large variation of the adhesion time. 
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6.4.4 Adhesion of the 4 silk-based discs 

Adhesion of the 4 silk-based discs, Silk, Silk-HPMC, Silk-HPMC-Glycerol, and Silk-
HPMC-Glycerol-Grft, to the tissue (chicken skin) was tested under two pH conditions, 7.4 
and 4.0. These pH values were chosen to mimic the pH environment of the rectal area 
and vaginal area, respectively. Each type of disc was made from 2 mL solution with 
condition 2 processing, and was measured in triplicate, with three separate samples. The 
tissue was washed and soaked with PBS and then clamps were used to stabilize the tissue 
on a horizontal glass surface. Then one of the silk discs was placed on the tissue for 5 
minutes (to approximate a user inserting the disc and then carrying out an activity such as 
walking soon thereafter), and then the surface was rotated to a vertical orientation. Under 
these conditions, each silk film adhered to the surface indefinitely. Because actual use 
may include various forces on the insert, small weights were added to determine the 
robustness of adherence (total weight 12 g). The length of time that the disc was able to 
retain its hold on the skin with weights attached was measured (Figure 6.4A). The control 
silk discs had no retention time, falling off the tissue immediately at both pH 7.4 and 4.0. 
The Silk-HPMC discs did adhere longer, falling at 13 ± 7.6 seconds at pH 7.4 and 38 ± 28 
sec at pH 4.0 on average. The weighted Silk-HPMC-Glycerol discs adhered to the vertical 
surface most tightly, attaching to the tissue 320 ± 86 sec at pH 7.4, and 710 ± 220 sec at 
pH 4.0 on average. The Silk-HPMC-Glycerol-Grft discs showed good adherence, being 
able to maintain their position on the vertical surface while weighted for 96 ± 48 sec at pH 
7.4 and 170 ± 140 sec at pH 4.0 on average.  

6.4.5 Silk-HPMC-Glycerol-Grft discs show sustained release of griffithsin 

It is important that a disc formulated with Grft retains its ability to release Grft when 
used. Further, while some users may prefer immediate protection from insertion of a disc, 
the key benefit of using a biocompatible, non-immunogenic, naturally-sourced material for 
the discs (i.e. silk fibroin) is that it can be well tolerated over several days of continuous 
contact with the human body, and can sustained release therapeutics over a certain period 
of time. Therefore, the discs were tested to determine the level of Grft released. For these 
experiments, biolayer interferometry (BLI) was used. This is a relatively facile technique 
that can monitor the amount of a protein that binds to a solid support by measuring the 
change in wavelength of light shone through the probe upon binding. Since Grft retains a 
6-His tag (which has been shown to not affect its activity) the protein readily binds to a 
commercial BLI sensor. BLI was used to evaluate the sustained release of griffithsin from 
the 3 silk-based discs, including Silk-Grft, Silk-HPMC-Grft, and Silk-HPMC-Glycerol-Grft. 
(When tested for degradation, Silk-HPMC-Glycerol-Grft discs retained 46% of their dry 
weight after 1 week; the same discs without Grft retained 62% of their dry weight under 
the same conditions. Discs containing PEG or glucose were not considered because those 
additives did not slow the degradation of the disc, as shown in Figure 6.1.) Each type of 
disc encapsulated 147 μg Grft (10 μM final concentration) in 1 mL of silk scaffold solution 
followed with the condition 2 processing to formulate the discs. All experiments were 
carried out in triplicate. The silk discs were soaked in pH 7.4 and pH 4.0 PBS solution to 
represent colorectal and vaginal conditions respectively. At various time points, the 
incubation solution was removed and replaced with fresh PBS (again at pH 7.4 and pH 
4.0 respectively), and the Grft released from the discs was measured (Figure 6.5 A-H). No 
obvious burst release of Grft in the 1st hour was observed in any of the discs: Silk-HPMC-
Glycerol-Grft (2.2 μg (147nM) at pH 7.4 and 3.0 μg (207nM) at pH 4.0, representing ~2% 
of the total amount of Grft loaded); Silk-Grft discs (4.9 μg (336nM), representing ~3%); 
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and Silk-HPMC-Grft discs (9.2 μg (623nM), representing ~6%). Rather, in each case, 
steady release was observed. The accumulated release of Grft in Silk-HPMC-Glycerol-
Grft discs after 7 days was ~17 μg in pH 7.4 PBS, and ~24 μg in pH 4.0 PBS. The 
accumulated release of Grft in Silk-HPMC -Grft discs after 7 days was ~46 μg and ~27 μg 
in Silk-Grft discs in pH 7.4 PBS.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.5 Sustained release of Grft from silk-based disks 

