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Abstract 
INVESTIGATION OF THE MECHANISM OF GRIFFITHSIN (GRFT):  

A POTENT HIV ENTRY INHIBITOR 
Jie Xue 

                         Doctor of Philosophy 
University of California, Merced 

2014 
Supervisor: Prof Patricia LiWang 

      Griffithsin (GRFT) is a potent protein lectin that has been shown 
to inhibit HIV infection by binding to high mannose glycans on the 
surface of gp120.  However, important biochemical details on the 
antiviral mechanism of GRFT action remain unexplored.   
       In chapter 2, we investigate the role of individual carbohydrate 
binding sites in the function of GRFT.  Individual point mutants of 
GRFT showed a small loss of binding to gp120, but a significant 
loss of activity to inhibit viral infection.  The disparity between HIV-1 
gp120 binding ability and HIV inhibitory potency for these GRFT 
variants indicates that gp120 binding and virus neutralization do not 
necessarily correlate, and suggests a mechanism that is not based 
on simple gp120 binding. 
      In chapter 3 we investigated the role of the dimer in GRFT's 
anti-HIV activity.  An obligate dimer of GRFT was designed, as well 
as a “one-armed” obligate dimer which has one carbohydrate 
binding arm mutated while the other subunit remained intact.   
While GRFT only needs one functional arm to tightly bind to gp120, 
it needs both arms to potently inhibit HIV entry.  Furthermore, our 
experiments showed that GRFT needs both arms to alter the 
structure of gp120 by exposing the CD4 binding site as well as to 
cross-link two separate gp120 subunits.  Evidence is provided that 
the dimer form of Grft is critical to the function of this protein in HIV 
inhibition. 
      In chapter 4 we studied a chemokine analog vMIP-II (viral 
macrophage inflammatory protein-II) that inhibits multiple HIV 
strains by binding to both CCR5 and CXCR4 co-receptors.  We 
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have made a vMIP-II variant, “5P12-vMIP-II” in which the N-
terminus of vMIP-II has been replaced by the N-terminus of 5P12-
RANTES that have been shown to greatly enhance the anti-HIV 
potency of the chemokine RANTES for R5 HIV strains.  Both vMIP-
II and 5P12-vMIP-II showed the ability to inhibit multiple strains of 
HIV.  While the 5P12 N-terminus did not improve the potency of the 
protein, our results provide evidence about the interaction of vMIP-
II with CCR5, indicating that vMIP-II does not bind CCR5 in the 
same way as human chemokines. 
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Chapter 1  

Introduction 
1.1 HIV pandemic around the world 

1.1.1 History and pandemic of HIV 

      AIDS (Acquired Immune Deficient Syndrome) is a severe pandemic disease 
around the world, being the most prevalent in Sub-Saharan Africa.  The 
syndrome is exhibited through progressive failure of parts of the immune system, 
including several important antigen-presenting cells and cells regulating antibody 
generation, which leads to life-threatening opportunistic infections and various 
cancers.   

      The virus that causes AIDS is called HIV (Human Immunodeficiency Virus).  
It is a type of lentinvirus, a family of retroviruses that uses RNA instead of DNA 
as its genetic material, and is characterized by slow replication and disease 
causation.  This virus was so named because one major feature for this 
syndrome is immune deficiency due to severe depletion of CD4+ T lymphocytes, 
which are responsible for the adaptive immune response.  Due to deficiency of 
immune cells, people infected with HIV develop life-threatening opportunistic 
infections.  With the failure of the adaptive immune response, AIDS patients 
gradually lose response to pathogens from the environment that do not infect 
people with healthy immune systems, or else their immune system fails to clear 
out mutated cells, which then results in cancer.  Because the syndrome is not 
specific and the time window (also known as the latent period or incubation time) 
is relatively long (usually 5-10 years), 20% of people infected with HIV are not 
aware they are infected, so they may still be transmitting this life-threatening 
virus to their sex partners, children or blood product receivers.  Since the virus 
was discovered in 1989, it has annually killed around 1.6-1.8 millions of people. 

      The first AIDS case was reported by the Center for Disease Control (CDC) in 
San Francisco in 1980, which had resulted in a rare lung infection called 
Pneumocystis carinii pneumonia (PCP) in a young adult.  This opportunistic 
infection usually only affects elderly people but the patient was only in his 20s.  
Soon, there were five more PCP cases in Los Angeles, all of which affected 
young, gay men.  Due to this pattern, this disease was initially called “Gay-
Related Immune Deficiency” because the only people discovered to be infected 
were all homosexual males, and doctors could not pinpoint a reason for their 
infections.  But later on, similar opportunistic infections were reported in injecting 
drug users who had no homosexual contact.  In 1983, female patients in 
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hospitals who got blood transfusion but had no other risk factors like needle 
sharing history were reported with similar immunodeficiency syndromes, 
suggesting that this disease could be transmitted through hetero-sexual sex or 
other transmission methods.  Then, children were found to develop AIDS if their 
mothers had previously been infected.  This soon brought to light the three major 
transmission pathways for HIV: sexual transmission, blood transmission, and 
mother-to-child transmission.   

      Since the beginning of the epidemic, almost 70 million people have been 
infected with the HIV virus and about 36 million people have died of AIDS. 
Around 34 million people were living with HIV at the end of 2011 worldwide.  An 
estimated 0.8% of adults aged 15-49 years worldwide are living with HIV, 
although the burden of the epidemic continues to vary considerably between 
countries and regions.  Sub-Saharan Africa remains most severely affected, with 
nearly 1 in every 20 adults (4.9%) living with HIV and this number accounts for 
69% of the people living with HIV worldwide (Figure 1-1).  Currently in United 
States, there are 1.2 million people living with HIV/AIDS, and the number of new 
HIV infections in 2010 alone was 49,273 according to Center of Disease Control 
(Stacy C, Xiaohong H, Daxa S, et al. Diagnoses of HIV Infection in the United 
States and Dependent Areas, 2011, HIV Surveillance Report, Volume 23.  
Hyattsville, MD: National Center for Health Statistics. 2011).  This disease has 
caused 36 million of deaths since it was discovered, and even in 2009, the 
number of death was still more than 18,000 in just one year.  AIDS now is among 
the top 3 causes of death for African Americans in men aged 25-54 and women 
aged 35-44.  African makes up to 47% of HIV/AIDS cases and African American 
women have a 17 times higher chance of being infected than Caucasian women.  
Table 1-1 lists the regional HIV/AIDS statistics and features, as reported by 
UNAIDS and WHO.   

      The estimated lifetime cost of treatment for one person with HIV is $379,668, 
with the average annual cost for HIV treatment being $23,000.  While 50% of 
those diagnosed with HIV cannot get regular care, the US government is 
spending 27.2 billion dollars in 2011 on AIDS research and medical care, with 52% 
spent on AIDS treatment, 10% on housing, and assistance and 11% on research. 
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Table 1-1: Regional HIV/AIDS statistics and features, end of 2012  

Region Adults 
&children 
living with 
HIV/AIDS 

Adults 
&children 

newly 
infected 
with HIV 

Adults 
prevalence 

rate(*) 

% of HIV 
positive 
adults 

who are 
women 

Main mode(s) of 
transmission (#) 
for adults living 
with HIV/AIDS 

Sub-
Saharan 

Africa 
25.0 million 1.6 million 4.7% 55% Hetero 

North Africa 
&Middle 

East 
260,000 32,000 0.1% 40% Hetero, IDU 

South 
&South-

East Asia 
3.9 million 270,000 0.3% 35% Hetero, IDU 

East Asia 
&Pacific 

880,000 81,000 <0.1% 20% 
IDU, hetero, 

MSM 
Latin 

America 
1.5 million 86,000 0.4% 30% 

MSM, IDU, 
hetero 

Caribbean 250,000 12,000 1.0% 50% Hetero, MSM 
Eastern 
Europe 

&Central 
Asia 

1.3 million 130,000 0.7% 20% IDU 

Western 
&Central 
Europe 

860,000 29,000 0.2% 25% MSM, IDU 

North 
America 

1.3 million 48,000 0.5% 20% 
MSM, IDU, 

hetero 
Oceania 51,000 2100 0.2% 10% MSM 

Total 35.3 million 2.3 million 0.8% 48%  
 

Source: UNAIDS and WHO (2001), AIDS Epidemic Update: December 2012 
(Geneva, 2001), p. 3. 

Notes: 
* Hetero (heterosexual transmission), IDU (transmission through infecting drug 
use), and MSM (sexual transmission among men who have sex with men). 
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1.1.2 HIV transmission   

      Three major venues of HIV transmission are: mother-to-child, blood-borne, 
and sexual contact.  HIV can also be transmitted through many other pathways, 
but at fairly low risk.  Table 1-2 lists the major transmission pathways, risks and 
current rate of transmission for AIDS cases by each pathway.    

     Different countries or regions can have cases infected by different 
transmission pathways.  Currently, the demographics most affected by AIDS are 
young women and girls in southern sub-Saharan Africa who contract the virus 
through sexual transmission, and young men who have sex with men (MSM) in 
the Americas, Asia, and Africa [17].  In the United States, over 60% of new 
infections are homosexual males, and they get the virus from having sex with 
other men.  This makes microbicides (which we will discuss later) a promising 
venue for trying to prevent the spread of HIV in the United States. 

  

 

 

Figure 1-1: Global HIV prevalence among adults aged 15-49, 2012.  

Data from: http://www.who.int/hiv/data/en/  HIV/AIDS Global epidemiology 
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Table 1-2: Contribution of HIV invasion sites to global HIV infections [18]. 

HIV 
invasion 

site 

Anatomical 
sub-location 

Transmission 
medium 

Transmission 
probability per 
exposure event 

Estimated 
contribution to 

HIV cases 
worldwide 

Female 
genital 
tract 

Vagina 

Semen 1 in 200 -1 in 
2,000 12.6 million 

Ectocervix 

Endocervix 

Other 

Male 
genital 
tract 

Inner foreskin 
Cervicovaginal and 

rectal secretions 
and desquamations 

1 in 700 – 1 in 
3,000 10.2 million* Penile 

urethra 

Other 

Intestinal 
tract 

Rectum Semen 1 in 20 – 1 in 300 3.9 million** 

Upper GI 
tract Semen 1 in 2,500 1.5 million 

Mother to 
child  

Maternal blood, 
genital secretions 

(intrapartum) 
1 in 5 – 1 in 10 960,000*** 

Breast milk 1 in 5 – 1 in 10 960,000*** 

Placenta Chorionic villi Maternal blood 
(intrauterine) 1 in 10 – 1 in 20 480,000*** 

Blood 
stream  

Blood products, 
sharps 

95 in 100 – 1 in 
150 2.6 million**** 

Notes:  
* Includes men having sex with men (MSM), bisexual men and heterosexual men. 
**Includes MSM, bisexual men and women infected via anal receptive 
intercourse. 
***Mother-to-child transmission. 
****Mostly intravenous drug use (IDU), but includes infections by transfusions 
and health care related accidents. 
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1.1.3 HIV clades (subtypes) and geographic distribution 

      Due to different DNA sequences, glycosylation sites, and coreceptor usages, 
HIV viruses can be classified into several subtypes (clades):  clades A, B, C, D, E, 
and F.  HIV-1 clades are phylogenetically linked strains of HIV-1 that are 
approximately the same genetic distance from one another; in some cases, 
subtypes are also linked geographically or epidemiologically [19].  Genetic 
variation within a subtype can be 15 to 20%, whereas variation between 
subtypes is usually 25 to 35% [20].  Clade B dominates in United States and 
Europe, while clade C viruses are mostly found in Africa and Asia.  Recombinant 
clades are also found in patients, possibly because of dual infection of viruses 
from both strains in the same person and gene recombination occurring after 
such dual infection.  Different clades usually have different glycosylation patterns 
on the viral surface, have different sensitivities to antiviral drugs, and also affect 
the rate of progression to AIDS [21].  The anti-HIV lectin griffithsin (GRFT), which 
recognizes HIV surface glycoproteins and interferes with HIV entry, behaves 
differently on different strains.  This will be further discussed in Chapter 3.  

 

 

  

 

Figure 1-2: The geographical distribution of HIV-1 clades [8].  

Letters indicate the predominant HIV-1 clade circulating in selected countries.  
A/B, B/E, and B/F indicate co-circulation of two dominant clades; AE and AG 
indicate circulating recombinant forms.  
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1.2 HIV entry process 

      During HIV infection, the first step involves gp120 contacting its receptor, the 
glycoprotein CD4, and coreceptor, CCR5 or CXCR4, on the human target cell 
surface.  Receptor and coreceptor binding causes a conformational change on 
the gp120, and exposes gp41.  When gp41 is exposed, the N-terminus and C-
terminus of gp41 from a trimeric spike fold and form a 6 helix bundle, bringing the 
virus close to the cell membrane while the fusion peptide on gp41 inserts into the 
human cell membrane and initiates viral fusion with target cell (Figure 1-3).  

 

  

 

Figure 1-3:  HIV entry process.   

Yellow balls represent gp120 trimer, while green and blue sticks represent 
gp41 C heptad repeats and N heptad repeats.  On the HIV surface, the 
envelope protein gp120 (gold) interacts with receptor CD4 (orange) and 
coreceptor CCR5 or CXCR4 (purple) on the host cell surface.  Middle: When 
viral gp120 binds to the receptor CD4 and coreceptor (CCR5 or CXCR4; 
purple, 7-transmembrane helix), gp120 undergoes a conformational change 
and exposes gp41 (cyan and green).  When gp41 is exposed, the N-terminus 
and C-terminus of gp41 form a 6-helix bundle, assisting fusion with the host 
cell membrane. 

CD4

CCR5/CXCR4

gp120

6 helix bundle 
formation membrane fusion

gp41

gp41 exposuregp120 binds to CD4 and CCR5

virus
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1.3 Trimeric envelope spikes (env) on the HIV surface 

      HIV envelope glycoprotein is the molecular machinery mediating virus entry 
into target cells.  Together with influenza and paramyxovirus glycoproteins, the 
HIV glycoproteins belong to the “type I viral membrane protein” category, where 
the proteins share similarities in protease cleavage, sequence, and entry process 
[22].  Here we will discuss the structures of HIV envelope protein gp120 and 
gp41, and how HIV enters into target cell.  

1.3.1 Env trimers form clusters on HIV surface 

      Using cryo-electron microscopy, Zhu et al. found that the HIV-1 virion surface 
usually only has 14 ± 7 env spikes per virion particle (ranging from 4 to 35).  This 
number is much smaller compared to other viruses, such as simian 
immunodeficiency virus, which has almost 4-fold the amount of spikes (73 ± 25).  
Influenza type A virus has also been reported to have 450 spikes per virus 
particle, spaced at intervals ≤10 nm [23].  HIV spikes form clusters on the viral 
surface (red circles in Figure 1-4), and the closest distance between two spikes is 
15 nm (150 Å) [4].  HIV has much fewer spikes and longer distances between 
spikes than do other viruses.  

 

 

Figure 1-4: Surface-rendered models of HIV spikes.  

Models of three representative HIV-1 virions with presumptive env spikes 
shown in white [4].  Ellipses encircle clusters of three or more spikes.  Scale 
bar, 50 nm. 
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 1.3.2 HIV envelope protein gp120 and gp41 

      HIV trimeric spikes are composed of envelope (env) glycoprotein gp120 and 
gp41 on the HIV surface (gp is short for glycoprotein).  The precursor of the HIV 
env protein is gp160. The gp160 protein is glycosylated in the Golgi apparatus 
and cleaved into two subunits by a protease named furin.  The two subunits 
produced are the exterior subunit, gp120, and transmembrane subunit, gp41.   

 

      As noted, gp120 is a glycosylated trimer, non-covalently associated with 
gp41, which mediates viral fusion.  Five variable regions (variable loops) were 
identified when comparing the gp120 sequence of different primate 
immunodeficiency viruses, namely the V1 to V5 loops.  There are several loops 
important for HIV entry, particularly the V1/V2 loops and the V3 loop.  V1/V2 

 Figure 1-5: HIV envelope protein gp120 and gp41 

Top: HIV surface protein gp120 and gp41 about to contact the host cell 
surface receptor and coreceptor (seven-transmembrane helix). 
Bottom: gp41 domains.  During HIV entry, fusion peptide anchors into target 
cell membrane, N heptad repeat folds back and interact with C heptad repeat, 
forms a six helix bundle, brings the virus close to target cells.  As soon as the 
virus membrane fuses with target cell membrane, virion particles are released 
into cells. 

gp120

Coreceptor CCR5 or CXCR4

Receptor: CD4

Virus surface

Host cell

gp41

Fusion peptide N heptad repeat C heptad repeat Transmembrane domailoop
cyto

gp41
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loops form the so-called bridging sheet and bind to the human cell receptor CD4, 
while the V3 loop contacts the corecptor and is the major determinant for 
coreceptor usage.   Most recently, the cryo-EM structure of a fully glycosylated 
soluble HIV-1 gp140 trimer (gp120 plus extracellular domain of gp41) in complex 
with a CD4 binding site (CD4bs) antibody PGV04 has been solved at 5.8 Å 
(Figure 1-6) [7].  The gp120 core crystal structure in complex with a CD4 binding 
site antibody PGV04 was docked into the EM map and further refined.  This 
structure reveals the organization of fully glycosylated gp120 with gp41 
extracellular domain in the CD4 bound form, as well as variable loops V1 V2 and 
V3 which are usually missing in previous published crystal structures.  V1 V2 
loops are located at the apex of gp120 trimer, and the V3 loop is situated directly 
beneath the V1/V2 hairpin with the tip pointing toward the trimer axis and 
interacting with the V2 base from the adjacent protomer (Figure 1-6, V3 loop 
shown in black).  Gp41 forms a pedestal at the base of the trimer (Figure 1-6, 
purple, magenta and pink showing gp41 trimers) in this “pre-fusion” state, which 
we will discuss later.  The N heptad repeat forms a three-helix bundle with the 
neighboring protomers in the trimer core (Figure 1-6, black arrow) and the C 
heptad repeat wraps around the outer periphery of the trimer base, angling 
downward and with its C terminus proximal to the viral membrane (Figure 1-6, 
purple arrow). 

      Gp41 consists of a cytoplasmic domain (CD), transmembrane domain (TM), 
C-terminal heptad repeat (CHR), N-terminal heptad repeat (NHR), and a fusion 
peptide that is located on the N-terminus of the protein (Figure 1-5).  The N-
terminal region contains a hydrophobic sequence, which is known as the 'fusion 
peptide' since various studies have shown that this segment associates with the 
target membrane during HIV entry.  The C-terminal region contains the 
membrane-anchoring domain (or transmembrane domain) (Figure 1-5, bottom 
panel).  The gp41 polypeptide also includes the C heptad and N heptad repeats 
that fold and anneal after receptor and coreceptor binding.  Gp41 is originally 
located at the bottom of the trimeric spikes on the viral membrane (Figure 1-6, 
purple, magenta and pink helices).  When gp120 interacts with the receptor and 
coreceptor on the target cell surface, the gp120 trimer opens up and forms an 
“open, activated” state, gp41 flips to the top (target cell side), inserts its fusion 
peptide to target cell and forms a six helix bundle, thus leading to fusion.  
However, this “open”, or post-fusion state of trimeric gp120 has not been 
successfully crystallized yet due to the difficulty to stabilize the complex.  
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Figure 1-6: Cryo-EM structure of a fully glycosylated soluble cleaved HIV-
1 envelope trimer. 

Top: A fully glycosylated soluble cleaved envelope trimer in complex with a 
CD4 binding site antibody PGV04 (not shown here) at 5.8 Å.  Env trimer shown 
here is in closed, pre-fusion state [6].  Gp120 trimers are shown in cyan, blue 
and grey.  Gp41 are shown in purple, pink and magenta.  V1 V2 loops are 
shown in black, V3 loops are shown in red.  Left figure shows env trimer, 
viewed from the perspective of the virus.  Structure was made with the 
program Chimera [5] using PDB structure 3j5m [7]. Notice that in the pre-fusion 
state, gp41 is at the bottom of the env trimer, on the side of virus membrane.   
Bottom: After receptor and coreceptor binding, gp41 flipped to the top and form 
six-helix bundle.  Structure of six-helix bundle was made using PDB 3043 [16].   

(Virus membrane)  

(Target cell) V1 V2 loops 
V3 loop 

From virus perspective 
90  

gp41 

Post-fusion 
(gp41 forms a 6 helix bundle) 

Pre-fusion 
(gp120 closes) 
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1.3.4 Gp120 undergoes significant conformational change upon receptor 
and coreceptor binding 

      During HIV entry, when gp120 interacts with the CD4 receptor, gp120 
undergoes a conformational change by exposing the coreceptor binding site, as 
well as gp41.  The deglycosylated gp120 core structure is folded into two major 
domains: the inner domain and outer domain (Figure 1-7, Right Panel).  The 
inner domain contains two helices and several β-sandwiches; the outer domain is 
a stacked double barrel and almost parallel to the inner domain.  The outer 
domain of gp120 has the fewest changes compared to the unligand gp120.  CD4 
binding induces a conformational change in gp120, which forms a conserved 
cavity due to the electrostatic potential at the surfaces of CD4 and gp120.  One 
of the most significant conformational changes on gp120 upon binding CD4 is the 
formation of a “bridging sheet” at the membrane distal domain, which is 
composed of four antiparallel β strands and mainly derived from V1 V2 loops 
(Figure 1-7, magenta) [3].  Upon CD4 binding, gp120 goes from a rigid structure 
to a flexible state, allowing for coreceptor binding (i.e. binding to CCR5 or 
CXCR4) [3].   

      For the ligand binding state of gp120, Kwong, P. et al. solved the crystal 
structure of the monomeric gp120 core in complex with the CD4 receptor and 
17b Fab domain, in which 17b is an anti-gp120 antibody that binds the 
coreceptor binding site (Figure 1-7).  The CD4 binding site on gp120 is 
composed of the interface between the inner and outer domain of gp120, as well 
as the newly formed “bridging sheet”.  The V3 loop is located at the distal region 
of inner domain (Figure 1-7, red).  During HIV entry when gp120 undergoes 
conformational change, the V3 loop is redirected toward the target cell and 
engages the coreceptor binding site [24] and is the major determinant for 
coreceptor specificity [25].         
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Figure 1-7: Structure of monomeric unglycosylated gp120 in complex 
with CD4 and 17b. 

Gp120 in complex with CD4 and 17b (CCR5 binding site antibody) represents 
the open, activated conformations [3].  Viral membrane is on top.  Monomeric 
gp120 is labeled in cyan.  CD4 molecule is blue, showing the CD4 binding 
sites.  HIV antibody 17b, which binds the co-receptor binding site on gp120 is 
labeled in gold.  In this structure the V1/V2 loops are missing and the V3 loop 
is labeled in red.  The bridging sheet is labeled in magenta.  The structure was 
made with the program Chimera [5] using  the PDB structure 1g9m [3]. 

45 ° 

Inner domain Outer domain 

HIV antibody 17b 
(reveals co-receptor binding site) 

CD4 molecule 

V3 loop 

Bridging sheet 

Gp120 monomer 
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1.3.5 Structure mechanism of env activation 

      The env trimer undergoes significant conformational change upon receptor 
and coreceptor binding [3].  Recent studies showed that the CD4 binding site, as 
well as the bridging sheet formed upon CD4 binding, are slightly different in 
monomeric and trimeric gp120 structures, probably due to the neighboring 
protomer restricting CD4’s accessibility to the trimeric env structure [7].  The 
structure of the env trimer in complex with CD4 binding site antibodies reveals 
that the env trimer shares similar structures when bound to a CD4 binding site 
antibody, representing a “closed, pre-fusion” form; while env trimer complex with 
17b, a coreceptor binding site antibody, reveals a “active, open” form [3, 26].  A 
comparison of the structures of pre-fusion, closed state and active, open state of 
env trimer suggests that gp41 serves as an anchor for env trimer (Figure 1-8).  
Gp120 rotates around the gp41 base and relocates V1 V2 loops to the periphery 
of the trimer upon coreceptor binding.  The outward movement of the V1 V2 loop 
could uncloak the partially buried V3 loop in the open conformation, possibly 
facilitating V3 loop for coreceptor binding.   

 

1.3.6 Glycan sites on the gp120 surface

      While HIV has relatively few envelope proteins on its surface (few spikes), 
the HIV env gp120 itself is among the most heavily glycosylated proteins in 
nature [27], far more heavily glycosylated than envelopes of other retroviruses of 

                   

Figure 1-8: Model of env trimer showing pre-fusion, closed form and 
active, open form.   

V1 V2 loops are shown in black, V3 loops is shown in red.  Env activation 
results in outward rotation of gp120 trimer around gp41 stalk.  Partially buried 
v3 loop in pre-fusion state is now exposed and ready for coreceptor binding in 
the open form.  Structure was made using PDB structure 3j5m [7] and 4cc8 [6].  
Figure here just show one gp120 subunit, as shown in the blue sphere.  

Closed Open
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similar size [28].  Not all the potential glycosylation sites on a given HIV-1 Env 
protein are fully occupied [29]. During viral production, these potential 
glycosylation sites might be differently glycosylated according to cell type, 
enzyme accessibility, and transmission stage, etc. [30, 31]; and the glycosylation 
sites used are major determinants of coreceptor usage [32].  For recombinant 
HIV gp120, there are usually around 27 glycan sites in gp120, among which 
around 9-12 are high mannose saccharides, while the rest of them are complex 
saccharides or hybrid saccharides (>70%complex type glycans) (Figure 1-9).  
However, in contrast to the recombinant gp120, the N-linked glycans from 
primary isolates of HIV-1 from clades A, B, and C have been shown to be almost 
entirely oligmannose, with less than 2% complex type glycans [33].   

  

 

      As stated above, HIV-1 env enters CD4-positive T cells through a series of 
steps, including binding to both the CD4 protein and a chemokine receptor 
protein, usually CCR5 (R5 viruses) or CXCR4 (X4 viruses). Some viruses can 
use either one of the chemokine receptors (R5X4 viruses) [34].  The V3 loop on 
gp120, which interacts with the chemokine receptor binding site upon CD4 

 

Figure 1-9: Examples of the structural composition of high-mannose-
type N-glycans.   

Left: Complex-type N-glycans.  Middle: Hybrid-type N-glycans.  Right: High-
mannose-type N-glycans that are abundantly present on the envelope 
glycoprotein gp120 of HIV, but are rare on mammalian glycoproteins.  Besides 
high-mannose-type N-glycans, the complex-type and hybrid-type N-glycans 
are also present on gp120. Asn, asparagine; Fuc, fucose; Gal, Galactose; 
GlcNAc, N-acetylglucosamine; Man, mannose; SA, sialic acid; Ser, serine; 
Thr, threonine; X, any amino acid except proline.   
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binding and inserts into the ligand binding core of the coreceptor, has been 
shown to be a determinant of coreceptor usage: complex carbohydrate at N300 
was present in all 44 R5 isolates (100%), but only in 4/11 (36%) of the X4 
isolates and 7/11 (64%) of the R5X4 dual isolates [35].  Site-directed 
mutagenesis has shown this site to be associated with coreceptor usage [32, 36].   

      In addition to coreceptor usage, different glycan patterns have been shown to 
be important for lectin function.  Anti-HIV lectins griffithsin (Grft), cyanovirin-N 
(CV-N), and scytovirin (SVN), which recognize carbohydrates on gp120's surface, 
have been shown to be sensitive to certain deletions in glycosylation sites [37-39].  
In chapter 3, we analyze the glycosylation pattern on different HIV strains and 
study the structure of gp120.  We also discuss results from our study of the HIV 
inhibitor Griffithsin (Grft) which is a lectin that binds to gp120 with high affinity, 
and propose why Grft might be sensitive to these particular glycan sites.  

1.4 Structure of the HIV coreceptor  

    1.4.1 Structure of CCR5 

      CCR5 (a seven transmembrane chemokine receptor) is the coreceptor for 
HIV entry, and viruses using CCR5 as the coreceptor for entry are classified as 
“R5” strains.  In addition to CCR5, the HIV virus can also use another seven-
transmembrane coreceptor, CXCR4, to enter the cell (X4 strains).  During early 
stages of HIV infection, most HIV viruses are R5 strains, and viruses can switch 
to X4 during later stages of infection. Patients usually develop syndromes at this 
later stage [40].   However, some newly discovered HIV strains, mostly from 
clade C, do not switch to X4 even in later stages of infection [41].  Recently, both 
the CXCR4 and CCR5 structures have been solved.  This is a milestone in the 
HIV and GPCR (G protein coupled receptor) field, though detailed information 
about receptor-virus interaction and chemokine recognition is still not well 
understood.  

