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Though malaria has been largely eradicated in the United States and Western Europe,
approximately 40% of the world’s population is at risk for infection. Approximately 300 million
cases of acute illness occur every year resulting in the death of more than one million people,
over 75% of whom are children under the age of five. Four species of Plasmodium are
responsible for malaria infection in humans. Of these four, P. falciparum is the most deadly.
Currently, the best methods for keeping the spread of malaria under control are
preventative in nature, i.e. spraying with insecticide to eradicate mosquitoes and utilizing
insecticide treated bed nets. Though many drugs are available to treat malaria infection,
resistance to these continues to grow, even for the artemisinin-based compounds. As growing
resistance to current drug therapies surfaces for all four species, a need for novel drug targets to
combat infection has arisen.
Aspartic proteases have long been considered an attractive drug target in malaria and
various other diseases. This is due to many factors including: (A) proteases often play a crucial
role in development of the disease (B) aspartic proteases are the least abundant protease in the
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human body, which keeps drug interactions within the body to a minimum and (C) structurebased drug design has produced compounds that have been utilized clinically.
Hemoglobin degradation within the digestive vacuole of the P. falciparum parasite was
targeted early-on as an essential step in parasite maturation and subsequently enzymes involved
in this process were isolated and characterized. The aspartic proteases found within the digestive
vacuole are known as plasmepsins 1, 2, 4 and HAP. Studies have indicated that individually
these four enzymes are not essential for parasite growth, prompting us to look for other viable
drug targets.
Completion of the P. falciparum genome project in 2002 revealed that the parasite
encodes for six plasmepsins in addition to the four known to be found within the digestive
vacuole. Three of these, plasmepsins 5, 9, and 10, are expressed during the blood stage of the
parasite’s life cycle and might prove to be novel drug targets. In our laboratory we have
successfully expressed and have observed catalytic activity for plasmepsins 9 and 10. We have
analyzed these proteases utilizing combinatorial library analysis. We have begun testing
plasmepsin 9 with protease inhibitors, including a set of the current clinically used HIV-1
protease inhibitors, pepstatin-based compounds from Sergio Romeo, University of Milan, Milan,
Italy, and α-substituted norstatins from Kristina Orrling, Uppsala University, Uppsala, Sweden.
The data and on-going experiments characterizing these novel targets will provide information
that can be used for structure-based drug design studies, leading eventually to a novel drug
therapy to combat malaria.
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CHAPTER 1
INTRODUCTION
History of Malaria
Malaria, from the Italian mal’aria for “bad air”, is one of the oldest diseases known to
plague mankind. In Rome, an area where infection was heavily present for centuries, it was
believed that swamp fumes caused the illness (1). Caused by a parasite, malaria is a mosquitoborne disease whose symptoms include fever, chills, and flu-like illness (2). Left untreated
malaria infection can cause serious complications and death (3). Four Nobel prizes have been
awarded for work related to malaria: Sir Ronald Ross in 1902 for his work showing how the
parasite enters the host, Charles Louis Alphonse Laveran in 1907 for his work on the role
protozoa play in causing disease, Julius Wagner-Jauregg in 1927 for his discovery of the value of
malaria inoculation in the treatment of dementia paralytica, and Paul Hermann Muller in 1948
for his discovery of the use of DDT as a poison against several arthropods (4, 5).
Studies to combat and eventually eradicate malaria in the United States were prompted in
part by the construction of the Panama Canal from 1905 to 1910. In 1906 approximately twentysix thousand people were employed working on the Canal and over twenty-one thousand were
hospitalized for malaria treatment some time during their work (3). Completion of the Panama
Canal would not have been possible without effective prevention and treatment of both malaria
and yellow fever.
During this time the United States Public Health Service requested and received funds
from the U.S. Congress to investigate and combat malaria infection (3). The integration of
malaria control with economic development began in 1933 with the formation of the Tennessee
Valley Association (TVA), a trend that has continued to date. The Public Health Service played
a vital role in research and control and by 1947, due to reducing mosquito breeding sites by
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controlling water levels and applying insecticide, the disease was essentially eliminated in the
United States. This work was also aided from 1942-1945 by Malaria Control in War Areas
(MCWA), which was a precursor to the CDC, Centers for Disease Control and Prevention
(originally Communicable Disease Center). The CDC’s mission to combat malaria began with
its inception on July 1, 1946 and continues with their mission to:
collaborate to create the expertise, information, and tools that people and communities
need to protect their health – through health promotion, prevention of disease, injury and
disability, and preparedness for new health threats (3).
The CDC has paved the way for many organizations that have been formed to study malaria and
other diseases here in the United States as well as around the globe.
Global Implications of the Malaria Pandemic
Though once endemic to most of the world, the threat of malaria infection was eliminated
in most developed countries due to widespread use of the insecticide DDT as part of the Global
Malaria Eradication Campaign in the mid 1950s (6). Of the ten Anopheles species of mosquitoes
found in the United States, the two responsible for malaria transmission, An. quadrimaculatus
and An. freeborni, are still prevalent; therefore, the risk of reintroducing malaria in the United
States is present (4). Malaria still poses a health risk to over forty percent of the world’s
population, including areas of South America, Africa, Southeast Asia, and India (7). Between
350 and 500 million cases of malaria occur every year, including over one million deaths. About
sixty percent of the cases worldwide and eighty percent of the deaths occur in sub-Saharan
Africa (8). The highest mortality rate is seen in children from sub-Saharan Africa where children
under the age of five account for 90% of all deaths attributed to malaria infection (9).
Malaria occurs mostly in poor tropical and subtropical areas (Figure 1-1) due to several
key factors (8):
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•
•
•
•

A very efficient mosquito vector (Anopheles gambiae) assures high transmission
The predominant parasite species is Plasmodium falciparum, which causes the most severe
form of malaria
Local weather conditions often allow transmission to occur year round
Scarce resources and socio-economic instability hinder efficient malaria control activities.

In other affected areas of the world, death due to malaria is less common but the disease can
have a profound effect on the socio-economic status of the area (1, 8). Malaria can reduce
attendance and productivity at work or school and there is evidence that the disease, particularly
in the severe cases with complications leading to cerebral malaria, can impair physical and
intellectual development (1, 10). It has been estimated that over the past thirty-five years the
yearly gross national product (GNP) has risen two percent less in countries with endemic malaria
as compared to countries with similar backgrounds without presence of infection (10). In many
of these developing countries the effects of malaria may combine with other prevalent diseases
such as HIV/AIDS and malnutrition, leading to a multitude of severe health complications that
may last a lifetime (8). As current methods for fighting this parasite prove less successful every
year, newer, cheaper, and more accessible drugs and prevention methods would be invaluable in
fighting the spread of infection.
Malaria Prevention and Treatment
Current approaches to combat malaria are two-fold: prevention of infection and disease
caused by parasites and control in endemic countries to reduce the impact of malaria infection on
a population (11). Prevention is aimed in three general areas: either reducing the number of bites
by parasite-carrying mosquitoes, using anti-malarial drugs prophylactically, or vaccination
against the disease. The former two methods have proved very successful in areas with high
risk of transmission of the disease (1, 11, 12) while the later is still in the early stages of
investigation and many believe that true vaccination may never be possible. Administration of
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anti-malarials as suppressors has proven particularly effective in high risk groups, pregnant
women and children under the age of five. Combined with this therapy, vector control and
personal protection measures have become even more effective.
Vector control aims to decrease the contacts between humans and carriers of disease, in
this case mosquitoes. Vector control has been achieved largely through two methods: indoor
insecticide spraying and larval control (1, 11). The most effective insecticide has proven to be
DDT. Though use of this chemical has largely been outlawed and replacements generally work
well, it has been shown that vectors in some areas have become resistant to the new insecticides
and use of DDT has been approved for these areas in order to reduce infection rates (1). Larval
control has been achieved mainly by reducing areas of standing water, which are conducive to
mosquito growth (11). When this approach is not viable, two other methods of control can be
utilized: (A) coating the surface area of standing water with biodegradable oils which will
suffocate the larvae and pupae stages of mosquito development and (B) biological control agents
such as toxins from the bacterium Bacillus thuringiensis or mosquito fish (Gambusia affinis)
(11). There are even some scientists studying the efficacy of using lasers to target individual
mosquitoes as part of an initiative to find new ways to prevent infection (13). Unfortunately, due
to the large amounts of rainfall seen in most areas with high incidence of malaria infection and
the short time for development of the mosquito progeny, vector control proves difficult if not
impossible (11). Due to these many concerns, other methods of vector control have been sought
out in recent years.
One of the most successful methods for controlling the spread of malaria infection has
been the use of insecticide treated bed nets (1, 10, 11). When used correctly these nets can
provide protection from mosquito bites during early evening hours (highest incidence of
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mosquito bites), cutting infections by half and child deaths by a third (1). As other preventive
methods continue to produce less than satisfactory results and drug resistance to current therapies
continues to rise, insecticide treated nets have become a simple, cost effective way to approach
prevention of malaria infection. Though cost of these nets has been reduced, there are still many
areas that have difficulties obtaining or affording them. In order to address this issue many
organizations have been formed both to help make the nets available and to educate people about
their use (1). Some of these groups include: Against Malaria (againstmalaria.com/netdelivery),
Bill and Melinda Gates Foundation (gatesfoundation.org), Centers for Disease Control
Foundation (cdcfoundation.org/bednets), Malaria No More (malarianomore.org), and Population
Services International (psi.org/malaria).
Though prevention is important and does help to lower the risk of infection, over one
million people die each year due to complications caused by malaria infection. The most
commonly used drugs include: chloroquine, sulfadoxine-pyrimethamine, mefloquine,
atovaquone-proguanil, quinine, doxycycline, and artemesin derivatives (Table 1-2). Most drugs
used in treatment are active against parasite forms in the blood and primaquine has also been
shown to have activity against the dormant liver forms of the disease, preventing relapses of
infection (10, 11, 14). The two most important clinically available drugs for treatment of malaria
infection, quinine from the cinchona tree (17th century South America) and artemisinin from the
Qinghao plant (4th century China), are derived from plants whose medicinal value has been
appreciated for centuries but method of action within the parasite is unknown (4, 15).
Derivatives of these drugs have also proven effective (Table 1-2) but specific targeting within the
parasite is, again, generally unknown (15). Deterioration of malaria control is due to many
reasons including climate instability, global warming, civil disturbances, travel, HIV-1, drug
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resistance, and insecticide resistance; though drug resistance is probably the major cause of the
deteriorating situation in Africa (10). Though these current drug treatments have proven
effective in most areas, the increasing resistance to chloroquine, and other quinine derivatives, as
well as the newly emerging resistance to artemisinin-based treatments (16, 17) indicates a need
for a novel first-line treatment regimen in high risk areas.
Vaccination would provide an ideal way to prevent the large numbers of malaria infections
that occur every year. Unfortunately there are major drawbacks. To date there are no vaccines
that can prevent parasitic disease in humans. This is due largely to the sheer complexity of the
parasites. Polio virus, for example, has exactly eleven genes while Plasmodium falciparum has
more than five thousand (1). Additionally, an ideal vaccine would need to target all four species
of malaria in order to be effective world-wide. Some groups are looking at targeting P.
falciparum alone, as it is the only one of the four that can directly cause patient death, but
difficulties have arisen due to genetic diversity and antigenic polymorphisms even within the
falciparum species (18-20). There have been some promising results in this area of research, but
a viable vaccine is not likely to be available to those who need it most in the foreseeable future
(21-24). In view of these facts, it seems that the most pragmatic approach is to continue to
strengthen methods of control that have already proven effective: better and more stringent
vector control and more specific, accessible drug treatments.
Malaria Life Cycle
Malaria parasites belong to the genus Plasmodium, of which there are over one hundred
species which can infect many animal hosts including birds, reptiles, and mammals (25). Human
malaria is caused via infection by one of four parasites from the genus Plasmodium: P.
falciparum, P. malariae, P. ovale, and P. vivax. Infection by P. falciparum and P. malariae
occur in all areas at risk of infection. P. ovale and P. vivax are thought to be complementary,
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with P. ovale causing infection in sub-Saharan Africa and P. vivax predominating in all other
areas (26, 27). P. vivax and P. ovale can develop dormant liver stages that can cause
reintroduction of the parasite after symptomless periods of up to two and four years, respectively
(2, 4). Found worldwide, P. malariae is the only species infecting humans that has a quartan
(three-day) cycle; the other three have a tertian (two-day) cycle (25). Of the four Plasmodium
species, P. falciparum is the most lethal; however, all species exhibit a similar life cycle, with
only minor variations (28).
The parasites’ life cycle requires a vertebrate host, in this case humans, for the asexual
part of the cycle and a female Anopheles mosquito for the sexual stage to complete the cycle.
During a blood meal, sporozoites in the mosquito’s saliva enter the host’s bloodstream and
invade its hepatocytes. At this stage the host is asymptomatic. Parasites replicate within the
hepatocytes for approximately six days, producing thirty to forty thousand merozoites, which are
released into the blood stream (2, 4). The asexual portion of the parasites’ life cycle begins when
these short-lived merozoites invade a host red blood cell (Figure 1-2) and are enclosed within a
parasitophorous vacuole, a second membrane separating the parasite from host cell cytoplasm
(29).
The merozoite invasion process can be broken down into several steps. First, there is
attachment of the merozoite to specific red blood cell receptors, followed by reorientation to
bring the apical end of the merozoite in contact with the red blood cell surface. After this
connection is made, there is a release of the contents of specialized organelles and formation of a
parasite – red blood cell junction through which the merozoite enters (2, 30, 31). The
observation that protease inhibitors are capable of blocking this invasion suggests that proteases
play a pivotal role in this stage of parasite infection (31-33).
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Subsequently, three morphologically distinct stages are observed in the intraerythrocytic
asexual development cycle. The ring stage accounts for about half of the cycle and is followed
by a very active period known as the trophozoite stage. During the trophozoite stage, most of the
red blood cell cytoplasm is consumed. Finally, parasites enter the schizont stage in which they
undergo nuclear division, followed by schizogony, producing sixteen to thirty-two merozoites
that burst from the host cell allowing another round of infection to begin (29). This process,
begun when a merozoite enters a red blood cell, takes about forty-eight hours and produces eight
to twenty-four daughter cells (merozoites) which continue the intraerythrocytic cycle (4). The
clinical manifestations of malaria result from schizont rupture and, in the case of P. falciparum,
trophozoite adherence to endothelial cells (34). A limited number of infected cells produce
gametocytes instead of continuing asexual replication. These forms transmit the parasite to the
mosquito.
Completion of the parasites’ full life cycle is accomplished when a mosquito feeds upon a
host with actively replicating parasite (15, 25). The female Anopheles mosquito picks up
gametocytes from the blood stream. Between ten and eighteen days later sporozoites are found
within the salivary glands of the mosquito and can be transmitted to another human host with a
subsequent blood meal. Thus, the mosquito acts as a vector for transmitting the disease. Unlike
the human host, the mosquito vector does not show symptoms in the presence of the parasite
(25). The complexity of the malaria life cycle provides a challenge for elucidating novel therapy
but new drugs and methods of prevention are urgently needed in areas most affected by malaria.
Aspartic Proteases from the Malaria Parasite
As effectiveness of current treatments and disease control strategies began to wane (2, 6),
scientists started looking for new anti-malarial drug targets within the stages of parasite
development (35). Rationale for this approach was derived in part due to the high success seen
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in treating HIV-1 infected patients with drugs that target specific proteins within the virus (Table
1-1) and HAART (Highly Active Antiretroviral Therapy) (36). As the most deadly of the four
forms infecting humans, P. falciparum was chosen as a primary target. It was noted that
hemoglobin degradation, essential to the parasites’ survival, was a stage-specific ordered process
(Figure 1-3) involving several proteinases from different enzyme families (29, 37-39).
During the trophozoite stage, the parasite ingests and degrades host hemoglobin via a
specialized structure known as the cytosome (38, 40-43). Hemoglobin-filled vesicles are then
pinched off from the cytosome and travel to the digestive vacuole (Figure 1-4). Within the
digestive vacuole, up to 75% of the host’s hemoglobin is degraded. It was originally postulated
that this large amount of degradation, providing the parasite with amino acids, was necessary for
the parasite’s survival as the parasite has limited ability to take up amino acids exogenously (38,
44) or synthesize them de novo (38, 45-47). Recent studies have shown that this may not be the
primary reason for such widespread degradation. Hemoglobin degradation is most likely
necessary to prevent red blood cells from lysing prematurely (prior to 48 h post-merozoite
invasion), before the parasite has completed producing new merozoites necessary to continue
infection (48).
Though the exact reason for mass hemoglobin degradation is not known, it is known that
four aspartic proteases, called plasmepsins, reside in the digestive vacuole and are intricately
involved in this degradation (29, 49). Plasmepsins (Plasmodium pepsins) are a sub-family of the
pepsin-like aspartic proteases (50). After hemoglobin arrives at the digestive vacuole enclosed in
cytosomic vesicles, plasmepsins 1 and 2 initiate degradation by cleaving the hemoglobin at a
conserved hinge region on the α chain. After this initial cleavage, the cysteine protease
falcipain-2 and the metalloprotease falcilysin further degrade the hemoglobin fragments into
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small peptides (Figure 1-3). Two additional aspartic proteases, plasmepsin 4 and HAP (histoaspartic protease) also cleave hemoglobin (51, 52), but show a preference for globin over native
hemoglobin, indicating that they act downstream of plasmepsins 1 and 2 (38, 53-55).
Studies of the process of parasite hemoglobin degradation were begun in the early 1990s
where it was determined to be an ordered process involving several types of proteases within a
unique organelle termed the digestive vacuole (56, 57). Through the use of various inhibitors, it
was noted that aspartic proteases appear to play an early role in hemoglobin degradation. These
proteases were isolated and designated plasmepsins 1 and 2 (57). Later studies showed that the
parasite genome encoded for ten aspartic proteases, two of which, plasmepsin 4 and HAP, were
also found to be active within the digestive vacuole (54, 58). These four plasmepsins share sixty
to eighty percent sequence homology and all four genes are located on chromosome fourteen
(58, 59). Further studies served to begin characterization of these proteases, which only bear a
thirty-five percent sequence homology with the human aspartic proteases rennin and cathepsin
D. This low homology suggested that these proteases could be viable drug targets (56, 60).
Each of these four proteases has been extensively characterized with respect to their kinetic
properties and interactions with various drugs that could be used as anti-malarials (49, 61-66).
These potential inhibitors have come from various classes including non-peptide inhibitors (67),
small proteins (68), macrocyclic inhibitors (69), and primaquine-statin “double-drugs” (70). In
addition to these inhibitor studies, the active site specificity of these plasmepsins has also been
analyzed. Initial studies focused on plasmepsin 2, utilizing a synthetic peptidomimetic
combinatorial library approach to characterize subsite positions P5-P3’ (Schecter and Berger
nomenclature (71)) (72). Following this initial study, subsite specificity for plasmepsin 4 from
all plasmodium species infecting man was also analyzed (73). This study not only provided
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information as to active site amino acid preferences but also showed that the data could be used
to design synthetic inhibitors with unique affinity for each plasmepsin. This combinatorial
chemistry approach has also been used recently to characterize plasmepsin 1 (74) and plasmepsin
4 from P. berghei (75).
The x-ray crystal structure of plasmepsin 2 (Figure 1-5) was solved in 1996 (66) and the
subsequent structure has been used to model other plasmepsin-inhibitor complexes (69, 72, 73,
76). The x-ray crystal structures for plasmepsin 4 from each of P. falciparum, P. vivax, and P.
malariae have also been solved (77-79). These structures have been utilized to attempt to find
new, tight-binding inhibitors that may serve as potent anti-malarials (49, 66, 69, 73, 80-83).
Though these above findings have increased our knowledge of the parasite, it has recently
been shown that the four aspartic proteases contained within the digestive vacuole have
overlapping functions and may have arisen due to a genetic duplication, indicating that they may
not be viable drug targets in vivo (55, 84). Bonilla et al. have also shown that single, double, and
even quadropule gene knockouts of these digestive vacuole plasmepsins do not entirely abolish
the parasite’s growth (85, 86). The above data have prompted a search for a more suitable drug
target among plasmepsins localized outside of the digestive vacuole.
Upon the completion of the P. falciparum genome project in 2002, it was discovered that
the parasite’s DNA encodes ten aspartic proteases (58). Four are the digestive vacuole
plasmepsins, mentioned above, and three are not expressed in the intra-erythrocytic stage
(plasmepsins 6, 7, and 8), leaving three “new” aspartic proteases (plasmepsins 5, 9, and 10)
expressed intraerythroyctically with unknown function (59). Plasmepsin 10 appears to share
some sequence homology with previously studied plasmepsins but plasmepsins 5 and 9 share
very little homology, with 5 being the most divergent (Table 1-3 and Figure 1-6).