A. The sustained release of Grft from Silk-HPMC-Glycerol-Grft disks in pH 7.4 PBS. B. The ac-cumulated 
release of Grft from Silk-HPMC-Glycerol-Grft disks in pH 7.4 PBS. C. The sustained release of Grft from 
Silk-HPMC-Glycerol-Grft disks in pH 4.0 PBS. D. The accumulated release of Grft from Silk-HPMC-
Glycerol-Grft disks in pH 4.0 PBS. E. The sustained release of Grft from Silk-HPMC-Grft disks in pH 7.4 
PBS. F. The accumulated release of Grft from Silk-HPMC-Grft disks in pH 7.4 PBS. G. The sustained 
release of Grft from Silk-Grft disks in pH 7.4 PBS. H. The accumulated release of Grft from Silk-Grft disks 
in pH 7.4 PBS. All discs were processed with condition 2 (Methods section 2.4). No significant differences 
were observed in the results of A, C, E evaluated over the 7 day experiment by one-way ANOVA. For G, 
significant differences were observed within the timepoints and the Student’s t-test was applied to evaluate 
the extent of dif-ferences between 1 day and the other timepoints; ** indicates p < 0.01. 

 



 

 

 

 79 

6.4.6 The griffithsin released from the Silk-HPMC-glycerol-Grft discs 
shows inhibitory activity against HIV in vitro 

In order to determine whether the griffithsin released from Silk-HPMC-Glycerol-
Grft discs is functional and capable of HIV inhibition, the day 6 solution taken from both 
pH 7.4 (mimicking colorectal condition) and pH 4.0 (mimicking vaginal condition) samples 
were tested against HIV-1 pseudovirus PVO.4 in TZM-bl cells.  The results showed that 
the Grft released from the disc at both pH 7.4 and 4.0 can fully inhibit the HIV pseudovirus 
(Figure 6.6). In order to determine the biocompatibility of Silk-HPMC-Glycerol-Grft discs, 
the day 6 solution taken from the pH 7.4 Silk-HPMC-Glycerol-Grft sustained release 
experiment was evaluated by an MTT assay upon incubation with HEK 293Ft cells. The 
results showed that the cell viability of both the sample and the control (pH 7.4 PBS) are 
the same, which in turn indicates the Silk-HPMC-Glycerol-Grft has good biocompatibility 
(data not shown).  

6.5 Discussion 

Although advances in antiretroviral therapy (ART) have shown great effectiveness 
in the suppression of HIV replication and in preventing HIV acquisition, there are still 
challenges for HIV eradication and prevention of new infections. There are several choices 
on the market for pre-exposure prophylaxis (PrEP), including a daily pill, and a recently-
approved injectable, Apretude (cabotegravir extended-release injectable suspension), 
which can be given every two months to reduce the risk of HIV acquisition 352. Other forms 
of PrEP have been incorporated into scaffolds to form microbicides, including sponge-like 
discs, creams, gels, films, intravaginal rings (IVR), and tablets, which can be applied 
topically to the vagina or rectum to avoid sexual acquisition of HIV 307,353. Among these, 
the dapivirine vaginal ring showed effectiveness in women over 25 years old, and in 2021, 
WHO recommended the ring as an additional prevention option for women; several Africa 