      Figure 1-10 shows the crystal structure of CCR5 in the inactivated state in 
complex with an HIV entry inhibitor maraviroc, which binds CCR5 as an 
antagonist and inhibits HIV entry.  There are two complexes in each unit 
(homodimer), with three extracellular loops (ECL) and three intracellular loops 
(ICL).  Previous studies with an N-terminal peptide for CCR5 found that there are 
several sites important for CCR5 function.  The chemokine recognition site and 
signaling site are separated, and a “two-site” model has been proposed to 
elucidate the chemokine receptor's function.  “Site 1” on the receptor is the 
chemokine core domain docking site, which interacts with a globular domain after 
the chemokine's N-terminus.  “Site 2” binds the chemokine's N-terminus and 
triggers signaling. 

      Here, in the CCR5 structure, the chemokine recognition site (Site 1, green in 
Figure 1-10) is composed of the N-terminal portion of CCR5 and the ECL2, and 
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this site recognizes specific ligands for CCR5.  During HIV entry, when gp120 
undergoes a conformational change and the V3 loop redirects to begin 
coreceptor binding, this “Site 1” interacts with the gp120 V3 loop and leads to 
HIV entry.  Site 2 (blue residues) with maraviroc (black), is considered the 
activation site.  This site is responsible for ligand binding, and the flexible N-
terminus of chemokines is possibly inserted into this binding site.   

 

    1.4.2 Model of chemokine-CCR5 interaction:      

      The CC chemokine RANTES is a CCR5 ligand that will be described more 
fully in Chapter 1.5.3.  As mentioned, HIV isolates are shown to predominantly 
use CCR5 for infection at early stage of infection [40], thus RANTES and its 
derivatives are very promising in preventing HIV transmission.  The N-terminus of 
RANTES has been shown to be important for its function (Figure 1-11, orange), 
and Y/F13 is shown to be important and conserved among RANTES variants 

                                     

Figure 1-10:  Crystal structure of HIV coreceptor CCR5.  

Left: Crystal structure of HIV coreceptor CCR5.  N-terminus and ECL2 (site 1) 
are shown in green, while maraviroc is shown in black.  Residues Tyr 37 and 
Trp 248 are important for CCR5 activation and responsible for maraviroc 
binding, as shown in blue.  The structure was made with the program Chimera 
[5] using PDB structure 4mbs [15]. 
Right: Top to bottom view of CCR5 from the extracellular.  Maraviroc (black) is 
buried in Site 2, which is the ligand binding site.  

50 Å 

Site 1 (ligand recognition site) 
Also interacts with gp120 V3 loop 

Site 2 (ligand binding site and 
signal triggering) 

30 Å 

Extracellular 
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(Figure1-11, red).  Here, we used the published CCR5 structure (PDB: 4mbs) 
and RANTES structure (PDB: 1hrj) and propose the possible interaction between 
RANTES and CCR5 (Figure 1-11).  

 

1.4.3 Structure of HIV coreceptor CXCR4 

      Crystallization of CXCR4 bound to an antagonist showed that CXCR4 also 
forms a homodimer and shares many similarities to the CCR5 structure, except 
that the location of the ligand binding site (Site 2) in CCR5 is higher and the 
binding area is larger [42].  A comparison between the binding pockets of CCR5 

                                      

Figure 1-11:  Model of chemokine RANTES interaction with CCR5. 

Left: Human RANTES structure in cyan. Blue represents the N-terminal 10 
amino acids, which is important for receptor binding and downstream 
signaling.  After the N-terminus, chemokine forms core globular domain 
(cyan), which binds CCR5 N-terminus and extracellular loop 2.  Structure was 
made with the program Chimera [5] using PDB structure 1hrj [12].
Right: Proposed model of RANTES and CCR5 interactions.  N-terminus of 
chemokine RANTES (blue) insert into the core of CCR5 receptor (Site 2), 
while chemokine globular domain (cyan) interact with CCR5 N-terminus and 
ECL2 (green). 
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(Site 2, for ligand binding and signal triggering) and CXCR4 showed that CXCR4 
has more acidic residues, while CCR5 has mostly uncharged residues [15].   

      Gp120's V3 loop is heavily glycosylated and determines the coreceptor 
usage.  The stem region of the V3 loop has been reported to be responsible for 
coreceptor binding.  The V3 crown interacts with the co-receptor’s ECL2 (Site 1) 
and residues inside the ligand-binding pocket (Site 2) [43-45].  It has been 
reported that mutating the uncharged residues on the CCR5 ligand binding 
pocket (Site 2) greatly reduces interaction with gp120, indicating that these 
uncharged residues are responsible and critical for gp120 binding [46].  Models 
of CCR5–R5-V3 and CXCR4–X4-V3 complexes based on the CCR5 structure 
suggest that the different charge distributions in the ligand binding pockets on the 
coreceptor may be the major determinants of HIV coreceptor selectivity [15].  
Models have been proposed about the CCR5 in complex with the V3 loop from 
both R5 and X4 HIV strains, as well as CXCR4 in complex with V3 loop from 
both R5 and X4 strains.  Comparison of these interactions showed that 
complexes from the CCR5-R5 strain’s V3 loop has stronger interactions than the 
CCR5-X4 strain’s V3 loop, indicating that the ligand binding sites use different 
charged residues to select for different HIV virus strains [15].   

1.5 HIV entry inhibitors 

      There are inhibitors targeting different steps during HIV entry based on 
knowledge regarding the HIV entry mechanism.  In our lab, we are focusing on 
several inhibitors: lectins that bind gp120; RANTES (Regulated on Activation, 
Normal T cell Expressed and Secreted) and its derivatives that bind CCR5; and 
fusion inhibitors that inhibit gp41 six helix bundle formation, thus inhibiting HIV 
fusion with host cells.  

1.5.1 Inhibitors that bind glycoprotein gp120 

      The so-called HIV receptor CD4 on the human cell binds into a cavity at the 
CD4 binding interface formed between the gp120 inner and outer domains 
(Figure 1-7) [3].  The cavity on g120 caused by CD4 binding does not contain 
glycosylated sites, which means it is conserved among different HIV strains since 
different HIV strains may have different sequence as well as glycosylation sites.  
Upon CD4 binding, gp120 goes from a rigid structure to a flexible state, allowing 
for coreceptor binding (i.e. binding to CCR5 or CXCR4) [3].  Inhibition of these 
interactions includes molecules such as gp120 binding antibodies, carbohydrate 
binding agents including lectins and antibiotics, etc.  Some of these inhibit HIV 
entry through a simple binding and blocking mechanism, but some may have 
other mechanisms involved, such as cross-linking gp120 or inducing gp120 
conformational change during HIV entry.   
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1.5.2 Griffithsin (Grft): A protein lectin binds the carbohydrates on 
gp120 

      Lectins are carbohydrate binding proteins.   They are usually extracted from 
plants, and recognize specific sugar moieties.  Recent studies showed that some 
lectins exert potent inhibition against HIV entry, as well as against some other 
enveloped viruses.  In chapter 2 and 3, I focus on a protein lectin named 
griffithsin (GRFT), which binds carbohydrate on gp120 and potently inhibits HIV 
entry. 

      Grft is a protein lectin extracted from red alga [47].  It has 121 amino acids 
and exhibits potent anti-HIV activity (in the nanomolar range), and is the most 
potent anti-HIV lectin discovered so far.  In addition to HIV, Grft is also potent 
against the hepatitis C virus, the SARS Coronavirus, the Japanese encephalitis 
virus, and the herpes simplex virus [48-50].  Recent studies showed that Grft 
could be purified in large amounts (multigram quantities) in tobacco leaves [51], 
and it showed great safety profiles in cell-based assays, including no activation 
for T cells, retaining activity while interacting with peripheral blood cells, and 
inducing only minimal changes in cytokine and chemokine expression in immune 
cells [48, 52, 53].  In addition to the safety and effectiveness profile, Grft also 
showed synergy when combined with other HIV antibodies or drugs [54].  Recent 
studies showed that Grft is also resistant to most proteases [53], making it a very 
promising therapeutic candidate.  However, important biochemical details on the 
antiviral mechanism of GRFT action remain unexplored.      
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      X-ray crystallography has shown that Grft forms a domain-swapped dimer 
(blue subunit and magenta subunit, Figure 1-12) [1], and each subunit contains 3 
carbohydrate binding sites (CBS).  Griffithsin binds to the HIV envelope protein 
gp120 in a glycosylation-dependent manner [47, 55].  Both ELISA (Enzyme-
linked immunosorbent assay) and SPR (surface Plasmon resonance) data 
showed that Grft binds to glycosylated gp120, but not to deglycosylated gp120 or 
gp160.  Since Grft is such a promising HIV inhibitor, it is intriguing to investigate 
the carbohydrate binding of Grft to gp120.  In addition, different HIV strains 
exhibit different gp120 sequences, as well as different glycosylation sites.  Thus, 
it is also important to identify how Grft behaves on these highly variable HIV 
strains.  In Chapters 2 and 3, we study the role of individual carbohydrate binding 
sites, as well as the role of Grft dimerization in its function, and investigate the 
mechanisms of Grft.       

1.5.3 Inhibitors that bind coreceptor CCR5: RANTES and its derivatives 

      RANTES (Regulated on Activation, Normal T cell Expressed and Secreted, 
also known as Chemokine C-C motif ligand 5, CCL5) is a CCR5 ligand that binds 

Figure 1-12:  Structure of HIV entry inhibitor griffithsin (GRFT) and three 
carbohydrate binding sites.  

Left:  Blue and magenta show that Grft forms a domain-swapped dimer 
structure with 3 carbohydrate binding sites (CBS) on each subunit.  Green 
sticks represent mannose interacting with the Grft dimer.  Structure was made 
with the program Chimera [5] using PDB structure 2gud [1].  

Right: Crystal structure showing that each Grft subunit has 3 carbohydrate 
binding sites; major amino acids at these sites responsible for mannose 
binding are D30, D70, and D112 (shown in red).  The 3 mannose molecules 
are shown in green. 

D30 site

D70 site

D112 site

Red: CBS D30, D70, D112
Green: mannose

47 Å 
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coreceptor CCR5 and suppresses HIV infection.  In 1995 it was shown by Drs. 
Robert Gallo and Paulo Lusso's group to be one of the major suppressive factors 
secreted by CD8+ T cells [56].  Later, its receptor, CCR5, was found to be a 
fusion cofactor for macrophage-tropic HIV (CCR5 strains) [56-58].  In addition 
to sterically hindering the essential interaction between the HIV envelope 
glycoprotein-120 protein and the receptor, chemokines can also induce receptor 
down regulation from the cell surface thereby removing the essential coreceptor 
[59, 60].  However, later, enhanced rather than inhibitory activity of RANTES on 
HIV replication was observed through the course of infection [61, 62].  Failure of 
chemokines to inhibit HIV replication is probably due to the disadvantage that 
RANTES triggers the down-stream mucosal inflammation by recruiting HIV target 
cells to the site of infection, therefore enhancing HIV infection [63].  In addition, 
because RANTES tends to oligomerize after binding to glycosaminoglycans 
(GAGs) on both viral and cell membranes, it is able to cross-link enveloped 
viruses and increase virus attachment to target cells, thus increase enveloped-
virus infectivity [64].  Also, RANTES-GAG binding on cell surfaces transduces a 
downstream signal transduction pathway that makes cells more vulnerable to 
viral infection [64].   

      To overcome these disadvantages, several strategies were used to improve 
the HIV inhibitory properties of RANTES, such as mutations to reduce 
glycosaminoglycan binding, or using random mutagenesis to produce RANTES 
derivatives with higher potency but reduced rates of inflammation [65].  N-
terminal modifications of RANTES have been particularly well-studied since the 
N terminus was found to be essential for receptor binding and activity [66, 67].  
Both organic modification and random mutagenesis at the N-terminaus of 
RANTES was used to find RANTES derivatives that had properties such as 
reduced downstream signaling activity and increased binding affinity and 
selectivity to CCR5.  These studies yielded effective HIV inhibitors such as PSC-
RANTES, P2-RANTES, and 5P12-RANTES [66, 68, 69].  In our lab, we 
covalently linked 5P12-RANTES with a fusion peptide C37 (a fusion inhibitor 
derived from the C heptad repeat, which we will discuss below) and this chimeric 
inhibitor showed high efficiency and low HIV resistance [70].  Scientists are also 
engineering Lactobacillus jensenii to secrete a RANTES variant as a live HIV-1 
strategy [71].  

1.5.4 Inhibitor binds both coreceptor CCR5 and CXCR4: vMIP-II 

      The protein vMIP-II (viral Macrophage Inflammatory Protein-II) is a 
chemokine analog produced by human herpesvirus 8 (HHV-8) that has high 
sequence identity to many chemokines as well as nearly identical tertiary 
structure [10, 72, 73].  However, this protein is unique among chemokines in its 
ability to bind but not activate receptors of chemokines from multiple sub-families, 
including the receptors CCR5, CXCR4, CCR1, and CCR2 [74].  These properties 
allow vMIP-II to effectively compete with the natural chemokine ligands of these 
receptors, including MCP-1 (monocyte chemoattractant protein-1), MIP-1α 
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(macrophage inflammatory protein-1 alpha), MIP-1β (macrophage inflammatory 
protein-1 beta) and RANTES, and have elicited interest in vMIP-II both as an 
anti-inflammatory agent and for its ability to inhibit HIV [75].  This 71 amino acid 
protein is also an agonist (having the ability to bind and to cause an intracellular 
response) for the receptor CCR3 [74, 76, 77].  Though this chemokine analog is 
able to bind both CCR5 and CXCR4, it is less potent compared to other HIV 
inhibitors with EC50 in the micromolar range [74, 75].  In chapter 4, we have 
made a vMIP-II variant, “5P12-vMIP-II” in which the N-terminal amino acids of 
vMIP-II have been replaced by 10 amino acids that have been shown to greatly 
enhance the anti-HIV potency of the chemokine RANTES for R5 HIV strains [68]. 

1.5.5 Inhibitors that bind gp41: Fusion peptides 

      During HIV infection, when gp41 is exposed after gp120 interacts with the 
receptor and coreceptor, the N- and C- heptad repeats of gp41 form a 6 helix 
bundle, bringing the virus close to host cell membrane, thus leading to viral 
fusion with target cell.  N peptides and C peptides are fusion peptide inhibitors 
derived from the N- or C- heptad repeats of gp41 that target the corresponding 
binding region and interfere with 6 helix bundle formation, thus inhibiting HIV 
fusion (Figure 1-14).  For example, C peptides are peptides derived from C-
heptad repeat, which can bind to the N-heptad repeat.  Specific amino acids 
have been mutated in order to increase the anti-viral activity, and to reduce HIV 
resistance and protease degradation.  C-peptides are the major inhibitors; the N-
peptides are also well-studied, but they have several disadvantages, in that they 
are less potent than C peptides and are also known to aggregate [78].   
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      T20 (enfuvirtide) is a 36-amino acid peptide that binds to the hydrophobic 
region on N terminus of gp41 and blocks HIV entry.  It was approved by the FDA 
in 2003 as the first entry inhibitor to be used as a drug.  However, it causes many 
side effects such as fever; in addition, since it is a peptide it cannot be ingested 
as a pill due to susceptibility to degradation by human proteases, and it is 
prescribed to be injected twice a day, which is an inconvenient therapeutic 
method for patients.  Therefore, it is currently only used as a salvage strategy for 

 

         

 

Figure 1-13: Schemes of gp41 structure. 

Top: C-peptides are peptides derived from the C-terminus of gp41, which forms 
the C heptad repeats of the 6 helix bundle.  Therefore, c peptides bind to the N-
heptad repeat and inhibit 6 helix bundle formation thus interfering with HIV entry. 

Bottom:  sequence alignment of C37 and T20.  Both peptides are derived from C 
heptad repeats with highly hydrophobic residues.  

6 helix bundle formation membrane fusion

Target of C peptide

X
No 6-helix bundle formation, no fusion
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patients failing other therapies.  However, studies show that T20-resistant strains 
may have reduced replication ability, so T20 is promising as a component of a 
combination treatment or could be used to generate newer inhibitors.   

Newer generations of C peptide: T2635 and T1144 

      Because of drug resistance and side effects of the first generation of C-
peptide T20, mutagenesis and HIV-resistant selection have been used to 
generate newer generations of C-peptides, including T2635 and T1144 [79, 80].  
Newer features include less HIV resistance among different strains, longer half-
life in animal studies, and higher affinity to HIV gp41.  

1.6 Multivalent studies of anti-HIV lectins and antibodies 

      Unlike other enveloped viruses which generally exhibit a high density of 
envelope spikes (i.e. gp120, gp41), HIV displays a very low density of spikes [4, 
81].  Although similar in size to influenza type A, HIV has an average of 14 spikes 
per virus particle with longer distance between spikes, while influenza type A 
virus has ~450 spikes per virus particle [23].  These HIV spikes form clusters on 
the virus's surface with the closest distance between two spikes being 150 Å [4].  
As few as 4 spikes have been shown to be sufficient for HIV entry [82], and 
possibly even fewer spikes are needed achieve fusion with the target cell 
membrane [83].   

      Several models have been proposed for lectins or antibodies binding to 
gp120, including the possibilities of inter-spike or intra-spike cross-linking [84].  
As shown for lectins and some carbohydrate binding antibodies, bivalent binding 
is necessary for potent function, and multivalency leads to higher activity [85, 86].  
Class-switch of anti-gp120 carbohydrate binding antibodies from IgG (two 
epitope binding sites) to IgM (five epitope binding sites) leads up to 28-fold more 
efficiency [87, 88].  

      Enhanced inhibition due to multisite binding can often be explained by the 
avidity effect of the inhibitor [84, 85].  The effect of avidity on the affinity of a 
multivalent antibody or lectins can be explained as a two-step reaction.  When 
the first binding site of an antibody molecule is tethered to the surface, the small 
reaction volume increases the reaction rate of the second binding site and brings 
the free binding site close to its target.  This increased on-rate of the second 
(later) site after the first site binding leads to overall better binding and less 
dissociation of the lectin or antibody from the virus [84].   

      In addition to increased affinity, another important question regarding an 
inhibitor requiring two arms for function is whether the inhibitor is actually cross-
linking two different gp120 subunits, as opposed to binding two sugar moieties on 
the same gp120 subunit.  Alternatively, a bivalent inhibitor may actually bind to 
two different gp120 trimers on the surface of the virus (i.e. two different viral 
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spikes).  The closest distance between HIV spikes is 150 Å [4], which is very 
close to the distance between the two antigen recognition sites on Fabs.  This 
way, an antibody might be using two Fabs to cross-link two HIV spikes.  For 
lectins, which are much smaller than antibodies, it may have an “intra-spike” 
cross-linking mechanism (i.e. binding two gp120 monomers within the same 
trimer).  Gp120 is a trimer on the surface of the virus, and the distance between 
the two arms of Grft (~47 Å) or two carbohydrate binding site of another potent 
lectin, cyanovirin  (~44 Å) could allow for binding to putative glycosylation sites 
on two different gp120 monomers within the trimer [1, 89] [90].  Using ELISA 
assays, my data show that griffithsin can cross-link two separate gp120 subunits, 
which supports the hypothesis that griffithsin can cross-link the gp120.  This will 
be discussed in Chapter 3.  However, due to the limitations of assay, this 
mechanism needs further investigation.   

 

                                  

 

 

 

 

 

 

 

 

Figure 1-14:  A proposed model of antibody or lectin cross-linking gp120 
subunits. 

Left:  An antibody may have an “inter-spike” cross-linking mechanism due to 
the distance between two antigen binding sites on two Fab domains.  When 
one antigen binding site binds to the epitope, it may increase affinity to the 
second antigen binding site by decreasing the koff rate, thus achieving higher 
affinity and potency.  
Right: Lectins, or an unusual carbohydrate binding antibody 2G12 that has a 
shorter distance between two Fab domains than usual Fabs (~45 Å versus 
150 Å), may use an “intra-spike” cross-linking mechanism.  
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1.7 Microbicides 

      As defined by the World Health Organization (WHO), microbicides are 
compounds that can be applied inside the vagina or rectum to protect against 
sexually transmitted infections (STIs) such as HIV.  They can be formulated as 
gels, creams, films, or suppositories.  Microbicides may or may not have 
spermicidal activity (a contraceptive effect).  Microbicides need to be easy to 
apply, cheap to produce, and stable for a long period of time.  At present, an 
effective microbicide is not available.  Scientists are working on different 
combinations of anti-HIV drugs and using them as components of microbicides 
[91].  For example, the use of a reverse transcriptase inhibitor tenofovir in a 
topical 1% gel worked to protect against HIV in women in the CAPRISA 004 trial 
[92].  This was the first proof that a microbicide can protect against sexual 
transmission of HIV.  However, lack of success in later VOICE trials show that 
many factors need to be considered in designing an acceptable microbicide.  
Lectins have several features that make them good candidates for components 
of microbicides: first of all, lectins are usually extracted from plants, and they are 
very stable against many human proteases and are stable at different pHs and 
temperatures; secondly, they can be made in large quantities very easily, usually 
in milligram or gram amounts, and are cheap to produce.  Recent studies also 
showed that lectins have a synergistic effect when combined with anti-HIV 
antibodies, suggesting a possible combination strategy, using lectins and broadly 
neutralizing antibodies together [93].  

      In addition, scientists are also working on different formulations of 
microbicides to stabilize the active components, making it easy to apply, and 
studying the time-released capability of potential microbicides.  For example, 
intravaginal rings (IVRs) may improve efficacy by providing long-term sustained 
drug delivery, and scientists showed that formulated tenofovir in an intravaginal 
ring completely protects macaques from multiple vaginal simian-HIV challenges 
[94].  In addition, by using an affinity-based gel, Wang et al. showed that 5P12-
RANTES, a derivative of RANTES, can be formulated in a glycosaminoglycan gel 
that slowly releases active 5P12-RANTES over the course of one month, 
although this was not tested in an animal model [95].  Our group involved in 
collaboration to study the use of silk fibroin as a stability matrix for anti-HIV films.  
These include the use of Grft and 5P12-RANTES as inhibitors, and have been 
extended to include time release capability.  
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Chapter 2  

The Role of Individual Carbohydrate-Binding Sites in the 
Function of the Potent Anti-HIV Lectin Griffithsin 

This work was published as part of [55]: 

Xue J, Gao Y, Hoorelbeke B, Kagiampakis I, Zhao B, Demeler B, Balzarini J, Liwang PJ., 
"The role of individual carbohydrate-binding sites in the function of potent anti-HIV lectin 
Griffithsin", Molecular Pharmaceutics, 2012 Sep 4;9(9):2613-25.  ACS Articles on 
Request. 
 

2.1 Abstract 

Griffithsin (GRFT) is a lectin that has been shown to inhibit HIV infection 
by binding to high mannose glycan structures on the surface of gp120, and is 
among the most potent HIV entry inhibitors reported so far. However, important 
biochemical details on the antiviral mechanism of GRFT action remain 
unexplored. In order to understand the role of the three individual carbohydrate-
binding sites (CBS) in GRFT, mutations were made at each site (D30A, D70A, 
and D112A), and the resulting mutants were investigated.  NMR studies revealed 
that each GRFT variant was folded but showed significant peak movement on 
the carbohydrate-binding face of the protein.  The wild-type and each point 
mutant protein appeared as tight dimers with a Kd below 4.2 µM.  Mutation of any 
individual CBS on GRFT reduced binding of the protein to mannose, and ELISA 
assays revealed a partial loss of ability of each GRFT point mutant to bind gp120, 
with a near-complete loss of binding by the triple mutant D30A/D70A/D112A 
GRFT.  A more quantitative surface plasmon resonance (SPR) examination 
showed a rather small loss of binding to gp120 for the individual GRFT point 
mutants (KD: 123 to 245 pM range versus 73 pM for wild-type GRFT), but 
dramatic loss of the triple mutant to bind gp120 derived from R5 and X4 strains 
(KD > 12 nM). In contrast to the 2- to 3-fold loss of binding to gp120, the single 
CBS point mutants of GRFT were significantly less able to inhibit viral infection, 
exhibiting a 26- to 1900-fold loss of potency, while the triple mutant was at least 
875 fold less effective against HIV-1 infection.  The disparity between HIV-1 
gp120 binding ability and HIV inhibitory potency for these GRFT variants 
indicates that gp120 binding and virus neutralization do not necessarily correlate, 
and suggests a mechanism that is not based on simple gp120 binding.   
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2.2 Introduction 

 In the fight against HIV/AIDS, HIV entry inhibition is increasingly important.  
To inhibit entry of the virus, general strategies include the development of drugs 
that interact with the HIV envelope proteins gp120 and gp41, or that interact with 
human cell surface proteins that are the targets of the virus, such as the co-
receptor CCR5 [47, 68, 96].  One important class of potent HIV entry inhibitors is 
the lectin class, which bind to the glycans that cover the surface of HIV gp120.  In 
particular, the branched mannose oligomers Man-8 and Man-9 on HIV-1 gp120 
are the likely target of inhibitors such as cyanovirin-N and griffithsin (GRFT) [1, 
11, 90, 97-99]), each of which are highly potent HIV inhibitors in cell culture. 

 GRFT is a lectin derived from a red algae and is among the most efficient 
anti-HIV lectins, showing low nanomolar inhibition in cell fusion assays and sub-
nanomolar inhibition against single round and replication-competent HIV [47].  
GRFT has been shown to be produced easily in gram quantities [51], and to be 
non-irritating and largely unable to activate cellular receptors under conditions 
necessary for clinical use [52, 53].  Therefore, this protein is considered as a 
leading drug candidate to prevent the sexual spread of HIV.  

 

 GRFT has been crystallized as a domain-swapped dimer, and several 
high resolution structures have shown three putative carbohydrate-binding sites 
(CBS) on each monomer (Figure 2-1) [1, 97, 98].  Each site appears to be able to 
bind only one glycan unit, but affinity studies with monosaccharides show only a 
micromolar binding potential.  Therefore, some combination of glycan binding by 
the multiple sites on GRFT, rather than by individual sites, seems to be 
necessary to achieve high levels of virus inhibition.  Mechanistic work on the 

 

Figure 2-1: Crystal structure of griffithsin (GRFT) and high mannose 
glycans on HIV surface.  

 Left: The structure of the GRFT dimer in complex with mannose [1, 2]. The 
arrows denote the three mannose binding sites of one monomer.  Right: The 
structure of Man-9 [11], an oligosaccharide on the surface of gp120 that is likely 
bound by GRFT.  Structure was made with the program Chimera [5] using PDB 
structure 2gud [1]. 

Man-9 on HIV surface
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particular sites of glycosylation of gp120 reveals the likely importance of N-linked 
carbohydrates at N295, N234, and N448 in the action of GRFT [38, 39, 100]. 
Calculations have been carried out suggesting that all three sites on a GRFT 
subunit could indeed be used simultaneously to bind the three terminal mannose 
residues of the branched Man-9 of gp120 [101]. However, more recent structural 
work by these research groups shows that an engineered GRFT monomer “1GS-
S” in complex with nona-mannoside does not appear to have all three sites 
bound simultaneously to the three terminal mannose groups of a high-mannose 
glycan.  In this structure, two of the terminal mannoses bind in two sites on GRFT 
(Pocket 1 and Pocket 3, using the nomenclature from Ziolkowska 2006 [1]), while 
the Pocket 2 site was bound by a mannose from another symmetry related nona-
mannoside [97].  This work indicated that this Pocket 2 site (with key residue 
Asp30) was not equivalent to the other two sites within the monomeric subunit, 
and emphasized the role of the GRFT dimer by showing that a monomeric 
variant was greatly diminished in its ability to inhibit HIV [97]. 

 Therefore, an outstanding question regarding the mechanism of HIV 
inhibition by GRFT is the role each of the three putative carbohydrate-binding 
sites play in the affinity of the protein for its mannose target and subsequent anti-
HIV function. Here, we show the effect on the structure and function of GRFT 
when each individual CBS is mutated.  We also present NMR chemical shift 
assignments of wild-type GRFT and describe further biochemical investigations 
of the wild-type protein and its mutants, including analytical ultracentrifugation, 
surface plasmon resonance and assessment of carbohydrate binding and anti-
HIV function of wild-type and mutant GRFT. 
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2.3 Material and Methods 

2.3.1 DNA construction 

Single site mutations of GRFT (D30A, D70A, D112A) were made using the 
Stratagene QuikChange® Site-Directed Mutagenesis or using a standard 
thermocycling strategy.  Genes of GRFT variants were cloned into the pET-15b 
expression vector (Novagen) between the Nco1 and BamH1 cleavage sites.  The 
triple mutation of GRFT (D30A/D70A/D112A) was made using a standard 
thermocycling strategy and all mutants were confirmed by DNA sequencing. 