25

Immunofluorescence has shown that these three “new” plasmepsins are not found within
the digestive vacuole of the parasite (54) but one study has found that plasmepsin 5 (Figure 1-7)
appears to be a membrane-bound protein associated with the parasite’s endoplasmic reticulum
(87, 88). Studies based on mRNA analysis have indicated that plasmepsins 9 and 10 are
expressed during the late schizont stage with other genes identified as merozoite invasion genes
(88, 89), indicating that they may be involved in this process. Additionally, recent studies have
shown that host cell remodification by export of parasite proteins is essential for parasite survival
(90, 91). Recent interest has been shown in proteins that contain a Plasmodium export element
or PEXEL sequence (90-92). As plasmepsins 5, 9, and 10 are not found within the digestive
vacuole, it is possible that they are involved in modifying these exported proteins or are exported
themselves. These studies suggest that one or more of these relatively unstudied proteases may
play an essential role within parasite development that can be utilized in drug development.
In view of the limited knowledge currently available for plasmepsins 5, 9, and 10, this
study seeks to gain some insight into the biochemical and structural properties of plasmepsins 9
and 10. The data obtained from these studies will hopefully lead to the discovery of new drugs
that will be successful in combating malaria. We have expressed plasmepsins 9 and 10 in a
recombinant system and then refolded and activated the protein. This purified protein has been
used to perform kinetic assays and determine inhibition constants, which will hopefully yield
data that will permit new drug design. These data provide an excellent starting point for the
initiation of structure-based drug design studies, which could yield a novel compound to treat
malaria infection. Overall, any information gleaned from this project will help to further our
understanding of the malaria parasite P. falciparum and eventually aid in treating this disease.
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Table 1-1. Current drug treatments for HIV-1 infection (adapted from (36)). Abbreviations:
NRTIs (Nucleoside/Nucleotide Reverse Transcripase Inhibitors), NNRTIs (NonNucleoside Reverse Transcriptase Inhibitors), PIs (Protease Inhibitors).
Type of Drug

Abbreviation

Generic Name

Brand Name

Multi-Class
Combination
Multi-Class
Combination
Multi-Class
Combination
NRTIs
NRTIs
NRTIs
NRTIs
NRTIs
NRTIs
NRTIs
NRTIs
Combined NRTIs
Combined NRTIs
Combined NRTIs
Combined NRTIs
Combined NRTIs
NNRTIs
NNRTIs
NNRTIs
NNRTIs
PIs
PIs
PIs
PIs
PIs
PIs
PIs
PIs
PIs
PIs
Entry Inhibitors
Entry Inhibitors
Integrase Inhibitors

EFV + TDF + FTC

n/a

Atripla

FDA
Approved
07/12/2006

d4T + 3TC + NVP

n/a

n/a

Tentative

AZT + 3TC+ NVP

n/a

n/a

Tentative

3TC
ABC
d4T
ddC
ddI
FTC
TDF

lamivudine
abacavir
zidovudine
stavudine
zalcitabine
didanosine
emtricitabine
tenofovir

ABC + 3TC
ABC + AZT + 3TC
AZT + 3TC
TDF + FTC
d4T + 3TC

n/a
n/a
n/a
n/a
n/a

Epivir
Ziagen
Retrovir
Zerit
Hivid
Videx (tablet)
Emtriva
Viread
Epzicom
Trizivir
Combivir
Truvada

DLV
EFV
ETR
NVP
APV
FOS-APV
ATV
DRV
IDV
LPV/RTV
NFV
RTV
SQV
TPV
T-20
MVC
RAL

delavirdine
efavirenz
etravirine
nevirapine
amprenavir
fosamprenavir
atazanavir
darunavir
indinavir
lopinavir + ritonavir
nelfinavir
ritonavir
saquinavir
tipranavir
enfuvirtide
maraviroc
raltegravir

11/17/1995
12/17/1998
03/19/1987
06/24/1994
06/19/1992
10/09/1991
07/02/2003
10/26/2001
08/02/2004
11/15/2000
09/26/1997
08/02/2004
Tentative
04/04/1997
09/17/1998
01/18/2008
06/21/1996
04/15/1999
10/20/2003
06/20/2003
06/23/2006
03/13/1996
09/15/2000
03/14/1997
03/01/1996
11/07/1997
06/22/2005
03/13/2003
09/18/2007
10/12/2007

AZT or ZDV
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n/a

Rescriptor
Sustiva
Intelence
Viramune
Agenerase
Lexiva
Reyataz
Prezista
Crixivan
Kaletra
Viracept
Norvir
Fortovase
Aptivus
Fuzeon
Selzentry
Isentress

Table 1-2. Examples of combinations of anti-malarial drugs currently used (adapted from (10)).
Non-artemisinin combinations
Quinine and sulfadoxine-pyrimethamine

Used effectively in Europe and parts of Asia.
Long treatment course, cost, and side-effects
make combination inappropriate for the
African market.
Similar to quinine and sulfadoxinepyrimethamine, mainly used where
sulfadoxine-pyrimethamine resistance is a
problem (e.g., historically in Thailand).
Current policy used in some African countries,
but is ineffective where resistance to both drugs
is high.
Substantially more effective than sulfadoxinepyrimethamine and chloroquine in areas where
amodiaquine resistance is low.

Quinine and doxycycline

Sulfadoxine-pyrimethamine and chloroquine

Sulfadoxine-pyrimethamine and amodiaquine

Artemisinin-based combination treatments (ACTs)
Artemether-lumefantrine

Artesunate and amodiaquine

Dihydroartemisinin-piperaquine

Artesunate and mefloquine

Artesunate and sulfadoxine-pyrimethamine

Dihydroartemisinin-napthoquine-trimethoprim
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Currently the only internationally licensed
coformulated ACT. Available in Asia and
Africa.
Currently copackaged. Adopted as policy by
some African counties. Effective where
amodiaquine resistance is low.
Coformulated drug that has been widely used
in Asia and is presently being assessed in a new
formulation for licensing.
Mainstay of anti-malarial drug policy in much
of southeast Asia. Regarded as too expensive
for the African market.
Treatment used in some Asian counties (e.g.
Afghanistan). Ineffective where sulfadoxinepyrimethamine has failed.
New formulation used in China and Vietnam.
Early reports are encouraging.

Table 1-3. Comparison of characteristics of plasmepsins 4, 5, 9, and 10 from Plasmodium
falciparum.
Characteristic / Plasmepsin
ProPlasmepsin (aa)
Semi-ProPlasmepsin (aa)
Molecular Weight Zymogen
(kDa)
Molecular Weight SemiProPlasmepsin (kDa)
Molecular Weight Active
(kDa)
pI (active)

Plasmepsin 4
449
364
(86-449)
51.0

Plasmepsin 5
590
456
(66-521)
68.5

Plasmepsin 9
627
463
(165-627)
74.2

Plasmepsin 10
573
460
(114-573)
65.1

51.0

52.5

56.8

52.3

36.9

50.5

48.4

38.6

4.38

6.50

9.34

4.84

Calculations for theoretical molecular weight and pI obtained from www.expasy.org tools.
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Figure 1-1. Global distribution of malaria, figure adapted from (7).
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Sexual Stage

Asexual Stage
Figure 1-2. Malaria life cycle, figure adapted from (15).
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Digestive vacuole aminopeptidase

Figure 1-3. Hemoglobin degradation process in Plasmodium falciparum, figure adapted from
(59, 93-95).
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Figure 1-4. Electron micrograph of a parasitized erythrocyte, figure adapted from (38).
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Figure 1-5. Cartoon representation of plasmepsin 2 from Plasmodium falciparum (generated by
PyMol (96)). Ribbon diagram color-coded N- to C-terminal blue to red, respectively.
The Β-hairpin flap (amino acids 75-85) is shown in light blue.
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Figure 1-6. Comparison of characteristics of plasmepsins 4, 5, 9, and 10 from Plasmodium
falciparum. Data based upon sequence alignment from (59).
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PfPM5

PfPM5/DAPI

PfPM5

PfPM5

BiP

merge

ERD2

merge

Figure 1-7. Immunofluorescence assays – localization of plasmepsin 5, adapted from (87).
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CHAPTER 2
MATERIALS AND METHODS
Site Directed Mutagenesis
Site-directed mutagenesis, using the Quick-Change Site Directed Mutagenesis Kit
(Stratagene), was used to introduce novel restriction sites that would enable for truncation of
both the N- and C-terminal ends of the protease. Mutations are generated by using primers that
are complimentary to both the coding and non-coding strands of DNA. This reaction is prepared
by mixing 50-100 ng of plasmid, 5 µL 10X Pfu enzyme buffer, 400 ng dNTPs, 125 ng each
upper and lower primers, 1 µL PfuTurbo polymerase (2.5 U / µL), and water to bring the
reaction to a final volume of 50 µL. The PCR reaction was initiated by heating the mixture to
94°C for 30 sec. The reaction was then cycled 18 times through the following protocol: a
melting step at 94°C for 30 sec followed by an annealing step at 55°C for 1 min, and extension at
68°C for 7 min. At the end of this protocol, the reaction temperature was dropped to 4°C. To
remove template DNA, 1 µL of the restriction enzyme DpnI (10 U / µL) was added to the PCR
reaction and the mixture was incubated at 37°C for 1 hr. At the end of this incubation, 5 µL of
the reaction was used to transform One Shot Top 10 (Invitrogen) chemically competent cells.
Transformation
Transformation of One Shot Top 10 (Invitrogen) chemically competent cells was done
with many modifications to the Invitrogen protocol. Twenty-five milliliters of thawed cells were
aliquoted into a 1.5 mL Eppendorf tube. Five microliters of the PCR reaction were added to the
cells and the reaction was incubated on ice for 15 min. The transformation was then heat
shocked using a water bath at 42°C for 55 sec. The reaction was then incubated on ice for 15
min. Eighty microliters of SOC media (2.0% Tryptone, 0.5% Yeast Extract, 10 mM NaCl, 2.5
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mM KCl, 10 mM MgCl2, and 20 mM glucose, pH 7) were added to the cells and the mixture was
incubated at 37°C with shaking at 250 rpm for 15 min. Seventy-five microliters of the cell
culture were spread onto plates containing LB-ampicillin (50 µg/mL). Plates were incubated at
37°C overnight to promote colony growth. The next day, colonies were picked and grown
overnight (16-18 hr) with shaking in LB-ampicillin (50 µg/mL). Seven hundred microliters of
cell culture was used to make a 10% glycerol stock that was stored at -80°C. Plasmid DNA was
isolated from the remaining cell culture using a MiniPrep Kit (Qiagen). DNA was sequenced to
verify that correct mutations were present and used for transformation into Rosetta 2(DE3)pLysS
(Novagen) chemically competent cells.
Transformation into chemically competent Rosetta 2(DE3)pLysS (Novagen) cells was
done with modifications to the Novagen transformation protocol. Twenty-five microliters
thawed cells were aliquoted into a pre-chilled 1.5 mL Eppendorf tube. Three microliters of
purified plasmid were added to the cells and allowed to incubate on ice for 15 min. The
transformation was then heat-shocked at 42°C using a water bath for 50 sec and then incubated
on ice for 15 min. Eighty microliters preheated (42°C) SOC media were added to the cells and
the transformation was incubated at 37°C for 15 min with shaking at 250 rpm. After this
incubation period, 80 µL of the cell culture were spread onto plates containing LB-ampicillin (50
µg/mL) and chloramphenicol (34 µg/mL). Plates were incubated at 37°C overnight. The next
day, colonies were picked and used to inoculate LB media with ampicillin (50 µg/mL) and
chloramphenicol (34 µg/mL). Media was incubated at 37°C overnight (16-18 hr) with shaking.
700 µL of the overnight were used to make a 10% glycerol stock that was stored at -80°C. The
remaining cells were used in protein expression.
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Protein Expression
LB media with ampicillin (50 µg/mL) and chloramphenicol (34 µg/mL) was used for
expression of the protein. Expression was initiated by the addition of 2% inoculation with cell
culture grown overnight in the same media as used for expression. Expression cultures were
grown until an OD600 of 0.6-0.7 in a 37°C incubator with shaking at 250 rpm. Expression was
induced with the addition of IPTG (1 mM) and allowed to continue for 3 hr. Samples were taken
before induction and after the 3 hr incubation period. The cells were harvested by centrifugation
at 10000 x g for 5 min and cell pellets were stored at -20°C after recording the cell pellet wet
weight. Twenty-five microliters of the zero time sample and a standardized volume of the 3 hr
sample (brought up to 25 µL with ddH2O) were boiled with 1X LSB for 5 min. These samples
were then loaded onto a 12% Tris-HCl SDS-PAGE gel.
Inclusion Bodies Extraction and Purification
Cell pellets stored at -20°C overnight were resuspended in a total volume of 60 mL of
Buffer 1 (0.01 M Tris, pH 8.0, 0.02 M MgCl2, 0.005 M CaCl). Cells were lysed using an SLMAminco French Pressure Cell at 1000 psi. Cell suspension was then layered over 10 mL 27%
sucrose in 30-mL Corex tubes and spun at 12000 x g in a JS 13.1 swing-bucket rotor for 45 min
at 4°C. The supernatant was decanted after reserving an aliquot to be run on an SDS-PAGE gel.
Each pellet was resuspended in 5 mL of Buffer 2 (0.01 M Tris, pH 8.0, 0.001 M EDTA, 0.002 M
Β-mercaptoethanol (BME), 0.1 M NaCl). Resuspension was layered over 10 mL 27% sucrose in
30-mL Corex tubes and spun at 12000 x g in a JS 13.1 swing-bucket rotor for 45 min at 4°C.
The supernatant was decanted after reserving an aliquot to be run on an SDS-PAGE gel. Each
pellet was resuspended in 15 mL Buffer 3 (0.05 M Tris, pH 8.0, 0.005 M EDTA, 0.005 M BME,
0.5% Triton X-100). Resuspension was transferred to clean 30-mL Corex tubes and spun at
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12000 x g in JS 13.1 swing-bucket rotor for 15 min at 4°C. The supernatant was decanted after
reserving an aliquot to be run on an SDS-PAGE gel. The pellet was resuspended in 40 mL
Buffer 4 (0.05 M Tris, pH 8.0, 0.005 M EDTA, 0.005 M BME). Resuspension was transferred
to pre-weighed 50 mL plastic tubes and spun at 12000 x g in JA-20 rotor for 15 min at 4°C. The
supernatant was decanted after reserving an aliquot to be run on an SDS-PAGE gel. Final pellet
(purified inclusion bodies) was weighed. Inclusion bodies were resuspended in TE buffer (10
mM Tris-HCl, pH 8.0, 1 mM EDTA) to give a final concentration of 100 mg/mL and stored at
-80°C.
Refolding and Purification of the Protease
Protein Refolding from Purified Inclusion Bodies
An 8 M urea solution was prepared. Five to ten grams of Dowex ion exchange resin
(Amersham) was added and allowed to stir for 30 min to remove hydrolysis products created by
heating the urea. The resin was removed using a 2 µm filter (Corning). CAPS, EDTA, and
BME were added to give final concentrations of 0.05 M, 0.005 M, and 0.2 M BME, respectively.
The buffer was brought up to the final volume with ddH2O. Inclusion bodies were added to give
a final concentration of 1 mg/mL and stirred for 2 hr. The denatured protein solution was loaded
into Spectra-Por MWCO 12000-14000 dialysis membrane (Spectrum). The solution was
dialyzed against 1 L buffer for 4 hr. The buffer was exchanged for fresh buffer and dialyzed
overnight. The buffer was exchanged two more times over the next 24-48 hr. The protein
solution was never more than 1% of the total volume of the dialysis buffer.
Size Exclusion Chromatography Purification
To purify and verify properly folded protein, the post-dialysate was loaded onto a
Superdex 75 gel filtration column connected to an FPLC system (Amersham Pharmacia) driven
by an LCC 500 Plus Controller. The column was washed with 0.5 M NaOH, ddH2O, and
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appropriate buffer for 1 hr each prior to loading the sample. The protein was eluted with
appropriate buffer and 1.0 mL fractions were collected using a Frac 200 (Amersham Pharmacia).
Fractions were then tested for protein by assaying at OD280 using a Varian Cary50
spectrophotometer with an 18 cell sample handling system. Samples from fractions containing
protein were then run on a SDS-PAGE gel to determine where the semi-proplasmepsin eluted,
either as an unfolded or properly folded protein.
Anion Exchange Chromatography Purification
To purify the refolded protein, the post-dialysate was loaded onto a HighTrap Q HP
column (GE Healthcare) using a HiLoad Pump P-50 (GE Healthcare). The column was washed
with buffer for 5 min, buffer with 1 M NaCl for 5 min, and buffer for 10 min prior to loading the
sample. The protein was eluted with a salt gradient (up to 1 M NaCl) using an FPLC system
(Amersham Pharmacia) driven by an LCC 500 Plus Controller and 2.5 mL fractions were
collected using a Frac 200 (Amersham Pharmacia). Fractions were then tested for protein by
assaying at OD280 using a Varian Cary50 spectrophotometer with an 18 cell sample handling
system. Samples from fractions containing protein were then run on a SDS-PAGE gel to
determine where the purified semi-proplasmepsin eluted. Fractions containing active, purified
protein were then pooled and used either for kinetic or crystallographic studies.
Combinatorial Library Analysis
The P1 and P1’ combinatorial library pools, previously used to characterize human and
malarial aspartic proteases (73), were used to study the subsite preferences for PfPM9 and
PfPM10. The synthesis and purification of these peptide pools has been previously described
(97). Each lyophilized pool was dissolved in filtered deionized water to give a final
concentration of approximately 1.25 mM. The solutions were filtered through a 45 µM cellulose
acetate filter (Costar) to remove any undissolved material. For the enzymatic reaction about 120
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nM semi-proPfPM9 or semi-proPfPM10 was preincubated at 37ºC in 0.1 M sodium acetate pH
4.5 for 30 or 5 minutes, respectively. The enzyme mixture was then added to 150 µM of each
peptide pool and the enzymatic reaction was monitored for fifteen minutes using a Cary50 Bio
UV-Vis spectrophotometer. The primary subsite specificities, P1 and P1’, were determined by
analyzing initial hydrolysis rates of each peptide pool. Due to the different positions of the
chromophore, a decrease (P1 library) or increase (P1’ library) in absorbance was monitored (98).
The cleavage rates were then normalized by setting the highest rate of cleavage at one hundred
percent.
P1 and P1’ pools with the highest cleavage rates were used to analyze secondary subsite
specificity, positions P3, P2, P2’, and P3’. Reactions were prepared as described above.
Reactions were quenched with the addition of 1% (v/v) 14 M ammonium hydroxide and samples
were stored at -20ºC until analyses were performed. Samples were analyzed using LC/MS/MS at
the Protein Core Facility, University of Florida. Peptides were identified by mass and retention
time and intensities for an undigested sample were compared to those for samples cleaved by
protein samples. The amounts of cleaved peptide were then normalized by setting the greatest
amount of cleavage to one hundred percent (75, 97).
Km, kcat, and Catalytic Efficiency Determination
Plasmepsin kinetic assays were done using the chromogenic substrate, KPIEF*NphRL.
The substrate was synthesized by the ICBR Protein Chemistry Core using the solid phase method
with an Applied BioSystems Model 432A automated peptide synthesizer. A stock solution of
the peptide was made at 5 µg/mL in 10% formic acid. The stock solution was analyzed
following acid hydrolysis to determine an accurate substrate concentration by the ICBR Protein
Chemistry Core using an Applied BioSystems 420A Derivitizer. Reactions were carried out in
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50 mM sodium phosphate, pH 4.5 at 37°C. The reaction is initiated when 240 µL (for
plasmepsins 2 or 4) or 220 µL (for plasmepsin 9) containing buffer, water, and enzyme
(approximately 50 nM enzyme) is added to 10 µL (for plasmepsins 2 or 4) or 30 µL (for
plasmepsin 9) of substrate, giving a final substrate concentration of 50 nM for plasmepsins 2 and
4 and 150 nM for plasmepsin 9.
At least six different substrate concentrations were used to determine the MichaelisMenten constants (99). Cleavage of the substrate was monitored using a Varian Cary50
spectrophotometer and constant temperature in the quartz cuvettes, 37°C, was maintained with
the use of a water pump. The initial rate versus substrate concentration gives a MichaelisMenten curve that can be fit to the following:
V max* S
( Km + S )
From this, Levenberg-Marquardt analysis can be used to determine Km and vmax (100). kcat
v=