 
Figure 6.6 The Grft released from Silk-HPMC-Glycerol-Grft disks showed strong 
inhibition against HIV at both pH 7.4 and pH 4.0 PBS 

The day 6 solution taken from both pH 7.4 (gray) and pH 4.0 (purple) samples were tested 
against HIV-1 pseudo virus PVO.4 in TZM-bl cells. Left: the solution from Silk-HPMC-Glycerol 
(no Grft). Middle: Solution from Silk-HPMC-Glycerol-Grft from Day 6. Right: TZM-bl cells alone 
without virus. 
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countries have approved its usage for prevention of HIV 354. While clinical trials have 
included several types of insertable device that are likely to be effective if used 
consistently, results often show low adherence among users, particularly young women, 
leading to low protection in this group 355–360.   

Currently, only half of HIV-infected people are receiving anti-retroviral therapy 361, 
suggesting a large pool of people who could actively transmit HIV if their partner is not 
protected. Therefore, there is an urgent need for affordable, easy to apply, and long-lasting 
prevention approaches, especially for young women who tend to have lower compliance 
with pills, gels and rings in clinical trials 357,362–364. 

We have been working on a silk fibroin-based drug delivery platform that is 
thermostable (able to be stored without refrigeration) and can be readily applied to the 
vaginal and rectal mucosal sites. We have 
shown that SF is able to stabilize HIV 
inhibitory proteins for over a year at high 
temperatures, and that it can release 
various proteins over the course of a month 
51,326. Further, in pre-clinical trials in 
macaques we showed that SF-Grft discs 
provide protection to both vaginal and 
rectal tissue 362. This platform has the 
added benefit of being able to be 
formulated into visually pleasing shapes 
that also have favorable tactile properties 
(Figure 6.7). SF has emerged as a 
promising drug carrier of bioactive 
compounds including small molecules, 
protein drugs, and antibodies that has 
superior biocompatibility and tunable 
biodegradation 326,365.  

Griffithsin is a protein lectin that has been shown to inhibit many viruses including 
HIV-1 and SARS-CoV-2. This protein, one of the most potent HIV inhibitors with inhibition 
constants rivalling antibodies, binds to the high-mannose region of the HIV-1 gp120 
protein to block its entry to the host cells 328,330. It has been used in several preclinical 
trials, including with gel inserts that showed inhibition of SHIV, HSV-2 and HPV infections 
in vivo 247,331,333,334,366–369. Grft and its variant Q-Grft has been shown to be amenable to 
both rapid release and sustained release from silk fibroin discs and various polymer fibers 
and nanoparticles 51,368,370,371. Recently, Grft-based microbicides in the form of a gel and 
douche (for vaginal and rectal compartments respectively) have been evaluated in clinical 
trials, showing no significant adverse events with the epithelium and CD4+ cell distribution 
remaining unchanged 366,372,373. In addition, Grft has been shown to potently inhibit SARS-
CoV-2 live virus infection in Vero E6 cells with half maximal inhibitory concentration (IC50) 
of 63 nM374 and 33.2 nM reported respectively 375. Furthermore, a variant of Grft that is 
stable to oxidation, Q-Griffithsin, has been formulated into an Intranasal Spray and is in 
clinical I trials to evaluate its safety, tolerability, and pharmacokinetics (ClinicalTrials.gov 
Identifier: NCT05437029). So far, results show that the Q-Griffithsin Intranasal Spray is 
safe and effective, since no dose accumulation effect or systemic exposure was observed, 
and no severe adverse events were reported 376.  