2.3.2 Protein production and purification 

Plasmids with an N-terminal histidine-tag were transformed to Escherichia 
coli BL21(DE3) (Novagen) competent cells and expressed in minimal media with 
15NH4Cl as the sole nitrogen source.  Each mutant was produced using the 
following procedure.  Protein production was induced upon addition of Isopropyl 
β-D-1-thiogalactopyranoside (IPTG) with further incubation at 37ºC for 6 hours. 
Cells were harvested by centrifugation at 6,000xg for 10 min and the pellet was 
resuspended in 5 M guanidine hydrochloride, 500 mM NaCl, 10 mM benzamidine, 
and 20 mM Tris pH 8; this allowed complete solubilization of proteins from both 
the inclusion body and the supernatant upon cell disruption. The solution was 
French pressed twice at 16,000 psi, and then centrifuged at 15,000 x g for 1 hour.  
The soluble portion was loaded onto a Ni chelating column (Qiagen) equilibrated 
with the same resuspension buffer.  Proteins that bind nonspecifically were first 
eluted in the same buffer in the presence of 50 mM imidazole.  These were 
discarded.  Finally, GRFT or its variants were then eluted using 500 mM 
imidazole, 5 M guanidine hydrochloride, 500 mM NaCl and 20 mM Tris pH 8 and 
refolded by adding dropwise to low salt refolding buffer (50 mM NaCl, 20 mM Tris 
pH 8) over the course of 30 min.  The solution was dialyzed against in the same 
refolding buffer at 4ºC overnight.  The protein solution was then centrifuged at 
15,000xg for 1 hour to remove precipitated material, and purified on a C4 
reversed-phase chromatography column (Vydac, Hesperia, CA).  The fractions 
were analyzed on a SDS-PAGE gel to confirm the size and then lyophilized in a 
Labconco freeze-dry system (Labconco Corporation).   

For the D30A/D70A/D112A triple mutation, in some preps a slight variation 
was used.  The cell pellet was resuspended in high salt cracking buffer (500 mM 
NaCl, 20 mM Tris pH 8) without the presence of guanidinium so that only the 
supernatant was used without further refolding.  The purification continued as 
described above, in buffers lacking guanidinium using a Nickel chelating column, 
followed by dialysis and C4 column purification.   

Concentration of protein was determined using absorbance at 280 nM with 
an extinction coefficient of GRFT subunit (11920 cm-1M-1, from the Expasy 
program located at http://web.expasy.org/protparam/) except as described for 
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analytical ultracentrifugation, which also used A230. Results indicate the 
concentration of GRFT subunits (monomers), except for the surface plasmon 
resonance, which show the concentration of dimers, since those were 
established here to be the relevant binding unit.  

2.3.3 GRFT binding to D-mannose-agarose column 

The D-mannose-agarose column was obtained from Sigma (St. Louis, 
MO), and is composed of a single mannose saccharide bound to the agarose 
bead, likely through the C6 hydroxyl.  GRFT was made to 15 uM in 50 mM Tris 
pH 7.4 and bound to the column.  Elution was carried out with a gradient up to 
200 mM mannose, 50 mM Tris pH 7.4. 

2.3.4 ELISA studies of GRFT-gp120 interactions 

To test the binding of each GRFT mutant to HIV gp120, ELISA binding 
assays were carried out as described previously[47, 102]. In brief, 100ng HIV 
gp120ADA (ImmunoDiagnostic) was coated on each well in a 96 well plate 
(Maxisorp Immunoplate; Nalge NUNC) overnight at 4 °C.  After the plate was 
washed with 0.5% Tween20 in PBS and blocked with 1% bovine serum albumin 
for 1 hour, serial dilutions of wild-type GRFT or its mutants were added to 
triplicate wells and incubated for 2 hours at 37ºC.  After the plate was washed, a 
1:1000 fold dilution of Horseradish-peroxidase-conjugated Nickel-NTA (Qiagen) 
(which detects the N-terminal his-tag of GRFT and its mutants) was added 
according to the company’s instructions. Then the substrate for Horseradish-
peroxidase (2,2'-azino-bis 3-ethylbenzthiazoline-6-sulphonic acid) (Fisher 
Scientific) was added and signal was measured by absorbance at 405nm.  

2.3.5 Virus isolates 

HIV virions deleted in vpr and env were used to make pseudo viral particles 
as follows. Viral plasmids containing the env gene from HIV-1 were obtained 
from the NIH AIDS Research and Reference Reagent Program, Division of AIDS, 
NIAID, NIH as follows: HIV-1 ADA-M (referred to as HIV-1 ADA, R5) from Dr. 
Howard Gendelman [103-106].  Plasmid pSV-JRFL (R5) was a kind gift from 
Nathaniel Landau [107]).  pCAGGS-SF162-gp160 (R5) was from Leonidas 
Stamatatos and Dr. Cecilia Cheng-Mayer [108-110].   293FT cells were kind gifts 
from Dr. Jennifer Manilay and were originally obtained from Invitrogen. For single 
round virus production, plasmids with deleted vpr and env (pNL-luc3-R-E- 
containing the firefly luciferase gene; a kind gift from Dr. Nathaniel Landau  [107]) 
were co-transfected into 293FT cells with different HIV strain env plasmids using 
Roche X-treme HP transfection reagent according to the manufacturer’s 
instructions.  Supernatant media containing virions was harvested 48 hours post 
transfection, centrifuged at 1,000xg, filtered through a 0.45 µM syringe (Millipore) 
and stored at -80 °C for later experiments.  HIV-1(IIIB) was provided by R.C. 
Gallo, at that time at the National Institutes of Health (Bethesda, MD). 
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2.3.6 Single-round infection assays 

TZM-bl cells stably expressing CD4, CCR5 and CXCR4 coreceptors were 
maintained in Dulbecco's Modified Eagle's Medium (DMEM) with 10% fetal 
bovine serum (FBS). 104 cells per well were first seeded into a 96 well plate for 
one day. The media was then changed 3 hours before the assay and made to a 
volume of 50 ul per well, and then a serial dilution of GRFT variants were added 
from the top row to the bottom row, as follows: 20 ul GRFT variants of different 
concentration was added into the first row and mixed well with culture media.  
Then 20 ul media was removed and added into the second row, and so on.  Virus 
was then added into each well containing different GRFT variants.  The media 
was changed in 24 hours and cells were incubated for another 24 hours.  PBS 
containing 0.5% NP-40 was used to lyse the cells and substrate chlorophenol 
red-D-galactopyranoside [CPRG] (Calbiochem) was added.  Signal was 
measured at 570nm and 630nm (absorbance). The ratio of 570/630 for each well 
was calculated.  EC50 values were determined using a linear equation fitted 
between two data points surrounding 50% inhibition.  For presentation purposes, 
data shown in the figures were plotted and fitted as curves using a four-
parameter logistic equation in Kaleidagraph (Synergy Software, Reading, PA). 

2.3.7 Anti-HIV assays in CEM cell cultures 

CEM cells (5 x 105 cells per ml) were suspended in fresh culture medium 
and infected with HIV-1(IIIB) at 100 times the CCID50 (50% cell culture infective 
dose) per ml of cell suspension, of which 100 µl was then mixed with 100 µl of 
the appropriate dilutions of the test compounds. After 4 to 5 days at 37°C, HIV-1-
induced syncytia formation was recorded microscopically in the cell cultures. The 
50% effective concentration (EC50) corresponds to the compound concentration 
required to prevent syncytium formation by 50% in the virus-infected CEM cell 
cultures. Syncytium formation was recorded microscopically. 

2.3.8 Cocultivation assay  

Persistently HIV-1(IIIB)-infected HuT-78 cells were washed to remove free 
virus from the culture medium, and 5 x 104 cells (50 µl) were transferred to 96-
well microtiter plates. Next, a similar amount of Sup-T1 cells (50 µl) and 
appropriate concentrations of test compound (100 µl) were added to each well. 
After 2 days of coculturing at 37°C, the EC50s were quantified by microscopic 
inspection on the basis of the appearance of syncytia.  

2.3.9 NMR spectroscopy 

GRFT variants were expressed in minimal media with 15NH4Cl as the only 
nitrogen source or with 15NH4Cl as well as 13C labeled glucose as the sole 
nitrogen and carbon source.  These mutants were produced and purified as 
described above.  To dissolve the protein powder after purification, 20mM 
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sodium phosphate buffer (pH 7.0) with 5% D2O was used and 2,2-dimethyl-2-
silapentane-5-sulfonic acid (DSS) was added for calibration.  Spectra were 
collected at 25ºC on a four-channel 600-MHZ Bruker Avance III spectrometer.  
The backbone resonances were assigned using standard spectra: 3D HNCO, 
HN(CA)CO, HNCACB, CBCA(CO)NH, HNCA, HN(CO)CA [111-114].  Data was 
processed using NMR Pipe [115]. The programs PIPP, Sparky and NMRVIEW 
[116-118] were used for visualization and chemical shift assignment.  Molecular 
graphics images were produced using the UCSF Chimera package from the 
Resource for Biocomputing, Visualization, and Informatics at the University of 
California, San Francisco (supported by NIH P41RR001081) [5].  Changes in 
backbone chemical shift (Δδobs) upon mutation or titration with mannose were 
determined using the weighted average of changes in 1H and 15N, with the 
equation [10, 119, 120]: 

Δδobs = [(Δδ2
HN + (ΔδN/5)2)/2]1/2 

2.3.10 Surface plasmon resonance (SPR) analysis 

Recombinant gp120 proteins from HIV-1(IIIB) strain (ImmunoDiagnostics 
Inc., Woburn, MA), from HIV-1(ADA) strain (ImmunoDiagnostics) and 
recombinant gp41 protein from HIV-1(HxB2) (Acris Antibodies GmbH, Herford, 
Germany) were covalently immobilized on the carboxymethylated dextran matrix 
of a CM5 sensor chip in 10 mM sodium acetate, pH 4.0, using standard amine 
coupling chemistry. The exact chip densities are given in the Results section. A 
reference flow cell was used as a control for non-specific binding and refractive 
index changes. All interaction studies were performed at 25°C on a Biacore T200 
instrument (GE Healthcare, Uppsala, Sweden). The test compounds were 
serially diluted in HBS-P (10 mM HEPES, 150 mM NaCl and 0.05% surfactant 
P20; pH 7.4) covering a concentration range between 1.51 and 12.05 nM by 
using two-fold dilution steps. Samples were injected for 2 minutes at a flow rate 
of 45 µl/min and the dissociation was followed for 8 minutes. One duplicate 
sample and several buffer blanks were used as a positive control and for double 
referencing, respectively. The CM5 sensor chip surface was regenerated with 1 
injection of Glycine-HCl pH1.5. The experimental data were fit using the 1:1 
binding model (Biacore T200 Evaluation software 1.0) to determine the binding 
kinetics.  In a separate experiment, both monomeric gp120 and trimeric gp140 
derived from HIV-1/JR-FL (kind gift from R.W. Sanders, Amsterdam, The 
Netherlands. [121] was bound on the CM5 sensor chip and interaction of wild-
type GRFT was site-by-site investigated against both mono- and trimers as 
described above. Also recombinant non-glycosylated gp160 (derived from HIV-
1/IIIB and expressed in E.coli (ImmunoDiagnostics Inc., Woburn, MA)) was 
covalently immobilized on the CM5 sensor chip as described above, and its 
interaction with wild-type and mutant GRFT, but also the carbohydrate-binding 
monoclonal antibody 2G12 (Polymun Scientific GmbH, Vienna, Austria), soluble 
CD4 (sCD4) (ImmunoDiagnostics Inc.), and the �1,3/�1,6-mannose-specific plant 
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lectin from Hippeastrum hybrid (HHA) (provided by E. Van Damme, Ghent, 
Belgium) was investigated. 

2.3.11 Analytical Ultracentrifugation  

Sedimentation velocity experiments were carried out to confirm that the 
mutations did not affect the dimeric oligomerization state of GRFT.  All 
experiments were performed on a Beckman Optima XL-I at the Center for 
Analytical Ultracentrifugation of Macromolecular Assemblies (CAUMA) at the 
University of Texas Health Science Center at San Antonio.  Sedimentation 
velocity (SV) data were analyzed with the UltraScan software [122, 123].  
Calculations were performed at the Texas Advanced Computing Center at the 
University of Texas at Austin, and at the Bioinformatics Core Facility at the 
University of Texas Health Science Center at San Antonio as described in [124].  
All GRFT samples were measured in 40 mM sodium phosphate buffer (pH 6.9), 
except for the Triple mutant D30A/D70A/D112A which also include 50 mM NaCl.  
To monitor possible mass action in the oligomerization behavior of GRFT, the 
data were measured in intensity mode both at 0.3 and 0.9 OD at 230 and 280 nm 
(0.3, 0.6, 0.9 at 230 nm for the Triple mutant D30A/D70A/D112A), giving access 
to a wide concentration range. All data were collected at 20°C, and spun at 50 
krpm, using standard titanium 2-channel centerpieces (Nanolytics, Potsdam, 
Germany).  The protein concentrations ranged from 4.2 uM (0.3 OD230nm) to 
75.5uM (0.9 OD280nm).  The partial specific volume of GRFT was determined to 
be 0.7128 cm3/g for wild-type GRFT and 0.7138 cm3/g for the D-A mutants by 
protein sequence according to the method by Durchschlag as implemented in 
UltraScan.  All data were first analyzed by two-dimensional spectrum analysis 
with simultaneous removal of time-invariant noise [125, 126] and then by 
enhanced van Holde–Weischet analysis [127] and genetic algorithm refinement 
[126, 128] followed by Monte Carlo analysis [129]. 
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2.4 Results 

2.4.1 NMR chemical shift assignments of wild-type GRFT. 

 Although several high quality X-ray structures of GRFT have been 
published [1, 97, 101], limited nuclear magnetic resonance (NMR) data has yet 
been reported [130].  This technique is quite complementary to X-ray analysis, 
allowing a quick assessment of whether a protein is folded and the likely 
structural similarity of a mutant to the wild-type protein.  Therefore, the backbone 
chemical shift determination of wild-type GRFT was carried out using standard 
methods. We were able to obtain 90.7% assignments, including backbone 15N, 
1HN, 13CO, 13C� and 40% 13C�; Figure 2-2 shows an assigned 15N, 1H HSQC 
(Heteronuclear Single Quantum Coherence) correlation spectrum for GRFT.   

 

    

Figure 2-2: Assigned 15N correlation spectrum of wild-type GRFT.   
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2.4.1 NMR of GRFT with mannose.  

A titration was carried out with wild-type GRFT in the presence of 
mannose.  The addition of the monosaccharide caused a significant shift in 
several peaks, as shown in Figure 2-3A, indicating a changed environment for 
these amino acids upon mannose binding.  The shifted peaks were identified, 
and as shown in Figure 3B the region most affected by the addition of mannose 
is the face of the protein containing the three CBS.   It was found that 15 residues 
on this face shifted by at least 1 standard deviation from the average (9 shifted 
by 1 SD, 6 shifted by 2 SD) while only a small amount of shifting occurred 
elsewhere in the protein (Figure 2-3B, Appendix Figure A-1). Also, some of the 
peaks corresponding to residues on the mannose binding face were impossible 
to follow upon titration with mannose due to broadening, suggesting a change in 
dynamics indicative of a binding event.  
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2.4.3 Mutations of carbohydrate-binding sites in GRFT. 

      As shown in Figure 2-4, each mannose moiety interacts with GRFT through 
several H-bonds [1].  One of the most clear and defined interactions in each 
carbohydrate-binding site involves the side chain of Asp 30 (and Asp 70 and Asp 
112 in the other nearly-identical CBS) and the hydroxyl of O4 and O6 in mannose.  
It appears very likely that if the Asp were removed by mutation to Ala, the sugar 
binding capability would be severely impaired, likely without harming the overall 
structure of the protein.  However, it cannot be excluded that individual amino 
acid side chains also contribute to maintain the protein configuration, and 

 

Figure 2-3: Mannose titration of wild-type GRFT.  

Left: 15N HSQC of mannose titration of GRFT.  Resonances for unliganded wild-
type protein are shown in black.  Orange peaks represent GRFT in the presence 
of 3 mM mannose; green peaks show the presence of 10 mM mannose; red 
peaks show the presence of 23 mM mannose (saturated).  

Right:  Structure of GRFT showing regions from one subunit of the protein 
affected by titration with mannose, as determined by NMR spectroscopy.  Yellow 
indicates residues whose chemical shift changed by 1 standard deviation from 
the average upon addition of mannose, while red indicates residues whose 
chemical shift changed by 2 standard deviations, and magenta indicates 
residues that became impossible to follow upon addition of mannose.  These 
residues are listed in Appendix Table A-1.  Mannose monosaccharides are 
shown in green.  Residues G8 and G9 are from the domain-swapped other 
subunit.  Structure is PDB 2gud obtained from [1, 2]. 
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therefore, a dramatic amino acid change from Asp to Ala may also affect the 
conformational structure of the protein.  To clarify the role of each putative 
mannose binding site in GRFT, we mutated the key Asp residue at each CBS to 
Ala. We also made a triple mutant at all three CBS of GRFT.  Each variant was 
first assessed by NMR and shown to be folded (Figure 2-5, Appendix Figure A-2 
and A-3).  A comparison of HSQC spectra with the wild-type protein indicates 
that each point mutant has changes that extend further than its individual site, 
propagating to much of the mannose-binding face of the protein, including 
usually each of the other two sites, while the remainder of the protein appears to 
be largely unaffected (Figures 2-5 and Appendix Figure A-2 and A-3).  The 
largest changes in spectra were observed for the triple mutant, having the Asp at 
each of the three CBS mutated to Ala (Appendix Figure A-4).  When this triple 
mutant D30A/D70A/D112A was titrated with mannose, the HSQC spectra 
showed essentially no change for any concentration tested, up to 23 mM 
mannose, indicating no binding  (Appendix Figure A-9).  

 

 
Figure 2-4: The three putative mannose binding sites of GRFT, as 
determined by [1, 2].   
Mannose saccharide is shown in green, selected residues from griffithsin are 
shown in blue and labeled.   
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Figure 2-5: Structure of GRFT single point mutants.  

Figure 2-5A. 15N HSQC spectrum of GRFT D30A (red) overlaid with the 
spectrum of wild type griffithsin.  Some peaks with significant movement upon 
mutation are labeled.  

Figure 2-5B.  Structure of GRFT showing regions that have chemical shift 
changes upon mutation of the mannose site at D30.  Yellow indicates chemical 
shift change that is 1 standard deviation greater than average, red indicates 
chemical shift change that is 2 standard deviations greater than average, and 
magenta indicates peaks that broaden or otherwise have moved too much to 
assign upon mutation.  These residues are listed in Table S1.  Mannose residues 
are shown in green. Structure is 2gud from [1, 2]. 

Figure 2-5C.  Chemical shift changes of GRFT upon mutation of residues at the 
mannose binding sites.  Some residues broaden or move and cannot be 
visualized upon mutation of one of the sites so they are not shown.  Changes for 
D30A are shown in red; D70A: purple; D112A: blue. 
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 To determine whether the mutations at each CBS in GRFT altered the 
dimer affinity, analytical ultracentrifugation was carried out on the wild-type 
protein and each variant using sedimentation velocity analysis. To better 
ascertain whether any mass action effects were detectable, wild-type and mutant 
GRFT were measured over a wide concentration range.  In each case vertical 
sedimentation coefficient G(s) distributions were obtained with the enhanced van 
Holde–Weischet analysis [127], and had nearly identical sedimentation 
coefficients (see Figure 2-6 and Appendix Figure A-5).  Vertical G(s) distributions 
indicate that all samples were homogenous [131]. 2-dimensional spectrum 
analysis [132, 133] combined with Monte Carlo analysis [129] resulted in a 
molecular weight consistent only with the dimer (see Table 2-1), even at the 
lowest concentration tested (4.2 �M).    

 

  

 
 
Figure 2-6: Van Holde-Weischet G(s) sedimentation coefficient 
distributions of GRFT at 4 concentrations.  

A: 0.3 OD 230 nm, B: 0.9 OD 230 nm, C: 0.3 OD 280 nm, D: 0.9 OD 280 nm. 
Filled circles: wild-type, open squares: D30A, open triangles: D112A, open 
diamonds: D70A. Vertical distributions indicate homogeneity. 
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Table 2-1.  Molecular weight of GRFT and its point mutants determined by 
analytical ultracentrifugation.  

Molecular weight of the major species determined with the 2-dimensional 
spectrum analysis [125] combined with Monte Carlo analysis [97] for wild-type 
GRFT and mutant at 4 different loading concentrations.  Values in parenthesis 
refer to the 95% confidence intervals for each fit. In all cases the molecular 
weight closely matches the molecular weight of the GRFT dimer.   

Sample/ 
Concentration 0.3 OD 230 nm 0.9 OD 230 nm 0.3 OD 280 nm 0.9 OD 280 nm 

Wild type 
2.71e+04 

(1.584e+04, 
3.83e+04) 

2.73e+04 
(2.39e+04, 
3.27e+04) 

2.83e+04 
(2.15e+04, 
3.11e+04) 

2.98e+04 
(2.70e+04, 
3.10e+04) 

D30A 
3.15e+04 

(3.03e+04, 
3.20e+04) 

3.04e+04 
(2.81e+04, 
3.28e+04) 

3.15e+04 
(2.35e+04, 
3.54e+04) 

3.00e+04 
(2.73e+04, 
3.22e+04) 

D112A 
3.00e+04 

(2.88e+04, 
3.04e+04) 

2.79e+04 
(2.57e+04, 
3.01e+04) 

3.07e+04 
(2.91e+04, 
3.23e+04) 

3.13e+04 
(2.13e+04, 
4.11e+04) 

D70A Not measured Not measured 
3.01e+04 

(2.81e+04, 
3.13e+04) 

3.01e+04 
(2.89e+04, 
3.27e+04) 

GRFT 
D30A/D70A/D112

A 

Not measureda 
 

2.84e+04 
(2.72e+04, 
2.97e+04) 

Not measureda Not measureda 

aFor the Triple mutant GRFT D30A/D70A/D112A, other concentrations were also 
tested and consistent with this data (Appendix Figure A-5) 

2.4.4 Mutations in the CBS of GRFT reduce the ability of GRFT to bind 
mannose and gp120. 

 The ability of wild-type GRFT and its variants to bind mannose was first 
assessed by using a commercial mannose column, having mannose 
monosaccharide bound to a standard bead.  This column is a crude method of 
determining mannose binding, since the attachment of each carbohydrate to the 
bead at C6 precludes protein binding from that direction.  Each protein was 
loaded onto the column and eluted using a mannose gradient.  GRFT bound to 
the column, requiring 50 mM mannose for elution, while mutation at any single 
CBS resulted in a protein that flowed through without binding the column (Figure 
2-7).  This indicates that carbohydrate binding was diminished for each mutant, 
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but since the column is composed of a single carbohydrate ring that is not freely 
available at all sites for binding, further interpretation is not possible.  

 

 The most relevant binding interaction for GRFT in terms of HIV inhibition is 
its ability to bind HIV envelope protein gp120.  A straightforward way to measure 
this interaction is the ELISA assay, in which gp120 is bound to a surface, and 
varying amounts of GRFT or its mutants are exposed to the gp120.  The level of 
binding between GRFT and gp120 is determined by addition of a peroxidase-
conjugated protein that is specific for the N-terminal His-tag on GRFT.  (We and 
others have shown that an N-terminal His-tag does not impede the activity of 
GRFT [47, 130]).  As shown in Figure 2-8, wild-type GRFT binds very well to 
gp120 derived from HIV-1 strain ADA, with clear binding between 10 nM and 100 
nM.  In contrast, each point mutant binds gp120 less well, requiring 100 nM to 
1,000 nM.  In general, the GRFT point mutant D70A, having a mutation at the so-
called Pocket 3 [97], repeatedly appeared to bind the worst in these experiments 
under the same conditions, although ELISA experiments are not quantitative.   
The triple GRFT mutant D30A/D70A/D112A binds very poorly to gp120, showing 
only a low signal increase at the high-tested amount of 1.28 µM. Therefore, 

 

Figure 2-7:  GRFT and its variants binding to mannose-agarose column.   

       Wild-type GRFT was eluted out at 0.06 mM mannose, while the 3 single-
point mutants, GRFT D30A (red), D70A (purple) and D112A (blue) could not bind 
to the mannose-agarose column.  
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overall the single point mutants show an approximate 10-fold reduced ability to 
bind, while the triple mutant binds much more weakly to gp120.  

 

 A more quantitative way to determine binding to the HIV-1 envelope is the 
use of surface plasmon resonance (SPR) [134, 135].  In this experiment, binding 
properties of GRFT and its mutants were evaluated against monomeric gp120 
IIIB (X4) and gp120 ADA (R5), and also against the glycosylated HIV-1 (HxB2) 
gp41 fusion protein. All ligands were covalently immobilized on CM5 sensor 
chips and 140 RU (~1.17 fmol), 90 RU (~0.75 fmol) and 240 RU (~5.85 fmol) of 
gp120 density was obtained, respectively.  Such low gp120 density chips are 
required to enable reliable determination of KD values, since high gp120-density 
chips may easily allow rebinding of GRFT to another gp120 molecule on the 
same sensor chip resulting in erroneous koff rate determinations.  The binding 
and release of GRFT (concentration expressed in dimer units) can be measured 
in real time to provide on- and off- rates as well as affinity constants (KD values).  
As shown in Figure 2-9 and Table 2-2, wild-type GRFT binds very tightly to 
gp120 derived from the X4 strain IIIB as well as the R5 strain ADA, with KD values 
of 72.7 ± 1.7 pM and 73.2 ± 2.0 pM, respectively.  The basis for the tight binding 

 

Figure 2-8:  ELISA assay indicates the ability of GRFT and its variants to 
bind to gp120ADA.   

Wild-type GRFT (black) binds better than any single point mutant (D30A red; 
D70A purple; D112A (blue).  The triple mutation D30A/D70A/D112A 
(magenta) binds poorly to gp120ADA. Typical results are shown from an 
experiment in triplicate. Each experiment was repeated at least 3 times.  Error 
bars indicate standard deviation from a typical triplicate experiment.  
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appears to be a fast on-rate (kon) (about 6.3 x 106 M-1 s-1) and a slow off-rate (koff) 
(about 5 x10-4 s-1). The binding kinetics for gp120 derived from HIV-1(IIIB) and 
HIV-1(ADA) were very similar regarding the KD as well as the kon and koff rates 
(Table 2-2 and Appendix Figure A-6).  Since the native form of gp120 is a trimer 
in the viral envelope, the binding of GRFT to trimeric gp140 has also been 
evaluated side-by-side, but no significant difference in the KD value was observed 
(KD: 0.111 nM and 0.152 nM, respectively).  GRFT also binds well to gp41 with a 
similar affinity constant compared to gp120 (Appendix Figure A-7), although this 
viral fusion protein is only exposed at a later stage of the entry process [136, 137] 
and most likely does not play a relevant role in the eventual anti-HIV activity of 
GRFT.    

      While each point mutant of GRFT showed reduced binding to gp120 derived 
from both X4 and R5 HIV-1 strains, the effect was small, with D30A and D112A 
generally exhibiting an as little as 2-fold reduction in binding compared to the 
wild-type protein, while the point mutant D70A showed only a 3-fold reduction in 
affinity. The triple mutant D30A/D70A/D112A did not show a binding signal when 
exposed to gp120 at 12 nM (Table 2-2). However, higher concentrations (i.e. 24 
and 48 nM) start to show an interaction signal for binding to gp120 and gp41 
(Appendix Figure A-8). 
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Figure 2-9: SPR of GRFT and its variants binding to gp120.  