values were determined using the equation below:

Vmax
Etot
These values were determined for plasmepsins 9 as well as cathepsin D and other plasmepsins as
k cat =

references.

Ki Determination
Various known inhibitors were used to compare their potency to plasmepsins 9 as
compared to cathepsin D and previously studied plasmepsins in order to gain knowledge about
plasmepsin 9 with regard to its active site. Inhibition was measured as a decrease in the rate of
substrate cleavage in the presence of inhibitor over time. After fitting values to MichaelisMenten in the absence of inhibitor, the procedure was repeated at least two times in the presence
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of distinct concentrations of inhibitor. Curves were then fit simultaneously to the equation below
to determine Ki values for a classical competitive inhibitor.

v=

V max
1 + ( Km ) * (1 + I )
S
Ki

To determine the Ki values for tight binding inhibitors, the following equation was used (101):

E t − I t − ( K i *(( S K m ) + 1)) +
v
=
vo

(( E t − I t − ( K i * (( S Km ) + 1))) 2 + 4 * E t * ( K i * (( S K m ) + 1)))
2* E t
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CHAPTER 3
EXPRESSION AND PURIFICATION OF PLASMEPSIN 9 AND PLASMEPSIN 10 AND
KINETIC CHARACTERIZATION OF PLASMEPSIN 9
Introduction

The completion of the P. falciparum genome project in 2002 revealed that the parasite
encoded for a total of ten putative aspartic proteases (58). Four of these, plasmepsins 1, 2, 4 and
HAP, were known to be found within the digestive vacuole and have been extensively
characterized (29, 54, 56, 59, 62, 72-74, 80, 84, 102). RNA transcription analysis by Winzeler et
al. indicated that only three of the remaining six plasmepsins, plasmepsins 5, 9, and 10, were
expressed during the intraerythrocytic stage of parasite development (103). It was also noted
that these three novel plasmepsins were not present within the digestive vacuole of the parasite,
suggesting that these proteases play distinct roles in parasite development from the previously
studied plasmepsins (54). Furthermore, gene knockout studies by Bonilla et al. showed that the
digestive vacuole plasmepsins are not essential for parasite growth and maturation (85, 86).
However, aspartic protease inhibitors are still able to kill parasite in culture when the digestive
vacuole plasmepsins have been knocked out, suggesting that another aspartic protease may be
the target of these compounds.
Even though little sequence identity is shared, plasmepsin 9 and plasmepsin 10 do share
active site and flap region homology with previously studied plasmepsins (Figure 3-1).
Additionally, basic modeling of plasmepsin 9 (Figure 3-2) and plasmepsin 10 (Figure 3-3)
utilizing 3D-Jigsaw (104-106) indicates that the proteins fold with shapes similar to that of other
aspartic proteases. The homology in these generally conserved regions validates the
classification of these two uncharacterized proteins as aspartic proteases.
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To avoid the expression of a potentially toxic N-terminal membrane spanning domain, we
have truncated the full-length enzyme, only expressing amino acids 165-627 for plasmepsin 9
(Figure 3-4) and amino acids 114-573 for plasmepsin 10 (Figure 3-5). These forms of the
proteases will be designated as semi-proplasmepsin 9 and semi-proplasmepsin 10, respectively,
throughout the study. The following research seeks to explore conditions for producing active,
folded recombinant forms of both proteases so that further kinetic characterization, combinatorial
library analysis, and x-ray crystallographic studies can be performed.
Methods
Sequence Analysis

Plasmepsin 9 is expressed within the parasite as a 627 amino acid proenzyme (Figure 3-4),
with a predicted molecular weight of 74184 Da and a theoretical pI of 9.63 (plasmodb.org
accession number FP14_0281). The mature, active enzyme is predicted (based upon sequence
alignment from (59)) to have a molecular weight of 48495 Da after cleavage of the 212 amino
acid pro-segment. Calculations for theoretical molecular weight and pI obtained from
www.expasy.org tools.
Plasmepsin 10 is expressed within the parasite as a 573 amino acid proenzyme (Figure 35), with a predicted molecular weight of 65115 Da and a theoretical pI of 5.22 (plasmodb.org
accession number FP08_0108). The mature, active enzyme is predicted (based upon sequence
alignment from (59)) to have a molecular weight of 38604 Da after removal of the 232 amino
acid pro-segment. Calculations for theoretical molecular weight and pI obtained from
www.expasy.org tools.
Recombinant Vector Construction

Semi-proplasmepsin 9 and semi-proplasmepsin 10 were amplified from the
intraerythrocytic stage cDNA library of 3D7 P. falciparum. The semi-proplasmepsin 9 PCR
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fragment was ligated into the BamHI site of the pET3a (Novagen) expression vector. The semiproplasmepsin 10 PCR fragment was ligated into the BamHI site of the pET14b (Novagen)
expression vector. The resulting constructs were verified by restriction digest (Figure 3-6) and
DNA sequencing analysis at the ICBR, University of Florida and then transformed into the
Rosetta 2 (DE3) pLysS (Novagen) expression cell line. This cell line was utilized due to the
large number of rare E. coli codons utilized within the plasmepsins’ genomes. These initial
cloning steps were performed by Charles A. Yowell from Dr John B. Dame’s laboratory, College
of Veterinary Medicine, University of Florida.
Protein Expression

Before the inception of this project, conditions for expression of recombinant plasmepsin 9
or recombinant plasmepsin 10 had not been identified. Factors that were varied to determine
optimal expression conditions include: media, expression temperature, and IPTG concentration.
Two common types of media, LB and M9, two expression temperatures, 30ºC and 37ºC, and
IPTG concentrations ranging from 0.5 to 2 mM were tested. Samples were taken before and
after induction and run on a SDS-PAGE gel to determine which combination of media (Figure 37), expression temperature (Figure 3-8 and Figure 3-9), and IPTG concentration (Figure 3-10 and
Figure 3-11) gave optimal protein expression. Based upon these results, production of either
recombinant protein was best achieved by expression in LB for 3 hr at 37ºC with 1 mM IPTG
induction. These experiments were performed by Arati V. Majaraj for semi-proplasmepsin 9 and
by Raj P. Machhar for semi-proplasmepsin 10 as fulfillment for honors undergraduate research
theses under the supervision of Melissa R. Marzahn.
Protein Refolding

Purified inclusion bodies were dissolved in an 8 M urea denaturing solution and allowed to
spin at room temperature for 2 hr prior to attempting refolding. It was determined that this
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denaturing process should be extended when compared to protocols for other plasmepsins as the
inclusion bodies remain cloudy in solution when shorter incubation periods are used. Various
buffers at pHs 7.0 and 8.0 were used to attempt to refold semi-proplasmepsin 9 (Table 3-1).
As for semi-proplasmepsin 9, various buffers at pHs 7.0 and 8.0 were used to attempt to refold
semi-proplasmepsin 10 (see Table 3-1). However, only two buffer conditions, 20 mM Tris-HCl
pH 7.0 or 8.0, gave active final material though no precipitation was observed during refolding
for any of the conditions.
Protein Purification

Though the best buffer for refolding of semi-proplasmepsin 9 was determined to be sodium
phosphate dibasic pH 8.0, optimal purification was achieved by using a buffer solution with a pH
of 7.0 and increased buffer concentration, giving a final refolding buffer of 50 mM sodium
phosphate pH 7.0. As there is minimal difference between the two conditions as far as refolding,
sodium phosphate dibasic pH 7.0 was used for refolding and protein purification. It was
determined that ion exchange chromatography was the best method for purification of both semiproplasmepsin 9 and semi-proplasmepsin 10.
Modeling Methods

Protein models for semi-proplasmepsin 9 (Figure 3-2) and semi-proplasmepsin 10 (Figure
3-3) were generated using 3D-Jigsaw (104-106). Protein sequences were submitted to the server
(found on www.expasy.org) and PDB files for each protein were emailed to the user. These files
were then uploaded into PyMol 0.99rc6 (107) to create cartoon diagrams.
Km and kcat Determination for Plasmepsin 9

Two fundamental kinetic parameters, Km and kcat, were determined for semiproplasmepsin 9 (99). These values have been reported elsewhere for other plasmepsins (72,
80). SigmaPlot10.0 (Systat Software, Inc.) was used to calculate all kinetic parameters (Km, kcat
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and Ki values), generate graphs, and calculate standard error and R2 values for all data within this
study.
A Km value is a measure of an enzyme’s affinity for a substrate. For these experiments a
synthetic substrate previously designed for plasmepsin 2 (72, 80) and used in other studies for
multiple plasmepsins (73, 74, 108) was utilized to determine Km and Ki values. The Km value for
plasmepsin 9 is similar to that obtained for plasmepsin 2 (Table 3-4). A representative graph of a
Km determination is shown in Figure 3-18.
A kcat value is the turnover rate of the enzyme. A tight binding inhibitor, in this case DB15
(see Chapter 5 Figure 5-2 and Table 5-2), was used to determine the kcat value for plasmepsin 9
by active site titration. A representative graph of this titration, using a Dixon Plot to calculate
the total amount of enzyme Et, is shown in Figure 3-19. This value can then be used to calculate
kcat (see Chapter 2).
The ratio of kcat/Km can be utilized to compare enzyme activities. The kcat and Km values
were also utilized to calculate Ki values for all inhibitors within this study (see Chapter 5). A
representative graph showing a Ki determination of the HIV-1 protease inhibitor amprenavir is
given in Figure 3-20.
Results

Sequence analysis reveals that plasmepsins 9 and 10 are fairly divergent from previously
studied plasmepsins with regard to protein size and theoretical pI (Table 1-3). Plasmepsins 9 and
10 share less than twenty percent sequence identity with the digestive vacuole plasmepsins (59).
These differences are ones that can be exploited for protein purification and further studies.
In spite of these differences, the catalytic triads and “flap” residues are well conserved
(Figure 3-1). These regions are necessary for catalytic activity and are hallmarks of aspartic
protease structures. Additionally, modeling of these two proteins indicates that the catalytic
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triads are found within the active site cleft and are covered by the “flap” residues (Figure 3-2 and
Figure 3-3). The models show only the active portion of both proteases and the C-terminal
extension found in plasmepsin 9 (Figure 1-6) has been omitted. The proteins are modeled in
blue as ribbon diagrams with internal loops (Figure 1-6) in orange and catalytic aspartic acids
shown in ball and stick representation. The models were created using 3D-Jigsaw (104-106) and
PyMol (107).
Due to the presence of N-terminal putative membrane spanning regions, the pro-segment
of plasmepsin 9 and plasmepsin 10 have been truncated to give the semi-proplasmepsin forms
(Figure 3-4 and Figure 3-5). This has been shown to have little effect on in vitro plasmepsin
activity and in some cases has been necessary to produce active protein (72, 75). Figure 3-4 and
Figure 3-5 show the plasmepsin catalytic triads in red, the pro-segments as underlined text, and
and asterisk (*) indicates the beginning of the semi-proplasmepsin form.
The DNA clones for plasmepsin 9 and plasmepsin 10 were verified by restriction digest
(Figure 3-6) and sequencing at the ICBR, University of Florida. The second and fourth lanes are
uncut plasmid and the third and fifth the respective digested samples. Bands for the plasmepsin
9 and plasmepsin 10 inserts, 1455 bases and 1380 bases, respectively, appear between the 1.0
and 1.5 kb markers, as expected.
As conditions for expression of semi-proplasmepsins 9 and 10 have not been described,
several variables, expression media type, temperature, and IPTG concentration, were tested.
SDS-PAGE analysis shows that LB media gives better expression of semi-proplasmepsin 9 when
compared to M9 media (Figure 3-7). As the result for semi-proplasmepsin 9 in M9 media was so
poor, this media was not tested for semi-proplasmepsin 10 expression. Based on these results,