 
Figure 6.7 The Silk-based discs can be 
formed into different shapes and colors 
can be added 

For this photo, the discs are simply composed 
of silk fibroin (2%) solution with additional food 
dye. 
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Our work with SF discs in the past has shown success in both quick-dissolve and 
sustained release of Grft, in amounts that effectively inhibit HIV infection, indicating that 
SF-Grft is a promising microbicide candidate that may be complementary to the current 
PrEP treatment to mitigate inconsistent user adherence. (Indeed, in preliminary focus 
groups silk discs were well received; data not shown). However, while the SF discs show 
many properties that are valuable including low cost, facile formulation and stability at high 
temperature, the lack of sustained adhesion to the mucosal surface could limit their 
effectiveness.  

To enhance the SF discs’ adherence to the mucosal surface, we investigated four 
water soluble and biocompatible chemical additives: tannic acid, TLC, 3,4-DHB, and 
HPMC, which contain multiple hydroxyl groups to improve SF-based scaffolds’ 
hydrophilicity and may improve its adhesion to a tissue in a wet environment 377. Tannic 
acid is a food additive approved by the FDA 378 and a Silk-Tannic acid gel has been shown 
to adhere to rabbit liver, heart and skin 377. TLC is a siderophore analogue that showed 
adhesion on solid ionized silica in aqueous solutions 379. 3,4-DHB, is a metabolite of some 
food, such as olives, white grapes, and green tea, and has been shown to have anti-
inflammatory activities 380. HPMC is a cellulose ether, and is a food additive as well as 
having been shown to have mucoadhesive properties 381. SF-HPMC electrospun scaffolds 
have been demonstrated to have excellent biocompatibility for human umbilical vein 
endothelial cells’ adhesion and proliferation 382. Our results showed that the Silk-tannic 
acid does not form into a useable disc after the freeze-drying process. TLC and 3,4-DHB 
made acceptable discs but did not improve adhesion to tissue over simply SF alone. The 
addition of HPMC did enhance the adhesion by silk fibroin discs to a tissue without 
compromising its shape, but the Silk-HPMC disc alone disintegrated in PBS within half an 
hour. While this is favorable for near-instantly accessible protection, some users may 
prefer longer-term protection.  

There are multiple strategies for tuning the silk fibroin degradation rate, such as 
adjusting β-sheet crystallinity, manipulating molecular weight of the silk polymer, 
controlling the degree of cross-linking, and doping with other molecules 383. High molecular 
weight, more β-sheet crystalline regions, and fibrillar structure at the nanoscale level are 
associated with a lower degradation rate 383. Here we used doping and recrystallization to 
slow down the disintegration of the Silk-HPMC disc. Recrystallization in this context is a 
process that transforms α-helices/random coils to highly oriented β-sheet crystals which 
will decrease the degradation of the silk scaffolds. This can be achieved by processes 
such as autoclaving and water annealing 383. PEG, glucose, and glycerol were chosen as 
doping candidates. PEG is a commonly used additive that is a non-ionic, hydrophilic, 
biocompatible and biodegradable polymer and that has been approved by the FDA for 
drug delivery applications since 1990 384. Glucose is a commonly consumed food; it has 
been reported that the addition of glucose into silk fibroin induced SF crystallization and 
enhanced the flexibility of SF films, promoting the wound healing process 349. Glycerol is 
used widely in skin and cosmetic products and is an ingredient in wound and burn 
treatments approved by the FDA 378,385,386. Solid-state NMR analyses indicated that 
glycerol induces SF β-sheet formation 350. The results presented here show that the Silk-
HPMC-Glycerol discs processed with condition 2 (with annealing at 80°C before freeze-
drying) has the slowest disintegration rate, compared with other doping chemicals and the 
control Silk-HPMC disc.  
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We then incorporated Grft into the Silk-HPMC-Glycerol formulation to form a Silk-
HPMC-Glycerol-Grft disc with the condition 2 processing, and evaluated its morphology, 
FTIR spectra, adhesion, the sustained release of Grft, as well the ability of the released 
Grft to inhibit single-round HIV in vitro. SEM images showed the cross section of the Silk-
HPMC-Glycerol-Grft disc has a porous structure similar to Silk-HPMC, and Silk-HPMC-
Glycerol. FTIR spectra demonstrated that doping with glycerol increased the β-sheet 
formation in the Silk-HPMC disc, and that all silk-based discs, Silk-HPMC, Silk-HPMC-
Glycerol, and Silk-HPMC-Glycerol-Grft, converged to form more β-sheet structure after 
processing with condition 2.  