Figure 2-9A-C.  Surface plasmon resonance sensorgrams of GRFT binding to 
gp120ADA immobilized on the surface.  Kinetic analysis of the interactions of 
GRFT (Panel A), GRFT D30A (Panel B) and GRFT triple mutant (Panel C) 
with immobilized HIV-1 ADA gp120.  Serial two-fold analyte dilutions 
(covering a concentration range from 1.51 to 12.05 nM) were injected over the 
surface of the immobilized gp120.  The experimental data (colored curves) 
were fit using the 1:1 binding model (black lines) to determine the kinetic 
parameters. The biosensor chip density was 90 RU. Concentration shown 
here is in dimer units. 

Figure 2-9D.  Surface plasmon resonance binding assay of GRFT binding to 
immobilized glycosylated HIV-1/IIIB gp120 (expressed in CHO) and non-
glycosylated HIV-1/IIIB gp160 (expressed in E. coli).  A protein density of 647 
RU and 667 RU were obtained for the glycosylated HIV-1/IIIB gp120 and the 
non-glycosylated HIV-1/IIIB gp160.  Binding signals for the interactions of 10 
nM GRFT triple mutant and 200 nM 2G12 (Panel A); 500 nM sCD4 and 50 
nM HHA (Panel B); and GRFT WT and its single mutants (all at 10 nM) (Panel 
C) with immobilized glycosylated HIV-1 IIIB gp120 (red curves) and non-
glycosylated HIV-1 IIIB gp160 (green curves). 
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      In an attempt to reveal the binding capacity of wild-type GRFT and its 
mutants to specific sites of gp120 other than the N-glycans, E.coli-expressed 
non-glycosylated gp160 was bound to the sensor chip, and binding of the GRFTs 
but also the carbohydrate-recognizing mAb 2G12, the �1,3/�1,6-mannose-
recognizing plant lectin HHA and sCD4 were examined in comparison with their 
binding to the glycosylated gp120.  Whereas binding of GRFT, mutant GRFT, 
2G12, HHA and sCD4 to glycosylated gp120 was observed, no significant binding 
for GRFT, mutant GRFT, 2G12 and HHA was found for non-glycosylated gp160 
(Figure 2-9D).  Instead, sCD4 that binds to gp120 without the requirement of the 
presence of N-glycans could still bind to non-glycosylated gp160 (Figure 2-9D).  
These data indicate that the interactions of GRFT (and also 2G12 and HHA) are 
predominantly N-glycan-dependent. 

2.4.5 Mutation of the individual CBS markedly reduces the anti-HIV 
activity of GRFT. 

  GRFT and its variants were tested against several strains of HIV using 
single-round viral assays.  As shown in Table 2-3 and Figure 2-10, while wild-
type GRFT inhibited HIV strain ADA with an EC50 of 10.5 pM, the D30A mutant 
and D112A mutant were about 1,000-fold less potent (20.3 and 6.57 nM, 
respectively).  The D70A mutant was somewhat a better inhibitor than the other 
point mutants, with an EC50 of 2.63 nM.  This is in contrast to the ELISA and SPR 
results, which showed only a very moderate effect of the mutations for the ability 
of these GRFT variants to bind gp120 derived from the HIV-1 strain ADA.  
However, since this set of gp120 binding and antiviral data only includes the ADA 
strain, it is premature to assume that the superior antiviral activity of the D70A 
mutant versus the other mutants is a general phenomenon.  

Similar functional results were obtained using R5 HIV-1 strain JR-FL, 
where wild-type GRFT inhibited single round virus infection with an EC50 of 72.5 
pM. The D30A and D112A variants were approximately 300-fold lower in anti-HIV 
potency than wild-type GRFT, and the D70A mutant exhibited about a 10-fold 
greater antiviral potency than the other two point mutants.  Again for R5 HIV-1 
strain SF162, both D30A and D112A variants were reduced in potency compared 
to the wild-type protein by several hundred fold, while the D70A mutant was 
worse than the wild-type protein, but better than the other point mutants.  When 
viral inhibition assays using X4 HIV-1 strain IIIB in CEM cell cultures were 
performed in which inhibition of virus-induced cytopathicity was recorded at day 4 
post infection and post addition of the compounds, wild-type GRFT inhibited the 
virus-induced cytopathicity at an EC50 of 0.109 nM, while the point mutants were 
much worse, ranging from 4.8 to 6.8 nM (Table 2-3).  In this case the D70A 
variant had quite similar antiviral activity as the other point mutants. In all cases, 
the triple mutant D30A/D70A/D112A was a very poor antiviral inhibitor, with an 
EC50 of 95.3 nM for the IIIB strain, and EC50 values being higher than the 
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maximum concentration tested (500 nM) against the R5 HIV-1 strains (Figure 2-
10 and Table 2-3). 

 

GRFT neutralizes HIV-1 by binding to specific N-glycans on HIV-1 gp120 
rather than those on cells.  Therefore, a preincubation experiment was performed 
in which MT-4 cells were exposed to GRFT for 1 hour prior to infection of the cell 
cultures.  In these experiments, an increased antiviral (5- to 10-fold decreased 
EC50) efficacy of the compound was observed (data not shown).  A similar 
phenomenon was previously also reported for several plant lectins [138], and 
might be important in view of the potential of GRFT as an anti-HIV microbicide 
drug. 

 

  

 

Figure 2-10:  Results of inhibition by GRFT mutants in single-round virus 
assays.  

Typical results are shown from an experiment in triplicate.  Wild-type GRFT is 
shown in black; D30A red; D70A purple; D112A blue; triple mutation 
D30A/D70A/D112A magenta).  Each experiment was repeated at least 3 
times.  Error bars indicate standard deviation from a triplicate experiment.    

Single round infection assay ADA strain

%
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n
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Table 2-3. Inhibition of GRFT variants in single-round viral assays or 
antiretroviral assays.  

Each experiment was repeated at least 3 times in triplicate and the values shown 
are +/- the standard deviation of the EC50 from all experiments.  The experiments 
with R5 tropic strains were carried out with TZM-bl target cells.  The EC50 
determination is described in the Methods section and is defined as the 
compound concentration required to inhibit HIV-induced syncytium formation by 
50%.  The experiments with X4-tropic strain IIIB were carried out with CEM target 
cells.  In this assay system, HIV-induced syncytia formation was examined 
microscopically at day 4 post infection. “Fold decrease” indicates decrease in 
potency compared to wild-type GRFT.  

The much poorer antiviral activity of the point mutants and the triple GRFT 
mutant was also confirmed in cocultivation experiments in which the compounds 
were exposed to a coculture of persistently HIV-1(IIIB)-infected HuT-78 cells and 
uninfected Sup T1 CD4+ T-lymphocytes.  Whereas the wild-type GRFT potently 
prevented syncytia formation in the cocultures at an EC50 of 1.91 ± 1.23 nM, the 
D30A, D70A and D112A point mutants showed EC50 values of  67.4 ± 39.7 nM,  
88.6 ± 23.8 nM and  36.1 ± 14.3 nM, respectively.  The triple GRFT mutant was 
only inhibitory in this assay at 340 nM. 

Compounds 

Inhibition of 

ADA Strain (R5) JR-FL Strain 
(R5) 

SF 162 Strain 
(R5) lIIB (X4) 

EC50 
(nM) 

Fold 
decre
ase 

EC50 
(nM) 

Fold 
decre
ase 

EC50 
(nM) 

Fold 
decre
ase 

EC50 
(nM) 

Fold 
decrease 

GRFT 0.011
± 0.01 1 0.073

± 0.03 1 0.032
± 0.02 1 0.109±0.

0 1 

GRFT D30A 20±14 1933 23±23 322 13±2.
1 417 6.8±0.6 63 

GRFT D70A 2.6± 
2.2 250 3.0± 

1.7 41 0.8± 
0.6 26 6.7±2.2 61 

GRFT D112A 6.6± 
6.1 625 21± 9 284 8.7± 

3.1 276 4.8±0.5 44 

GRFT Triple 
mutant 

D30A/D70A/D1
12A 

>500 >4760
0 >500 >6900 >500 >1580

0 95±33 875 
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2.5 Discussion 

GRFT is a protein lectin that potently inhibits HIV entry and infection by 
binding to gp120 [47].  Since its discovery in 2005, GRFT has been considered a 
leading candidate for an anti-HIV microbicide, due to its high potency, low toxicity, 
and good stability to a variety of pH conditions and temperature [47, 52, 53].  
This lectin has been shown to be easily produced in gram quantities, leading to 
the possibility of simple and inexpensive production [51, 139]. It proved also able 
to inhibit hepatitis C virus infection and dissemination both in vitro and in vivo by 
acting on the entry step of the viral life cycle [50]. 

Several high quality X-ray structures and thermodynamic analyses of 
GRFT have been carried out, showing a protein dimer and indicating three 
carbohydrate-binding sites per monomer of protein [1, 97, 98, 101]; Figure 2-1.  
Competition data and further structural work [47, 101] indicate that each binding 
site binds one mannose mono-saccharide, which is likely the key to GRFT’s 
ability to inhibit HIV.  The HIV envelope protein gp120 contains between 18 and 
33 N-linked glycosylation sites (depending on the virus strain), approximately a 
dozen of which are high mannose type glycans [29, 33, 35, 140].  These high-
mannose glycans, in particular their highly clustered appearance on the HIV 
envelope gp120, are rarely found on mammalian cells, reducing the possibility of 
adverse host interactions [141]  although one study indicates that GRFT can bind 
to the surface of some cells [52].  High mannose glycans contain several 
branched carbohydrate chains, having three terminal (�1,2) mannose residues 
(Figure 1).  It is therefore generally assumed that GRFT inhibits viral entry by 
binding tightly to the mannose on the surface gp120.  

 Given its relatively high profile and potential for clinical use, it is important 
that the action of GRFT is biochemically well understood.  However, many 
biochemical details of the role of GRFT in HIV inhibition have not yet been 
elucidated.  For example, while modeling studies suggested three equivalent 
CBS for each monomer subunit of GRFT, a recent X-ray analysis indicates a 
subtle lack of equivalence between these sites [97].  Recent studies have used a 
GRFT mutant with all three CBS mutated to asparagine and this mutant GRFT 
showed no activity in biological assays against several viruses, including 
Coronaviridae and Hepatitis C [50, 52, 142].  While this triple Asp-to-Asn mutant 
is likely quite similar to the triple D30A/D70A/D112A mutant reported here, we do 
see some minimal activity in D30A/D70A/D112A, while none has yet been 
reported for the Triple Asn construct.  It appears that our triple mutant retains 
some weaker binding activity to gp120 as shown by SPR technology, while these 
assays were not performed for the Triple-Asn mutation.  Also, the lack of activity 
for the Triple-Asn mutant was reported for viruses other than HIV, which makes 
direct comparison to our findings not obvious.  

In the present work, we have individually mutated each CBS in GRFT, and 
analyzed the resulting mutants for their ability to dimerize, to bind to mannose, to 
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bind to gp120, and to inhibit HIV.  We found that GRFT and its point mutants 
form a high-affinity dimer that does not dissociate at the lowest level of detection 
using analytical ultracentrifugation.  Further, while the wild-type protein binds well 
to a mannose monosaccharide column, mutation at any individual site results in 
the lack of ability to bind this commercial column.  NMR spectroscopy of the wild-
type protein in the presence of mannose reveals chemical shift changes across 
the entire face of the protein containing the mannose binding sites.  Single site 
mutants at each binding site shows localized changes in the chemical shifts at 
those sites, as well as some changes at more distal locations, but generally on 
the mannose binding face of the protein rather than in more buried residues.   

 Disruption of any single CBS in GRFT results in a moderate loss of ability 
to bind HIV gp120 as shown by ELISA.  These assays show a reduction in ability 
to bind gp120 from strain ADA, requiring concentrations about 10-fold higher 
from each mutant GRFT compared to the wild-type protein, with the D70A variant 
appearing to perform several fold worse than D30A or D112A.  In more 
quantitative binding assays using SPR, GRFT and its mutants were tested for 
binding to immobilized gp120 (from R5 strain ADA and X4 strain IIIB) as well as 
to gp41.  These experiments showed picomolar binding by wild-type GRFT and 
only a 2-3 fold reduction in binding by the point mutants D30A, D112A, and D70A, 
the latter showing slightly worse binding than the other two mutants.    

 However, when these mutants were tested in single-round HIV infection 
assays as well as HIV cytopathicity assays (read-out after 4 days) and co-
cultivation assays (24 hr read-out), it was found that their ability to inhibit HIV was 
much more drastically affected than would be predicted based on their ability to 
bind gp120 (or gp41).   For each virus strain tested, the point mutants showed at 
least a 26-fold or higher increase in EC50 compared to the wild-type protein 
(although it should be noted that in the context of a dimer, each point mutant 
results in an overall loss of two CBSs).  It was also found that the D70A mutant, 
while showing lower binding to gp120 in both ELISA and SPR assays, showed 
better HIV inhibition than the other point mutants in some strains, again indicating 
a lack of direct correlation between binding to HIV gp120 and viral inhibition. 

 While the three mannose binding sites of GRFT each use similar amino 
acid side chains and backbone for carbohydrate binding, a recent crystallography 
study suggests that two of the sites bind equivalently (Pocket 1, including D112, 
and Pocket 3, including D70), while the third site binds differently and may have 
a less optimal binding environment (Pocket 2 including D30) [97, 98]; notation 
introduced in [2].  The present work directly investigated each CBS, and our data 
indicate that the D30 and D112 site are largely identical in terms of contribution 
to binding of gp120 and inhibition of HIV.  The loss of the D70 CBS site appears 
to have a somewhat different outcome, with consistently better HIV inhibition 
than the other single mutants.  Therefore, the present experiments are not 
completely in agreement with the previous work, so further experiments may be 
necessary to resolve this issue.  
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 Our results have implications for the mechanism of action of GRFT.  
Although mutants lacking one of the three mannose binding sites perform well in 
binding gp120, all three sites are apparently important for efficient antiviral 
activity.  This strongly implies that GRFT does not function simply by binding 
gp120 and causing a steric blockade, but rather uses multiple binding 
interactions with glycans to cause an allosteric shift or a structural shift that 
inhibits infection by compromising the ability of gp120 to efficiently interact with 
the host cell during infection.  In support of this, recent work has shown that 
binding of GRFT to gp120 enhances the exposure of the CD4 binding site in 
gp120, while apparently decreasing the ability of the intact virus to bind the 
coreceptor [143].  In fact, it is well-known from antibody research that binding to 
gp120 does not guarantee an antiviral effect; binding to gp120 can result in 
potent neutralization of the virus but may also have poor, if any, effect on viral 
infectivity, depending on the epitope that is recognized on gp120 by these 
antibodies [144, 145].  Thus, it seems that the GRFT mutants bind nearly as 
efficiently to gp120 as wild-type GRFT (as found in our ELISA and SPR 
experiments) but are not necessarily equally efficiently neutralizing the virus. The 
efficient capacity of cross-linking of glycans or glycan parts on gp120 by wild-type 
GRFT may have been markedly decreased by the mutants, explaining the 
substantially decreased antiviral potential of the mutants versus wild-type protein.  
Although this hypothesis has still to be proven by direct experimental evidence, 
these observations suggest that binding as such to gp120 is not necessarily 
predictive for eventual antiviral activity of the agents and cross-linking of glycans 
on gp120 may be a key event to efficiently inhibit virus infectivity.  The 
importance of glycan cross-linking for eventual potent antiviral activity by 
carbohydrate-binding agents has also been suggested earlier by Moulaei et al. 
[97] for GRFT, who showed that a monomeric form of the protein is able to bind 
two different carbohydrate moieties, and also that the monomer itself is not 
sufficient for anti-HIV function.  The possibility of lectin function based on glycan 
cross-linking has also been raised for cyanovirin-N, which can bind multiple 
carbohydrates and requires two active sites for its antiviral function [11] [86].  

The tight GRFT dimer is also likely critical for anti-viral function, leading to 
a total of 6 mannose binding sites.  Indeed, an engineered GRFT monomer was 
recently shown to have low antiviral potency despite retaining binding ability to 
gp120 [97].  We are currently investigating the role of the GRFT dimer in HIV 
inhibition, where it is possible that the protein uses both arms to alter the 
conformation of a gp120 subunit or to bind two separate gp120s.  The 
commercially obtained gp120 used in our ELISA and for most SPR experiments 
is a monomer, while the viral surface contains trimeric gp120 [89, 146]. However, 
when binding of wild-type GRFT (and its individual point mutants) to trimeric 
gp140 was compared with monomeric gp120, no significant differences were 
observed. Nevertheless, these findings leave open the possibility that the anti-
viral activity of GRFT involves cross-linking of separate gp120 subunits on the 
virus particle.   
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2.6 Conclusion 

 The potent HIV inhibitor GRFT has been shown to be a tight dimer, with 
three nearly-equivalent mannose binding sites that are each critical for full 
potency of the anti-HIV activity of the protein.  Mutation of any of the three sites 
results in a loss of at least 26-fold in ability to inhibit HIV, even though these 
single mutations only moderately affect the ability of GRFT to bind gp120 or gp41.  
Overall, this suggests that the antiviral mechanism of GRFT action is not simply 
to bind and sterically block the action of gp120, but rather to use the binding of 
mannose residues on g120 to affect the gp120 structure or its oligomeric state, 
possibly by cross-linking gp120 glycans, resulting in a loss of viral infectivity. 
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Chapter 3  

The Griffithsin Dimer Is Required for High-Potency Inhibition of 
HIV-1: Evidence for Manipulation of the Structure of gp120 as 

Part of the Griffithsin Dimer Mechanism 

This work was published as part of [147]: 

Xue J, Hoorelbeke B, Kagiampakis I, Demeler B, Balzarini J, Liwang PJ., “The griffithsin 
dimer is required for high potency inhibition of HIV-1: Evidence for manipulation of the 
structure of gp120 as part of the griffithsin dimer mechanism”, Antimicrobial Agents and 
Chemotherapy, 2013 Aug;57(8):3976-89.  Copyright © American Society for 
Microbiology.  

 

3.1 Abstract 

      Griffithsin (Grft) is a protein lectin derived from red algae that tightly binds the 
HIV envelope protein gp120 and effectively inhibits virus infection.  This inhibition 
is due to the binding by Grft of high-mannose saccharides on the surface of 
gp120.  Grft has been shown to be a tight dimer, but the role of the dimer in Grft's 
anti-HIV function has not been fully explored.  To investigate the role of the Grft 
dimer in anti-HIV function, an obligate dimer of Grft was designed by expressing 
the protein with a peptide linker between the two subunits.  This "Grft-linker-Grft" 
is a folded protein dimer, apparently nearly identical in structural properties to the 
wild-type protein.  A "one-armed" obligate dimer was also designed (Grft-linker-
Grft OneArm), with each of the three carbohydrate binding sites of one subunit 
mutated while the other subunit remained intact.  While both constructed dimers 
retained the ability to bind gp120 and the viral surface, Grft-linker-Grft OneArm 
was 84- to 1,010-fold less able to inhibit HIV than wild-type Grft, while Grft-linker-
Grft had near-wild-type antiviral potency.  Furthermore, while the wild-type 
protein demonstrated the ability to alter the structure of gp120 by exposing the 
CD4 binding site, Grft-linker-Grft OneArm largely lost this ability.  In experiments 
to investigate gp120 shedding, it was found that Grft has different effects on 
gp120 shedding for strains from subtype B and subtype C, and this might 
correlate with Grft function.  Evidence is provided that the dimer form of Grft is 
critical to the function of this protein in HIV inhibition. 
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3.2 Introduction 

HIV is a devastating disease affecting at least 33 million people worldwide, 
leading to a critical need for multiple strategies to prevent HIV infection.  One 
such strategy is the development of a microbicide to prevent the sexual spread of 
HIV.  While the CAPRISA 004 clinical trial showed partial success for the HIV 
reverse transcriptase inhibitor tenofovir in gel form, the subsequent VOICE trials 
were not successful, likely due in part to non-compliance [92, 148].  This 
underscores the need for a continued study of a variety of different microbicides, 
and the likelihood that most success will occur with combinations of drugs with 
different mechanisms of action (and possibly different formulations) to achieve 
maximal effectiveness and to avoid potential development of drug resistance 
[149].   

Several highly effective proteins are being studied as possible 
microbicides, particularly lectins that bind the glycosylated surface of gp120.  
Many reports confirm the importance of lectins in binding gp120 and inhibiting 
HIV [47, 97, 101, 134, 135, 150, 151], and it has also been shown that viral 
escape by deglycosylation leads to a higher viral susceptibility to plasma 
antibodies [152].  Griffithsin (Grft), a 121 amino acid lectin derived from the red 
alga Griffithsin sp. [47] is among the most promising lectins yet discovered.  This 
protein has a combination of (i) higher potency than other lectins [39, 47], (ii) 
excellent pre-clinical properties including low/no toxicity and lack of significant 
activation of a variety of cell types [52, 53], (iii) inexpensive production in gram 
quantities [51], and (iv) synergy when combined with antibodies and a variety of 
other lectins [93].  Recently, Grft has also been shown to be active against other 
viruses including the Hepatitis C virus [48-50, 142], and it is resistant to digestion 
by many commercially available proteases (although it is susceptible to elastase) 
[153].  Recent work specifically addressing lectin cellular toxicity showed that Grft 
does not activate T cells, minimally alters gene expression, and minimally 
induces cytokine secretion [52].  Further, while Grft can bind some human cells, it 
still retains antiviral activity [52].  These positive characteristics make Grft a very 
promising microbicide candidate, and underscore the importance of elucidating 
the biochemical details of the role of Grft in HIV inhibition [13, 52].  There is a 
critical gap, however, in an understanding of how Grft functions so effectively to 
inhibit HIV infection.  Crystal structures of Grft have been reported showing a 
dimer [1, 98, 101], and lower antiviral potential of a monomeric variant [97].  More 
recently, analytical ultracentrifugation confirmed a tight Grft dimer [55].  However, 
the mechanism of action of Grft is not fully known.  In particular, no work has yet 
investigated the Grft dimer itself or shown how it might function to achieve such 
unusually high potency.  
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Figure 3-1 shows the structure of Grft as determined by X-ray 
crystallography [1].  The protein is a dimer, having three putative carbohydrate-
binding sites (CBS) per subunit.  Competition data and further structural work [47, 
101] indicate that each binding site binds one mannose mono-saccharide, 
making it very likely that Grft inhibits viral entry by binding mannose on the 
surface of gp120.  Grft has been shown to also bind gp41 [47], although it has 
not been proven yet whether this binding is through N-glycan interaction and/or 
to direct protein interaction.  However, the gp41 glycoprotein is obscured during 
the first part of HIV entry and mutations that affect Grft sensitivity tend to be 
contained on gp120, not gp41 [152].  The HIV envelope protein gp120 contains 
between 18 and 33 N-linked glycosylation sites (depending on the virus strain), 
approximately a dozen of which are high-mannose sites [29, 33, 35, 140].  These 
high-mannose saccharides contain several related branched glycans, often 
having three terminal mannose residues rarely found on mammalian cells 
(reducing the possibility of mannose-specific lectin-host interaction), although it 
has been shown that Grft can bind to PBMC but retains antiviral activity [13, 52].  
Other work has demonstrated that several high mannose glycans on the subtype 
C gp120 surface, in particular those on N234 and N295, have important roles in 
Grft effectiveness.  HIV strains lacking both of these glycan sites on gp120 show 
significantly lower sensitivity to Grft, and introducing these two glycans by adding 
back the glycosylation sites at these locations on gp120 increased Grft sensitivity 
[39].  Similarly, glycosylation at site N448 is likely important for Grft function [38].  
Interestingly, Grft has been shown to alter the conformation of gp120 by 
exposing the CD4 binding site on gp120 in both HIV-1 subtype B and C strains 
[143].  This raises the possibility that the importance of some N-glycan sites on 

 
 

Figure 3-1:  The structure of the GRFT dimer in complex with mannose 
[1].  

      The arrows denote the three mannose binding sites of one monomer: 
D30, D70 and D112 sites.  Structure was made with the program Chimera 
[5, 6] using PDB structure 2gud [1]. 

Asp30 site

Asp70 site

Asp112 site
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gp120 in Grft potency is related to the ability of Grft to utilize these sites to alter 
the conformation of gp120, thereby interfering with virus entry.   

Two outstanding questions regarding the mechanism of HIV inhibition by 
Grft have been (i) what role do each of the three putative carbohydrate-binding 
sites play in the affinity of the protein for its mannose target and subsequent anti-
HIV activity, and (ii) what is the role of the dimer in the function of Grft for anti-
HIV activity?  We have recently shown that while loss of an individual 
carbohydrate binding site by substitution leads to only several-fold loss of ability 
to bind gp120, such individual-site variants show orders of magnitude loss of HIV 
inhibitory potency [55].  Therefore there is a clear lack of correlation between 
simple ability to bind gp120 and ability of Grft to inhibit the virus.   

Since there appears to be a lack of direct correlation between 
carbohydrate binding and anti-HIV activity, the question arises as to what 
structural features and interactions contribute to the effectiveness of Grft.  This 
leads to the second question, whether the role of the dimer may be critical for 
efficient Grft function.  For the lectin cyanovirin-N, anti-HIV activity could be 
restored with only slightly reduced activity when two non-functional CV-N units 
(each containing only one carbohydrate binding site) were cross-linked [86].  
Similarly, linking higher order multimers of cyanovirin could increase its anti-HIV 
activity [85].  

       To address the role of the dimer in Grft function, we have made an obligate 
dimer of Grft as well as an obligate dimer with all three CBS in one subunit intact, 
but the three CBS on the second subunit (“arm”) removed by substitution.  In a 
direct comparison of the “two armed” dimer and the “one armed” dimer, we show 
that while the obligate dimer behaves very similarly in all respects to the wild-type 
protein, the one-armed obligate dimer has quite different properties.  The one-
armed obligate dimer exhibits only a modest loss of ability to bind gp120, yet its 
ability to inhibit the virus is reduced by orders of magnitude compared to the wild-
type protein and the obligate dimer.  Further, both the wild-type Grft and the 
obligate dimer demonstrate the ability to alter the conformation of gp120, while 
the one-armed obligate dimer is markedly reduced in this ability.  Overall, this 
work provides evidence that the mechanism of Grft involves multiple subunits 
binding to gp120, and suggests that the need for two subunits may be related to 
the ability of Grft to alter the conformation of gp120, reducing the potential of 
gp120 to mediate viral infection.  This mechanism may be applicable to other 
multi-subunit lectin inhibitors of HIV.  
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3.3 Material and Methods 

3.3.1 DNA construction 

        Genes of Grft variants were cloned into the pET-15b expression vector 
(Novagen).  Grft-linker-Grft was constructed using a 16 amino acid Gly-Ser 
linker: SSSGGGGSGGGSSSGS.  One-Armed obligate dimer constructs were 
made similarly and all variants were confirmed by DNA sequencing.    

3.3.2 Protein purification 

Plasmids with an N-terminal histidine-tag were transformed to Escherichia 
coli BL21(DE3) (Novagen) competent cells and expressed in minimal media with 
15NH4Cl as the sole nitrogen source.  Each variant was produced using the 
following procedure.  Protein production was induced upon addition of Isopropyl 
β-D-1-thiogalactopyranoside (IPTG) with further incubation at 37  for 6 hours. 
Cells were harvested at 6,000 x g for 10 min and the pellet was resuspended in 5 
M guanidine hydrochloride, 500 mM NaCl, 10 mM benzamidine, and 20 mM Tris 
pH 8; this allowed complete solubilization of proteins from both the inclusion body 
and the supernatant upon cell disruption.  The solution was French pressed twice 
at 16,000 psi, and then centrifuged at 15,000 x g for 1 hour.  The soluble portion 
was loaded onto a Nickel chelating column (Qiagen) equilibrated with the same 
resuspension buffer.  Proteins were eluted using 500 mM imidazole, 5 M 
guanidine hydrochloride, 500 mM NaCl and 20 mM Tris pH 8 and refolded by 
adding dropwise to low salt refolding buffer (50 mM NaCl, 20 mM Tris pH 8) over 
the course of 30 min.  The solution was dialyzed against in the same refolding 
buffer at 4ºC overnight.  The protein solution was then centrifuged at 15,000 x g 
for 1 hour to remove precipitated material, and purified on a C4 reversed-phase 
chromatography column (Vydac, Hesperia, CA).  The fractions were analyzed on 
a SDS-PAGE gel to confirm the size and then lyophilized in a Labconco freeze-
dry system (Labconco Corporation). 