50

LB media is used in all subsequent experiments for the expression of both semi-proplasmepsin 9
and semi-proplasmepsin 10.
Two different expression temperatures, 30ºC and 37ºC, were also tested. Recombinant
protein expression is commonly carried out at 37ºC but some studies have shown that greater
protein yield, and sometimes soluble protein, can be obtained by carrying out expression at 30ºC.
SDS-PAGE analysis for both semi-proplasmepsin 9 and semi-proplasmepsin 10 shows little
difference between the protein expression levels at either temperature (Figure 3-8 and Figure 39). Based upon these data, expression was carried out at 37ºC in all further experiments.
Finally, concentrations of IPTG, used to induce protein expression, ranging from 0.5 mM
to 2.0 mM were tested. For both semi-proplasmepsin 9 and 10 little protein expression was
observed at 0.5 mM IPTG induction while there was little difference between induction levels at
1.0 mM, 1.5 mM or 2.0 mM (Figure 3-10 and Figure 3-11). Based on these data, 1.0 mM IPTG
was used to induce semi-proplasmepsin 9 or semi-proplasmepsin 10 protein expression.
Using the above results, recombinant forms of semi-proplasmepsin 9 and 10 were
produced and inclusion bodies were purified as described previously (see Chapter 2). Samples at
various stages during this process were run on SDS-PAGE gels to show production of the protein
during expression and its presence in the inclusion body sample (Figure 3-12 and Figure 3-13).
Semi-proplasmepsin 9 appears as a 57 kDa band in both the 3 hr post-induction and IB samples
(Figure 3-12). Similarly, semi-proplasmepsin 10 appears as a 52 kDa band in the 3 hr postinduction and IB samples (Figure 3-13).
For semi-proplasmepsin 9, a total of 7.5 g of cells (wet weight) and 70 mg of inclusion
bodies (wet weight) were obtained from a 1 L expression culture (Figure 3-12 and Table 3-2).
For semi-proplasmepsin 10, a total of 5.2 g of cells (wet weight) and 290 mg of inclusion bodies
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(wet weight) were obtained from a 1 L expression culture (Figure 3-13 and Table 3-3). The
purified inclusion bodies could then be used to find appropriate conditions for refolding of the
protease.
A variety of buffers were tested to determine which one gave the largest quantity of active,
refolded protein. For semi-proplasmepsin 9, it was determined that sodium phosphate dibasic
pH 8.0 gave the best results as far as least amount of precipitation observed, activity and stability
over time, and material lost during refolding. Using the same criteria, it was determined that 20
mM Tris-HCl pH 7.0 gave the best results for semi-proplasmepsin 10. These buffers were also
utilized in the following steps for protein purification.
Ion exchange chromatography has been utilized previously for effective and efficient
purification of plasmepsins (68, 73, 74, 77, 109, 110). Semi-proplasmepsin 9 was purified using
cation exchange chromatography gradient elution (Figures 3-14) with the protein eluting at
approximately 0.45 M NaCl. Peak protein fractions (concentration determined by
spectrophotometer) were run on an SDS-PAGE gel and show that the protein is fairly pure
(Figure 3-15). Semi-proplasmepsin 10 was purified using anion exchange chromatography
gradient elution (Figures 3-16) with the protein eluting at approximately 0.47 M NaCl. Again,
samples from the peak fractions were run on an SDS-PAGE gel and indicate very pure protein
yield (Figure 3-17). The salt concentration at which these proteins elute is slightly higher than
that observed for other plasmepsins (75). Plasmepsin 9 shares less than fourteen percent
sequence identity with the digestive vacuole plasmepsins while plasmepsin 10 shares
approximately eighteen percent sequence identity with the digestive vacuole plasmepsins
(ClustalW (111)). Of the novel aspartic proteases from P. falciparum, semi-proplasmepsin 10
shares the most sequence identity with previously studied plasmepsins, giving a plausible reason
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for the success of conditions that have been used to purify other plasmepsins. Protein refolding
buffer and purification elution buffers are almost identical to those used in previous studies (7274, 77, 80).
The kinetic values Km, kcat, and kcat/Km were determined for plasmepsin 9. Representative
graphs of these data, generated by SigmaPlot10.0 (Systat Software) are given in Figure 3-18,
Figure 3-19, and Figure 3-20, respectively. Unfortunately these values could not be determined
for plasmepsin 10 as it has a very low affinity for the substrate currently utilized. The Km and
kcat for semi-proplasmepsin 9, 97 µM and 3.7 sec-1, respectively, were comparable to those seen
with semi-proplasmepsin 2, 23 µM and 2.0 sec-1, respectively. The ratio of kcat/Km gives a
measure of the catalytic efficiency of an enzyme that can be used to compare enzyme activity.
The ratio is similar for plasmepsin 2 and plasmepsin 9 as well, with values of 87 sec-1mM-1 and
38 sec-1mM-1, respectively (Table 3-4).
Discussion

As drug resistance to malaria continues to rise, it has become necessary to look for new
ways to treat infection. The success with specifically targeting the aspartic protease from HIV-1
(112, 113) has prompted scientists to look at targeting these enzymes when developing novel
therapies for the treatment of various diseases including hypertension, Alzheimer’s disease, and
malaria (15, 114-116). Most malaria studies have focused on P. falciparum due to the high
mortality rates in areas where malaria is endemic. Initially, aspartic proteases found with the
digestive vacuole were deemed attractive drug targets but the recent gene knockout studies have
indicated that these proteases are not essential for parasite growth (55, 62, 85, 117). At this point
the P. falciparum genome project had been completed and a genome search revealed that in
addition to the four aspartic proteases found with the digestive vacuole, the parasite genome
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encoded for six more (58, 59). Three of these, plasmepsins 5, 9 and 10, are expressed during the
intraerythrocytic stage of parasite development (103), indicating that they could be potential drug
targets. Plasmepsin 9 and plasmepsin 10 have been previously unstudied and need to be
characterized at the kinetic and structural levels.
Basic modeling of plasmepsin 9 and plasmepsin 10 confirms their designation as aspartic
proteases (Figure 3-2 and Figure 3-3) as the proteins potentially adopt the “bi-lobal” shape
characteristic of aspartic proteases with a flap covering the active site which contains the
catalytic aspartic acid residues. The catalytic residues, though far apart in sequence (Figure 3-1),
are found at the base of the active site as would be expected based upon the structures of other
plasmepsins (74, 77, 109). The residues are surrounded by an active site pocket covered by the
protein loop known as the flap, which is also a common feature of plasmepsins and aspartic
proteases in general (74, 77, 118-121). This seems to confirm the designation of these proteins
as aspartic proteases and their potential value as novel drug targets.
For plasmepsin 9, the unique structure termed an internal loop (Figure 1-6) has been
colored in orange in the modeled protein (Figure 3-2). The model has placed this region outside
of the basic “bi-lobal” shape, which may be due to low homology in this area with other proteins
used to create the model. It is also possible that some portion of this placement is correct,
indicating that this region may be important in protein trafficking or protein-protein interactions.
Since plasmepsins 9 and 10 had not been studied in vitro it was necessary to design a
construct for recombinant protein expression and determine conditions for obtaining optimal
inclusion body yield. This process was initiated by utilizing studies of previous plasmepsins
from P. falciparum (72, 74, 80, 109, 122) and making appropriate modifications to the protocol
to improve protein yield. After obtaining pure inclusion bodies it was necessary to elucidate
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conditions that not only gave folded, active protein but also allowed for efficient purification of
the recombinant protein with minimal loss of material at each step. An average of 0.71 mg of
recombinant semi-proplasmepsin 9 was obtained per liter of expression (Table 3-2), which
accounts for 1.4% of the total starting protein material. An average of 0.51 mg of recombinant
semi-proplasmepsin 10 was obtained per liter of expression (Table 3-3), amounting to
approximately 1.0% of the total starting protein material. Though these amounts are lower than
those obtained for other plasmepsins (74), enough material is obtained from a typical 4 L
expression to continue with further protein characterization including combinatorial library
analysis, inhibitor studies, and x-ray crystallization trials.
The Km value obtained for plasmepsin 9 indicates that this substrate is adequate for use in
further kinetic studies and shows that plasmepsin 9 has similar active site amino acid preferences
when compared to plasmepsin 2 as the synthetic substrate was originally designed for use in
studies with plasmepsin 2 (72). The kcat and kcat/Km values for plasmepsin 9 were also less than
three times those obtained for plasmepsin 2 (Table 3-4). These values indicate that plasmepsin 9
has activity similar to that of plasmepsin 2 and also provides further evidence that the enzyme
preparation is fairly pure.
Conclusion

Recombinant semi-proplasmepsin 9 and recombinant semi-proplasmepsin 10 have been
successfully expressed in an E. coli expression system. Inclusion bodies have been extracted and
conditions have been found that allow for protein refolding. Ion exchange chromatography has
been utilized for protein purification with approximately 0.71 mg (semi-proplasmepsin 9) and
0.51 mg (semi-proplasmepsin 10) of final purified protein obtained per liter of expression.
Kinetic constants for plasmepsin 9 have been determined and are similar to those obtained for
other plasmepsins, further validating this protease’s inclusion within this family of enzymes.
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Successful production of semi-proplasmepsin 9 and semi-proplasmepsin 10 allows for further in
vitro and in vivo studies that can serve as a starting point for target-based drug design studies.
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Table 3-1. Representative data for refolding conditions for semi-proplasmepsin 9. OD readings and visual inspection for precipitation
were taken 24 and 48 hours after refolding was begun for each buffer condition. Conditions highlighted in bold text gave
active, folded protein.
Buffer: 20 mM each
Initial 24 hrs
24 hrs 48 hrs
48 hrs 24 hrs
24 hrs 48 hrs
48 hrs
OD280 pH 7.0 pH 7.0 pH 7.0 pH 7.0 pH 8.0 pH 8.0 pH 8.0 pH 8.0
OD280
ppt
OD280
ppt
OD280
ppt
OD280
ppt
0.5151 0.1813
No
0.1814
No
0.1802
No
0.1842
Yes
MES
Bis-tris propane
0.5614 0.3031
No
0.3260
Yes
0.1559
No
0.1444
No
Imidazole
0.9243 0.1156
No
0.1898
No
0.1786
No
0.1538
No
No
0.1778
Yes
0.3430
Yes
0.1981
No
Sodium phosphate dibasic 0.6847 0.2029
MOPS
0.9571 0.1187
No
0.1168
No
0.1402
No
0.1216
No
HEPES
0.9489 0.1210
No
0.1132
No
0.1389
No
0.1276
No
Tricine
0.9423 0.1976
No
0.1070
No
0.1477
No
n/a
No
Tris-HCl
0.5641 0.1643
No
0.1521
No
0.1526
No
0.1446
No
0.5151 0.1363
No
0.1248
No
0.1732
No
0.1653
No
Glyclglycine

Table 3-2. Representative Yields from Semi-proplasmepsin 9 Production and Purification.
Yields from 1 L of expression.
Production / Purification Step
Average Yield (mg)
Cell pellet (wet)
7500
Inclusion bodies (wet)
70
8 M urea denaturation
51
Dialysate
13
Cation exchange chromatography
0.71

58

Table 3-3. Representative yields from semi-proplasmepsin 10 production and purification.
Yields from 1 L of expression.
Production / Purification Step
Average Yield (mg)
Cell pellet (wet)
5200
Inclusion bodies (wet)
390
8 M urea denaturation
56
Dialysate
11
Anion exchange chromatography
0.51
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Table 3-4. Kinetic values for semi-proplasmepsin 9 compared to semi-proplasmepsin 2
Plasmepsin / Kinetic Parameter
kcat (sec-1)
kcat/Km (sec-1mM-1)
Km (µM)
semi-proplasmepsin 2

2.0 ± 0.2

23 ± 3

87 ± 17

semi-proplasmepsin 9

3.7 ± 0.2

97 ± 8

38 ± 4

Values for semi-proplasmepsin 2 previously determined by Westling et al. (72).
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Figure 3-1. Partial alignment of sequences from plasmepsins 4, 9, and 10. Alignment shows
conservation (enclosed in boxes) of the catalytic triads (shown in red) and active site
pocket (31-40 and 211-222) and flap (72-82) residues.
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Figure 3-2. Cartoon diagram of semi-proplasmepsin 9. PDB file generated by 3D-Jigsaw (104106) and figure created using PyMol 0.99rc6 (107). The diagram is color coded with
respect to Figure 1-6 and Figure 3-1, with the mature enzyme in blue, internal loop in
orange, and flap residues in yellow. Catalytic aspartic acids are shown as ball and
sticks. Model does not include prosegment or C-terminal extension (as defined by
Figure 1-6 and (59)).

62

Figure 3-3. Cartoon diagram of semi-proplasmepsin 10. PDB file generated by 3D-Jigsaw (104106) and figure created using PyMol 0.99rc6 (107). The diagram is color coded with
respect to Figure 1-6 and Figure 3-1, with the mature enzyme in blue, and flap
residues in yellow. Catalytic aspartic acids are shown as ball and sticks. Model does
not include prosegment (as defined by Figure 1-6 and (59)).
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MFFINFKKIKKKQFPIYLTQHRIITVFLIFIYFINLKDCFHINNSRILSDVDKHRGLYYN
IPKCNVCHKCSICTHENGEAQNVIPMVAIPSKRKHIQDINKEREENKYPLHIFEEKDIYN
NKDNVVKKEDIYKLRKKKKQKK*NCLNFLEKDTMFLSPSHDKETFHINHMNKIKDEKYKQ
EYEEEKEIYDNTNTSQEKNETNNEQNLNINLINNDKVTLPLQQLEDSQYVGYIQIGTPPQ
TIRPIFDTGSTNIWIVSTKCKDETCLKVHRYNHKLSSSFKYYEPHTNLDIMFGTGIIQGV
IGVETFKIGPFEIKNQSFGLVKREKASDNKSNVFERINFEGIVGLAFPEMLSTGKSTLYE
NLMSSYKLQHNEFSIYIGKDSKYSALIFGGVDKNFFEGDIYMFPVVKEYYWEIHFDGLYI
DHQKFCCGVNSIVYDLKKKDQENNKLFFTRKYFRKNKFKTHLRKYLLKKIKHQKKQKHSN
HKKKKLNKKKNYLIFDSGTSFNSVPKDEIEYFFRVVPSKKCDDSNIDQVVSSYPNLTYVI
NKMPFTLTPSQYLVRKNDMCKPAFMEIEVSSEYGHAYILGNATFMRYYYTVYRRGNNNNS
SYVGIAKAVHTEENEKYLSSLHNKINNL

Figure 3-4. Protein sequence of plasmepsin 9. Putative pro-segment is underlined, active-site
motifs are shown in red, and start of the semi-proplasmepsin 9 clone is denoted by
asterisk (*).
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MKRISPLNTLFYLSLFFSYTFKGLKCTRIYKIGTKALPCSECHDVFDCTGCLFEEKESSH
VIPLKLNKKNPNDHKKLQKHHESLKLGDVKYYVNRGEGISGSLGTSSGNTLDD*MDLINE
EINKKRTNAQLDEKNFLDFTTYNKNKAQDISDHLSDIQKHVYEQDAQKGNKNFTNNENNS
DNENNSDNENNSDNENNLDNENNLDNENNSDNSSIEKNFIALENKNATVEQTKENIFLVP
LKHLRDSQFVGELLVGTPPQTVYPIFDTGSTNVWVVTTACEEESCKKVRRYDPNKSKTFR
RSFIEKNLHIVFGSGSISGSVGTDTFMLGKHLVRNQTFGLVESESNNNKNGGDNIFDYIS
FEGIVGLGFPGMLSAGNIPFFDNLLKQNPNVDPQFSFYISPYDGKSTLIIGGISKSFYEG
DIYMLPVLKESYWEVKLDELYIGKERICCDEESYVIFDTGTSYNTMPSSQMKTFLNLIHS
TACTEQNYKDILKSYPIIKYVFGELIIELHPEEYMILNDDVCMPAYMQIDVPSERNHAYLL
GSLSFMRNFFTVFVRGTESRPSMVGVARAKSKN