The discs’ adhesion to tissue from stronger to weaker was found to be Silk-HPMC-
Glycerol > Silk-HPMC-Glycerol-Grft > Silk-HPMC > Silk disc. These results were 
consistent at both pH 7.4 (to mimic a rectal environment) and pH 4.0 (to mimic a vaginal 
environment).  In general, adherence at the lower pH was more robust. When using the 
disc alone with no drag force, the discs were able to remain on the vertical surface 
indefinitely.  It is also noteworthy that the doping of glycerol not only improves the adhesion 
of Silk-HPMC disc to the tissue but slows down the disintegration of the disc.  

The level of sustained release of Grft from 3 silk-based discs, Silk-Grft, Silk-HPMC-
Grft, and Silk-HPMC-Glycerol-Grft, was measured by BLI. The results showed that all of 
the discs are able to release substantial amounts of Grft in quantities that are fully 
inhibitory for at least 7 days, and none of them has a high burst release of Grft in the first 
hour.  Both the lack of a burst and the continuous release of effective amounts indicates 
that these formulations have excellent properties that could be useful in a therapeutic 
device. The discs reported here could be expected to adhere to the mucosal surface within 
minutes of insertion. While it is not expected that the disc will necessarily remain in place 
during sexual activity, the released Grft should be protective within hours. As we have 
shown with more simple SF devices, the Grft released from a silk scaffold (in this case the 
Silk-HPMC-Glycerol-Grft discs) remained active, showing full inhibition against HIV-1 
single round virus pseudotyped with PVO.4 in TZM-bl cells. In addition, the MTT assay 
showed Silk-HPMC-Glycerol-Grft discs have good biocompatibility with the same cell 
survival as with PBS alone. Therefore, due to the urgent need for affordable and 
acceptable microbicides, the Silk-HPMC-Glycerol-Grft disc presented here is a good 
candidate, being inexpensive, easy to store without refrigeration, and having high potency 
against HIV. Additionally, it can be formed in a variety of colorful shapes which may lead 
to higher adherence for at-risk youth. 

6.6 Conclusions 

In this study, we present a silk fibroin-based drug delivery system that provides 
sustained release of griffithsin as well as showing adhesion to tissue, indicating likely 
adhesion to mucosal surfaces that are vulnerable to infection. These SF discs are directly 
relevant for protection against HIV, and the Grft inhibitor has also been shown to be 
effective against other viruses such as HPV and SARS-CoV-2. The work involves the 
addition of HPMC to silk fibroin for improvement of adhesion, and the use of glycerol as a 
doping agent to reduce the degradation process of the Silk-HPMC disc. The resulting discs 
(Silk-HPMC-Glycerol-Grft) can adhere to sample skin tissue, and achieve sustained 
release of active Grft for at least 7 days.  This formulation could be applied toward making 
a variety of biologically useful insertable devices or skin patches that can deliver active 
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compounds ranging from small molecules to proteins to mucosal protective 
microoganisms. 
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Chapter 7 
 

Future Directions 

The chemokine system is complex and diverse, playing a fundamental role in 
coordinating various aspects of biological process, such as organ development, 
angiogenesis and immune response 1,387. Chemokines function by binding to specific G 
protein-coupled receptors (GPCRs) on the surface of target cells, and many receptors can 
bind multiple chemokines with different affinities 388,389. Chemokines can attract a wide 
range of immune cells.  