3.3.3 NMR spectroscopy 

        Grft variants were expressed in minimal media with 15NH4Cl as the only 
nitrogen source.  These variants were produced and purified as described above.  
To dissolve the protein powder after purification, 20 mM sodium phosphate buffer 
(pH 7.0) with 5% D2O was used and 2,2-dimethyl-2-silapentane-5-sulfonic acid 
(DSS) was added for calibration.  Spectra were collected at 25  on a four-
channel 600-MHZ Bruker Avance III spectrometer.  The data were processed 
using NMR Pipe [115] and analyzed using PIPP [116].  For two-dimensional 
HSQC spectra, a sweep width of 9615 Hz (1H) and 1939 Hz (15N), with 640* 
points in 1H and 128* points in 15N were used.    
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3.3.4 Analytical Ultracentrifugation  

        To identify the oligomerization state of the Grft-linker-Grft construct, the 
molecule was studied by analytical ultracentrifugation using sedimentation 
velocity (SV) analysis. To determine if mass action effects could affect the 
oligomerization state, the experiments were carried out at multiple concentrations. 
Enhanced van Holde – Weischet analysis [127] resulted in vertical sedimentation 
coefficient G(s) distributions, identifying a major species with identical 
sedimentation coefficients for each concentration, suggesting that the major 
species is homogeneous, and not subject to mass-action induced oligomerization 
(see Fig. 1C). To determine the molecular weight of this major species, and 
ultimately identify the oligomerization state of Grft-linker-Grft, 2-dimensional 
spectrum analysis [125, 132, 133] and genetic algorithm analysis [126, 128], 
combined with Monte Carlo analysis [129] resulted in a molecular weight 
consistent only with the dimer (24.4 kDa for the 0.3 OD230nm species, 27.8 kDa for 
0.6 OD230nm, and 26.6 kDa for 0.9 OD230nm, see Fig. 1D).  These values are in 
good agreement with the theoretical molecular weight of 28.9kDa.  All 
experiments were performed on a Beckman Optima XL-I at the Center for 
Analytical Ultracentrifugation of Macromolecular Assemblies (CAUMA) at the 
University of Texas Health Science Center at San Antonio.  Sedimentation 
velocity (SV) data were analyzed with the UltraScan software [122, 123].  
Calculations were performed at the Texas Advanced Computing Center at the 
University of Texas at Austin, and at the Bioinformatics Core Facility at the 
University of Texas Health Science Center at San Antonio as described in [124].  
All Grft samples were measured in 20 mM sodium phosphate buffer containing 
50 mM NaCl. All data were collected at 20 , and spun at 60 krpm, using 
standard titanium 2-channel centerpieces (Nanolytics, Potsdam, Germany). The 
protein concentrations ranged from 4.2 uM (0.3 OD230nm) to 12.6 uM (0.9 
OD230nm). The partial specific volume of the Grft-linker-Grft construct was 
determined to be 0.711 cm3/g by protein sequence according to the method by 
Durchschlag as implemented in UltraScan. All data were first analyzed by two-
dimensional spectrum analysis with simultaneous removal of time-invariant noise 
[154] and then by enhanced van Holde–Weischet analysis [127] and genetic 
algorithm refinement [126, 128], followed by Monte Carlo analysis [129]. 

3.3.5 ELISA studies of Grft obligate dimer interaction with HIV gp120 

       To test the binding of each Grft variant to HIV gp120, ELISA binding assays 
were used as described previously [47, 102].  In brief, 100 ng HIV ADA gp120 
(ImmunoDiagnostic) was coated in each well of a 96 well plate (Maxisorp 
Immunoplate; Nalge NUNC) overnight at 4 .  Then the plate was blocked with 1% 
bovine serum albumin for 1 hour.  Serial dilutions of wild-type Grft as well as 
variants were added to triplicate wells and incubated for 2 hours at 37 .  After 
the plate was washed, 1:1000 fold dilution of Horseradish-peroxidase-conjugated 
Ni-NTA (Qiagen, Valencia, CA), which can detect the N-terminal his-tag on Grft, 
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was added according to the company’s instructions. Then the substrate for 
Horseradish-peroxidase (2,2'-azino-bis 3-ethylbenzthiazoline-6-sulphonic acid, 
ABTS) (Thermo Fisher Scientific) was added and signal was measured by 
absorbance at 405 nm.  

3.3.6 Surface plasmon resonance (SPR) analysis  

All interaction studies were performed with a Biacore T200 instrument (GE 
Healthcare, Uppsala, Sweden) at 25  in HBS-P running buffer (10 mM HEPES, 
150 mM NaCl and 0.05% surfactant P20; pH 7.4).  Recombinant gp120 proteins 
from HIV-1(IIIB) strain (ImmunoDiagnostics Inc., Woburn, MA), from HIV-1(ADA) 
strain (ImmunoDiagnostics) and recombinant gp41 protein from HIV-1(HxB2) 
(Acris Antibodies GmbH, Herford, Germany) were covalently immobilized on the 
carboxymethylated dextran matrix of a CM5 sensor chip in 10 mM sodium 
acetate, pH 4.0, using standard amine coupling chemistry.  A reference flow cell 
was used as a control for non-specific binding and refractive index changes.  The 
test compounds were serially diluted in running buffer using two-fold dilution 
steps. Grft samples were injected for 2 minutes at a flow rate of 45 µl/min and the 
regeneration pulse was 1 injection of Glycine-HCl pH1.5. The experimental data 
were fit using the 1:1 binding model (Biacore T200 Evaluation software 1.0) to 
determine the binding kinetics.  

3.3.7 Viral Reagents 

        Viral plasmids containing the env gene from HIV-1 were obtained from the 
NIH AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, 
NIH.  HIV-1 ADA-M (referred to as HIV-1 ADA, R5) was received from Dr. 
Howard Gendelman.  Plasmid pSV-JRFL (R5) was a kind gift from Nathaniel 
Landau [107].  pCAGGS-SF162-gp160 (R5) was from Leonidas Stamatatos and 
Dr. Cecilia Cheng-Mayer. PVO, clone 4 (SVPB11), AC10.0, clone 29 (SVPB13) 
were from Dr. David Montefiori and Dr. Feng Gao [155], pWITO4160 clone 33 
(SVPB 18) was from Drs. B. H. Hahn and J. F. Salazar-Gonzalez [155].   DU156 
clone 12  (SVPC3) was from Drs D. Montefiori, F. Gao, S. Abdool Karim and G. 
Ramjee; and DU422 clone 1 (SVPC5) was from Drs. D. Monteriori, F Gao, 
Williamson and S. Abdool Karim [41, 156].  ZM53M.PB12 (SVPC11), 
ZM109F.PB4 (SVPC13) and ZM135M.PL10a (SVPC15) were from Drs. E. 
Hunter and C. Derdeyn [157].  pSG3Δenv was from Drs. John C. Kappes and 
Xiaoyun Wu [158, 159]. Recombined human soluble CD4 and HIV antibodies 
were obtained from the NIH AIDS Research and Reference Reagent Program, 
Division of AIDS, NIAID, NIH as follows:  Soluble Human CD4 from Progenics; 
HIV-1 gp120 Monoclonal Antibody (IgG b12) from Dr. Dennis Burton and Carlos 
Barbas [160, 161].  
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3.3.8 Virus capture ELISA  

        Different concentrations of Grft variants were coated on a 96 well plate at 4  
overnight.  The wells were then washed 3 times with PBS-Tween20 and blocked 
with BSA for 1 hour.  Virus in DMEM (Dulbecco's Modified Eagle's Medium) was 
added into each well and incubated at 37  in a 5% CO2 atmosphere for 4 hours 
followed by washing the wells 3 times using DMEM.  Viruses were lysed using 
0.5% Triton X-100 at room temperature for 15 min and the supernatant 
containing viral lysate was transferred to a commercial p24 Capture ELISA plate 
(Immuno Diagnostic) and incubated at 4  overnight.  The detector was added 
according the manufacturer’s instructions.  The signal was measured by 
absorbance at OD450 nm.  

3.3.9 Single round infection assays 

TZM-bl cells stably expressing CD4, CCR5 and CXCR4 coreceptors were 
maintained in DMEM with 10% fetal bovine serum (FBS). 104 cells per well were 
first seeded into a 96 well plate for one day. The medium was then changed 3 
hours before the assay and made to a volume of 50 µl per well, and then a serial 
dilution of Grft variants were added from the top row to the bottom row, as follows: 
20 ul Grft variant was added into the first row and mixed with culture medium.  
Then 20 µl medium was removed and added into the second row, and so on.  
Virus (50–100 ng p24) was then added into each well containing different Grft 
variants.  The medium was changed after 24 hours and cells were incubated for 
another 24 hours.  PBS containing 0.5% NP-40 was used to lyse the cells and 
substrate chlorophenol red-D-galactopyranoside (CPRG, Calbiochem) was 
added.  The absorbance signal was measured at 570 nm and 630 nm. The ratio 
of 570/630 for each well was calculated.  EC50 values were determined using a 
linear equation fitted between two data points surrounding 50% inhibition.  For 
presentation purposes, data shown in the figures were plotted and fitted as 
curves using a four-parameter logistic equation in Kaleidagraph (Synergy 
Software, Reading, PA). 

3.3.10 Anti-HIV Assays in CEM Cell Cultures  

         CEM cells (5 × 105 cells per ml) were suspended in fresh culture medium 
and infected with HIV-1(IIIB) at 100 times the CCID50 (50% cell culture infective 
dose) per ml of cell suspension, of which 100 ul was then mixed with 100 ul of 
the appropriate dilutions of the test compounds. After 4 to 5 days at 37 , HIV-1-
induced syncytia formation was recorded microscopically in the cell cultures. The 
50% effective concentration (EC50) corresponds to the compound concentration 
required to prevent syncytium formation by 50% in the virus-infected CEM cell 
cultures. 
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3.3.11 Grft-induced CD4 binding site exposure 

       CD4 binding site exposure in gp120 was carried out as described [143].  
Briefly, anti-gp120 antibody b12, which detects the CD4 binding site on gp120, 
was coated onto a 96 well plate at 4  overnight.  The next day, the plate was 
washed and blocked with BSA.  Different concentrations of Grft variants (3.2nM, 
16nM, 80nM) were pre-incubated with HIV virions at 37  for 1 hour and then 
added to the b12-coated plate.  After 2 hours of incubation, the plate was washed, 
and bound virus was lysed using 0.5% Triton X-100.  The virus lysate was then 
transferred to a commercial p24 ELISA plate (Immuno Diagnostic) and p24 was 
measured following the manufacturer’s instructions.  Figure 3A and 3B show data 
from the 16nM Grft incubation.    

3.3.12 Cell surface gp120 shedding 

      Cell surface gp120 shedding was carried out as described [144, 162].  Briefly, 
293FT cells were transfected with the HIV JRFL, PVO.4, ZM53M.PB12 or 
ZM109M.PB4 plasmid using the Roche X-treme transfection reagent.  48 hours 
post-transfection, cells were collected, washed with PBS and concentrated to 
2x107 per ml.  Cells were then aliquoted to microcentrifuge tubes (200 ul per 
tube).  Cells were then centrifuged at low speed for 5 min, then 160 ul 
supernatant was removed.  Different concentrations of soluble CD4 or Grft 
variants were added and mixed gently with cells.  The mixture was then put into a 
37  incubator for 1 hour and gently mixed every 20 min.  The cells were then 
centrifuged, and the supernatant containing shed gp120 was collected and 
separated using SDS-PAGE. Western blots were carried out using the mouse 
anti-HIV gp120 antibody (Immuno Technology) detecting a linear epitope on 
gp120, followed by detection using anti-mouse IgG antibody HRP conjugate 
(Promega).  Metal enhanced DAB substrate (Thermo Fisher) was then added 
and the resulting image was processed using the Bioimaging system (UVP).  

3.3.13 Grft cross-linking separate gp120 subunits 

      5 uM of Streptavidin (Invitrogen, NY) were coated in each well of a 96 well 
plate overnight at 4 .  The plate was then washed 3 times with PBS-Tween20 
and blocked with 3% BSA for 1 hour.  0.5 ng/ul biotin-conjugated recombinant 
gp120 IIIB (or ADA strain) (ImmunoDX, MA) were then added to each well and 
incubate at room temperature for 1 hour.  Different concentrations of inhibitors 
were then added and incubate at room temperature for 2 hours.  0.5 ng/ul HRP-
conjugated recombinant gp120 IIIB (or ADA strain) (ImmunoDX, MA) were then 
added into each well followed by incubation at room temperature for 1 hour.  
Then the substrate for Horseradish-peroxidase (3,3’,5,5’-Tetramethylbenzidine, 
TMB) (Thermo Fisher Scientific) was added according the manufacturer’s 
instructions.  The signal was measured by absorbance at OD450 nm.  
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3.4 Results 

3.4.1 Design of the obligate Griffithsin dimer.   

To study the role of the Grft dimer, we designed an obligate dimer, in 
which the C-terminus of one monomeric subunit was covalently linked by a 16 
amino acid (Gly-Ser) linker to the N-terminus of a second subunit (Figure 3-2).  
This “Grft-linker-Grft” was expressed and purified.  The 15N correlation spectrum 
(HSQC; Heteronuclear Single Quantum Coherence) of the protein shows it to be 
very similar to that of the wild-type protein, strongly indicating that the obligate 
dimer has the same structural properties (Figure 3-4).  To confirm that Grft-linker-
Grft is indeed a dimer and has not associated with other units to make a higher 
order oligomer, analytical ultracentrifugation was carried out, with the results 
being consistent with a single dimer unit of 28.9 kDa (Figure 3-3A and 3-3B).  As 
noted above and shown in Figure 3-1, each Grft monomer has three 
carbohydrate-binding sites (CBS).  Thus, this obligate dimer has 6 CBS 
(carbohydrate binding site), 3 on each monomer, with the distance between the 
carbohydrate binding faces on each subunit being around 47 Å [1].   

 

 

Figure 3-2:  Constructs of Grft dimer variants.  

Cartoon showing color coded Grft domains, with one domain in magenta and the 
other domain in blue, Gly-Ser linker in green.  Grey cross indicate that the 3 
carbohydrate binding sites were substituted to eliminate the carbohydrate 
binding ability of that domain. 

Grft wild type Grft obligate dimer with one functional arm
Grft-linker-Grft OneArm

Grft obligate dimer 
Grft-linker-Grft

GS linker GS linker

Grft and its dimer variants 



65 
 

 
 

         

 

Figure 3-3:  Analytical ultracentrifugation showing Grft-linker-Grft 
forms a dimer.   

3-3A: van Holde - Weischet G(s) sedimentation coefficient distributions of 
Grft-linker-Grft at 3 concentrations (0.3 OD230nm, red circles, 0.6 OD230nm, 
blue triangles, 0.9 OD230nm, green squares).  Vertical distributions indicate 
homogeneity.  
3-3B: Genetic Algorithm Monte Carlo analysis.  Combined overlay of all 
samples using the same color scheme as in 3-3A.  The density of color is 
proportional to partial concentration.  A small amount of a contaminating 
species is apparent in the lower s-value range in both figures.  The major 
species from all concentrations appear to have a low anisotropy, consistent 
with the globular shape proposed by the X-ray structure, with frictional 
ratios in the range of 1.1-1.3, and agree very well with the linked Grft dimer 
molecular weight. 
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To determine the role of two subunits in the dimer versus one, all three 
carbohydrate binding sites were removed from one of the monomers in the Grft-
linker-Grft by mutating the critical Asp at each site in one of the monomers.  This 
variant, “Grft-linker-Grft-OneArm” has one wild-type subunit and one subunit 
containing the substitutions D30A/D70A/D112A in its CBS.  We have previously 
shown that this triple substitution essentially removes the ability of the subunit to 
bind mannose [55].  In order to determine whether substitutions on each of the 
two subunits of Grft dimer are equivalent, the 3 CBS on either the N-terminal or 
C-terminal subunit were triply mutated.  It was found that the triple substitution on 
the N-terminal subunit of the Grft obligate dimer behaved the same as the triple 
substitution of the C-terminal subunit of the obligate dimer, both in pseudo viral 
assays and ELISA binding assays (Appendix Figure B-3 and B-4).  Similarly, the 
NMR characteristics of the two one-armed variants were very similar as judged 
by 15N HSQC spectra (Appendix Figure B-1).  This indicates that the two Grft 
subunits are equivalent so we proceeded to work with the triple substitution on 
the C-terminal domain of Grft-linker-Grft (leaving the N terminal domain in its 
wild-type form), and refer to this as “Grft-linker-Grft OneArm”.  15N correlation 
spectra of this one-armed variant show a folded protein with peaks similar to both 
the wild-type protein (likely from the wild-type subunit) and the triple variant 
reported previously (from the other subunit [55]; Appendix Figure B-7), indicating 
that this One-Armed dimer does have one subunit as a wild-type Grft subunit, 

 

Figure 3-4: The 15N HSQC spectrum of the obligate dimer Grft-linker-Grft 
(red) overlaid with the spectrum of wild-type Grft (black).   
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and the other subunit as a triply mutated Grft subunit.   As a negative control, the 
three carbohydrate binding sites for each monomer of the linked dimer were also 
mutated (i.e. all six sites were mutated to Ala; Appendix Figure B-2) and this 
protein was nicely folded.  This Grft-linker-Grft with two defective functional arms 
had very little function in a pseudo viral assay at the highest concentration tested 
(>1000 nM).  The HSQC spectra of this NoArm dimer also showed similar 
spectral characteristics as the unlinked Grft Triple variant D30A/D70A/D112A 
(Appendix Figure B-2), so for convenience of purification, the unlinked triple 
variant is used in this work (except for the SPR studies) as a negative control 
[55].  

3.4.2 Obligate Grft dimer binding to gp120.   

      ELISA assays were carried out to determine the ability of the obligate Grft 
dimers to bind to immobilized, recombinant gp120 (strain ADA).  As shown in 
Figure 3-5, Grft-linker-Grft and Grft-linker-GrftOneArm bind about as well as wild-
type Grft to HIV-1 ADA, while the triple variant, Grft Triple D30A/D70A/D112A 
binds poorly, as expected.   

 

 

Figure 3-5:  ELISA assay indicating the ability of Grft and its dimer variants 
to bind to immobilized commercial HIV-1 gp120ADA.   

Wild-type Grft (black) and the obligate dimer Grft-linker-Grft (red) bind well to 
gp120ADA.  The One-Armed obligate dimer, Grft-linker-GrftOneArm 
(D30A/D70A/D112A in one subunit; blue), also binds fairly well to gp120ADA.  The 
triple variant D30A/D70A/D112A (with both arms substituted in an unlinked 
dimer, magenta) binds poorly to gp120ADA.  Typical results are shown from an 
experiment in triplicate.  Each experiment was repeated at least 3 times.  Error 
bars indicate standard deviation from a typical triplicate experiment.  Binding was 
detected using an HRP-conjugated Ni-NTA. 

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

1.4 

1 10 100 1000 10000

Grft
Grft-linker-Grft
Grft-linker-Grft-OneArm
Grft-Triple D30A/D70A/D112A

His-tag concentration (nM)

O
D

40
5

ELISA ADA strain



68 
 

 
 

To obtain more quantitative results, surface plasmon resonance (SPR) 
analysis was carried out.  These experiments showed that Grft-linker-Grft binds 
immobilized, monomeric gp120 derived from strain ADA and strain IIIB quite well, 
about 2- to 2.5-fold worse than wild-type Grft  (Table 3-1, Figure 3-6, Appendix  
Figure B-5 and B-6).  Interestingly, Grft-linker-Grft OneArm also binds well to 
gp120 compared to Grft-linker-Grft, with a dissociation constant KD about 2-fold 
higher (382-386 pM versus 164-176 pM, respectively).  Also, wild-type Grft and 
Grft-linker-Grft bind at equally high affinity to gp41 as to gp120, whereas the 
Grift-linker-Grft OneArm binds gp41 less well, at about 20-fold lower efficacy than 
wild-type Grft. (Table 3-1).  

 

Figure 3-6: Surface plasmon resonance sensorgrams of Grft variants 
binding to immobilized gp120ADA.   

Kinetic analysis of the interactions of Grft (Panel A), obligate dimer Grft-linker-Grft 
(Panel B), Grft-linker-Grft-OneArm (Panel C) and the negative control (obligate 
dimer with no functional arms, i.e. the D30A/D70A/D112A substitutions in both 
subunits; Panel D) with immobilized HIV-1 ADA gp120.  Serial two-fold analyte 
dilutions (covering a concentration range from 1.5 to 12 nM in panels A to C and 
24 to 48 nM in panel D) were injected over the surface of the immobilized gp120.  
The experimental data (colored curves) were fit using a 1:1 binding model (black 
lines) to determine the kinetic parameters. The biosensor chip density of gp120 
was 90 RU.   
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      The above data were obtained with recombinant gp120 (which is a monomer) 
whereas gp120 occurs as a trimer in the envelope of the native virus particle [4, 
81, 163, 164].  However, it was recently shown that the kinetic interactions 
obtained for several carbohydrate binding agents (including Grft) with monomeric 
gp120 were virtually similar if trimeric gp120 was used in SPR-based assays 
[165].  To further probe the ability of Grft variants to bind trimeric gp120, we used 
virus capture ELISA assays to measure the ability of the obligate dimers to bind 
to trimeric gp120 [166].  In these experiments, the Grft variant was coated on a 
plate, followed by incubation with pseudo virus.  The amount of virus that the Grft 
was able to bind was measured by a subsequent p24 ELISA assay.  As shown in 
Figure 3-7, both Grft-linker-Grft and Grft-linker-Grft OneArm bound well to the 
pseudo virus (strain ADA).  The negative control containing the triple substitution 
D30A/D70A/D112A (in both arms) bound poorly to trimeric gp120 by SPR as 
expected. Testing of binding of some Grft variants to trimeric gp140 by SPR 
analysis generated similar data as with monomeric gp120 [165], indicating that 
both forms of gp120 provide relevant results.   

  

  

 

Figure 3-7: Virus capture ELISA indicates the ability of Grft and its 
variants to bind to the viral surface.   

Wild-type Grft (gray) and the obligate dimer Grft-linker-Grft (red) bind well to 
the HIV spike.  The one-armed obligate dimer Grft-linker-Grft-OneArm (blue) 
also binds well to the viral spike, with very little, if any apparent loss of binding 
affinity.  The Grft containing the triple substitution D30A/D70A/D112A (in both 
arms) shows essentially no virus binding, as expected (magenta).   Experiment 
was repeated 3 times.  Error bars indicate the standard deviation from a 
triplicate experiment.    
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3.4.3 Anti-HIV function of the obligate dimer.   

          Inhibition assays were carried out against several HIV-1 strains of single 
round pseudo virus.  As shown in Table 3-2, Grft-linker-Grft showed pronounced 
inhibition against the HIV-1 strains that were tested, including a variety of 
subtype B and subtype C strains.  For example, the obligate dimer inhibited HIV 
infection at an EC50 of 0.012 nM (compared to 0.011 nM for the wild-type protein) 
against HIV-1 strain ADA.   However, the one-armed obligate dimer variant was 
much less potent for each strain tested, with EC50 values being 84- to 609-fold 
worse than for the wild-type protein in single-round infection assays for R5 
strains.  For strain ADA, in which SPR showed reduced binding by Grft-linker-Grft 
OneArm by only 5-fold, the antiviral inhibition potency was reduced by 609-fold 
(Tables 3-1 and 3-2, Figure 3-8).  In replication competent viral assays using 
CEM cells, a 1,010-fold decrease in antiviral activity was observed for the 
OneArm obligate dimer compared to the wild-type dimer with X4 strain IIIB.  
Together with the binding data, these functional data strongly suggest that Grft 
binding to gp120 needs only one functional arm to bind with high affinity to HIV-1 
gp120, but it requires both arms to exert full antiviral function.  
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Figure 3-8:  Inhibition of HIV-1 infection by Grft variants in single-round 
virus assays.  

Typical results are shown from an experiment in triplicate using R5 subtype B 
strain ADA.  Wild-type Grft is shown in black; obligate dimer Grft-linker-Grft in 
red; Grft-linker-Grft OneArm in blue; triple substitution D30A/D70A/D112A in 
magenta.  Each experiment was repeated at least 3 times.  Error bars indicate 
the standard deviation from a triplicate experiment.    
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Table 3-2: EC50s for Single-round infection assay for Grft wild-type, obligate 
Grft-linker-Grft dimer and One-Armed Grft dimera.   

 

Strain/compounds 

Grft 
Grft-linker-Grft (obligate 

dimer) 
One-Armed dimer 

 

EC50 (nM) 

 

EC50 (nM) 

Fold 

wors

e 

than 

WT 

EC50 (nM) 

Fold 

worse 

than 

WT 

Subtype B 

ADA 0.0105± 0.0084 0.0118 ±0.0046 1 6.39 ±2.5 609 

JRFL* 0.0725± 0.030 0.0533± 0.016 0.7 8.26 ±3.7 114 

SF162 0.0316± 0.015 0.0253± 0.030 0.8 9.63± 4.8 305 

AC10.0 0.0458±0.022 0.0567±0.050 1.2 13.1±3.7 286 

PVO.4 0.0445± 0.0066 0.0292± 0.0013 0.7 6.28±2.5 141 

pWITO4160.33* 0.0484±0.015 0.0509±0.087 1 10.9±2.6 225 

IIIB (X4) 0.06 ± 0.0 0.06 ± 0.00 1 60.6±19 1010 

Subtype C 

DU156.12∆ 0.276± 0.015 0.205± 0.010 0.7 25.8± 8.8 93 

DU422.1∆ 0.619± 0.079 0.613± 0.028 1 51.9±5.0 84 

ZM53M.PB12∆ 1.39±0.31 1.43±0.12 1.0 133 ±12 96 

ZM109F.PB4∆* 20.6±1.5 16.1±3.14 0.8 >1000 >49 

ZM135M.PL10a∆* 15.2±2.9 13.1±1.5 0.9 >1000 >66 
 

* Indicates missing glycan site on N234. 

∆ Indicates missing glycan site on N295. 

aEach experiment was independently repeated at least 3 times in triplicate and 
the values shown are +/- the standard deviation of the EC50 from all experiments.  
The experiments were carried out with TZM-bl target cells.  The experiments with 
the X4-tropic strain IIIB were carried out with CEM target cells. In this assay 
system, HIV-induced syncytia formation was examined microscopically at day 4 
post infection. “Fold worse than WT” indicates decrease in potency compared to 
wild-type Grft.   
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      Alexandre et al. [39]  have shown that the two high mannose glycans at N234 
and N295 are important for Grft function, with data suggesting that deletion of 
these two glycans could lead to marked loss of sensitivity to Grft.  Here, using 
largely different HIV-1 strains, Grft and its variants were tested against a variety 
of HIV strains from both subtype B and subtype C (subtype C strains usually lack 
the N295 site).  Table 3-2 shows the antiviral EC50 values against each strain in 
single round viral assays, while Table 3-3 lists the predicted high-mannose 
glycan sites for each strain.  In the HIV strains tested, there appears to be a high 
antiviral potency by Grft against HIV-1 strains lacking the glycosylation site at 
N234, while strains with the glycan site at N295 missing show a somewhat lower 
sensitivity to Grft (but still have EC50 values of about 1 nM or better).  Strains 
lacking both sites at N234 and N295 show a higher than two orders of magnitude 
loss of sensitivity to Grft than HIV-1 strains having both N-glycan sites preserved 
(Table 3-2 and Table 3-3). 

Table 3-3:  Predicted high-mannose glycosylation patterns of HIV-1 strainsa.   

Reagent Name clade 

total 
predicted 
number 
of high-

mannose 
sites 

glycosylation sites total 
glyca

n 
sites 230 234 241 262 289 295 332 339 386 392 448 

ADA B 9            22 
[106] 

JRFL B 8            23 
[167] 

SF162 B 9            21 
[168] 

AC10.0 B 8 24 

PVO.4 B 9 28 

pWITO4160.33 B 9 25 

IIIB B 11 24 

Du156.12 C 8 22 

Du422.1 C 8 24 

ZM53M.PB12 C 8 25 

ZM109F.PB4 C 8 23 

ZM135M.PL10a C 8 23 

 Indicates this glycosylation site is not present.   
a Predicted glycosylation sites from: 
http://www.hiv.lanl.gov/content/sequence/GLYCOSITE/glycosite.html 



75 
 

 
 

3.4.4 CD4 binding site exposure on gp120 by Grft variants.   

      A potentially important aspect regarding the mechanism of Grft is whether the 
Grft dimer is able to affect the conformation of HIV-1 gp120, and whether this 
effect on the gp120 conformation is related to Grft potency.  One way to detect 
conformational changes is to use antibodies that bind to specific sites on the 
surface of gp120, such as the CD4 binding site that is accessible only at some 
stages during the course of viral entry [26, 146].  It has been reported that wild-
type Grft is able to affect the structure of gp120 by exposing the CD4 binding site 
for 6 strains from subtype B and subtype C upon binding [143].  While the 
relationship between this action and inhibition of HIV is not yet known, it strongly 
suggests that Grft may function not simply by binding to gp120, but also by 
altering its conformation.   