Figure 3-5. Protein Sequence of plasmepsin 10. Putative pro-segment is underlined, active-site
motifs are shown in red, and the start of the semi-proplasmepsin 10 clone is
designated by asterisk (*).
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Figure 3-6. Restriction digest of semi-proplasmepsin 9 and semi-proplasmepsin 10 constructs.
Samples run on a 1% agarose gel and stained with ethidium bromide. Lane one: 1 kb
DNA Marker (Novagen); Lane 2: uncut semi-proplasmepsin 9 plasmid isolated from
expression cell line; Lane 3: semi-proplasmepsin 9 plasmid cut with BamHI. Semiproplasmepsin 9 gene is 1455 bases in length. Lane 4: uncut semi-proplasmepsin 10
plasmid isolated from expression cell line; Lane 5: semi-proplasmepsin 10 plasmid
cut with NdeI. Semi-proplasmepsin 10 gene is 1380 bases in length.
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Figure 3-7. SDS-PAGE gel analysis of semi-proplasmepsin 9 protein expression utilizing
different media, LB and M9. Samples run on a 10% Tris-HCl Ready Gel (BioRad)
and stained with Coomassie Blue (BioRad). Lanes one and six are Kaleidoscope
Prestained Molecular Weight Marker (BioRad) while the middle four lanes are hours
after induction with IPTG. Semi-proplasmepsin 9 is predicted to be a 57 kDa protein.
The appearance of a band running just above the 50 kDa marker appears for hours 1,
2, and 3 after induction for LB media.
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Figure 3-8. SDS-PAGE gel analysis of semi-proplasmepsin 9 protein expression utilizing
different temperatures, 30ºC and 37ºC. Samples run on a 10% Tris-HCl Ready Gel
(BioRad) and stained with Coomassie Blue (BioRad). Lanes one and six are
Kaleidoscope Prestained Molecular Weight Marker (BioRad) while the middle four
lanes are hours after induction with IPTG. Semi-proplasmepsin 9 is predicted to be a
57 kDa protein. The appearance of a band running just above the 50 kDa marker
appears for hours 1, 2, and 3 after induction for both temperatures.
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Figure 3-9. SDS-PAGE gel analysis of semi-proplasmepsin 10 protein expression utilizing
different temperatures 30ºC and 37ºC. Samples run on a 10% Tris-HCl Ready Gel
(BioRad) and stained with Coomassie Blue (BioRad). Lanes one and six are
Kaleidoscope Prestained Molecular Weight Marker (BioRad) while the middle four
lanes are hours after induction with IPTG. Semi-proplasmepsin 10 is predicted to be
a 52 kDa protein. The appearance of a band running just above the 50 kDa marker
appears for hours 1, 2, and 3 after induction for both temperatures.
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Figure 3-10. SDS-PAGE gel analysis of semi-proplasmepsin 9 protein expression utilizing
different IPTG concentrations ranging from 0.5 mM to 2.0 mM. Samples run on a
10% Tris-HCl Ready Gel (BioRad) and stained with Coomassie Blue (BioRad).
Lanes one and six are Kaleidoscope Prestained Molecular Weight Marker (BioRad)
while the middle four lanes are hours after induction with IPTG. Semi-proplasmepsin
9 is predicted to be a 57 kDa protein. The appearance of a band running just above
the 50 kDa marker appears for hours 1, 2, and 3 after induction for IPTG
concentrations above 0.5 mM.
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Figure 3-11. SDS-PAGE gel analysis of semi-proplasmepsin 10 protein expression utilizing
different IPTG concentrations ranging from 0.5 to 2.0 mM. Samples run on a 10%
Tris-HCl Ready Gel (BioRad) and stained with Coomassie Blue (BioRad). Lanes one
and six are Kaleidoscope Prestained Molecular Weight Marker (BioRad) while the
middle four lanes are hours after induction with IPTG. Semi-proplasmepsin 10 is
predicted to be a 52 kDa protein. The appearance of a band running just above the 50
kDa marker appears for hours 1, 2, and 3 after induction for all IPTG concentrations.
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Figure 3-12. SDS-PAGE gel of semi-proplasmepsin 9 expression samples. Samples run on a
10% Tris-HCl Ready Gel (BioRad) and stained with Coomassie Blue (BioRad).
Lanes one and nine are Kaleidoscope Molecular Weight Markers (BioRad). Zero and
three indicate hours after induction and S1 through S4 are supernatant samples from
washes of inclusion bodies during purification. IB lane is 300 µg of purified
inclusion bodies. Semi-proplasmepsin 9 is expressed as a 57 kDa protein that can be
seen prominently in the 3 hr post-induction and IB samples.
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Figure 3-13. SDS-PAGE gel of semi-proplasmepsin 10 expression samples. Samples run on a
10% Tris-HCl Ready Gel (BioRad) and stained with Coomassie Blue (BioRad).
Lanes one and nine are Kaleidoscope Molecular Weight Markers (BioRad). Zero and
three indicate hours after induction and S1 through S4 are supernatant samples from
washes of inclusion bodies during purification. IB lane is 300 µg of purified
inclusion bodies. Semi-proplasmepsin 10 is expressed as a 52 kDa protein that can be
seen prominently in the 3 hr post-induction and IB samples.
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Figure 3-14. Representative graph of semi-proplasmepsin 9 purification. Concentration
measured by spectrophotometer and activity assessed by monitoring cleavage of
synthetic chromogenic substrate.
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Figure 3-15. SDS-PAGE gel of fractions from cation exchange purification of semiproplasmepsin 9. Samples run on a 10% Tris-HCl Ready Gel (BioRad) and stained
with Coomassie Blue (BioRad). Lanes one and eight are Kaleidoscope Molecular
Weight Markers (BioRad) and each sample lane loaded with 25 µL of material. Semiproplasmepsin 9 is expressed as a 57 kDa protein.
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Figure 3-16. Representative graph of semi-proplasmepsin 10 purification. Concentration
measured by spectrophotometer and activity assessed by monitoring cleavage of
synthetic chromogenic substrate.
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Figure 3-17. SDS-PAGE gel of fractions from anion exchange purification of semiproplasmepsin 10. Samples run on a 10% Tris-HCl Ready Gel (BioRad) and stained
with Coomassie Blue (BioRad). Lanes one and nine are Kaleidoscope Molecular
Weight Markers (BioRad) and each sample lane loaded with 25 µL of material. Semiproplasmepsin 10 is expressed as a 52 kDa protein.
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Figure 3-18. Representative graph of the Km determination for semi-proplasmepsin 9. Graph
and values generated by Sigmaplot10.0 (Systat Software, Inc.).
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Figure 3-19. Dixon Plot giving Et for kcat determination for semi-proplasmepsin 9. Graph and
values generated by Sigmaplot10.0 (Systat Software, Inc.).
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Figure 3-20. Representative graph for Ki determination. Graph shows data for the HIV-1
protease inhibitor amprenavir against semi-proplasmepsin 9. Graph and values
generated by Sigmaplot10.0 (Systat Software, Inc.).
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CHAPTER 4
COMBINATORIAL LIBRARY ANALYSIS OF PLASMEPSINS 9 AND 10 FROM
Plasmodium falciparum
Introduction
Structural studies over the past fifteen to twenty years have shown that endopeptidases, a
family of peptidases to which aspartic proteases belong, have elongated active site clefts (123-

127). This structural conformation indicates that the peptidases show a preference for substrates
with an extended Β-strand conformation. From N- to C-termini, the endopeptidase subsite
pockets are designated S5-S3’ while the side chains of ligand residues corresponding to these
pockets are designated P5-P3’ (71). With this binding arrangement, specific residues of the
ligand interact with distinct pockets, and therefore amino acid residues, of the peptidase active
site. These specificities allow for unique subsite specificities to be identified for individual
peptidases. Analysis of these subsite preferences can facilitate the design of novel substrates and
inhibitors for peptidases selected for target-based drug design.
With these general binding preferences in mind, two combinatorial chemistry-based
peptide libraries were utilized to explore the S3-S3’ subsite preferences of plasmepsin 9 and
plasmepsin 10 (see Chapter 3) from the malaria parasite P. falciparum. The libraries were
designed based upon previous subsite specificity studies of aspartic proteases (72, 127, 128).
Each pool within the library is named after the amino acid at the P1 or P1’ position (Figure 4-1).
Nineteen amino acids, eighteen natural amino acids (exclusion of cysteine and methionine) and
norleucine, are incorporated at each of three variable positions within the peptide (Figure 4-1)
giving 361 distinct peptides in each individual pool and 6859 in the entire library. Cleavage of
the peptides by enzymatic hydrolysis gives nineteen pentapeptides and nineteen tripeptides. In
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this study, the primary subsite specificity of plasmepsin 9 and plasmepsin 10 at the P3-P3’ sites
were determined by initial rate hydrolysis and mass spectroscopy (see Chapter 2).
Results
Primary Subsite Library Analysis
Primary subsite specificity stems from the amino acids incorporated at the S1 and S1’ sites
as the peptide bond between the P1 and P1’ amino acids is hydrolyzed by the peptidase. Thus,
the initial rates of hydrolysis are directly influenced by amino acids substituted at these positions.
The initial cleavage velocities for plasmepsin 9 and plasmepsin 10 are given in Table 4-1 for S1
and Table 4-2 for S1’. These data are also given in Figure 4-2 and Figure 4-3 with rates
percentage normalized, setting the maximal rate to one hundred percent, and plotted against each
peptide pool identity to determine S1 and S1’ pocket specificity, respectively.
S1 Subsite Specificity
As has been shown previously, plasmepsin 2 shows a high preference for hydrophobic
amino acids at the S1 subsite with phenylalanine as the most preferred amino acid and weaker
preferences for alanine, leucine, and tyrosine (73). All other amino acids were not well tolerated
in this position (Table 4-1 and Figure 4-2). Plasmepsin 9 and plasmepsin 10 show an even more
marked preference for phenylalanine in the P1 position. Plasmepsin 9 shows a weaker
preference for leucine, valine, and glutamic acid in the P1 position and plasmepsin 10 a weak
preference for tyrosine, glutamic acid, and valine. All other amino acids were very poorly
tolerated in this position (Table 4-1 and Figure 4-2).
S1’ Subsite Specificity
The amino acid distribution for the P1’ position was more widespread than that of the P1
position. Plasmepsin 2 generally preferred smaller hydrophobic amino acids at this position,
with leucine, valine, isoleucine, and threonine most tolerated in this position (Table 4-2 and
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Figure 4-3). The remaining amino acids were more tolerated in this position than in the P1 site.
Interestingly, plasmepsin 9 and plasmepsin 10 had a fairly strong preference for the bulky amino
acid tryptophan. Plasmepsin 9 has a weaker preference for the smaller hydrophobic amino acids
valine, leucine, nor-leucine and isoleucine. Plasmepsin 10 shows the least amount of tolerance at
this position, with weaker preferences of phenylalanine and arginine falling well below fifty
percent of the rate seen when tryptophan is incorporated at this position (Table 4-2 and Figure 43).
The strong preference seen for tryptophan at this position for both plasmepsin 9 and
plasmepsin 10 allows for the possibility of designing a novel substrate, and ultimately inhibitor,
that would be selective for these two proteases over other plasmepsins. Plasmspsin 2 has less
than ten percent tolerance for this amino acid, which would allow for design of a highly selective
inhibitor incorporating this amino acid at this position. This marked difference may also be an
explanation for the low affinity plasmepsin 10 has for the synthetic substrate currently utilized in
the laboratory as that substrate incorporates a derivative of phenylalanine (paranitrophenylalanine) at this position.
Though tryptophan presents an option for designing a novel inhibitor for plasmepsin 9 and
plasmepsin 10, plasmepsin 10 has a much lower tolerance for other amino acids at this position.
Plasmepsin 9 tolerates valine at this position at more than eighty percent. This amino acid could
be incorporated at this position instead of tryptophan in order to create an inhibitor selective
specifically for plasmepsin 9. Previous inhibitor studies have primarily utilized the strong
preference plasmepsins have for phenylalanine, arigine, and leucine at this position (73, 75).
Substitution of valine at this position for plasmepsin 9 and tryptophan for plasmepsin 10 would
allow for the design of completely novel inhibitor sequences for both proteins.
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Secondary Subsite Library Analysis
The best peptide pool from the P1 and P1’ combinatorial libraries were identified from the
spectroscopic assays. These libraries were then used to determine secondary subsite preferences
by utilizing LC-MS. For both plasmepsin 9 and plasmepsin 10 the best P1 library pool was for
the amino acid phenylalanine (Table 4-1 and Figure 4-2) and the best P1’ library pool was for the
amino acid tryptophan (Table 4-2 and Figure 4-3). As peptides within each pool differ by only
one amino acid, each was identified by mass and retention time. Following identification, data
were quantified by integrating the corresponding ion peak for each peptide within the pool and
plotting the percentage normalized data against amino acid identification.
P3 Subsite Specificity
Plasmepsin 2 shows preference for small hydrophobic amino acids in the P3 position with
greatest tolerance for valine, tyrosine, and isoleucine. Plasmepsin 9 and plasmepsin 10 show a
similar distribution with preference for tyrosine at the P3 position, followed by weaker
preferences for the amino acids phenylalanine, valine, and leucine (Figure 4-4). Other amino
acid tolerances for plasmepsin 9 and plasmepsin 10 closely followed those seen for plasmepsin 2
with hydrophilic or bulky amino acids less accommodated in this subsite.
In previous studies, plasmepsin preferences for valine and isoleucine have been utilized to
design novel inhibitors (73, 75). The synthetic substrate designed for plasmepsin 2 also
incorporates isoleucine at this position. As plasmepsins 9 and 10 show a higher preference for
tyrosine at this position, this amino acid could be incorporated at this position to create a novel
inhibitor slightly more selective towards these proteins when compared to previously studied
plasmepsins. Substitution of this amino acid into the current substrate sequence could also
improve the affinity plasmepsins 9 and 10 have for the synthetic substrate.
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P2 Subsite Specificity
Plasmepsins 2, 9, and 10 all have highest preference for leucine at the P2 position (Figure
4-5) with other hydrophobic residues moderately tolerated at this position. The general
tolerances at this position are fewer in number when compared to those seen for the P3 position
and smaller amino acids are very poorly tolerated (Figure 4-4 and Figure 4-5). Again, subsite
preferences for plasmepsin 9 and plasmepsin 10 closely mirror those for plasmepsin 2 with
minor variations. Plasmepsin 9 and 10 show a higher tolerance for charged amino acids, for
instance glutamic acid and aspartic acid, and plasmepsin 9 has a higher tolerance for isoleucine
and tryptophan than either plasmepsin 2 or plasmepsin 10.
The current substrate and almost all of the previously designed inhibitors have utilized
glutamic acid at this position (72, 73, 75). By instead substituting leucine at this position, a more
suitable substrate for plasmepsins 9 and 10 could be created. Leucine could also be utilized for
inhibitor design for plasmepsin 10. Plasmepsin 9 has a more than eighty percent tolerance for
isoleucine at this position, which would be a novel incorporation into this site for inhibitor design
(73, 75).
P2’ Subsite Specificity
All three plasmepsins tested showed high tolerance for hydrophobic amino acids in the P2’
position (Figure 4-6). Bulky, charged amino acids were also fairly well tolerated. All three
plasmepsins preferred leucine at this position, followed by isoleucine and phenylalanine for
plasmepsin 2, isoleucine and glutamine for plasmepsins 9 and 10. Smaller amino acids, such as
alanine and glycine, are not tolerated well at this position. Plasmepsins 9 and 10 show a higher
tolerance for valine, alanine, and glutamine and lower tolerances for phenylalanine, glutamic
acid, and threonine when compared to plasmepsin 2.
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Glutamine preference at this position has been seen previously and has been utilized in this
position for almost all of the inhibitors previously synthesized (73, 75). As both plasmepsins 9
and 10 show greatest preference for leucine at this position, this would present unique amino
acid incorporation at this site for both improved substrate and novel inhibitor design. As
plasmepsin 10 has greater than eighty-five percent tolerance for glutamine at this position, this
amino acid could be used in inhibitor design to create an inhibitor distinct to that created for
plasmepsin 9. Though this amino acid has been widely used in this position before, in
combination with completely unique substitutions discussed for other subsites a novel inhibitor
could still be designed.
P3’ Subsite Specificity
Plasmepsin 2 has preference for isoleucine at the P3’ position. Plasmepsins 9 and 10 have
preference for phenylalanine at this position, though plasmepsin 9 also tolerates isoleucine well
(Figure 4-7). Again, P3’ subsite preferences for plasmepsin 9 and plasmepsin 10 closely mirror
those for plasmepsin 2. Plasmepsins 9 and 10 show less tolerance for serine and arginine than
plasmepsin 2. Plasmepsin 10 shows less tolerance for tryptophan, threonine, and asparagine than
plasmepsin 9 or plasmepsin 2. Plasmepsin 9 shows less tolerance for alanine than either
plasmepsin 2 or 10.
The preference seen for phenylalanine for both plasmepsin 9 and plasmepsin 10 allows for
this amino acid to be incorporated at this position for novel substrate design as the current
substrate has a leucine at this position. Previous inhibitor studies have utilized both phenylalaine
and isoleucine at this position (73, 75) but in combination with novel amino acid substitutions
mentioned for other sites, they could still be utilized at this position to create new inhibitors.
Plasmepsin 9 has a ninety-eight percent tolerance for isoleucine at this position while plasmepsin
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10 has only seventy-six. This difference could be utilized to create an inhibitor selective for
plasmepsin 9 over plasmepsin 10.
Discussion
Novel drugs are essential for targeting malaria infection as drug resistance to current
therapies continues to rise (15). One way to achieve this end is to study the active site
specificities of novel drug targets and design new inhibitors targeted specifically to these
proteins. Plasmepsins, aspartic proteases within the malaria parasite, have been studied using
combinatorial library analysis in order to produce novel inhibitors that could potentially be used
in new drug therapies (73-75, 97). In this study, the active site subsite preferences were analyzed
for plasmepsin 9 and plasmepsin 10, two previously uncharacterized aspartic proteases from P.