As we mentioned in Chapter 1, chemokines can be divided into 4 subfamilies, CC, 
CXC, C, CX3C. CC chemokine is the largest subfamily, has 28 members, mainly target 
macrophages, eosinophils, and basophils; CXC chemokine subfamily, has 16 members, 
generally attract neutrophils and lymphocytes 389,390. C chemokine subfamily have two 
members, XCL1 (lymphotactin) and XCL2, which have been reported to mediate the 
migration of T cells and NK cells 391,392. CX3C chemokine subfamily only has one member 
discovered till now, CX3CL1 (fractalkine), which is a multimodular protein containing a 
chemokine domain, and its cognate receptor, CXCR1, which has been found on 
macrophages, microglia, T cells, and astrocytes 393,394.  

 Chemokines can also be classified into 2 categories, inflammatory and 
homeostatic, based on their physiological features 395. Inflammatory chemokines are 
produced by inflamed resident cells (non-recirculating) when stimulated by pro-
inflammatory cytokines or pathogenic agents and their release can be triggered under 
inflammatory conditions 395,396. The inflammatory chemokines can recruit effector cells, 
such as monocytes, granulocytes, and effector T cells, to inflamed sites. Homeostatic 
chemokines are expressed at non-inflamed sites within lymphoid or non-lymphoid tissues, 
including skin, intestine and mucosa, to control cells, such as lymphocytes, positioning 
during tissue development or maintenance 395,396. Most chemokines functional 
classification into either inflammatory, including CCL2, CXCL2, and CX3CL1, or 
homeostatic, such as CCL21, XCL1, CXCL12, but a few chemokines possess both 
properties and called mixed function chemokines, such as CCL17, CCL20, and CCL22 
395–398.  

Any malfunction of chemokines may lead to the diseases, including asthma, atopic 
dermatitis, traumatic brain disease, etc. Therefore, understanding the complexity and 
diversity of the chemokine system is important for developing therapeutic candidates to 
modulate immune responses effectively. Our lab has been working on chemokines for 
decades, and we found vCCI is a potent CC chemokine inhibitor which can be modified to 
inhibit the overexpression of chemokines. 

7.1 Ongoing vCCI and chemokine projects 

CCL17/TARC is a mixed function chemokine mainly expressed in the thymus and 
is secreted by dendritic cells (DC), endothelial cells, keratinocytes (KC) and fibroblasts 399. 
It was first found to be constitutively produced in the thymus and its cognate receptor, 
CCR4, are predominately on T cells 400,401. The overexpressed CCL17 has been related 
to a variety of diseases, including asthma, atopic dermatitis, and rheumatoid arthritis 402. 
Therefore, engineering vCCI to bind CCL17 can be a potential way to alleviate the 
inflammation. 
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We know vCCI using its β sheet II and acidic loop to interact with CCL17. The 
hypothesis that increasing the negative charge on the vCCI β sheet II, which is a binding 
interface, may increase its binding affinity to CCL17 is something that should be further 
studied and is therefore a current lab project. When designing several vCCI mutations in 
complex with CCL17 by using AlphaFold and UCSF Chimera prediction, the preliminary 
results showed that vCCI S82E/R89E/N91E : CCL17 form the tightest complex which has 
504 atoms involved in contacts. Based on the best model generated by AlphaFold of each 
vCCI mutant, vCCI S82E/R89E/N91E/G93D also have more residues involved in the 
interaction though less atoms (407 atoms) contacts. Therefore, we designed the gene of 
vCCI tetra mutant (S82E/R89E/N91E/G93D), triple mutant (S82E/R89E/N91E), double 
mutant (S82E/R89E), and single mutants (S82E and R89E). We bought vCCI tetra mutant 
and triple mutant from Twist Bioscience, and have undergrads made the double mutant 
and 2 single mutants though 2-step PCR process. After several months of work, we got 
all the genes and proteins except vCCI S82E since no expression of this protein. The next 
step of this ongoing project is to measure the binding affinity of these vCCI mutants with 
CCL17 though BLI and fluorescence anisotropy assay.  