The ability of wild-type Grft to expose the CD4 binding site of gp120 was 
examined by virus capture: Briefly, a plate was coated with the antibody b12 that 
binds to gp120 at the CD4 binding site [143].  Then single round virus was pre-
incubated with Grft or its variants, and then allowed to bind to the antibody on the 
plate.  The amount of virus bound was measured by subsequent p24 assays.  As 
shown in Figure 3-9, wild-type Grft induced CD4 exposure quite well in a variety 
of clade B strains, including ADA, JRFL, SF162, AC10.0 and PVO.4.  Grft-linker-
Grft obligate dimer showed similar effects in inducing CD4 binding site exposure 
as wild type Grft on 4 strains tested (Figure 3-9, red bars).  However, Grft-linker-
Grft OneArm was significantly less effective in this property for each virus strain, 
resulting in CD4 binding site exposure in the presence of this protein similar to 
that of the negative control with virus alone. This suggests that Grft requires both 
arms of the dimer to facilitate CD4 binding site exposure on gp120 in clade B 
strains.  
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The present work and other investigators have shown that HIV strains 
lacking glycan sites at N234 and N295 on gp120 are less sensitive to Grft [39].  
Therefore, we explored whether HIV strains lacking these glycan sites affect the 
ability of Grft to mediate CD4 binding site exposure on gp120.  Experiments were 
carried out with several strains from both subtype B and subtype C.  As shown in 
Figure 3-9, it appears that the lack of the glycosylation site at position N-234 of 
gp120 does not markedly affect the ability of Grft to mediate CD4 exposure.  
However, in HIV-1 strains lacking the glycosylation site at position 295, the ability 
of Grft to mediate CD4 binding site exposure in gp120 was greatly reduced:  in 
three separate strains (Du156.12, DU422.1 and ZM53M.PB12), wild-type Grft 
showed little or no ability to expose the CD4 binding site.  In HIV strains lacking 
both the N234 and N295 glycosylation sites (ZM109F.PB4, ZM135M.PL10a), Grft 
was unable to significantly mediate the exposure of the CD4 binding site in 
gp120, even at the highest concentration of Grft used (80nM, data not shown).  
In each viral strain, Grft-linker-Grft One-Arm was only able to induce very low (if 
any) CD4 binding site exposure in gp120 above the control (Figure 3-9).   
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Anti-HIV assays were carried out with single round virus from each of 
these strains to determine whether there is a correlation between the ability of 
Grft to induce CD4 binding site exposure and Grft antiviral potency.  Figure 3-10 
shows that in each case where CD4 exposure is relatively high (i.e. more than 
about 2.5-fold higher than the control), Grft was very potent (EC50 of 0.07nM or 
lower).   In cases where the Grft-mediated CD4 binding site exposure was low 
(less than 2-fold above the control), the antiviral potency of Grft was also lower, 
exhibiting a marked loss of potency compared to the average potency of the 
“high CD4-exposure” HIV-1 strains.  This was particularly true for HIV-1 strains 
lacking both glycosylation sites at N234 and N295, which showed the least 
sensitivity to Grft.  However, one notable exception was the clade B strain 
pWITO4160, which was highly sensitive to Grft (EC50=0.048 nM) but showed only 
a small amount of CD4 binding site exposure (Figure 3-10).  In all cases, as a 
rule, Grft-linker-Grft OneArm showed a very low ability to mediate CD4 exposure 

Figure 3-10:  Correlation of antiviral activities of Grft dimer variants to the 
level of CD4 binding site exposure induced by Grft.  

Correlation of the antiviral EC50 of wild-type Grft and Grft-linker-Grft OneArm
(line) to the level of gp120 CD4 binding site exposure that is induced by Grft
(grey bars; fold over negative control) or Grft-linker-Grft OneArm (blue bars; fold 
over negative control).  The EC50 value is plotted on a log scale.  For strains 
have high mannose glycans N234 and N295, Grft exhibit potent antiviral activity 
as well as induces high CD4 binding site exposure;  for strains lacking these two 
sites, Grft have very low activity and could not induce CD4 binding site exposure, 
indicating no or little conformational change on gp120. 
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(as previously described) and also showed reduced antiviral potency, being 84- 
to 609-fold worse than the wild-type inhibitor (Table 3-2). 

3.4.5 The effect of Grft on gp120 shedding.   

           It has been reported that soluble CD4 induces dissociation of gp120 from 
HIV viral particles and that this CD4-induced env shedding may impair the 
functional trimeric spike [169], though the exact role of CD4-induced shedding 
during viral entry is not clear [170, 171].  Broadly neutralizing antibodies have 
also been reported to have different effects on gp120 shedding [162, 172, 173].  
Here, Western Blot analysis was carried out on supernatants of cells transfected 
with HIV-1 gp120 from both clade B and clade C and incubated with Grft 
variants.  Figure 4 shows that the sCD4 control is able to induce shedding from 
the surface of each strain, as expected.  For clade B strains (JRFL and PVO.4), 
Grft also induces shedding.  The subtype B strain JRFL lacks a high-mannose 
glycan site at N234, but still shows high amounts of shedding in the presence of 
Grft.  The obligate dimer Grft-linker-Grft also induces env shedding from the cell 
surface (Appendix Figure B-8) on strains JRFL (subtype B), PVO.4 (subtype B), 
ZM53M.PB12 (subtype C) and ZM109F.PB4 (subtype C).  Grft-linker-Grft 
OneArm generally had less effect on shedding, particularly for the PVO.4 strain, 
despite using concentrations for the One-Armed dimer that are 10-fold higher 
than for wild-type Grft to account for differences in the ability to bind virus.   For 
clade C strains (ZM53M.PB12, ZM109F.PB4), Grft itself induces less shedding 
compared to soluble CD4, while the One-Armed dimer is even less effective at 
mediating gp120 shedding (Figure 3-11).   
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Figure 3-11: Shedding of env from HIV transfected cells for JRFL 
(subtype B), PVO.4 (subtype B), ZM53M.PB12 (subtype C) and 
ZM109F.PB4 (subtype C).   

Left lane is the molecular weight ladder.  sCD4 (25ug/ml) was incubated with 
transfected 293FT cells (Lane 2) and used as a positive control. Different 
concentrations of wild-type Grft (0.1nM, 1nM, 10nM) or Grft-linker-Grft 
OneArm (1nM, 10nM, 100nM) were incubated with env-transfected 293FT 
cells.  Bottom of each panel: Intensity of bands as shown by densitometry, 
calculated from the program ImageJ [9]. 

kDa

sCD4 Grft
0.1    1     10

OneArm
1    10     100

180

130

(n

PVO.4 (subtype B)A B

ZM53M.PB12 (subtype C)C

JRFL (subtype B)

kDa

sCD4 Grft
0.1    1     10

OneArm
1    10     100

180

130

ZM109F.PB4 (subtype C)

0
2
4
6
8

10
12
14
16
18

sCD4 0.1 1 10 1 10 100
Grft OneArm

In
te

ns
ity

(nM)

(nM)

0

5

10

15

20

25

30

sCD4 0.1 1 10 1 10 100
Grft OneArm

In
te

ns
ity

(nM)

(nM)
(nM)

0

5

10

15

20

25

30

35

sCD4 0.1 1 10 1 10 100
Grft OneArm

In
te

ns
ity

(nM)

D

0

5

10

15

20

25

30

35

sCD4 0.1 1 10 1 10 100
Grft OneArm

In
te

ns
ity

(nM



81 
 

 
 

3.4.6 WT Grft and the obligate dimer are able to cross-link two separate 
gp120 subunits 

        Our results that the Grft dimer is able to manipulate the conformation of 
gp120 suggest that the dimer binds to two different glycosylation sites on gp120.  
But the question arises whether Grft binds two sites on one gp120 subunit or 
rather is able to crosslink two different gp120 subunits.  We tested the ability of 
Grft to crosslink gp120 using ELISA assay.  To test this, streptavidin were used 
to coat 96-well plate, followed by a BSA block and application of biotin-
conjugated gp120s from strains IIIB or ADA.  Different concentrations of Grft were 
then added into each well.  After incubation and washing, HRP-conjugated 
gp120s from corresponding IIIB or ADA strains were added into plates, substrates 
were then added to develop signals.  If Grft is able to cross-link two separate 
gp120s, then the HRP conjugated gp120 would remain on the plate and provide 
signal.  This assay showed that Grft and the obligate dimer Grft-linker-Grft are 
able to cross-link two gp120 subunits, but the One-Armed dimer is not (Figure 3-
12, top panel).  The data suggest that Grft cross-linking is possibly also a 
mechanism involved in Grft function, and that the One-Armed Grft is not able to 
cross-link gp120, which correlates with its poor ability to inhibit HIV.  

      We also tested other carbohydrate binding lectins or small molecules 
obtained from the Prof. Jan Balzarini group.  Hippeastrum hybrid agglutinin (HHA) 
is a plant lectin predominantly recognizing α(1,3) or α(1,6)Mannose on gp120 
[174].  It has been reported to be composed of four subunits (tetramer).  Each 
subunit is 12.5 kDa and contains one carbohydrate binding site [175].  Urtica 
dioica agglutinin (UDA) is a monomeric protein lectin of 89 amino acids.  It has 
two carbohydrate binding sites, one with high affinity and the other with low 
affinity (dissociation constant in uM and mM range).  Pradimicin-S (PRM-S) is a 
non-peptidic antibiotic which binds carbohydrates on gp120 and also inhibits HIV 
entry.  Figure 3-12 shows that both HHA and UDA are able to cross-link two 
separate gp120 subunits, probably due to multiple carbohydrate binding sites, 
although the tetramer cross links at much lower concentration.  Higher 
concentration of UDA also showed higher signal to cross-link gp120, and this 
concentration is close to the Kd of the lower carbohydrate binding site, 
suggesting that UDA could use both carbohydrate binding sites to binds two 
gp120 at the same time.  PRM-S (one putative binding site) is not able to cross-
link gp120 subunits, even at the highest concentration we tested (526000 nM).  
The ability of these lectins to cross link may correlate with their ability to inhibit 
HIV, although direct proof of cross-linking in their mechanism of action is not able 
to be obtained with this experiment.  
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Figure 3-12: ELISA showing Grft and other lectins cross-link two separate 
gp120 subunits. 

Top: Preliminary data showing the ability of WT Grft (Black), obligate dimer Grft-
linker-Grft (red) and one-armed Grft variant Grft-linker-GrftOneArm (blue) to bind 
two gp120 subunits.  Controls with no Grft, no beads, or no second gp120 
subunit showed negative-control levels of signal (data not shown).   

Bottom: Plant lectins HHA (a tetramer), UDA (a monomer with two carbohydrate 
binding sites) are able to cross-link two separate gp120 subunits, while the single 
site non-peptide antibiotic PRM-S is not.  

Both gp120 subunits are from strain IIIB.  Signal in this experiment is provided by 
horseradish peroxidase-conjugated gp120 IIIB.  A similar ELISA assay with the 
ADA strain also showed similar result as these IIIB strain. 
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3.5 Discussion 

Griffithsin (Grft) is a lectin with broad activity against a variety of viruses, 
including HIV, hepatitis C virus, the SARS Coronavirus, Japanese encephalitis 
virus, and herpes simplex virus [48-50, 142].  Grft binds high-mannose structures 
on viral envelope surfaces, such as HIV gp120.  Structural work [1] and 
biochemical studies [55] confirm that the protein is a tight dimer, with each 
subunit containing three mannose binding sites that are critical for function.  A 
monomeric variant of Grft was shown to be unable to effectively inhibit HIV, 
underscoring the importance of the dimer form [97].  Its high antiviral activity 
against HIV in particular makes Grft a highly promising candidate for a 
microbicide, which could be used to prevent the sexual spread of the virus.  The 
present work elucidates an important component of the mechanism of Grft, 
namely that its mode of inhibition of HIV is not simply based on its ability to bind 
gp120, but that it also requires two functional dimer subunits. 

 Investigations have been carried out on other carbohydrate-binding HIV 
inhibitors.  The prokaryotic lectin cyanovirin-N has two carbohydrate binding sites 
per monomer and has been observed as both a dimer and a monomer, both of 
which are apparently very potent [176, 177].  At least two carbohydrate binding 
sites are necessary for activity because mutated monomers having only one CBS 
are not functional unless two defective monomers are cross-linked (containing in 
total two functional CBS) [86].  Moreover, the covalent linking of the two 
functional monomers of cyanovirin (giving 4 CBS) also led to a moderately 
increased potency over the wild-type protein although higher order oligomers 
apparently did not result in an increased potency [85].  The neutralizing antibody 
2G12 binds high-mannose carbohydrates on gp120 [160, 161, 178, 179] and has 
an unusual domain swapped structure that has a shorter distance between the 
two primary binding sites (35 Å compared to 150 Å for a typical IgG antibody) 
and which leads to 2 additional potential CBS [84, 180].  Dimeric and polymeric 
2G12 has also been reported to be more effective in neutralizing HIV [87, 181, 
182].  The distance between CBS may be important in optimal HIV inhibition 
because the apparent ideal distance between 2 CBS involved in cyanovirin 
appears to be around 40 Å [86], the 2G12 primary binding sites are 35 Å apart, 
and the X-ray structure of Grft shows about a 47 Å distance between the two 
carbohydrate binding arms [1].  Therefore, effective HIV inhibition appears in 
these cases to arise from multisite carbohydrate binding of defined (around 40 Å) 
distance, though these various proteins (which do tend to effectively compete 
with each other [39, 93, 160, 183]) may not always bind at the same high-
mannose glycan sites. 

Mechanistically, three major types of action could be envisioned for Grft 
function against HIV:  First, tight binding to the surface of gp120 could sterically 
impede gp120 from binding the host cell by blocking key interactions with CD4 
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and/or the co-receptor.  This could occur with Grft binding at various locations on 
gp120, with some mannose-containing glycan sites being more important than 
others.  Avidity gained from multisite binding could be an important factor in this.  
Second, Grft could alter the conformation of gp120 so that gp120 is less effective 
at mediating entry by the virus. The conformational change could affect CD4 
binding, co-receptor binding, or some other entry processes.  Finally, Grft could 
potentially crosslink two different gp120 subunits by binding a glycan unit on 
each subunit.  Gp120 is a trimer, so this could conceivably occur with two 
separate trimer spikes (less likely) or with two different gp120 monomers within a 
single trimer.  It is likely that more than one of these mechanisms concomitantly 
occurs with Grft inhibition.  For example, a mechanism involving a structural 
change in gp120 and/or cross-linking of individual gp120 molecules may be a 
major inhibitory mechanism and can occur with binding at particular glycan sites, 
while Grft could sometimes simply block other necessary interactions when it is 
bound at other mannose glycan sites.  The relative importance of each 
mechanism for inhibition may depend on the viral strain and its individual 
glycosylation pattern. 

In the present work, we have examined the role of the Grft dimer in HIV 
inhibition by making an obligate dimer, Grft-linker-Grft and a one-armed obligate 
dimer, Grft-linker-Grft OneArm (with one functional subunit and one subunit 
having all three mannose-binding sites mutated).  These were tested for various 
aspects of function, including the ability to bind gp120, to inhibit HIV, and to afford 
a structural change in gp120.  It was found that the obligate dimer Grft-linker-Grft 
very much resembled the wild-type protein both in structure and in function, 
indicating that, as expected, native Grft likely acts as a dimer.  However, while 
Grft-linker-Grft OneArm was minimally reduced in ability to bind gp120, this Grft 
variant showed a dramatic reduction in inhibitory functions both in single-round 
and replication competent viral assays.  While quantitative testing of Grft binding 
to gp120 is presented here with two strains (either from X4 and R5 origin), other 
work (unpublished) shows similar binding constants to gp120 from at least one 
other HIV-1 strain.  Given that Grft binds to surface high-mannose glycans and 
that all known HIV-1 strains contain between 18 and 33 potential N-glycosylation 
sites, it is reasonable to expect that high binding affinity would be observed 
between Grft and most HIV-1 strains. In fact, only a few well-defined N-glycan 
locations on HIV-1 gp120 (viz. N234, N295 and N448) have been identified to 
result in a marked decrease of antiviral activity of Grft when deleted (absent) 
from the viral envelope [39] [38].  

Our results demonstrate that both subunits of the Grft dimer are critical for 
its optimal anti-HIV function, but not for gp120 binding, suggesting that inhibition 
is not simply a “bind and block” phenomenon.  Enhanced inhibition due to 
multisite binding can often be explained by the avidity effect of the inhibitor [84, 
85].  This is generally due to the increased on-rate of the second (later) site after 
binding at the first site that leads to overall better binding and less dissociation of 
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the lectin from the virus [85].  The present results are consistent with a 
contribution of avidity to the eventual effectiveness of Grft.  Specifically, the One-
Armed obligate dimer has 3 fewer CBS and much lower HIV neutralization 
capability.  However, the on-rate for the One-Armed dimer to gp120 is only 2- to 
4-fold lower than the wild-type or the obligate dimer in SPR studies with gp120 
(Table 3-1).   

 In addition to avidity effects, Grft might have additional functions which 
involve altering the conformation of gp120 to decrease viral entry ability.  Grft 
may require two sites of (glycan) binding to affect the structure of gp120, in such 
a way enforcing a conformation that is somehow not competent to facilitate HIV 
entry to the host cell.  To probe this possibility, we examined several possible 
structural conversions in gp120 and the effect of Grft on these.  When initiating 
infection, gp120 first binds CD4 at a site that seems not to be fully accessible 
until CD4 is present; broadly neutralizing antibodies have different effects altering 
the gp120 conformation [26, 89], and it was recently shown that the presence of 
Grft allows a higher level of virus capture at the CD4 binding site [143].  In our 
experiments, we show that Grft indeed affords higher levels of virus capture by 
the b12 antibody that binds gp120 at its CD4 binding site, while Grft-linker-Grft 
OneArm only mediates viral capture at the level of the negative control (Figure 3-
9).  In virtually every viral strain tested, Grft’s ability to cause CD4 binding site 
exposure is strongly correlated with antiviral function.  This indicates a correlation 
between the ability to manipulate the structure of gp120 and the anti-HIV activity 
of the protein, and implicates both arms of the dimer as being necessary for 
these functions. While this does not prove that mediating a conformational 
change in gp120 plays a role in Grft inhibition, the data are consistent with the 
possibility of such a role for Grft in addition to high affinity binding.  Further 
experiments in this regard should clarify this issue. 

         The exposure of the CD4 binding site on gp120 is obviously important in 
productive infection by HIV, but given Grft’s role as an inhibitor, it is clear that the 
exposure of the CD4 binding site by Grft either does not facilitate actual CD4 
binding or that Grft somehow blocks entry after this step.  It is also possible that 
this “exposure” is just part of a larger, overall conformational change to interfere 
with viral entry in a manner that is not yet known.  Interestingly, different effects 
were observed for different HIV strains in the CD4 exposure experiments.  In 
general, Grft showed higher levels of CD4 exposure in gp120 strains that 
retained glycosylation sites at positions N234 and N295, and lower levels of CD4 
exposure relative to the negative control in gp120 for strains that lacked 
glycosylation at N295 or at both N234 and N295. There was also a consistent 
correlation with the ability to mediate CD4 binding site exposure and the 
inhibition potency of Grft, with only one exception (clade B strain pWITO4160).  
In all cases, the OneArmed dimer of Grft was largely unable to mediate exposure 
of the CD4 binding site and was also as much as 600-fold less potent in HIV 
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inhibition.  Therefore, it seems reasonable that this conformational change of 
gp120 may be related, at least in part, to Grft function.  

  An important question regarding an inhibitor that requires two arms for 
function is whether the inhibitor is actually cross-linking two different gp120 
subunits.  Gp120 is a trimer on the surface of the virus, and the distance between 
the two arms of Grft (about 47 Å) could allow binding to putative glycosylation 
sites on two different gp120 monomers in the trimer [1, 89, 184].  The role and 
importance of gp120 shedding in infection efficiency has not been defined, 
although shedding can occur as part of the conformational change in gp120 [170, 
185, 186].  Some HIV inhibitors apparently impair gp120 shedding and increase 
gp41 exposure, while other work indicates that CD4-induced shedding of gp120 
does not correlate with subsequent membrane fusion [170, 171].  The broadly 
neutralizing antibody b12 was shown to increase viral shedding (although there is 
some disagreement) while the recently discovered broadly neutralizing antibody 
VRC01 could not induce gp120 shedding [162, 173]. 

While it is not known whether an effect on gp120 shedding itself is a 
mechanism of drug inhibition, such a function could provide data regarding the 
ability of Grft to affect the gp120 conformation.  We have measured the amount 
of gp120 that has been shed in the presence or absence of Grft (and CD4 which 
does induce shedding) using Western blots [144, 187].  The results show that 
Grft in general does induce gp120 shedding while the One-Armed Grft dimer 
appears to be reduced in this ability, indicating that two arms of the dimer are 
more effective in causing shedding, and suggesting that multisite binding or 
crosslinking by Grft may play a role in gp120 shedding. However, different effects 
were observed for different HIV strains suggesting that Grft-induced env 
shedding may correlate with different glycan patterns on the viral surface.   

 Our findings that Grft is a highly active anti-HIV agent that inhibits infection 
of susceptible target cells by a broad variety of X4 and R5 HIV-1 strains, blocks 
syncytia formation between virus-infected and non-infected cells, prevents 
capture of virus particles by DC-SIGN-expressing cells and blocks the 
subsequent transmission of such captured virus to CD4+ T-lymphocytes makes it 
a prime candidate drug for microbicide development [55].  In addition, it has an 
outstanding safety profile as a potential microbicide [52].  Indeed, recently, 
griffithsin has been proposed as the first antiretroviral drug in non-clinical use to 
be included in a microbicide trial for women living with HIV.  This protein has 
been expressed in tobacco plants using transgenic plant technology, and it has 
been calculated that an environmentally controlled greenhouse producing 3,000 
kg of leaf tissue per acre could yield > 2 million doses per year, making the use 
of such candidate microbicide a realistic tool (Hiller, Presentation at the Forum 
for Collaborative HIV Research meeting on Future of PrEP and Microbicides, 
Washington DC, 7 January 2013) [139].  It is therefore important to understand 
the mechanism of action of this lectin, both to further its development and to 
understand the properties that lead to the most valuable inhibitors.  The 
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combination of tight binding properties to gp120 and the use of multiple subunits 
to mediate inhibitory changes in gp120 by griffithsin may be used by other lectins 
or broadly neutralizing antibodies, and may also be a desirable property to 
design future HIV inhibitors.   

3.6 Conclusion 

      This work provides evidence that both arms of the Grft dimer are necessary 
for its optimal anti-HIV function and that, in addition to allowing an increase in 
avidity, their role may be to manipulate the structure of gp120, thereby inhibiting 
the process of viral entry (possibly by binding at two different carbohydrate sites).  
Grft inhibition correlates with glycan patterns on the viral surface, and with its 
ability to mediate CD4 binding site exposure in gp120.  This work helps to explain 
previously reported results that HIV strains lacking glycosylation at both positions 
N234 and N295 are less sensitive to Grft [39].  While the clade B strains (that are 
prevalent in North America and Western Europe) tend to retain both these sites, 
clade C strains (which are prevalent in Africa and Asia [41, 157]) tend to lack the 
glycosylation site at position N295.  There may also be a relationship between 
Grft-mediated env shedding and viral inhibition.  Our results have implications for 
the development of Grft as a microbicide.   
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Chapter 4  

A Comparison of 5P12-vMIP-II and vMIP-II as HIV-1 Entry 
Inhibitors 

 

This work was published as part of:  

Xue J, Kuo NW, Schill MS, LiWang PJ, “A comparison of 5P12-vMIP-II and vMIP-II as 
HIV-1 entry inhibitors”, Journal of Biochemistry&Physiology, 2013, S2-005: 2168-9652. 

 

4.1 Abstract 

      vMIP-II (viral macrophage inflammatory protein-II) is a chemokine analog 
expressed by human herpesvirus-8 that has the unique ability to bind multiple 
human chemokine receptors, including CCR5 and CXCR4, representative 
receptors of two major chemokine subfamilies. This broad binding ability gives 
vMIP-II powerful anti-inflammatory properties, which have been demonstrated in 
vitro and in vivo. In addition, vMIP-II is of great interest due to its ability to inhibit 
HIV infection by both major HIV strains: R5 (strains that enter the host cell using 
CCR5 as a co-receptor), and X4 (strains that use CXCR4). We have made a 
vMIP-II variant, “5P12-vMIP-II” in which the N-terminal amino acids of vMIP-II 
have been replaced by 10 amino acids that have been shown to greatly enhance 
the anti-HIV potency of the chemokine RANTES for R5 HIV strains. This 5P12-
vMIP-II is shown by NMR to be fully folded and similar in structure to wild type 
vMIP-II. Both vMIP-II and 5P12-vMIP-II showed the ability to inhibit multiple 
strains of HIV, including several R5 strains and an X4 strain. While the 5P12 N-
terminus did not improve the potency of the protein, our results suggest that 
vMIP-II does not bind CCR5 in the same way as human chemokines. Rather, 
vMIP-II has sacrificed some binding ability to particular chemokine receptors in 
order to obtain the ability to bind a broader array of receptors. 
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4.2 Introduction: 

          Chemokines (chemotactic cytokines) are small proteins that mediate 
chemotaxis and activation of immune system cells, with importance both in 
immune development and inflammation.  In addition, some chemokine receptors 
have been shown to be “co-receptors” for HIV-1 (human immunodeficiency virus 
type 1) entry, making the chemokine system relevant for both its role in human 
health and in disease.  The protein vMIP-II (viral Macrophage Inflammatory 
Protein-II) is a chemokine analog produced by human herpesvirus 8 (HHV-8) that 
has high sequence identity to many chemokines as well as nearly identical 
tertiary structure [10, 72, 73].  However, this protein is unique among chemokines 
in its ability to bind but not activate receptors of chemokines from multiple sub-
families, including the receptors CCR5, CXCR4, CCR1, and CCR2 [74].  These 
properties allow vMIP-II to effectively compete with the natural chemokine 
ligands of these receptors, including MCP-1 (monocyte chemoattractant protein-
1), MIP-1��(macrophage inflammatory protein-1 alpha) and RANTES (regulated 
on activation normal T cell expressed and secreted), and have elicited interest in 
vMIP-II both as an anti-inflammatory agent and for its ability to inhibit HIV [75].  
This 71 amino acid protein is also an agonist (having the ability to bind and to 
cause an intracellular response) for the receptor CCR3 [74, 76, 77]. 

 Regarding its role in inflammation, vMIP-II has shown significant promise 
as an anti-inflammatory agent in animal models, including prolonging cardiac and 
corneal allograft survival [188, 189].  vMIP-II also effectively reduced damage 
and neurological deficit in a spinal cord injury model [190-192] and could be 
safely injected into the mouse brain in order to attenuate inflammation and 
thereby reduce injury from cerebral ischemia [193]. 

 The process of HIV infection begins with the interaction of HIV surface 
protein gp120 with human cell surface protein CD4 (Figure 4-1A).  This 
interaction allows conformational change in gp120, leading to the binding by 
gp120 of the co-receptor on the cell surface, CCR5 or CXCR4.  These co-
receptors are chemokine receptors that normally play a role in immune activation 
and cell chemotaxis.  The role of vMIP-II as an anti-HIV agent is based upon its 
unique ability to act as an antagonist of both chemokine receptors CCR5 and 
CXCR4 [74, 75] (Figure 4-1B).  Human chemokines, by contrast, are able to bind 
only receptors from one sub-class, so that MIP-1�, MIP-1�, and RANTES (also 
called CCL3, CCL4, CCL5 respectively) tightly bind the CCR5 receptor (and are 
able to inhibit infection with HIV strains that use this receptor), but have no effect 
on the CXCR4 receptor [58, 194, 195].  This receptor is bound by the natural 
ligand SDF-1 (CXCL-12), which in turn has no ability to bind CCR5 [196, 197].    
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      Chemokine variants have been developed that are among the most potent 
HIV entry inhibitors known, with much of the work having been done on the 
chemokine RANTES.  In particular, chemical synthesis at the N-terminus of the 
protein has allowed the potent RANTES variants AOP-RANTES and PSC-
RANTES to be developed, revealing nanomolar activity in in vitro [66, 198] and, 
for PSC-RANTES, effectiveness in protection from HIV in the macaque in vivo  
[199-201].   N-terminal modification of the chemokine has been shown to be 
transferrable, as AOP-MIP-1� was produced and also shown to be a potent HIV 
inhibitor [202].  