falciparum that have been proposed as novel drug targets.
Combinatorial library analysis was performed using a synthetic chromogenic library of
peptides previously used to study plasmepsins 1, 2 and 4 (73, 75, 97). This library incorporates
nineteen amino acids, eighteen naturally occurring amino acids (exclusion of methionine and
cysteine) and nor-leucine, at six different positions, P3-P3’. Amino acid subsite preferences for
the enzyme active site pockets S3-S3’ can then be identified. Analyses were carried out either
using spectroscopic or LC/MS analysis.
Plasmepsins 9 and 10 show a strong preference for phenylalanine at the P1 position,
similar to plasmepsin 2 but plasmepsin 2 has a greater tolerance for other hydrophobic amino
acids than either plasmepsin 9 or 10 (Figure 4-2). At the P1’ position, plasmepsins 9 and 10 both
show a strong preference for tryptophan, unlike plasmepsin 2 which shows preference for the
smaller hydrophobic amino acids leucine, valine, and isoleucine (Figure 4-3). This P1’ subsite
preference for tryptophan is unique to the plasmepsin family (73-75) but is not completely novel
as other proteases have shown tolerance for tryptophan at this position (129-131). Valine and
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tyrosine were well tolerated at the P3 position for all three plasmepsins (Figure 4-4). Leucine
was the most tolerated amino acid for all three plasmepsins in both the P2 and P2’ sites (Figure
4-5 and Figure 4-6). Plasmepsins 9 and 10 show a preference for phenylalanine at the P3’ site
while plasmepsin 2 prefers isoleucine. The P3’ subsite show the broadest tolerance for all amino
acids when compared to positions P3-P2’ (Figure 4-7). For the most part, hydrophobic amino
acids were preferred in all sites for both plasmepsins 9 and 10, similar to the results seen for
previously studied plasmepsins (73, 75).
Utilizing the amino acid preferences observed for all sites studied, a novel substrate can be
designed for plasmepsins 9 and 10 (Table 4-3). The optimal sequence for this substrate, K-P-YL-Nph*W-L-F is markedly different from the substrate currently utilized in kinetic assays, K-PI-E-F*Nph-R-L (cleaved bond denoted by asterisk (*) and Nph = para-nitrophenylalanine). This
new substrate could then be used to better assay plasmepsin 9 and 10 activity as they should have
a greater affinity for this peptide sequence than the original substrate sequence, which was
designed for use in assays with plasmepsin 2 (72).
The amino acid preferences observed for plasmepsin 9 and plasmepsin 10 can also be
utilized to design novel inhibitors (Table 4-3). The preferred amino acids are listed first in Table
4-3 with weaker tolerances given below the primary tolerance. As the most tolerated amino
acids for plasmepsin 9 and 10 are identical, it would be necessary to utilize one of the weaker
tolerated amino acids in at least one position. With these criteria, the best inhibitor sequence for
plasmepsin 9 is K-P-Y-L-FΨW-L-I and the best inhibitor sequence for plasmepsin 10 is K-P-YL-FΨW-L-F, where the reduced sissile bond between P1 and P1’ is denoted by Ψ. Though the
difference between plasmepsin 9 tolerance for valine in P1’ (sixty-nine percent) is much greater
than that of plasmepsin 10 (four percent) the highly unique specificity for tryptophan in this
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position (Figure 4-3) obligates its inclusion at this site. Plasmepsin 9 has ninety-eight percent
tolerance for isoleucine in the P3’ position compared to seventy-six for plasmepsin 10. This
represents not only the highest tolerance for any of the lesser amino acids listed (Table 4-3) but
also the highest affinity for a lesser amino acid for plasmepsin 9 or 10. Due to the unique
incorporation of tryptophan at the P1’ position, both of these inhibitors would be completely
novel when compared to previously designed inhibitors (73, 75).
Conclusion
Subsite specificities for the active site pockets S3-S3’ were analyzed for plasmepsin 9 and
plasmepsin 10 using a combinatorial library approach. Overall, the subsite specificities for
positions S3-S3’ for plasmepsin 9 and 10 closely mimic those seen for plasmepsin 2 and other
previously studied plasmepsins (73-75, 97). Subsite tolerances for amino acids were higher in
positions further from the cleaved peptide bond, with the P1 and P1’ sites having the least
flexibility in subsite preferences. Though many of the subsite preferences coincide between the
three proteases, subtle differences in tolerance for different amino acids can be exploited to
design new inhibitors specific for each protease.
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Table 4-1. Initial cleavage velocities (AU/sec x10-6) of the P1 combinatorial library pools by
plasmepsin 9, and plasmepsin 10.
P1 Amino Acid PfPM2 P1 Amino Acid PfPM9 P1 Amino Acid PfPM10
F
110.99
F
27.85
F
34.08
A
96.53
L
6.83
Y
10.00
L
95.33
V
4.81
E
8.35
Y
60.52
E
2.34
L
5.22
T
16.67
P
1.32
W
4.73
I
7.54
Q
0.88
Q
3.49
nL
7.36
W
0.64
T
2.91
P
6.64
nL
0.62
N
2.89
D
5.90
G
0.59
S
2.15
E
4.31
I
0.55
V
1.96
N
3.90
R
0.50
A
1.30
H
3.27
A
0.29
H
0.96
Q
2.72
T
0.28
I
0.94
S
2.28
N
0.28
G
0.85
G
1.69
S
0.27
P
0.74
K
1.27
D
0.15
nL
0.55
W
0.79
Y
0.11
D
0.49
V
0.37
H
0.05
K
0.41
R
0.03
K
0.04
R
0.14
Initial velocities (defined as absorbance unites per second) are included for plasmepsin 2 for
comparison. The rates are listed in descending order for all three plasmepsins.
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Table 4-2. Initial cleavage velocities (AU/sec x10-6) of the P1’ combinatorial library pools by
plasmepsin 9, and plasmepsin 10.
P1’ Amino Acid
PfPM2
P1’ Amino Acid
PfPM9
P1’ Amino Acid PfPM10
L
314.27
W
79.76
W
31.27
V
220.23
V
68.80
F
9.13
I
215.31
L
55.45
R
6.37
T
128.77
nL
44.61
N
5.47
A
82.09
I
22.40
G
5.40
nL
75.11
A
12.58
nL
5.29
F
74.15
F
9.88
K
4.46
Y
57.02
Y
7.97
H
4.45
K
39.79
T
5.03
P
3.51
E
38.54
K
3.41
S
3.32
P
30.19
Q
2.19
T
3.21
S
16.30
N
2.09
A
2.71
D
15.93
D
1.81
E
2.28
N
14.61
R
1.25
Q
2.21
R
11.61
G
0.94
Y
1.96
W
9.43
H
0.78
D
1.90
G
7.49
S
0.41
V
1.20
Q
7.39
E
0.41
I
0.86
H
2.52
P
0.34
L
0.81
Initial velocities (defined as absorbance unites per second) are included for plasmepsin 2 for
comparison. The rates are listed in descending order for all three plasmepsins.
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Table 4-3. Optimal peptide sequence for novel substrate and inhibitor design for plasmepsin 9
and plasmepsin 10 determined from P1 and P1’ combinatorial library analysis.
Original substrate sequence given for comparison (72).
P5
P4
P3
P2
P1
P1’
P2’
P3’
Substrate
K
P
I
E
F
Nph
R
L
Novel Substrate

K

P

Y

L

Nph

W

L

F

PfPM9

K

P

Y

L
I

F

W
V

L

F
I

PfPM10

K

P

Y

L

F

W

L
F
Q
Optimal sequence for each protein given on the first line with weaker (but still greater than
eighty percent tolerance) amino acid preferences listed on the second line. These
weaker preferences can be utilized to create inhibitors that have unique preferences
for either plasmepsin 9 or 10. Nph = para-nitrophenylalanine
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Figure 4-1. Schematic diagram of the digestion of the P1 and P1’ library pools. Cleavage site
indicated by asterisk (*) and para-nitrophenylalanine abbreviated Nph. All other
amino acids are denoted by one-letter abbreviation. Nineteen amino acids are
substituted at positions P1, P1’ and Xaa (see text).

93

Figure 4-2. P1 amino acid preferences for plasmepsin 9 and plasmepsin 10. The cleavage rates
were normalized by setting the highest rate of cleavage at one hundred percent. Data
included for plasmepsin 2 for comparison.
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Figure 4-3. P1’ amino acid preferences for plasmepsin 9 and plasmepsin 10. The cleavage rates
were normalized by setting the highest rate of cleavage at one hundred percent. Data
included for plasmepsin 2 for comparison.
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Figure 4-4. P3 amino acid preferences for plasmepsin 9 and plasmepsin 10. Data are from
LC/MS analysis of the cleaved P1F pool. Amounts of cleaved peptide were
normalized by setting the greatest amount of cleavage to one hundred percent. Data
are included for plasmepsin 2 for comparison.
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Figure 4-5. P2 amino acid preferences for plasmepsin 9 and plasmepsin 10. Data are from
LC/MS analysis of the cleaved P1’W pool. Amounts of cleaved peptide were
normalized by setting the greatest amount of cleavage to one hundred percent. Data
included for plasmepsin 2 for comparison.
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Figure 4-6. P2’ amino acid preferences for plasmepsin 9 and plasmepsin 10. Data are from
LC/MS analysis of the cleaved P1F pool. Amounts of cleaved peptide were
normalized by setting the greatest amount of cleavage to one hundred percent. Data
included for plasmepsin 2 for comparison.
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Figure 4-7. P3’ amino acid preferences for plasmepsin 9 and plasmepsin 10. Data are from
LC/MS analysis of the cleaved P1’W pool. Amounts of cleaved peptide were
normalized by setting the greatest amount of cleavage to one hundred percent. Data
included for plasmepsin 2 for comparison.
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CHAPTER 5
PLASMEPSIN INHIBITOR STUDIES
Introduction
As resistance to current malaria drug therapies increases, the need for novel treatments,
and even drug targets, continues to rise. Aspartic proteases are an attractive target due to the low
number (21 as compared to 186 metalloproteases, 176 serine proteases, and 27 threonine
proteases) found within the human body (15, 50, 59, 132) and have already been targeted in
various diseases with success (112-116, 133). To date no compounds specifically targeting any
of the ten aspartic proteases from malaria are available. Through various collaborations we have
tested the efficacy of three different classes of inhibitors against plasmepsins from all four
species of malaria infecting man.
Synthetic α-substituted Norstatins
Malaria causes over one million deaths each year, many of these children under the age of
five (134). With the continued emergence of drug resistant strains, the need for new drug
therapies continues to grow. Aspartic proteases are viewed as an attractive target and many of
the inhibitors designed recently are peptidomimetic transition-state isoteres.
The starting compound for this set of inhibitors is a norstatine-based compound that shows
nanomolar inhibition against the digestive vacuole plasmepsins (135). Unfortunately, the
compound also shows excellent inhibition of cathepsin D, the most homologous human protein
to the digestive vacuole plasmepsins, and has a low efficiency for killing parasite in culture,
possibly due to inability to effectively cross membranes (136). The objective of this study was
to make modifications to these structures so that the compounds would be specific for the
plasmepsins over cathepsin D, improve their membrane permeability, and determine the impact
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of manipulating the stereochemistry of the thioproline and the tertiary hydroxyl group. The
experimental design and synthesis of these compounds was carried out by Kristina Orrling from
Mats Larhed’s group at Uppsala University, Uppsala, Sweden and these compounds have been
tested in my experiments at the University of Florida against various plasmepsins from the four
species of malaria infecting man.
Pepstatin-based Compounds
Plasmepsins residing within the digestive vacuole were originally considered prime targets
for drug targeting. However, gene knockout studies have shown that these proteases bear
functional redundancy (55, 117). Additionally, the single aspartic protease found within the
digestive vacuole of P. malariae, P. ovale, and P. vivax, generally thought to be homologues of
plasmepsin 4 from P. falciparum, share high sequence homology with P. falciparum plasmepsin
4 but distinctive binding affinities, as revealed by kinetic and x-ray crystallographic studies (55,

62, 66, 72, 74-80, 108-110). These data indicate that an effective antimalarial must not only be
selective against human aspartic proteases but also target multiple plasmepsins.
It has been shown previously that statin-based compounds show effectiveness in binding to
aspartic proteases as functional inhibitors (53, 102, 108, 122). Unfortunately, these peptidederived compounds cross cellular membranes poorly and are metabolized quickly.
Modifications have been made to the parent structure, pepstatin A, in an attempt to compensate
for these effects. The compounds were designed and synthesized by Sergio Romeo’s group at
the University of Milan, Milan, Italy and constants of inhibition (Ki values) have been
determined in my studies at the University of Florida for six plasmepsins: all four homologues of
plasmepsin 4 (one from each species of malaria infecting man) and plasmepsins 2 and 9 from P.

falciparum.
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HIV-1 Protease Inhibitors
Currently malaria causes 2.7 million deaths each year and ninety percent of those affected
live in Sub-Saharan Africa (8). HIV-1/AIDS accounts for 2 million deaths word-wide with
almost seventy-five percent of these in Sub-Saharan Africa (137). Due to this overlap in
endemnicity, co-infections with malaria and HIV-1 are prevalent (8).
Though belonging to different aspartic proteinase subfamilies, plasmepsins (subfamily A1)
and the HIV-1 protease (subfamily A2) share basic tertiary structures and minimal sequence
identity (50, 138). Inhibitors against the aspartic protease from HIV-1 have been widely used to
combat infection with a fair amount of success (36). To date, eight inhibitors have been
approved by the FDA (139) and researchers are continually developing new ones due to the
development of drug resistance. Recently, darunavir has been added to the list of approved
compounds (140). These compounds are highly selective towards the viral protease, binding in
the low nanomolar or subnanomolar range (141-143).
Several groups have shown that antiviral protease inhibitors have antimalarial activity
(144-146). These compounds have been tested against digestive vacuole plasmepsins from all
four species of malaria that infect man (75) with affinities within the clinical range of
effectiveness in some cases. However, the binding affinity for these inhibitors to these
plasmepsins is generally much higher than that seen for HIV-1 protease. In addition, these
compounds are still able to kill parasite in culture when the digestive vacuole plasmepsins have
been knocked out (86). This leads to the probability that the compounds are targeting different
proteases within the parasite. With this hypothesis in mind we tested the binding affinity for
eight clinical inhibitors against plasmepsin 9 and compared these values to those obtained for
five additional plasmepsins: each plasmepsin 4 homologue from the four malaria species
infecting man and plasmepsin 2 from P. falciparum.
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Results
Synthetic α-substituted Norstatins
This family of compounds was synthesized by Kristina Orrling at the University of
Uppsala, Uppsala, Sweden and their structures are shown in Figure 5-1. The compounds showed
poor affinity for all plasmepsins tested, with Ki values in the micromolar range (Table 5-1). The
inhibitors generally showed poorest binding to Plasmodium falciparum plasmepsin 2 (PfPM2)
and best binding to Plasmodium vivax plasmepsin 4. The compounds bind with lower affinity
than the parent norstatin compound but their selectivity for the plasmepsins over human
cathepsin D, the most closely related human aspartic protease, was greatly improved (110).
Pepstatin-based Compounds
Nine compounds with various modifications to the pepstatin backbone (Figure 5-2) were
obtained from Sergio Romeo from the University of Milan, Milan, Italy and tested against six
plasmepsins. These inhibitors were generally tight binding, inhibiting all plasmepsins in the
nanomolar range and in some cases in the sub-nanomolar range (Table 5-2). Additionally, the
compounds have high selectivity, 100- to 1000-fold difference, for the plasmepsins over human
cathepsin D, the most homologous human aspartic protease to the plasmepsin family. Overall,
DB15 appears to be the best inhibitor but it also has the highest affinity for cathepsin D. The
compounds have the highest affinity for Plasmodium vivax plasmepsin 4 (PvPM4), with four of
the nine Ki values in the sub-nanomolar range. The compounds show similar activity against
plasmepsin 9 indicating that the binding of these inhibitors within the active site is comparable
even though there is low sequence homology between plasmepsin 9 and other plasmepsins.
Several of these compounds were also tested in culture to determine their effectiveness at
killing parasite (Table 5-2). The compounds were tested against two strains of P. falciparum: a
standard strain (3D7) and one (C10) with the digestive vacuole plasmepsins knocked out (85,
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117). These experiments were performed with the help of Dr. J. Alfredo Bonilla, University of
Florida, Gainesville, Florida. The compounds gave nanomolar IC50, the half maximal inhibitory
concentration, values for both strains with greater sensitivity seen for the C10 strain. This
increased sensitivity suggests that these compounds do not act upon the digestive vacuole
plasmepsins, though the increase in sensitivity could alternatively be due to the fact that the C10
line is not as “fit” as the parental line (J. Alfredo Bonilla, personal communication).
HIV-1 Protease Inhibitors
Nine HIV-1 protease inhibitors have been approved by the FDA for clinical antiretroviral
treatment (Figure 5-3). Samples of these compounds were obtained from the NIH AIDS
Research & Reference Reagent Program. We have tested eight of these (darunavir has only
recently become available for academic testing) against six plasmepsins to determine their
affinity for these proteases. Most Ki values for these compounds against the plasmepsins are in
the low micromolar or high nanomlar range, which is less than ideal for a clinical competitive
inhibitor. Overall, ritonavir seems to show the greatest efficacy against the plasmepsins in
general, with most of the values in the low nanomolar range (Table 5-3). Interestingly, all of the
compounds inhibit plasmepsin 9 in the low nanomolar rage, comparable in some cases to the
values seen for HIV-1 protease. Despite the homology within the active sites of the plasmepsins,
the overall lack of homology that plasmepsin 9 shares with the plasmepsin family may contribute
to this increased binding affinity for HIV-1 protease inhibitors.
Discussion
The continued emergence of drug resistance to malaria has prompted the need for novel
drug targets to be identified and verified. Aspartic proteases have already proven to be excellent
targets within several diseases (113-116, 138, 147, 148). Plasmepsin 9 is a previously unstudied
aspartic protease from the malaria parasite Plasmodium falciparum. In order to begin validating
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this protein as a drug target, it was expressed in a recombinant bacterial system and basic kinetic
properties were assessed (see Chapter 3). The need for novel drug targets is closely followed by
the need for novel classes of inhibitors. Inhibitors were obtained from three distinct sources:
Uppsala University, Uppsala, Sweden (α-substituted norstatins); University of Milan, Milan,
Italy (pepstatin-based compounds); and NIH AIDS Research & Reference Reagent Program
(HIV-1 protease inhibitors). A representative graph showing the calculation of Ki values can be
found in Chapter 3 (Figure 3-20).
Unfortunately, the α-substituted norstatins showed fairly poor inhibition, with the best
values in the high nanomolar range (Table 5-1). The inhibitors did have better selectivity against
human cathepsin D over their parent compound (110) but further modifications must be made
based on these results in order to lower the Ki values of these compounds so that they are more
amenable to use as treatments. Additionally, future studies will also need to address the
solubility and membrane permeability of these compounds to determine how well they will cross
cellular and parasitic membranes.
The pepstatin-based compounds were all excellent inhibitors, with all values in the
nanomolar range and many in the sub-nanomolar range (Table 5-2). The best of these
compounds was DB15 with a Ki range from 0.34 nM for PmPM4 to 4.7 nM for PoPM4. This
compound unfortunately had a fairly low Ki of 73 nM for human cathepsin D, while Ki values
for other compounds ranged from 279 to 2434 nM. These compounds were also excellent
inhibitors of plasmepsin 9, with Ki values ranging from 2.1 to 53 nM, indicating similar binding
within the active sites. Several of these compounds were tested in culture and gave low
nanomolar IC50 values. This indicates that the compounds are effectively entering the cell and
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targeting proteins within the parasite. These compounds may be useful in future animal-model
studies as novel malaria treatments.
The HIV-1 protease inhibitors were fairly poor against the plasmepsins, with most values
in the micromolar or high nanomolar range (Table 5-3). Of the eight inhibitors, ritonavir was
generally the best with five of the six values in a low nanomolar range. Interestingly, the Ki
values for plasmepsin 9 were all in the low nanomolar range from 7 to 22 nanomolar. These
values are comparable to those obtained for HIV-1 protease (143, 149). It has also been noted
that HIV-1 protease inhibitors are able to kill parasite in culture even when the digestive vacuole
plasmepsins have been knocked-out ((85, 86) John B. Dame, personal communication). The
strong inhibition seen here may be an explanation for this observation.
Conclusion
Kinetic constants have been utilized to determine Ki values, constants of inhibition, for
several classes of compounds. The α-substituted norstatins were very poor inhibitors and further
studies are needed to improve their activity both against the plasmepsins and within the cell. The
pepstatin-based compounds were excellent inhibitors against all plasmepsins tested, including
plasmepsin 9. These inhibitors also fared well in cell-based assays at killing parasite, indicating
that they would make potential novel therapies for treatment of malaria. The HIV-1 protease
inhibitors generally show low activity against the plasmepsins but showed very tight binding for
plasmepsin 9. This novel result is a potential explanation for the ability of these inhibitors to kill
parasite in culture even when the digestive vacuole plasmepsins have been knocked out. As the
pepstatin-based compounds were able to kill parasite lacking the digestive vacuole plasmepsins
and the HIV-1 protease inhibitors showed greater activity against plasmepsin 9 when compared
to other plasmepsins, plasmepsin 9 may be the target of these drugs within the parasite. These
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initial studies indicate that plasmepsin 9 may be a good target for novel drug therapies directed
towards treating malaria.
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Table 5-1. Inhibition values (given in µM) for α-substituted norstatines for plasmepsins.
Inhibitor / Enzyme
PfPM2
PfPM4
PmPM4
PoPM4
PvPM4
Ki, µM
Kror070329A
0.44 ± 0.02
6.3 ± 0.5
1.1 ± 0.1
1.0 ± 0.1
0.39 ± 0.05
Kror070329B
7.6 ± 0.5
11 ± 1
1.6 ± 0.3
0.88 ± 0.1
0.34 ± 0.04
Kror070405A
> 20
30 ± 1
14 ± 2
7.2 ± 0.7
2.2 ± 0.2
Kror070405B
> 20
27 ± 1
13 ± 2
10 ± 2
1.3 ± 0.1
Kror070426A
7.4 ± 0.6
5.5 ± 0.3
> 20
6.5 ± 0.7
2.2 ± 0.2
Kror070502B
1.4 ± 0.1
3.1 ± 0.1
7.9 ± 1
4.5 ± 0.6
0.37 ± 0.04
Kror080729D
0.83 ± 0.05
1.7 ± 0.2
0.21 ± 0.02
1.3 ± 0.2
0.16 ± 0.02
Kror080729L
> 20
0.72 ± 0.07 0.42 ± 0.03
0.5 ± 0.07
0.19 ± 0.02
Kror080730D
1.7 ± 0.2
1.7 ± 0.1
0.26 ± 0.02
0.6 ± 0.07
0.12 ± 0.01
Kror080730L
> 20
0.70 ± 0.1
0.25 ± 0.02 0.11 ± 0.01 0.16 ± 0.02
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Table 5-2. Inhibition constants and IC50 values (given in nM) for pepstatin-based compounds.
Inhibitor /
PfPM2
PfPM4
PfPM9
PmPM4
PoPM4
PvPM4
hCatD
Enzyme
Ki, nM
DB 11
3.8 ± 0.3
1.6 ± 0.1
9.1 ± 0.9 0.43 ± 0.03 7.9 ± 0.5 0.33 ± 0.03 279 ± 14
DB 15
1.9 ± 0.3
2.6 ± 0.1
2.1 ± 0.1 0.34 ± 0.03 4.7 ± 0.4 0.36 ± 0.03
73 ± 7
DB 47
7.9 ± 0.6
42 ± 4
13 ± 1
4.8 ± 0.3
69 ± 8
9.9 ± 0.8
732 ± 94
DB 49
7.4 ± 1
5.6 ± 0.4
37 ± 3
5.8 ± 0.3
75 ± 8
11 ± 1
3424 ± 241
DB 52
1.3 ± 0.2
20 ± 2
5.8 ± 0.6
1.1 ± 0.06
19 ± 2
3.9 ± 0.4
363 ± 35
FP 14
2.3 ± 0.2
5.4 ± 0.5
ND
0.93 ± 0.05
11 ±1
0.70 ± 0.06 219 ± 14
FP 37
3.8 ± 0.3
8.7 ± 1
ND
2.4 ±0.2
8.5 ± 0.6 0.48 ± 0.05 545 ± 63
NV 113
25 ± 2
85 ± 7
53 ± 5
6.6 ± 0.3
72 ± 7
16 ± 2
431 ± 35
0.43 ± 0.4
304 ± 26
NV 176
2.6 ± 0.2
6.7 ± 0.8
ND
0.87 ± 0.04 8.1 ± 0.9
ND = not yet determined
IC50 value is the concentration at which fifty percent of the parasite is killed when compared to untreated samples
3D7 is a strain of P. falciparum commonly used in culture experiments (85, 117)
C10 is a strain of P. falciparum in which the digestive vacuole plasmepsins have been knocked out (85, 117)
IC50
C10
ND
ND
ND
ND
ND
78
84
ND
155