In Chapter 1, we listed some chemokine related inflammatory diseases (Figure 
1.2), and this can shed a light on future vCCI and chemokine projects, to develop disease 
specific vCCI mutants to inhibit those chemokines. For example, the elevation or 
upregulation of CCL2, CCL4, CXCL8, and XCL1 are related to traumatic brain injury 403–
406. We can do sequence alignment with these chemokines and predict some common site 
that vCCI can bind in order to inhibit them to bind their receptors or GAGs. Also, 
Alzheimer’s disease is a tough disease which has no effect cure, and the increased CCL11 
and CXCL8 are associated with the Alzheimer’s disease 407,408. Therefore, engineering 
vCCI to inhibit CCL11 and CXCL8 might be a potential way to alleviate the symptom of 
Alzheimer’s disease, with research currently ongoing in our lab. 

 

7.2 Future silk projects 

In Chapter 6, we showed the silk-HPMC-Glycerol-Grft scaffold can attach to the 
wet tissue and realize the sustained release of Grft in one week. The next step is to 
decrease the degradation of the scaffold to realize longer period of release of Grft, such 
as one month, three months, and six months. Also, we can find some collaboration with 
pre-clinical research, to study and improving the in vivo adhesion and sustained release 
of Grft. 

vCCI is a potent CC chemokine inhibitor which can be formulated into silk scaffold 
to treat inflammation related disease. The Silk scaffold can be formed into different 
shapes, including microneedle patch, film, and 3D porous disk. Formulating vCCI into silk-
based scaffold can be further applied to pre-clinical study of the treatment of certain 
inflammation, paving the way for vCCI as a therapeutical candidate.  

 

7.3 Conclusion 

The method used in chemokine and vCCI study can be applied to more protein-
protein interaction studies, making the implications far reaching in the biomedical field. 
The study of vCCI-CCL17 contributes to the future study of vCCI specifically target certain 
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chemokines in order to alleviate inflammation caused by the chemokines. Silk-based 
biomedical drug delivery system can be broadly applied to the delivery of protein, anti-
body, and small molecule drug, since it is inexpensive, heat-stable, biocompatible, 
biodegradable, and user acceptable. 
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Appendix A 
Supplemental Materials for Chapter 2 

Supplementary table 2.1: CC chemokine nomenclature  

Nomenclature  Colloquial 
name Nomenclature  Colloquial 

name 

CCL1 I-309 CCL15 HCC-2 

CCL2 MCP-1 CCL16 HCC-4 

CCL3 MIP-1⍺ CCL17 TARC 

CCL4 MIP-1β CCL18 PARC 

CCL5 RANTES CCL19 MIP-3β 

CCL6 C10 CCL20 MIP-3⍺ 

CCL7 MCP-3 CCL21 6-Ckine 

CCL8 MCP-2 CCL22 MDC 

CCL9 MIP-1γ CCL23 MIP-3 

CCL10 IP-10 CCL24 Eotaxin-2 

CCL11 Eotaxin-1 CCL25 TECK 

CCL12 MCP-5 CCL26 Eotaxin-3 

CCL13 MCP-4 CCL27 CTACK 

CCL14 HCC-1 CCL28 MEC 
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Supplementary Figure 2.1: Key residues identified in the vCCI-CCL4 complex 
through 
Images from (A) vCCI-CCL4 complex from Figure 2 highlighting (B) F24 and 40s loop, (C) 
R18, and (D) F13 of CCL4 while bound to rabbitpox vCCI. The vCCI residues (beige) and 
CCL4 residues (green) involved in the interface are represented in stick form with hydrogens 
removed to show side chains. 