        The chemokine variant that currently has the highest potential for clinical 
use is undoubtedly 5P12-RANTES.  This protein was obtained by random 
mutagenesis at the N-terminus of RANTES, replacing the wild type 9 amino acids 

 

Figure 4-1: vMIP-II binds CCR5 or CXCR4 and inhibits HIV entry.  

 (A) Left: HIV entry process.  On the HIV surface, the envelope protein gp120 
(gold) interacts with receptor CD4 (orange) and coreceptor CCR5 or CXCR4 
(purple) on the host cell surface.  Middle: When viral gp120 binds to the 
receptor CD4 and coreceptor (CCR5 or CXCR4; purple, 7-transmembrane 
helix), gp120 undergoes a conformational change and exposes gp41 (cyan and 
green).  When gp41 is exposed, the N-terminus and C-terminus of gp41 form a 
6-helix bundle, assisting fusion with the host cell membrane.  (B) Left: Solution 
structure of vMIP-II as determined by NMR spectroscopy (magenta ribbon).  
Right: vMIP-II (magenta) binds to HIV coreceptor CCR5 or CXCR4 (purple) and 
blocks HIV entry.  The structure was made with the program Chimera [5] using 
PDB structure 1VMP [14]. 
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with an N-terminus containing 10 amino acids.  There are no further synthetic 
additions, so this protein can be made by recombinant techniques [68].  In 
addition to being highly potent (with antiviral activity in the sub-nanomolar range 
for most strains tested), this protein neither activates nor internalizes the CCR5 
receptor, alleviating concerns about immune activation, which is not desirable in 
the context of HIV inhibition [68].  Later work also demonstrated that viral escape 
from 5P12-RANTES is extremely difficult, unlike many small molecule inhibitors 
[203], solidifying the position of 5P12-RANTES as a potential therapeutic that 
could be expected to remain potent despite a large variation in viral sequence.  
However, despite the nearly uniform positive properties of 5P12-RANTES, one 
drawback is its inability to bind the CXCR4 co-receptor, leading to inactivity 
against HIV viral strains that use this receptor (so-called X4 HIV strains). 

 Here in Chapter 4 I collaborate with Dr. Naiwei Kuo in our lab and study a 
vMIP-II variant, 5P12-vMIP-II.  We hypothesized that the ability of vMIP-II to 
inhibit HIV could be enhanced by replacing its native N-terminus with the 5P12 
N-terminus that was successfully used for RANTES.  This region of the protein is 
largely unstructured until it binds the receptor, and as mentioned vMIP-II shares 
significant sequence identity and structural properties with RANTES, MIP-1�, and 
MIP-1� [14, 204-206].  There is also the possibility with this mutation to obtain 
dual-acting HIV entry inhibitors that would be effective against both R5 and X4 
strains of HIV.   In addition, such work could add to our understanding of the 
manner in which vMIP-II is able to bind chemokine receptors.  Our results show 
that while 5P12-vMIP-II retained activity against both R5 and X4 HIV strains, the 
activity was not improved by the 5P12 N-terminus compared to the wild type N-
terminus.  This result suggests that vMIP-II does not bind the chemokine receptor 
in the same manner as wild type chemokines, a possibility that has been 
previously suggested [10, 207].  

  



92 
 

 
 

4.3 Materials and Methods 

4.3.1 Construction of 5P12-vMIP-II   

         The gene for vMIP-II was constructed and cloned into pET32a(+) as 
described [10].  5P12-vMIP-II was made by replacing the first ten amino acid of 
vMIP-II (protein sequence: LGASWHRPDK) with the first ten amino acids of 
5P12-RANTES (protein sequence: QGPPLMATQS).  The replacement was 
carried out using oligonucleotide primers and PCR to replace the sequence 
coding for the N-terminal amino acids.  

4.3.2 Protein Production 

        vMIP-II and 5P12-vMIP-II were expressed in the pET32a(+) vector with a 
thioredoxin fusion tag (Novagen, Madison, WI).  The plasmids were transformed 
into Escherichia coli BL21(DE3) (Novagen, Madison, WI) cell and expressed in 
15N minimal medium using 15NH4Cl as the sole nitrogen source.  The protein 
induction was carried out with 1 mM IPTG (Isopropyl β-D-1-
thiogalactopyranoside) as final concentration when the O.D.600 reached 0.6-0.8 at 
37 °C.  The minimal medium was then shifted to 16 °C and shaking continued for 
16 hours.  The cells were harvested by centrifugation at 6000 ×g for 10 min.  The 
cell pellet was resuspended in 50 mM Tris, 50 mM NaCl, 3 mM EDTA, 5 M 
Guanidinium/HCl, pH 8 with fresh 10 mM benzamidine and then passed through 
a French Press twice at 16,000 psi.  β-mercaptoethanol was then added to a final 
concentration of 5 mM, and the resulting solution was incubated at room 
temperature with stirring for 1 hour.  Then, the solution was centrifuged at 20,000 
× g for 1 hour.  The supernatant containing the denatured protein was added 
dropwise to 10x volume of low salt buffer (50 mM Tris, 50 mM NaCl, pH8) with 
fresh 5 mM β-mercaptoethanol and stirring.  Then, the solution was incubated at 
room temperature without stirring for 2 hours.  The solution was then centrifuged 
at 20,000 × g for 30 min and the supernatant was dialyzed against 4L high salt 
buffer (20 mM Tris, 500 mM NaCl, 5 mM Imidazole, pH 8) twice overnight at 4 °C.  
After dialysis, the solution was applied to a Nickel chelating column and eluted 
with a gradient of imidazole (50 mM to 500 mM).  The resulting purified protein 
was dialyzed against 4 L 20 mM Tris, 50 mM NaCl, 2 mM CaCl2, pH 7.4 
overnight at 4 °C.  The solution was made to 0.02% NaN3 to inhibit bacterial 
growth.  To remove the thioredoxin fusion tag, 10 units of recombinant 
enterokinase (Novagen, Madison, WI) were added.  The solution was incubated 
at room temperature for 3-5 days to allow protease cleavage.  Precipitated 
material was removed by adjusting the solution to contain 10% acetonitrile and 
0.1% trifluoroacetic acid followed by centrifugation at 15,000 × g for 30 min.  The 
supernatant was purified by a C4 reversed-phase chromatography column 
(Vydac, Hesperia, CA) using the Akta purification system (GE Healthcare, 
Pittsburgh, PA).  The protein was dried to powder using the Labconco freeze dry 
system (Labconco Corporation, Kansas City, MO).  
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4.3.3 Nuclear Magnetic Resonance 

         All NMR samples were prepared in a buffer of 20 mM potassium phosphate, 
10 �M DSS, 5% D2O, and 0.02% NaN3 at pH 5.5 or pH 7.  All 2D HSQC 
experiments were carried out on a Bruker 600 MHz AVANCE III spectrometer 
equipped with a TCI cryoprobe at 25 C. HSQC experiments were run with 
carrier positions of 4.75 ppm for 1H and 119.3 ppm for 15N, sweep widths of 
9615.385 Hz (15.9 ppm) for 1H and 1938.672 Hz (31.8) ppm for 15N with 672* (* 
complex points) points in 1H and 128* points in 15N.  All chemical shifts were 
referenced to internal DSS (2,2-dimethyl-2-silapentane-5-sulfonic acid).  Data 
were processed using NMRPipe and viewed using NMRDraw and PIPP [115, 
116] and Sparky  [117]. The chemical shift changes compared to wild type 
protein were calculated as described previously [10]. 

4.3.4 Viral reagents 

        Viral plasmids containing the env gene from HIV-1 were obtained from the 
NIH AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, 
NIH as follows: PVO, clone 4 (SVPB11), AC10.0, clone 29 (SVPB13) was from 
Dr. David Montefiori, Dr. Feng Gao and Dr. Ming Li [155]; pWITO4160 clone 33 
(SVPB18) was from Drs. B. H. Hahn and J. F. Salazar-Gonzalez [155]; 
DU156.12 (SVPC3) was from Drs. D. Montefiori, F. Gao, S. Abdool Karim and G. 
Ramjee [41, 156]; CAP210.2.00.E8 (SVPC17) was from Drs. L. Morris, K. 
Mlisana and D. Montefiori [156]; ZM109F.PB4 (SVPC13) was from Drs. E. 
Hunter and C. Derdeyn [157];  pHxB2-env was from Dr. Kathleen Page and Dr. 
Dan Littman [208]; pSG3Δenv was from Drs. John C. Kappes and Xiaoyun Wu 
[158, 159].  

4.3.5 Single-round HIV infection assay 

Single-round infection assays were performed as described [55].  Briefly, 
TZM-bl cells stably expressing CD4, CCR5 and CXCR4 coreceptors were 
maintained in DMEM (Dulbecco's Modified Eagle's Medium) with 10% FBS (fetal 
bovine serum).  The cells were seeded in 96-well plate and serial dilutions of 
vMIP-II, 5P12-vMIP-II and 5P12-RANTES were added from the top row to the 
bottom row, as follows: 20 ul ligand of different concentration was added into the 
first row and mixed well with culture media.  Then 20 ul media was removed and 
added into the second row, and so on.  Virus was then added into each well 
containing different ligands.  The cells were incubated at 37 C for 24 hours, at 
which time the medium was changed, and the cells were then incubated for 
another 24 hours.  PBS containing 0.5% NP-40 was used to lyse the cells and 
substrate chlorophenol red-D-galactopyranoside (CPRG, Calbiochem, CA) was 
added into each well.  The absorbance signal was measured at 570 nm and 630 
nm. The ratio of 570/630 for each well was calculated.  EC50 values were 
determined using a linear equation fitted between two data points surrounding 50% 
inhibition.  For presentation purposes, data shown in the figures were plotted and 



94 
 

 
 

fitted as curves using a four-parameter logistic equation in Kaleidagraph 
(Synergy Software, Reading, PA).  
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4.4 Results 

4.4.1 Construction and structure of 5P12-vMIP-II.  

        

      The “5P12” chemokine N-terminus consists of a 10 amino acid sequence 
directly before the conserved Cys-Cys of the chemokine: QGPPLMATQS (Figure 
4-2).  Thermocycling techniques with overlapping oligonucleotide primers were 
used to replace the existing N-terminus of vMIP-II with DNA encoding these 
amino acids.  The gene was placed into a pET32a(+) expression vector with an 
N-terminal thioredoxin fusion tag, and the protein was produced and purified as 
described in Methods.  Figure 3 shows the 15N-1H correlation spectra of 15N-
labeled 5P12-vMIP-II.  At pH 7, the protein showed good chemical shift 
dispersion and homogeneous peak height, indicating a nicely behaved protein 
that is not likely experiencing multiple conformations (Figure 4-3A).   Chemical 
shift assignments of wild type vMIP-II have been carried out at pH 2.5 [14] and 
pH 5.4 [10], so spectra were also obtained of 5P12-vMIP-II at pH 5.5, and a 
comparison is shown in Figure 4-3B.  The assignments were adapted from Zhao 
et al. [10].  5P12-vMIP-II showed similarity to the wild type protein in most 
regions of the spectrum, but the spectrum contains no matching peaks for the N-
terminal residues, as expected.  However, seven new peaks could be observed 
in the 5P12-vMIP-II spectrum (red) that were not close to any assigned peaks 
from the wild type vMIP-II spectrum (black).  These likely correspond to the 7 
non-Pro amino acids that are different between the variant and wild type vMIP-II 
(Figure 4-2 and Figure 4-3B). Moreover, peaks in the variant spectrum near the 
resonances in the wild type spectrum for G2, Q33, and K37 could be observed 
when the contour level is lowered indicating that these are likely the analogous 
resonances of the variant (data not shown).  Finally, the 5P12 variant contains 
two additional glutamines, Q1 and Q9; in the HSQC spectrum two additional 
pairs of side-chain peaks are observed, indicating the presence of Q1 and Q9 in 
5P12-vMIP-II.  Therefore, the HQSC spectrum is fully consistent with a folded 
5P12-vMIP-II.  

 

Figure 4-2: Sequence comparison of vMIP-II, 5P12-vMIP-II, 5P12-RANTES 
and RANTES. 
Conserved cysteine residues are highlighted in yellow.  The first ten residues in 
the N-terminus of vMIP-II are highlighted in red.  The first ten residues in the N-
terminus of 5P12-vMIP-II are highlighted in magenta.  The sequence number is 
according to vMIP-II.     

vMIP-II          LGASWHRPDKCCLGYQKRPLPQVLLSSWYPTSQLCSKPGVIFLTKRGRQVCADKSKDWVKKLMQQLPVTAR 71
5P12-vMIP-II     QGPPLMATQSCCLGYQKRPLPQVLLSSWYPTSQLCSKPGVIFLTKRGRQVCADKSKDWVKKLMQQLPVTAR 71
5P12-RANTES      QGPPLMATQSCCFAYIARPLPRAHIKEYFYTSGKCSNPAVVFVTRKNRQVCANPEKKWVREYINSLEMS 69
RANTES           -SPYSSDTTPCCFAYIARPLPRAHIKEYFYTSGKCSNPAVVFVTRKNRQVCANPEKKWVREYINSLEMS 68

1 1112 35 51
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Figure 4-3: Structure study of 5P12-vMIP-II.  
(A) 15N HSQC spectrum of 5P12-vMIP-II at pH 7.  (B) Overlay of 15N HSQC 
spectrum of vMIP-II (black) and 5P12-vMIP-II (red) with the assignment 
adapted from Zhao et al [10] at pH 5.5.  (C) Chemical shift changes of each 
reside after the replacement at the N-terminal region of wild-type vMIP-II.  The 
sequence is according to wild-type vMIP-II.  The blank region indicates the 
peaks have shifted too much to be assigned.  (D) vMIP-II structure (PDB: 
1VMP) showing the residues with significant chemical shift changes.  Pink 
indicates chemical shift changes above 1 standard deviation greater than 
average and red indicates chemical shift changes above 2 standard deviations 
greater than average.  Yellow indicates the peaks have shifted too much to be 
assigned. The disulfide bonds are showed as ball and stick with side-chains. 
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      While a comparison of the wild type and variant spectra indicate an overall 
similar structure, some regions with significant changes compared to the wild 
type protein were observed in 5P12-vMIP-II.  These include amino acids near 
Cys 35 (that participates in a disulfide bond with Cys 11 that is adjacent to the 
mutated N-terminus) and amino acids near Cys 51 (that participates in a disulfide 
bond with Cys 12).  Figure 4-3C shows chemical shift changes at each residue in 
5P12-vMIP-II compared to wild type vMIP-II.  Figure 3D maps these onto the 
structure of the wild type protein and shows the structure of the wild type protein.  
Most significant changes occur near these N-terminus adjunct disulfide bonds.  
Nine out of 71 residues (residues: 2, 15, 32, 33, 34, 35, 39, 50, and 71) showed 
chemical shift changes that were bigger than 2 standard deviations from the 
average.  One of these (residue 2) is in the mutated region and the other (residue 
71) is at the C-terminus.  Overall it can be concluded that 5P12-vMIP-II is a 
folded protein that is quite similar in tertiary structure to wild type vMIP-II. 

4.4.2 Anti-HIV function of vMIP-II and 5P12-vMIP-II.   

While the anti-HIV properties of vMIP-II have been known for some time, 
few studies have reported assays against multiple viral strains.  For this work we 
used single-round HIV infection assays, in which a viral particle lacking key 
elements of the HIV genome (but having a functional HIV envelope) is used to 
infect target cells.  The viral particle is therefore the same size and has the same 
surface proteins (and is presumed to have a similar ability to infect the host cell) 
as replication-competent HIV, but is not able to replicate. This type of assay is 
therefore highly useful as an efficient, accurate test of inhibition of HIV entry into 
the host cell, with each different “pseudovirus” defined by the different sequences 
of the envelope proteins (i.e. gp120) on the surface [107].    

We tested wild type vMIP-II against seven strains of pseudotyped HIV:  R5 
strains PVO.4, AC10.0 and pWITO4160 clone 33 (SVPB18) (all from subtype B, 
which tends to be common in North America and Europe) [155]; R5 strain 
ZM109F.PB4, DU156.12 and CAP210.2.00.E8 (all from subtype C, which tends 
to be common in Asia and Africa) [156]; and X4 strain HxB2 (subtype B).  Strain 
PVO.4 also has been categorized as a “Tier 3” HIV strain, indicating low 
sensitivity to antibody-mediated neutralization, and adding significance to the 
search for inhibitors for such “difficult to inhibit” viruses [209].  Strain 
ZM109F.PB4 is also particularly significant because it has shown orders of 
magnitude less sensitivity than most strains to another major type of HIV inhibitor, 
namely the lectin griffithsin [39].   

      As shown in Figure 4-4 and Table 4-1, vMIP-II was able to inhibit these 
strains at high nanomolar or low micromolar levels.  We then tested 5P12-vMIP-II 
against these strains.  It also showed effectiveness at high nanomolar or low 
micromolar levels, but did not show improvement over the wild type protein 
(Table 4-1).  As a control, 5P12-RANTES was tested, where it showed excellent 
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potency against R5 strains as expected, but no effectiveness against the X4 
strain (Figure 4-4 and Table 4-1).  

 

Table 4-1: EC50 values for single-round infection assays for vMIP-II, 5P12-
vMIP-II and 5P12-RANTES.   

Strains/Compounds 
vMIP-II 5P12-vMIP-II 5P12-

RANTES 

EC50 (nM) 
Fold 

difference 
from WT 

EC50 (nM) 
Fold 

difference 
from WT 

EC50 (nM) 

PVO.4 (subtype B, 
R5) 88.3±17 1 109±10 1.2 0.049±0.015 

AC10.0.29 (subtype 
B, R5) 2450±530 1 2360±730 1 0.70±0.19 

WITO4160.33 
(subtype B, R5) 8220±1600 1 10100±1800 1.2 2.36±0.57 

CAP210.2.00.E8 
(subtype C, R5) 2630±790 1 2570±530 1 1.14±0.27 

DU156.12 (subtype 
C, R5) 8540±1400 1 9850±1800 1.2 1.32±0.095 

ZM109F.PB4 
(subtype C, R5) 199±36 1 154±43 0.8 0.065±0.016 

HxB2 (subtype B, X4) 931±210 1 1010±320 1.1 No activity 

Each experiment was repeated at least 3 times in triplicate and the values shown 
are +/- the standard deviation of the EC50 from all experiments.  The experiments 
were carried out with TZM-bl target cells.   

Figure 4-4: Inhibition of HIV-1 infection by vMIP-II, 5P12-vMIP-II and 5P12-
RANTES in single-round infection assays.   

(A) PVO.4 (subtype B, R5); (B) CAP210.2.00.E8 (subtype C, R5); (C) 
ZM109F.PB4 (subtype C, R5); (D) HxB2 (subtype B, X4).  Wild type vMIP-II is 
shown in black; 5P12-vMIP-II is shown in red; 5P12-RANTES is shown in blue.  
A typical experiment is shown.  Each experiment was repeated at least 3 times.  
Error bars indicate the standard deviation from a triplicate experiment.    
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4.5 Discussion 

Since its discovery in 1996-1997 [74, 75, 210], vMIP-II has been the focus 
of a variety of studies, based on its ability to bind multiple chemokine receptors.  
Most of these studies dealt with the potential of this virally-encoded chemokine 
homolog to inhibit inflammation.  Indeed, vMIP-II has been shown in various 
animal models to attenuate cellular infiltration after spinal cord injury [190-192], to 
protect the brain against focal cerebral ischemia [193], and to protect allograft 
survival in both the heart and the cornea [188, 189].  However, from the earliest 
reports, it was also clear that vMIP-II possessed the ability to inhibit HIV infection.  
Further, the unique ability of this chemokine analog to tightly bind both of the 
main HIV co-receptors (CCR5 and CXCR4) gives it the potential to be more 
broadly acting than any of the current chemokine-based inhibitors, which are 
limited by their ability to bind receptors from only one family (i.e. either CCR5 or 
CXCR4).  This is particularly significant given that initial HIV infection occurs with 
viruses using CCR5 (so-called R5 strains), while progression to AIDS is often 
correlated with the switch to X4 virus in a patient [40].  

Structural studies have been reported on full length vMIP-II [14, 73, 211-
213] and on peptide fragments of vMIP-II [213].  Other work has focused on 
peptides derived from vMIP-II in order to generate smaller molecules that retain 
anti-HIV properties, including the use of D-peptides [214-217].  Interestingly, in 
studies investigating the binding of vMIP-II to human chemokine receptors, data 
indicated that vMIP-II does not utilize the F13/Y13 residue that is known for 
human chemokines to be essential for tight binding to CCR5 [10, 218, 219].  
Studies with mutated chemokine receptors also indicated differences in receptor 
binding between vMIP-II and human chemokines, again indicating that vMIP-II 
may bind chemokine receptors differently than host chemokines [207].  While 
these experiments show differences between vMIP-II and chemokines, they also 
provide evidence for one of the most important facets of vMIP-II action, namely 
the manner in which it is uniquely able to bind multiple, diverse chemokine 
receptors, a function not shared with human chemokines, despite these proteins 
sharing as much as 40% sequence identity and an essentially identical tertiary 
structure.     

The chemokine RANTES has been improved as an HIV inhibitor by a 
variety of changes to the N-terminus, the most promising of which is the “5P12” 
mutation used in the present work.  Previous research by others also included 
chemical modifications at the amino terminus [59, 198].  These have been shown 
in at least some cases to be transferrable to other chemokines [202].  5P12-
RANTES has been found to retain the ability to tightly bind the receptor CCR5, 
while having a greatly increased potency against R5 HIV with EC50s usually in 
the picomolar range.  The inhibitor is also very robust to HIV mutation with “virus 
escape” being rare and requiring a switch to CXCR4 coreceptor use [203].  
5P12-RANTES does not inhibit X4 HIV in vitro, since this chemokine does not 
significantly interact with the CXCR4 receptor [68].  Previously, in order to 
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overcome this limitation we expressed 5P12-RANTES covalently linked with a 
peptide that is derived from the C-terminus of HIV gp41 (a C-peptide) that is 
known to bind to the N-terminal helices of gp41 and inhibit viral entry.  This 
bifunctional chimera strategy was very successful, resulting in potent inhibition of 
both R5 and X4 viral strains [70].  Here, we sought to clarify two major issues 
regarding vMIP-II.  First, could its anti-HIV properties against R5 virus be 
improved by substituting the N-terminus with the “5P12” sequence, while 
retaining inhibition against X4 virus; and the related second question, namely 
whether vMIP-II binds CCR5 using the same mechanism as that used by the 
human chemokine RANTES.   

         Our results show that 5P12-vMIP-II is a folded protein that is stable over a 
range of pH values and that likely retains structural similarity to wild type vMIP-II.  
Unlike 5P12-RANTES, 5P12-vMIP-II is able to inhibit X4 strains of HIV.  However, 
5P12-vMIP-II is much less potent than 5P12-RANTES against R5 HIV, and 
shows similar effectiveness as wild type vMIP-II.  Therefore, while the “5P12” N-
terminus did not significantly reduce the effectiveness of vMIP-II, it also clearly 
does not enable interaction with the receptor in the same way as it does when 
placed onto RANTES, where it usually engenders subnanomolar inhibition 
against R5 HIV.  This provides evidence that vMIP-II does not bind CCR5 in the 
same was as RANTES (nor, by extension, the other human chemokines MIP-1� 
and MIP-1�).  Therefore, it appears that vMIP-II’s ability to bind multiple 
chemokine receptors from multiple families relies on shared structural features 
among chemokines, and likely on the highly basic surface on vMIP-II [10], but 
that this comes at the price of not binding these receptors identically to their 
natural chemokine ligands. 

4.6 Conclusion 

vMIP-II is a virally expressed chemokine analog that has the unique ability 
to bind both HIV co-receptors, CCR5 and CXCR4.  We have modified vMIP-II at 
its N-terminus to make 5P12-vMIP-II, based on the N-terminal modification in 
5P12-RANTES, which had made RANTES one of the most potent known R5 HIV 
entry inhibitors.  While 5P12-vMIP-II retained anti-HIV activity against both R5 
and X4 HIV strains, the 5P12 N-terminus did not improve the inhibitor.  This 
provides evidence that despite high sequence identity and essentially identical 
structure to human chemokines, vMIP-II does not interact with chemokine 
receptors in an analogous manner to their natural chemokine ligands.  
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Chapter 5 

Conclusion and Future direction 

5.1 Conclusion 

      Griffithsin (Grft) is a protein lectin extracted from red algae [47].  It is among 
the most potent HIV entry inhibitors reported so far, and also a promising 
microbicide candidate [52, 53, 139, 220].  However, important biochemical details 
on the antiviral mechanism of Grft function remain unexplored.  Crystallization of 
Grft in complex with mannose showed that Grft forms a domain swapped dimer, 
with three carbohydrate binding sites on each subunit [1].  In order to understand 
the role of the three individual carbohydrate-binding sites (CBS) in Grft, 
mutations were made at each site (D30A, D70A, and D112A), and the resulting 
mutants were investigated.  As shown in Chapter 2, while the mutants retain a 
very similar structure as the wild type, mutations of any of the three sites result in 
a loss of at least 26-fold in ability to inhibit HIV, even though these single 
mutations only moderately affect the ability of Grft to bind gp120 or gp41.  The 
disparity between HIV-1 gp120 binding ability and HIV inhibitory potency for 
these Grft variants indicated that Grft does not inhibit HIV through simple “binding 
and blocking” mechanism, leading the question to the role of Grft dimerization in 
its activity.   

      In chapter 3, we continue the work and investigate the role of Grft 
dimerization in Grft’s anti-HIV function.  Structural work and analytical 
ultracentrifugation confirmed that the protein is a tight dimer [1, 55], and that 
individual carbohydrate binding sites are critical for function [55].  An obligate 
dimer of Grft was designed by expressing the protein with a peptide linker 
between the two subunits. This “Grft-linker-Grft” is a folded protein dimer, 
apparently nearly identical in structural properties to the wild-type protein (as 
shown by our NMR experiments).  A “one-armed” obligate dimer was also 
designed (Grft-linker-Grft OneArm), with each of the three carbohydrate binding 
sites of one subunit mutated while the other subunit remained intact.   Both 
constructed dimers retained the ability to bind gp120 and the viral surface.  
However, Grft-linker-Grft OneArm was 84- to 1,010-fold less able to inhibit HIV 
than wild-type Grft, while Grft-linker-Grft had near-wild-type antiviral potency.  
Furthermore, while the wild-type protein demonstrated the ability to alter the 
structure of gp120 by exposing the CD4 binding site, Grft-linker-Grft OneArm 
largely lost this ability.  This work elucidates an important component of the 
mechanism of Grft, namely that its mode of inhibition of HIV is not simply based 
on its ability to bind gp120, but that it also requires two functional dimer subunits. 
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5.1.1 Possible mechanisms for Grft function 

      There are several possible mechanisms for Grft function.  Lectins are able to 
bind carbohydrates on the gp120 surface, and this “binding and blocking” 
mechanism has been shown to be part of Grft inhibition [1, 47, 49]. 

In Chapter 2, we studied the individual carbohydrate binding sites on Grft.  
Our results showed that the three nearly-equivalent mannose binding sites are 
each critical for full potency of the anti-HIV activity of the protein.  However, there 
is a lack of correlation between Grft binding and inhibition, such that removal of 
one carbohydrate binding site leads to about 2- to 3- fold loss of binding but 26- 
to 1900- fold loss of inhibitory potency.  This indicates that Grft does not inhibit 
HIV entry by a simple “binding and blocking” mechanism.   