IC50
3D7
ND
ND
ND
ND
ND
239
144
ND
385
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Table 5-3. Inhibition constants for clinically approved HIV-1 protease inhibitors against plasmepsins. Values in the micromolar
range are shown in black, high nanomolar values shown in blue, and low nanomolar (under 100 nM) values are shown in red.
Inhibitor / Enzyme
PfPM2
PfPM4
PfPM9
PmPM4
PoPM4
PvPM4
amprenavir
16 ± 2 nM 1.5 ± 0.2 µM
6.2 ± 0.7 µM 6.6 ± 1.1 µM
12 ± 1 µM 1.7 ± 0.2 µM
atazanavir
9 ± 1 nM 4.9 ± 0.6 µM 3.5 ± 0.5 µM 3.7 ± 0.6 µM
5.1 ± 0.8 µM
16 ± 3 µM
indinivir
15 ± 1 nM 1.7 ± 0.2 µM
18 ± 3 µM 486 ± 87 nM
24 ± 3 µM 1.1 ± 0.1 µM
lopinavir
13 ± 2 nM 678 ± 61 nM 378 ± 47 nM 508 ± 63 nM
1.6 ± 0.2 µM 1.3 ± 0.3 µM
nelfinavir
11 ± 1 nM 762 ± 117 nM 2.9 ± 0.3 µM 457 ± 55 nM
2.9 ± 0.3 µM 481 ± 65 nM
ritonavir
245 ± 25 nM
56 ± 8 nM
22 ± 2 nM
23 ± 2 nM
18 ± 3 nM
62 ± 10 nM
saquinavir
7 ± 0.7 nM 343 ± 32 nM 791 ± 98 nM 715 ± 97 nM
2.3 ± 0.3 µM 283 ± 46 nM
timpranavir
467 ± 50 nM
ND
13 ± 2 nM
ND
ND
ND
Inhibitor samples were obtained through the NIH AIDS Research & Reference Reagent Program.
ND = not yet determined
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Figure 5-1. Structures of the synthetic α-substituted norstatins. Drawings provided by Kristina Orrling, University of Uppsala,
Uppsala, Sweden (110).
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Figure 5-2. Structures of the pepstatin-based compounds. Drawings provided by Sergio Romeo, University of Milan, Milan, Italy.
Drawing of the structure of pepstatin adapted from Wikipedia (150).

Saquinavir
(SQV)

Indinavir
(IDV)

Ritonavir
(RTV)

Amprenavir
(APV)

Nelfinavir
(NFV)

Atazanavir
(ATV)
Lopinavir
(LPV)

Darunavir
(DRV)

Tipranavir
(TPV)

Figure 5-3. Structures of the nine HIV-1 protease inhibitors FDA-approved for antiretroviral
treatment. Structures adapted from Wikipedia (151).
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CHAPTER 6
FUTURE DIRECTIONS
As resistance to current drug therapies continues to rise, even in the presence of increasing
numbers of preventative measures, the need for a novel way to combat malaria infection has
arisen. Due to the many complexities of the Plasmodium genome, including genetic diversity
and antigenic polymorphisms, most believe that successful production of a vaccine against one
or more of the Plasmodium species infecting man in unlikely. One plan of attack that has not
been utilized in this area is targeted structure-based drug design. This method of drug
development, which has led to novel treatments, has been successfully utilized in treating many
diseases including HIV-1 (112, 113), glaucoma (152) and leukemia (153).
Proteases are generally considered to be good targets as they often perform essential
functions within the organism. As the least abundant protease class within the human body,
aspartic proteases present an attractive target for drug design and have been utilized effectively
in HIV-1 treatment (112, 141, 147). The Plasmodium falciparum genome codes for ten aspartic
proteases, seven of which are found within the blood stage of parasite development (103). Four
of these, plasmepsins 1, 2, 4, and HAP, have already been shown to be non-essential through
gene knockout studies (85). Additionally, aspartic protease inhibitors are able to kill parasite in
culture when these digestive vacuole plasmepsins have been knocked out. This suggests that
these drugs are targeting other aspartic proteases within the parasite. The remaining three
plasmepsins present during the blood stage of parasite development, termed plasmepsin 5, 9, and
10, have been previously unstudied and may be the proteases targeted by these compounds.
This leads to the conclusion that these plasmepsins would be excellent candidates for structurebased drug design.
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Data within this thesis provide an excellent start to this eventual goal for both plasmepsin 9
and plasmepsin 10. As these proteases were previously unstudied, conditions for producing
recombinant protein were unknown. Conditions for recombinant protein expression, refolding,
and purification were identified (see Chapter 3). This then allowed for initial combinatorial
library analysis of both proteases (see Chapter 4) and kinetic characterization of plasmepsin 9
(see Chapter 5). These data with regard to active site subsite preferences (from combinatorial
library analysis) and kinetic properties, initial drug design experiments can be initiated.
In addition to these studies, crystallization trials have been initiated. From a 4 L
expression, approximately 2.8 mg of purified semi-proplasmepsin 9 or approximately 2.0 mg of
purified semi-proplasmepsin 10 were obtained and used to set up crystallization trials. Initial
conditions used were those that have proved successful for other plasmepsins (66, 74, 76-78,
109). Additional modifications were made to these conditions and conditions from
crystallization trial kits (Hampton Research) with similar pH values to the protein solution and
within a unit of the pKa of the protein were also utilized, as these conditions generally prove
most effective at producing diffraction quality crystals (Arthur H. Robbins, University of
Florida, personal communication). Unfortunately, conditions producing x-ray diffraction quality
crystals have not yet been discovered. Various strategies can be utilized to improve the success
of protein crystallization trials.
These strategies include further recombinant protein production optimization,
crystallization with various inhibitors, including those designed based upon combinatorial library
analysis studies, and high-throughput condition screening. In order to further optimize the overexpression, refolding, and purification, several approaches can be taken including: alternate
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expression systems, chaperone-assisted protein refolding, and direct DNA sequence
modification.
One expression system, Origami, which has proved successful in producing properly
refolded recombinant proteins is available from Novagen. Origami cells contain mutations in
both the thioredoxin reductase (trxB) and glutathione reductase (gor) genes that allow for greatly
enhanced disulfide bond formation in the cytoplasm (154). This cell line has been used
successfully to express AT-rich proteins from P. falciparum and obtain soluble protein that can
then be purified and used for studies (155, 156).
Another expression method that could be utilized to improve the production of soluble
protein would be the use of the pET vector pET32a (Novagen). This vector series is designed for
high level expression of proteins fused with the TrxTag thioredoxin protein. This allows for
production of soluble protein within the cytoplasm with disulfide bond reshuffling aided by the
fusion of thioredoxin, circumventing the need to purify proteins from inclusion bodies (157).
This method has proven successful for various proteins and peptides (158-160). The DNA
sequences for plasmepsin 9 and plasmepsin 10 encode for many cysteine residues: thirteen for
plasmepsin 9, six for semi-proplasmepsin 9, eleven for plasmepsin 10 and six for semiproplasmepsin 10. With this number of residues, each of the aforementioned proteins could
contain three disulfide bonds with as many as six present in the full-length plasmepsin 9
zymogen. Due to this abundance of cysteine residues, use of the pET32a expression system
might prove useful in producing larger quantities of correctly folded material.
In addition to bacterial systems, the methylotrophic yeast Pichia pastoris has also been
used to successfully produce recombinant proteins (161-163). P. pastoris is capable of making
many post-translations modifications undertaken by higher eukaryotic cells such as proteolytic
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processing, folding, and disulfide bond formation. Briefly, the plasmepsin clone would be
ligated into a pPIC9K vector (Invitrogen) that would be transformed into the GS115 strain for
protein expression. The expression would be carried out over several days to allow for adequate
protein production. This system is designed so that the protein will be secreted into the media,
hopefully giving properly folded, soluble protein. It is possible that one of these alternate
expression systems will be able to give us properly folded plasmepsin 9 or plasmepsin 10,
negating the need for lengthy refolding conditions after expression, as is needed in other systems.
As proper protein folding, not over-expression, has proven to be the primary obstacle in
continuation of this project, it is possible that a molecular chaperone system could be used to
facilitate proper folding of plasmepsin 9 or 10. The well-studied E. coli chaperone system
GroES/GroEL has been exploited to increase the yield of properly folded recombinant proteins
(164-166). The expression plasmid for the GroE operon can be co-transformed with the
plasmepsin into a bacterial system. In some cases, the co-overexpression of the GroE
chaperonins, which recognize hydrophobically collapsed structures and prevent them from
undergoing further aggregation (164, 166), has allowed for production of soluble, active
recombinant proteins (166-170).
If the above expression systems prove unsuccessful, it may be necessary to directly modify
semi-proplasmepin 9 or semi-proplasmepsin 10 to produce a novel protein that will be more
amenable to proper folding. One way to achieve this goal is to combine directed evolution (171173) with screening of mutant libraries using a split GFP system (174). The GFP system
requires co-transformation of two plasmids, GFP1-10 (residues 1-214) and GFP11 (214-230),
into a bacterial system. Dr. Geoffrey S. Waldo, University of New Mexico, has kindly supplied
our laboratory with the plasmids containing these GFP fragments. Briefly, point mutations within
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hydrophobic and non-polar surface residues will be substituted with hydrophilic and polar
residues and the subsequent mutants will be amplified by PCR. These mutants are then
subcloned in fusion with the GFP11 fragment. It has been shown that if the protein of interest
contains mutations allowing for proper folding, the GFP11 fragment will be able to interact with
GFP1-10, producing bacteria that will fluoresce green (Figure 1). If the target protein does not
fold correctly, GFP11 will not be able to interact with the major fragment GFP1-10 and no
fluorescence will be seen (174). The DNA from these bacteria can then be isolated and
sequenced, allowing for identification of the favorable mutations.
The DNA sequence for both plasmepsin 9 and 10 codes for many rare E. coli tRNAs,
which may be a source of the low amount of inclusion bodies obtained even with the use of
Rosetta2 (DE3) pLysS which include extra copies of the genes for these tRNAs to improve
expression. It is possible that codon optimization, as well as mutation of surface cysteine
residues to methionine to prevent aggregation during refolding, may improve the quantity of
refolded protein obtained during expression and dialysis. Codon optimization has been used to
optimize expression of many recombinant proteins, including HIV-1 protease (142, 143, 175178).
Combinatorial library analysis of the S3’S3’ active site amino acid preferences for
plasmepsin 9 and plasmepsin 10 has also been performed. The unique specificities have been
utilized to design a novel substrate and novel inhibitors. This substrate should provide better
identification of plasmepsin 9 and 10 activity and allow for plasmepsin 10 kinetic studies as
plasmepsin 10 affinity for the current substrate is quite low. The novel inhibitors can also be
utilized in crystallographic studies as it has been shown that proteins crystallize more readily
when complexed with an inhibitor (179, 180). A crystal structure of this complex would also
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provide valuable information about protein-inhibitor interactions which can lead to the design of
even better compounds specific for these proteases and insight into possible nature substrates
within the parasite.
Several classes of inhibitors from collaborators (Kristina Orrling, University of Uppsala,
Uppsala, Sweden and Sergio Romeo, University of Milan, Milan, Italy) and from the NIH AIDS
Research & Reference Reagent Program have been tested against plasmepsins in studies at the
University of Florida, Gainesville, Florida. Many of these inhibitors have shown low nanomolar
inhibition of the plasmepsins and it will be necessary to test these in culture to determine their
effectiveness at killing the parasite. These studies will be performed in conjunction with John B.
Dame, University of Florida, Gainesville, Florida. As binding of these inhibitors is quite good,
these compounds can also be used in future crystallization trials.
High throughput screening of crystal conditions is becoming more common as various
laboratories adopt robotic systems in all aspects of crystallization trials from mixing buffers to
scanning trays for crystal formation (181). There are many institutes, including the HauptmanWoodard Medical Research Institute Inc. that will screen more than one thousand crystallization
conditions for a nominal fee. As this method of screening for crystal conditions producing
diffraction quality crystals becomes more available it may replace the traditional in-house
screening method for proteins that have proved difficult to crystallize. This would be an
excellent way to screen many conditions for crystallization of both plasmepsins 9 and 10 with
and without inhibitors bound in the active site in order to further facilitate structure-based drug
design.
Studies presented with this thesis provide characterization of novel proteins from
Plasmodium falciparum that show potential as new anti-malarial drug targets. Though these in
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vitro studies provide initial characterization of plasmepsins 9 and 10, in order to truly utilize
them as drug targets their function and location within the parasite must be also be established.
The data gleaned from this study will hopefully facilitate this process and while providing a
starting point for further structure-based drug design studies with the ultimate goal of identifying
new therapies to combat malaria infection.
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Figure 6-1. Cartoon diagram of the split-GFP system, modified from (174).