 
Supplementary Figure 2.2: rabbitpox vCCI with CCL4 WT  
Rabbitpox vCCI with CCL4 WT (PDB ID: 2FFK, computationally mutated back to the wild type 
CCL4, and simulated with MD for 1µs), highlighting Y80 and R89 of vCCI, and K48 of CCL4. 
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Supplementary Figure 2.3: Plots of the secondary structure of chemokines reveals 
additional β strand formation upon complex with vCCI. 

Secondary structure plots for vMIP-II, CCL4 WT, CCL4 variant (K45A/R46A/K48A), and CCL17 
throughout the simulation. The x-axis represents simulation time and the y-axis represents 
chemokine residue. The color legend for each secondary structure is shown between the two 
rows of plots. Arrows on the left of each image indicate where the additional b strand around 
residues 8-14 forms upon complex with vCCI.  The secondary structure for each 2 ns frame in 
the MD trajectories was computed using the algorithm Define Secondary Structure of Proteins 
(DSSP) [Kabsch W, Sander C (1983). "Dictionary of protein secondary structure: pattern 
recognition of hydrogen-bonded and geometrical features". Biopolymers. 22 (12): 2577–637. 
doi:10.1002/bip.360221211]. 
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Appendix B 
Supplemental Materials for Chapter 3 

A 

 
B 

 
C 

 
Supplementary Figure 3.1: Purification of vMIP-II-LPMTG-CHis. A. Expression of Trx-vMIP-II-
LPMTG-CHis, Ni-NTA column purification, and cleavage. Lane 1: Pre-induction. Lane 2: 3 hr post-
induction at 37°C. Lane 3: Pellet of cell lysate. Lane 4: Flow through of Ni-NTA column. Lane 5 and 
6: The first and second wash of Ni-NTA column. Lane 7 and 8: Elution from Ni-NTA column. Lane 
9 and 12: After dialysis and before adding EK to cleave the protein. Lane 10: After adding EK for 1 
day. Lane 11: After adding EK for 2 days. Lane 13: After adding EK for 3 days. B. The C4 column 
trace after the protein cleavage. The peak of the target protein, vMIP-II-LPMTG-CHis, is circled. C. 
The SDS-PAGE gel of the fractions from the C4 column. Left lane is the molecular weight marker; 
second lane is the protein after cleavage for 3 days; third lane is the sample before loading to the 
C4 column (the protein is diluted); the fourth lane is the flow through of the C4 column, followed by 
the fractions of the C4 column. The fraction 6 and 7 circled in the gel are the main fractions of vMIP-
II-LPMTG-CHis. 
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Appendix C 
Supplemental Materials for Chapter 4 

 
Supplementary Figure 4.1: Overlay of chemical shift perturbation of Tryptophan side 

chain residues of 15N-vMIP upon the formation of complex with (A) 14N-vCCI-Y80A (light green), 
(B) 14N-vCCI-E143K (pink), (C) 14N-vCCI-R89A (red), (D) 14N-vCCI-I184R (dark green), (E) 14N-
vCCI-Y80R (cyan), (F) 14N-vCCI-TM (triple mutant- Y80R-E143K-I184R) (purple). 
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Supplementary Figure 4.2: The binding curve of vCCI WT and its variant from fluorescence 
anisotropy assay  
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Appendix D 
Supplemental Materials for Chapter 5 

 

 
 

Supplementary Figure 5.1: Images of vCCI:CCL17 wild type (top) and vCCI:CCL17 triple mutant 
(bottom) after 1 microsecond of molecular dynamics simulation. The vCCI is shown with a blue 
secondary structure ribbon and cream-colored surface and the CCL17 is shown with a green 
secondary structure and light green surface. Surface regions of close contact between the vCCI 
and CCL17 are colored purple. 
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Supplementary Figure 2: Image of vCCI:CCL17 triple mutant after 800ns of molecular 

dynamics simulation showing the interaction between the chemokine R57 and the vCCI D73 

(residues shown with space-filling model). 

 