In Chapter 3, we studied the role of Grft dimerization in its antiviral 
function and investigated the possible conformational change on gp120 induced 
only by Grft with two functional arms.  We confirmed that Grft induces gp120 
conformational change by exposing a CD4 binding site, and this conformational 
change is correlated with Grft inhibition.  This “conformational change” is also 
involved in Grft function, and this might be true for other similar protein lectins 
such as cyanovirin, which also needs two carbohydrate binding sites to maintain 
its potency [86].  In addition, twisting the gp120 conformation by exposing the 
CD4 binding site may only be part of Grft’s function on gp120, in that there may 
be a more global conformational change that we were not able to observe due to 
the limitations of the assay.  New assays need to be developed in order to detect 
other aspects of this conformational change on gp120, not only induced by Grft, 
but also other similar lectins or broadly neutralizing antibodies such as cyanovirin 
and 2G12, as discussed later on.  
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The third mechanism involved in Grft function (in addition to bind-and-
block and inducing conformational change in gp120) might be cross-linking 
gp120, as proposed for other lectins and carbohydrate-binding antibodies.  Here, 
we showed that Grft wild type and the obligate dimer are able to cross-link two 
separate gp120 subunits, while the One-Armed Grft dimer is not able to cross-
link gp120 (Figure 3-12).  Considering One-Armed Grft exhibits a ~84 to 1010 
fold reduction in activity but only a moderate loss of binding to gp120 mentioned 
in Chapter 3 [147], cross-linking may be an important mechanism involved in Grft 
function.  On the HIV viral surface, Grft might cross-link two gp120 subunits on 
the same env spike, and interfere with key steps during entry (for example, CD4 
binding site).  Lectins or antibodies with multiple binding sites may possibly 
cross-link two gp120 subunits, in the same env spike or two env spikes (intra- or 
inter-spike) depending on the distances between the carbohydrate binding sites 
or epitopes.  This “cross-linking” may impair the functional env trimer, making the 
spike less efficient for infection.  

      In addition to Grft, some protein lectins are shown to require at least 2 
carbohydrate binding sites to perform potent inhibition [86, 87, 181, 182, 221].  
Increasing the number of carbohydrate binding sites is also shown to have higher 
potency [85, 87].  One example of these protein lectins is cyanovirin, a protein 

 

 
 
Figure 5-1: Possible mechanisms involved in Grft function.  

Left:  Grft is able to bind glycans on gp120, sterically blocking gp120 
interaction with receptor and coreceptor.  
Middle: Grft might use both carbohydrate binding arms twisting gp120 
conformational change.  This possible conformational change can be partially 
detected by using CD4 binding site antibody. 
Right: Grft might use both carbohydrate binding arms to cross-link two 
separate gp120 subunits, impairing the functional trimeric spike.    

Binding and blocking Twisting gp120 
conformational change 

Cross-linking 
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lectin produced by cyanobacterium [102].  This lectin has two carbohydrate 
binding sites per monomer, and exhibits a monomeric structure in solution and a 
domain swapped dimer structure in X-ray crystallography [177, 222].  The dimer 
Kd of cyanovirin is higher than the EC50 value (2.5 mM vs nM), indicating that 
cyanovirin functions as a monomer [223].  In addition, designed oligomers of 
cyanovirin monomers also leads to increased activity [85];  Linking two defective 
monomer mutants of lectin cyanovirin leads to restored function, with only  a 
slight change in activity [86].  Enhanced inhibition due to multiple binding sites 
can often be explained by the avidity effect of the inhibitor, as mentioned in 
Chapter 1 [84, 85].  These data suggest that some lectins may need multiple 
binding sites for potent activity, and this is possibly due reduction of dissociation 
of the second binding site (avidity), or potentially to cross-link gp120 subunits 
(intra-spike or inter-spike cross-linking) [84].  

     5.1.2 Possible glycan sites critical for Grft function 

      If some glycan sites on gp120/gp41 are more important than others on the 
HIV surface for Grft inhibition, what is the role of these glycans?  It is possible 
that while Grft is able to bind all the high mannose sites, there are a few specific 
sites that are important for Grft in carrying out functions such as structural 
change in gp120 or cross-linking gp120.  Previous publications and our data 
showed that there are several glycosylation sites important for Grft function, 
including N234, N295, and N448 [37-39, 147].   

      Figure 5-2 shows a map of these glycosylation sites on the structure of 
unglycosylated monomeric and trimeric gp120.  An analysis of these sites shows 
that the distance between N234 and N295 on the same gp120 subunit is ~33 Å 
(Figure 5-2).  The distance between N234 and N295 is ~90 Å if they are from 
neighboring gp120 subunits on a deglycosylated env trimer (most structures of 
gp120 utilities the deglycosylated form due to difficulty in obtaining crystals with 
saccharides present).  Therefore it is highly likely that Grft fits into the spacing 
formed by these two glycans N234 and N295 from neighboring gp120 subunit, 
cross-linking or manipulate gp120 conformation.  This conformational change on 
gp120 possibly impairs the functional env trimer (possibly CD4 binding site) and 
interferes with viral entry.  Another possibility would be that Grft binds N234 and 
N295 on the same subunit, and induces this conformational change.  But this 
hypothesis is less likely because of the incompatible distance.  Recent studies 
showed that HIV does not need three functional env subunits for entry, and only 
needs 2 functional gp120 subunits for infection [83, 224].  If Grft is able to bind 
these glycans on the same gp120 subunit, HIV still has two other functional 
subunits for full infection, so Grft would still allow infection if it only bound to one 
subunit.  
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5.1.3 Distance between carbohydrate binding sites and lectin activity 

      Investigations into lectins with multivalent binding sites and their antiviral 
activities have been carried.  The prokaryotic lectin cyanovirin-N has two 
carbohydrate binding sites per monomer and has been observed as either a 
dimer and a monomer form, both of which are apparently very potent [176, 177].  
At least two carbohydrate binding sites are necessary for potent antiviral activity; 
mutated monomeric forms with only one CBS are not functional, but these 
defective monomers could restore their activities through covalent linking [86].  
This may be due not just to multiple binding sites (avidity) [84], but also due to 
potential inter or intra spike cross-linking [85].  

      Even though linking two defective monomeric cyanovirin leads to regained 
activity of cyanovirin, this cyanovirin mutant showed slightly reduced activity with 
the same number of carbohydrate binding sites [86].  This means avidity (multiple 

 
Figure 5-2: Structure of unglycosylated monomeric gp120 with 
glycosylation sites labeled in red.   

Momomeric gp120 was crystallized in complex with CD4 and antibody 17b 
(CCR5 binding site antibody, not shown here) [3].  V1/V2 loop, V3 loop are 
partially missing and labeled in green.  Red arrows indicate glycosylation sites 
at N234 and N295, locating at opposite site on gp120.  The distance between 
N234 and N295 on the same gp120 subunit is ~33 Å, as shown in the dashed 
line.  Structure was made with the program Chimera [5] using PDB structure 
1g9m [3]. 

Inner domain Outer domain N234 

N295 
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binding sites) is not the only mechanism for lectin potency since potency is not 
just correlated to numbers of carbohydrate binding sites.  The antiviral activities 
seem to correlate to the distances between the two carbohydrate binding sites 
(Figure 5-3).  Interestingly, the optimal distance between two carbohydrate 
binding sites for cyanovirin is 43 to 48 Å, very similar to the distance for Grft 48 
Å.  Notice that domain-swapped dimer of cyanovirin, even though the two of 
carbohydrate binding sites have lower affinity, still have higher potency than the 
disulfide-linked dimer.  This strongly suggests that in addition to the number of 
CBS, other factors, such as the distance or orientation between carbohydrate 
binding sites also play important role in lectin function.  

   

      

                                                       

                                          

                                       

                                        

 

 

 

 

 

                                          

                 

 

 

 

Figure 5-3: Cartoon showing color coded cyanovirin mutants.   

WT cyanovirin contains two carbohydrate binding site, one has low affinity 
(magenta) and one high affinity (red) (top).  Black stick represents disulfide 
linker in the dimer variant.                                                                   
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      Another example we can use to elucidate the mechanisms of carbohydrate 
binding lectins or antibodies is 2G12.  This broadly neutralizing antibody binds 
high-mannose carbohydrates on gp120, possibly through the V3 loop which is 
critical in forming interactions with chemokine receptors [160, 161, 178, 179].  
Different from other antibodies, 2G12 has an unusual domain swapped structure 
that has a shorter distance between the two primary binding sites (35 Å versus a 
typical IgG 150 Å), and this leads to 2 additional potential CBS [84, 180] (Figure 
5-4).  The distance between CBS may be important in optimal HIV inhibition 
because the apparent ideal distance between 2 CBS involved in cyanovirin 
appears to be around 40 Å [86], the 2G12 primary binding sites are 35 Å apart, 
and the X-ray structure of Grft shows about a 47 Å distance between the two 
carbohydrate binding arms [1].  Therefore, effective HIV inhibition appears in 
these cases to arise from multisite carbohydrate binding of defined (around 40 Å) 
distance, though these various proteins (which do tend to effectively compete 
with each other [39, 93, 160, 183]) may not always bind at the same high-
mannose glycan sites. 
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      In summary, here we investigated the mechanisms of a potent anti-HIV lectin 
GRFT, and we uncovered that there are several mechanisms involved in GRFT 
function, including “bind and block”, gp120 conformational change, and possibly 
the cross-linking of gp120 subunits.  We also discussed the factors important for 
other anti-HIV lectins or carbohydrate binding antibodies.  Our work not only 
gave insight to the Grft or lectin mechanism, but also may be used in structure-
based drug discovery for the prevention and treatment of HIV-1 infection.  

  

    

 

 

 

 

 

 

 

Figure 5-4: Models showing carbohydrate binding antibody or lectin 
structures and distance between carbohydrate binding sites.  

Cyan represent antibody light chain, while purple and pink represent antibody 
heavy chain.  Red dots represent carbohydrate binding sites.  Magenta dot in 
cyanovirin represents the carbohydrate binding site with lower affinity.  
Left: A typical distance between two ligand binding sites from the two Fabs is 
150 Å.   
Middle: 2G12 forms an unusual domain swapped structure, creating two more 
carbohydrate binding sites.  The distance between these CBS is 46 Å.  This 
unusual domain swapped structure of 2G12 creates four carbohydrate binding 
sites: two conventional binding sites between antibody heavy chain and light 
chains, and two unusual binding sites between antibody heavy chains.   
Right: Grft forms domain swapped dimer with the distance between the two 
carbohydrate binding sites being 47 Å.  Cyanovirin, which is a monomer in 
solution, have two carbohydrate binding sites with the distance 43 Å.   
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5.2 Future directions 

5.2.1 Continue current work to investigate the mechanism of antiviral 
lectins 

Here, we showed that several mechanisms are involved in Grft function, 
including binding carbohydrates on the HIV surface, manipulating the gp120 
conformation and possibly cross-linking different gp120 subunits.  However, due 
to limitations of assays and constructs we currently have, other experiments 
need to be done to further study and confirm these mechanisms.  In particular, 
we would like to obtain more solid proof of Grft manipulation of gp120 
conformation, and cross-linking two env spikes on a real virus surface.  To further 
investigate the mechanism of Grft activity, several new experiments could be 
done: 

1. Test Grft cross-linking and manipulation of gp120 conformational change 
using complementation of HIV viruses 

     Make HIV pseudo viruses with diverse defective env [224].  We can make 
these functional complementary spikes by co-expressing inactive gp120 variants 
harboring different functional deficiencies.  It has been reported that HIV viruses 
only need two wild type subunits within an envelope glycoprotein trimer to 
support virus entry [83].  The first thing we can do is to make pseudo viruses with 
only 2 functional env subunits, or making three gp120 subunits having different 
glycosylation sites.  For example, we know that N234 and N295 are important for 
Grft function, so it is possible that Grft binds these two glycans to manipulate the 
gp120 conformation.  We can make deletion mutations on N234 and N295 on 
one of the three gp120 subunits while leaving the other high mannose sites intact.  
If Grft does induce gp120 conformational change using these two glycans, then 
the CD4 binding site exposure would be very low and Grft may have reduced 
activity on these strains.  Similar experiments could be done by making pseudo 
viruses with N234 deletion on one gp120 subunit while N295 deletion on the 
neighboring subunits.  

2. Varying the distance of the two carbohydrate binding arms in Grft 

      In chapter 3 we used a flexible Gly-Ser linker to covalently link two Grft 
subunits and make an obligate dimer.  Crystallization of Grft in complex with 
mannose showed that the distance between the two carbohydrate binding sites 
(CBS) is 47 Å, and in previous chapter we showed that some other lectins or 
carbohydrate binding antibodies also have similar distance between the two CBS.  
In order to determine whether the ~47 Å is the optimal distance of the two 
carbohydrate binding sites, we can use different linker to covalently link the two 
Grft subunits.  A rigid linker {G(Q)4}3 [225] can be used to control the distance 
between the two carbohydrate binding sites, making it shorter and longer, and 
study the activity.  Using different linker length, we can calculate and control the 
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distance between the two carbohydrate binding arms. However, since Grft is a 
domain swapped dimer, this rigid linker may disrupt the interaction between the 
swapped subunits, making the protein unfolded.  

      In addition, we can make an obligate Grft dimer with different defective 
mutations on each subunit to test the role of individual carbohydrate binding sites 
in specific functions such as cross-linking or conformational change on viruses.  
We can also use this defective Grft mutant to test the mechanism of Grft fusion 
proteins, Grft-linker-C37 for instance.   

3. Test whether Grft binds the pre-fusion or post-fusion state of gp120, and if 
this Grft induced conformational change facilitate or hinders infection. 

      Since env undergoes conformational change during HIV entry, it is useful to 
detect whether Grft is able to hold gp120 in the pre-fusion state (“closed form”, as 
mentioned in Chapter 1), or whether it induces gp120 conformational change and 
binds the post-fusion state (“open form”, a receptor and co-receptor bound form).  
In chapter 3, we showed that Grft is able to manipulate gp120 conformational 
change, and this could be detected using an anti-gp120 antibody that recognizes 
the CD4 binding site.  Grft is able to inhibit infection by exposing the CD4 binding 
site, and this effect is more significant for virus strains when Grft is more potent.  
However, it is still not known about the role of this CD4 binding site exposure, 
whether it is part of gp120 conformational change, and whether it facilitates or 
hinders entry.   

     We can test the hypothesis that Grft binds the pre-fusion and lock the gp120 
in this conformation using HeLa-env cell lines or 293FT env transfected cell lines.  
We pre-incubate HeLa-env cells with Grft to bind Grft to gp120, and then remove 
Grft by PBS washing and centrifuge.  Then we use some methods to test the 
binding of these pre-treated Hela cells to TZM-bl cells, which have receptor and 
coreceptor expressed.  The control experiments would be HeLa-env cells no 
incubation with Grft.  However, gp120 may go back to its original conformation 
when Grft is washed off.  

      If we used 293FT cell line, we can use gp140 plasmid (mimics gp120 plus 
extracellular domain of gp41) to transfect 293 cells and mimic the pre-fusion 
state.  If we can use the 17b bound gp120 as post-fusion state to test post-fusion 
state gp120 binding to target cells.  

4. Test whether entry inhibitors Grft, 5P12-RANTES, 5P12-linker-C37 
decreases virus binding to target cells 

     Grft binds high mannose glycans on gp120 surface, and 5P12-RANTES binds 
CCR5 to inhibit HIV entry.  5P12-linker-C37, a chimeric protein, is able to binds 
both CCR5 and gp41.  However, though 5P12-linker-C37 showed great potency 
against HIV infection, it may bring more viruses to its target sites since CCR5 is 
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on cell surface and gp41 is on viral surface.  Therefore, it is useful to detect how 
these entry inhibitors affect virus binding to the cell surface.  

      We can plate single layers of TZM-bl cells in a 96 well plate, and then add 
different concentration of Grft, 5P12-RANTES or 5P12-linker-C37 into plate.  
Then we apply virus on to the plates, incubate.  We would then centrifuge the 
plate, and wash cells with PBS to retain only virus that has bound to the cells in 
the presence of inhibitor.  To detect the amount of virus, it is lysed and a 
subsequent p24 ELISA assay is carried out.  This is a rough detection method 
since it involves transferring and the sensitivity is low.  A more clear way is to use 
immunofluorescence to detect the binding.   

      If we did these experiment, I would expect Grft reduce virus binding to TZM-
bl.  However, 5P12 may not affect virus binding since virus can also bind CD4 
which would still be possible if 5P12 were binding to CCR5.  5P12-linker-C37 
might increase virus binding since 5P12-RANTES binds CCR5 while C37 binds 
gp41 on virus surface.  

5.2.2 Test current HIV entry inhibitors in our lab for a microbicide study 

1. Test stability and long-term release of HIV entry inhibitors 

      We are currently detecting whether silk fibroin would stabilize Grft, Grft-linker-
C37, 5P12-RANTES, 5P12-RANTES-linker-C37 in 25 °C, 37 °C and 50 °C for 6 
months.  Here, we use simulated vaginal fluid (SVF, pH 4.5) [95] to hydrate silk 
fibroin samples after incubation, followed by testing for antiviral potency.  
Preliminary results show that inhibitors behave well in SVF-dissolved silk 
samples.  We are also studying the long-term release of these inhibitors.  By 
using different formulation of silk fibrion formulated inhibitors, we use SVF to 
soak these samples and change media every day for at least 30 days, and test if 
the inhibitor-infused silk matrix allows sustained release.  The ultimate goal is to 
put these entry inhibitors to clinical use as microbicides, and for sustained and 
effective release.        

2. Test combination of HIV entry inhibitors in silk 

      Previous publications showed that Grft has a synergistic effect when 
combined with other anti-HIV drugs, lectins or antibodies [54, 93].  Also, Grft is 
less potent for viruses from the clade C strain which are usually lacking N234 
and N295 [37, 39].  However, clade C viruses tend to exclusively use CCR5 as 
coreceptor irrespective of disease stage [226, 227].  5P12-RANTES is very 
potent to R5 strain viruses, but has no effect on X4 strain viruses.  These data 
suggest a possibility to use a combination of Grft with other inhibitors, such as 
5P12-RANTES for instance, and it would be useful to test the combination for 
stability in silk fibroin and time-released experiments.      
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Appendix A  

Supporting information for Chapter 2 

Supporting Information available: chemical shift changes of GRFT upon 
addition of mannose or changes upon mutation of three carbohydrate binding 
sites; NMR spectra of GRFT single point mutation D70A, D112A and Triple 
mutation D30A/D70A/D112A; van Holde-Weischet G(s) sedimentation coefficient 
distributions of GRFT Triple mutation; surface plasmon resonance sensorgrams 
of GRFT variants binding to gp120 IIIB and gp41 HXB2 strains; NMR spectrum of 
GRFT D30A/D70A/D112A in the presence of mannose.   

Table A-1. Chemical shift changes of GRFT upon mutation of one of the 3 
mannose binding sites or upon addition of mannose, as determined by 
NMR spectroscopy.  

 

Mutants/ 
mannose titration 

Chemical shift 
changes: 

Average + 1 SD 

Chemical shift 
changes: 

Average + 2 SDs 

Residues impossible 
to follow 

D30A A22, S25, A31, I32, 
I72, G83, G86, D109 

S47, N71, G89  L111 G26, L29, N45 

D70A G8, G9, Y28, Y85, 
S91, L111 

G26, L29, G66, G87 D67, Y68, I69, S88 

D112A F7, G26, L29, A31, 
I69, N71, N93, Y110, 
L111, Y117 

G8, G66 S10, G12, D30, G41, 
S106, A107, G108, 
D109,  

Mannose titration G41, S42, Y68, S73, 
G86, A107 

G8, A31, N45, I69, 
S91, Y110, D112, 
S113 

G9, G12, G26, L29, 
S54, G66, N71, G90, 
G108,  
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Figure A-1. Bar graph showing changes in chemical shift by titration of 
mannose in wild-type GRFT, as determined by NMR spectroscopy.  
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Figure A-2: Structure of GRFT single point mutant D70A.  

Left: 15N HSQC spectrum of GRFT D70A (red) overlaid with the spectrum of 
wild-type GRFT.  Some peaks with significant movement upon mutation are 
labeled.  Labeled peaks are those that have chemical shift changed by 2 
standard deviations from the average. 

Right:  Structure of GRFT showing regions that have chemical shift change 
upon mutation of the mannose site at D70.  Yellow indicates chemical shift 
change that is 1 standard deviation greater than average, red indicates 
chemical shift change that is 2 standard deviations greater than average, and 
magenta indicates peaks that disappear or that have moved too much to 
assign upon mutation.  Mannose residues are shown in green.  Residue G9 is 
from the domain-swapped other subunit.  Structure is 2gud from (Ziolkowska, 
2006). 

D112 site

D30 site

D70 site
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Figure A-3: Structure of GRFT single point mutant D112A.  

Left.  15N HSQC spectrum of GRFT D112A (red) overlaid with the spectrum of 
wild-type GRFT.  Some peaks with significant movement upon mutation are 
labeled.  Labeled peaks are those that have chemical shift changed by 2 
standard deviations from the average. 

Right.   Structure of GRFT showing regions that have chemical shift changes 
upon mutation of the mannose site at D112.  Yellow indicates chemical shift 
change that is 1 standard deviation greater than average, red indicates 
chemical shift change that is 2 standard deviations greater than average, and 
magenta indicates peaks that disappear or that have moved too much to 
assign upon mutation.  Mannose residues are shown in green.  Residues F7, 
G8, S10, S12 are from the domain-swapped other subunit.  Structure is 2gud 
from (Ziolkowska, 2006) 
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Figure A-4.  15N HSQC spectrum of GRFT D30A/D70A/D112A (Triple) mutation 
(red) overlaid with the spectrum of wild type GRFT.   
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Figure A-5. Van Holde - Weischet G(s) sedimentation coefficient 
distributions of GRFT Triple mutant D30A/D70A/D112A at 2 concentrations. 
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Figure A-6. Kinetic analysis of the interactions of GRFT and mutants with 
immobilized HIV-1 IIIB gp120.   

      Serial two-fold analyte dilutions (covering a concentration range from 1.51 to 
12.05 nM) were injected over the surface of the immobilized gp120.  The 
experimental data (coloured curves) were fit using the 1:1 binding model (black 
lines) to determine the kinetic parameters. The biosensor chip density was 140 
RU. 
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Figure A-7. Kinetic analysis of the interactions of GRFT and mutants with 
immobilized HIV-1 HxB2 gp41.   

     Serial two-fold sample dilutions (covering a concentration range from 1.51 to 
12.05 nM) were injected over the surface of the immobilized gp120.  The 
experimental data (colored curves) were fit using the 1:1 binding model (black 
lines) to determine the kinetic parameters. The biosensor chip density was 240 
RU. 

  

                            nGRFT TA  
(1.51-12.05 nM)

nGRFT D30A nGRFT D70A                                      nGRFT D112A                    
(1.51-12.05 nM) (1.51-12.05 nM) (1.51-12.05 nM)             

GRFT WT 
(1.51-12.05 nM) 

GRFT Triple 
D30A/70A/112A 
(1.51-12.05 nM) 

GRFT D30A 
(1.51-12.05 nM) 

GRFT D70A 
(1.51-12.05 nM) 

GRFT D112A 
(1.51-12.05 nM) 



139 
 

 
 

 

 

Figure A-8. Surface plasmon resonance analysis of GRFT 
D30A/D70A/D112A with immobilized HIV-1 ADA gp120 (Panel A), HIV-1 IIIB 
gp120 (Panel B) and HIV-1 HxB2 gp41 (Panel C).   

      48.2 and 24.1 nM of GRFT mutants were injected over the surface of the 
immobilized envelope proteins. 
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Figure A-9. 15N HSQC of mannose titration of GRFT-Triple 
D30A/D70A/D112A.   

      Resonances for unliganded GRFT D30A/D70A/D112A are shown in black  
resonances for the triple mutant in the presence of 23 mM mannose are shown in 
red.  Lack of peak movement indicates no binding by mannose. 
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Appendix B 

Supporting information for chapter 3 

 

Figure B-1. 15N HSQC spectrum of Grft-linker-Grft with the triple mutation 
D30A/D70A/D112A in the N-terminal domain (black) overlaid with the 
spectrum of Grft-linker-Grft with the triple mutation D30A/D70A/D112A in 
the C terminal domain (red).   

      The protein (red) with the mutation in the C-terminal domain was chosen as 
the one-armed variant to be tested in this work, and is called Grft-linker-
GrftOneArm. 
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Figure B-2. 15N HSQC spectrum of Grft D30A/D70A/D112A overlaid with 
spectrum of Grft-linker-Grft Triple D30A/70A/112A on both subunits.  

      Black spots represent the unlinked dimer, and both subunits bear the triple 
mutation. Red represents the Grft-linker-Grft-Triple NoArm. This variant is a 
linked dimer with D30A/D70A/D112A in both subunits of the obligate dimer.  The 
spectra are quite similar, indicating similar structural properties for the linked and 
unlinked dimer with the triple mutation. 
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Figure B-3. ELISA assay indicating the ability of Grft and its dimer variants 
to bind to immobilized commercial HIV-1 gp120 ADA.   

      Wild-type Grft (black) binds well to gp120ADA.  The One-Armed obligate dimer, 
Grft-linker-Grft Triple-substitution N-terminus (D30A/D70A/D112A in N-term 
subunit; orange) and Grft-linker-Grft Triple-substitution C-terminus 
(D30A/D70A/D112A in C-term subunit; blue) bind similarly to gp120ADA.  The 
triple substitution D30A/D70A/D112A (magenta) binds poorly to gp120ADA.  
Typical results are shown from an experiment in triplicate.  Each experiment was 
repeated at least 3 times.  Error bars indicate standard deviation from a typical 
triplicate experiment.  Binding was detected using an HRP-conjugated anti-His-
tag antibody. 
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Figure B-4: Inhibition of HIV-1 infection by Grft variants in single-round 
virus assays.   

      Results are shown from experiments in triplicate using R5 strains JRFL 
(subtype B), PVO.4 (subtype B), and ZM53M.PB12 (subtype C).  Wild-type Grft 
is shown in black; Grft-linker-Grft OneArm Triple substitution N-terminal domain 
in orange; Grft-linker-Grft Triple substitution C-terminal domain in blue.  Each 
experiment was repeated at least 3 times.  Error bars indicate the standard 
deviation from a triplicate experiment.    
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Figure B-5: Surface plasmon resonance sensorgrams of Grft binding to 
gp120IIIB immobilized on the surface of a CM5 chip. 

      The kinetic analysis of the interactions of Grft (Panel A), obligate dimer Grft-
linker-Grft (Panel B), Grft-linker-Grft-OneArm (Panel C) and negative control 
obligate dimer with no functional arms (Panel D) with immobilized HIV-1 gp120IIIB 
are shown. Serial two-fold analyte dilutions (covering a concentration range from 
1.5 to 12 nM in panels A-C and 24 and 48 nM in panel D) were injected over the 
surface of the immobilized gp120. The experimental data (colored curves) were 
fit using the 1:1 binding model (black lines) to determine the kinetic parameters. 
The biosensor chip density was 140 RU.  
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Figure B-6: Kinetic analysis of the interactions of Grft and mutants with 
immobilized HIV-1 HxB2 gp41.   

      Kinetics of the interactions of Grft (Panel A), obligate dimer Grft-linker-Grft 
(Panel B), Grft-linker-Grft-OneArm (Panel C) and negative control obligate dimer 
with no functional arms (Panel D) with immobilized HIV-1 HxB2 gp41 are shown. 
Serial two-fold analyte dilutions (covering a concentration range from 1.51 to 
12.05 nM in panels A to C, and 24 and 48 nM in panel D) were injected over the 
surface of the immobilized gp41. The experimental data (colored curves) were fit 
using the 1:1 binding model (black lines) to determine the kinetic parameters. 
The biosensor chip density was 240 RU.   
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Figure B-7: 15N HSQC spectra of wild-type Grft (black), Grft-Triple 
D30A/D70A/D112A (blue) and one-armed obligate dimer Grft-linker-Grft-
OneArm (red).   

      Grft-linker-Grft OneArm has two sets of peaks: one set generally overlaps the 
wild-type Grft peaks, while the other site generally overlaps Grft-Triple 
D30A/D70A/D112A peaks.  
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Figure B-8: Shedding of env from HIV transfected cells for PVO.4 (subtype 
B), ZM53M.PB12 (subtype C), JRFL (subtype B) and ZM109F.PB4 (subtype 
C).  

      Different concentrations of Grft-linker-Grft (0.1nM, 1nM, 10nM) were 
incubated with env-transfected 293FT cells.  Ladder (middle lane) is the 
molecular weight ladder.  sCD4 (25 ug/ml) was incubated with transfected 293FT 
cells and used as a positive control.  Bottom:  Intensity of bands as shown by 
densitometry.   
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