121

LIST OF REFERENCES
1.

Finkel, M. (2007) Bedlam in the Blood: Malaria, in National Geographic, pp 32-67.

2.

Tuteja, R. (2007) Malaria - an overview, FEBS J 274, 4670-4679.

3.

Prevention, C. f. D. C. a. (2004) Malaria History, Department of Health and Human
Services, Atlanta, GA.

4.

(2006) Centers for Disease Control and Prevention: Malaria Facts.

5.

AB, N. W. (2009) The Noble Foundation, Nobel Web AB, The Official Website of the
Nobel Foundation.

6.

Trigg, P. I., and Kondrachine, A. V. (1998) Commentary: malaria control in the 1990s,
Bull World Health Organ 76, 11-16.

7.

Hay, S. I., Guerra, C. A., Tatem, A. J., Noor, A. M., and Snow, R. W. (2004) The global
distribution and population at risk of malaria: past, present, and future, Lancet Infect Dis
4, 327-336.

8.

Prevention, C. f. D. C. a. (2004) Impact of Malaria, Department of Health and Human
Services, Atlanta, GA.

9.

Breman, J. G., Alilio, M. S., and Mills, A. (2004) Conquering the intolerable burden of
malaria: what's new, what's needed: a summary, Am J Trop Med Hyg 71, 1-15.

10.

Greenwood, B. M., Bojang, K., Whitty, C. J., and Targett, G. A. (2005) Malaria, Lancet
365, 1487-1498.

11.

Prevention, C. f. D. C. a. (2009) Malaria Control and Prevention, Department of Health
and Human Services, Atlanta, GA.

12.

Greenwood, B. (2006) Lessons Learned from Italy, Nature 441, 933-934.

13.

Guth, R. (2009) Rocket Scientists Shoot Down Mosquitoes with Lasers, in The Wallstreet
Journal, Dow Jones and Company, Bellevue.

14.

Zarocostas, J. (2008) New combined pill to treat malaria is launched, BMJ 336, 854.

15.

Ersmark, K., Samuelsson, B., and Hallberg, A. (2006) Plasmepsins as potential targets for
new antimalarial therapy, Med Res Rev 26, 626-666.

16.

Hyde, J. E. (2007) Drug-resistant malaria - an insight, FEBS J 274, 4688-4698.

122

17.

Arav-Boger, R., and Shapiro, T. A. (2005) Molecular mechanisms of resistance in
antimalarial chemotherapy: the unmet challenge, Annu Rev Pharmacol Toxicol 45, 565585.

18.

Miura, K., Zhou, H., Muratova, O. V., Orcutt, A. C., Giersing, B., Miller, L. H., and
Long, C. A. (2007) In immunization with Plasmodium falciparum apical membrane
antigen 1, the specificity of antibodies depends on the species immunized, Infect Immun
75, 5827-5836.

19.

Jordan, S. J., Branch, O. H., Castro, J. C., Oster, R. A., and Rayner, J. C. (2009) Genetic
diversity of the malaria vaccine candidate Plasmodium falciparum merozoite surface
protein-3 in a hypoendemic transmission environment, Am J Trop Med Hyg 80, 479-486.

20.

Franks, S., Baton, L., Tetteh, K., Tongren, E., Dewin, D., Akanmori, B. D., Koram, K.
A., Ranford-Cartwright, L., and Riley, E. M. (2003) Genetic diversity and antigenic
polymorphism in Plasmodium falciparum: extensive serological cross-reactivity between
allelic variants of merozoite surface protein 2, Infect Immun 71, 3485-3495.

21.

Matuschewski, K. (2007) Hitting malaria before it hurts: attenuated Plasmodium liver
stages, Cell Mol Life Sci 64, 3007-3011.

22.

Matuschewski, K., and Mueller, A. K. (2007) Vaccines against malaria - an update, FEBS
J 274, 4680-4687.

23.

Vanderberg, J., Mueller, A. K., Heiss, K., Goetz, K., Matuschewski, K., Deckert, M., and
Schluter, D. (2007) Assessment of antibody protection against malaria sporozoites must
be done by mosquito injection of sporozoites, Am J Pathol 171, 1405-1406; author reply
1406.

24.

Waters, A. (2006) Malaria: new vaccines for old?, Cell 124, 689-693.

25.

Prevention, C. f. D. C. a. (2006) Malaria Biology, Department of Health and Human
Services, Atlanta, GA.

26.

Mendis, K., Sina, B. J., Marchesini, P., and Carter, R. (2001) The neglected burden of
Plasmodium vivax malaria, Am J Trop Med Hyg 64, 97-106.

27.

Prevention, C. f. D. C. a. (2008) Parasite Image Library, Department of Health and
Human Services, Atlanta, GA.

28.

Tuteja, R. (2007) Malaria - the global disease, FEBS J 274, 4669.

29.

Francis, S. E., Sullivan, D. J., Jr., and Goldberg, D. E. (1997) Hemoglobin metabolism in
the malaria parasite Plasmodium falciparum, Annu Rev Microbiol 51, 97-123.

123

30.

Chitnis, C. E., and Blackman, M. J. (2000) Host cell invasion by malaria parasites,
Parasitol Today 16, 411-415.

31.

Klemba, M., and Goldberg, D. E. (2002) Biological roles of proteases in parasitic
protozoa, Annu Rev Biochem 71, 275-305.

32.

Dluzewski, A. R., Rangachari, K., Wilson, R. J., and Gratzer, W. B. (1986) Plasmodium
falciparum: protease inhibitors and inhibition of erythrocyte invasion, Exp Parasitol 62,
416-422.

33.

Hadley, T., Aikawa, M., and Miller, L. H. (1983) Plasmodium knowlesi: studies on
invasion of rhesus erythrocytes by merozoites in the presence of protease inhibitors, Exp
Parasitol 55, 306-311.

34.

Miller, L. H., Good, M. F., and Milon, G. (1994) Malaria pathogenesis, Science 264,
1878-1883.

35.

Rosenthal, P. J. (1998) Proteases of malaria parasites: new targets for chemotherapy,
Emerg Infect Dis 4, 49-57.

36.

Avert. (2009) Approved Antiretroviral Drugs, Avert.org, Avert on-line.

37.

Rosenthal, P. J., Kim, K., McKerrow, J. H., and Leech, J. H. (1987) Identification of
three stage-specific proteinases of Plasmodium falciparum, J Exp Med 166, 816-821.

38.

Goldberg, D. E., Slater, A. F., Cerami, A., and Henderson, G. B. (1990) Hemoglobin
degradation in the malaria parasite Plasmodium falciparum: an ordered process in a
unique organelle, Proc Natl Acad Sci U S A 87, 2931-2935.

39.

Rosenthal, P. J. (1995) Plasmodium falciparum: effects of proteinase inhibitors on globin
hydrolysis by cultured malaria parasites, Exp Parasitol 80, 272-281.

40.

Rudzinska, M. A., Trager, W., and Bray, R. S. (1965) Pinocytotic uptake and the
digestion of hemoglobin in malaria parasites, J Protozool 12, 563-576.

41.

Aikawa, M. (1971) Parasitological review. Plasmodium: the fine structure of malarial
parasites, Exp Parasitol 30, 284-320.

42.

Aikawa, M., Hepler, P. K., Huff, C. G., and Sprinz, H. (1966) The feeding mechanism of
avian malarial parasites, J Cell Biol 28, 355-373.

43.

Slomianny, C., G. Prensier, and E. Vivier. (1982) Mol. Biochem. Parasitol.
Suppl V, 695.

124

44.

Polet, H., and Conrad, M. E. (1968) Malaria: extracellular amino acid requirements for in
vitro growth of erythrocytic forms of Plasmodium knowlesi, Proc Soc Exp Biol Med 127,
251-253.

45.

Sherman, I. W. (1977) Amino acid metabolism and protein synthesis in malarial
parasites, Bull World Health Organ 55, 265-276.

46.

Sherman, I. W. (1977) Transport of amino acids and nucleic acid precursors in malarial
parasites, Bull World Health Organ 55, 211-225.

47.

Ting, I. P. a. I. W. S. (1966) Carbon dioxide fixation in malaria. I. Kinetic studies in
Plasmodium lophurae., Biochem. Physiol. 19, 855-869.

48.

Lew, V. L., Macdonald, L., Ginsburg, H., Krugliak, M., and Tiffert, T. (2004) Excess
haemoglobin digestion by malaria parasites: a strategy to prevent premature host cell
lysis, Blood Cells Mol Dis 32, 353-359.

49.

Brinkworth, R. I., Prociv, P., Loukas, A., and Brindley, P. J. (2001) Hemoglobindegrading, aspartic proteases of blood-feeding parasites: substrate specificity revealed by
homology models, J Biol Chem 276, 38844-38851.

50.

Dunn, B. M. (2002) Structure and mechanism of the pepsin-like family of aspartic
peptidases, Chem Rev 102, 4431-4458.

51.

Berry, D. M. W. a. C. (2001) Activity and inhibition of plasmepsin IV, a new aspartic
proteinase from the malaria parasite, Plasmodium falciparum, FEBS Lett 513, 159-162.

52.

Berry, C., Humphreys, M. J., Matharu, P., Granger, R., Horrocks, P., Moon, R. P., Certa,
U., Ridley, R. G., Bur, D., and Kay, J. (1999) A distinct member of the aspartic
proteinase gene family from the human malaria parasite Plasmodium falciparum, FEBS
Lett 447, 149-154.

53.

Gluzman, I. Y., Francis, S. E., Oksman, A., Smith, C. E., Duffin, K. L., and Goldberg, D.
E. (1994) Order and specificity of the Plasmodium falciparum hemoglobin degradation
pathway, J Clin Invest 93, 1602-1608.

54.

Banerjee, R., Liu, J., Beatty, W., Pelosof, L., Klemba, M., and Goldberg, D. E. (2002)
Four plasmepsins are active in the Plasmodium falciparum food vacuole, including a
protease with an active-site histidine, Proc Natl Acad Sci U S A 99, 990-995.

55.

Liu, J., Gluzman, I. Y., Drew, M. E., and Goldberg, D. E. (2005) The role of Plasmodium
falciparum food vacuole plasmepsins, J Biol Chem 280, 1432-1437.

56.

Francis, S. E., Gluzman, I. Y., Oksman, A., Knickerbocker, A., Mueller, R., Bryant, M.
L., Sherman, D. R., Russell, D. G., and Goldberg, D. E. (1994) Molecular

125

characterization and inhibition of a Plasmodium falciparum aspartic hemoglobinase,
EMBO J 13, 306-317.
57.

Goldberg, D. E. (1992) Plasmodial hemoglobin degradation: an ordered pathway in a
specialized organelle, Infect Agents Dis 1, 207-211.

58.

Gardner, M. J., Hall, N., Fung, E., White, O., Berriman, M., Hyman, R. W., Carlton, J.
M., Pain, A., Nelson, K. E., Bowman, S., Paulsen, I. T., James, K., Eisen, J. A.,
Rutherford, K., Salzberg, S. L., Craig, A., Kyes, S., Chan, M. S., Nene, V., Shallom, S. J.,
Suh, B., Peterson, J., Angiuoli, S., Pertea, M., Allen, J., Selengut, J., Haft, D., Mather, M.
W., Vaidya, A. B., Martin, D. M., Fairlamb, A. H., Fraunholz, M. J., Roos, D. S., Ralph,
S. A., McFadden, G. I., Cummings, L. M., Subramanian, G. M., Mungall, C., Venter, J.
C., Carucci, D. J., Hoffman, S. L., Newbold, C., Davis, R. W., Fraser, C. M., and Barrell,
B. (2002) Genome sequence of the human malaria parasite Plasmodium falciparum,
Nature 419, 498-511.

59.

Coombs, G. H., Goldberg, D. E., Klemba, M., Berry, C., Kay, J., and Mottram, J. C.
(2001) Aspartic proteases of Plasmodium falciparum and other parasitic protozoa as drug
targets, Trends Parasitol 17, 532-537.

60.

Dame, J. B., Reddy, G. R., Yowell, C. A., Dunn, B. M., Kay, J., and Berry, C. (1994)
Sequence, expression and modeled structure of an aspartic proteinase from the human
malaria parasite Plasmodium falciparum, Mol Biochem Parasitol 64, 177-190.

61.

Boss, C., Richard-Bildstein, S., Weller, T., Fischli, W., Meyer, S., and Binkert, C. (2003)
Inhibitors of the Plasmodium falciparum parasite aspartic protease plasmepsin II as
potential antimalarial agents, Curr Med Chem 10, 883-907.

62.

Li, T., Yowell, C. A., Beyer, B. B., Hung, S. H., Westling, J., Lam, M. T., Dunn, B. M.,
and Dame, J. B. (2004) Recombinant expression and enzymatic subsite characterization
of plasmepsin 4 from the four Plasmodium species infecting man, Mol Biochem Parasitol
135, 101-109.

63.

Friedman, R., and Caflisch, A. (2007) The protonation state of the catalytic aspartates in
plasmepsin II, FEBS Lett 581, 4120-4124.

64.

Andrews, K. T., Walduck, A., Kelso, M. J., Fairlie, D. P., Saul, A., and Parsons, P. G.
(2000) Anti-malarial effect of histone deacetylation inhibitors and mammalian tumour
cytodifferentiating agents, Int J Parasitol 30, 761-768.

65.

Nezami, A., Luque, I., Kimura, T., Kiso, Y., and Freire, E. (2002) Identification and
characterization of allophenylnorstatine-based inhibitors of plasmepsin II, an antimalarial
target, Biochemistry 41, 2273-2280.

66.

Silva, A. M., Lee, A. Y., Gulnik, S. V., Maier, P., Collins, J., Bhat, T. N., Collins, P. J.,
Cachau, R. E., Luker, K. E., Gluzman, I. Y., Francis, S. E., Oksman, A., Goldberg, D. E.,

126

and Erickson, J. W. (1996) Structure and inhibition of plasmepsin II, a hemoglobindegrading enzyme from Plasmodium falciparum, Proc Natl Acad Sci U S A 93, 1003410039.
67.

Haque, T. S., Skillman, A. G., Lee, C. E., Habashita, H., Gluzman, I. Y., Ewing, T. J.,
Goldberg, D. E., Kuntz, I. D., and Ellman, J. A. (1999) Potent, low-molecular-weight
non-peptide inhibitors of malarial aspartyl protease plasmepsin II, J Med Chem 42, 14281440.

68.

Moose, R. E., Clemente, J. C., Jackson, L. R., Ngo, M., Wooten, K., Chang, R., Bennett,
A., Chakraborty, S., Yowell, C. A., Dame, J. B., Agbandje-McKenna, M., and Dunn, B.
M. (2007) Analysis of binding interactions of pepsin inhibitor-3 to mammalian and
malarial aspartic proteases, Biochemistry 46, 14198-14205.

69.

Ersmark, K., Nervall, M., Gutierrez-de-Teran, H., Hamelink, E., Janka, L. K., Clemente,
J. C., Dunn, B. M., Gogoll, A., Samuelsson, B., Qvist, J., and Hallberg, A. (2006)
Macrocyclic inhibitors of the malarial aspartic proteases plasmepsin I, II, and IV, Bioorg
Med Chem 14, 2197-2208.

70.

Romeo, S., Dell'Agli, M., Parapini, S., Rizzi, L., Galli, G., Mondani, M., Sparatore, A.,
Taramelli, D., and Bosisio, E. (2004) Plasmepsin II inhibition and antiplasmodial activity
of Primaquine-Statine 'double-drugs', Bioorg Med Chem Lett 14, 2931-2934.

71.

Schechter, I., and Berger, A. (1967) On the size of the active site in proteases. I. Papain,
Biochem Biophys Res Commun 27, 157-162.

72.

Westling, J., Cipullo, P., Hung, S. H., Saft, H., Dame, J. B., and Dunn, B. M. (1999)
Active site specificity of plasmepsin II, Protein Sci 8, 2001-2009.

73.

Beyer, B. B., Johnson, J. V., Chung, A. Y., Li, T., Madabushi, A., Agbandje-McKenna,
M., McKenna, R., Dame, J. B., and Dunn, B. M. (2005) Active-site specificity of
digestive aspartic peptidases from the four species of Plasmodium that infect humans
using chromogenic combinatorial peptide libraries, Biochemistry 44, 1768-1779.

74.

Liu, P., Marzahn, M., Robbins, A., Gutierrez-de-Teran, H., Rodriguez, D., McClung, S.,
Stevens, S., Yowell, C., Dame, J., McKenna, R., and Dunn, B. (2009) Recombinant
plasmepsin 1 from the human malaria parasite Plasmodium falciparum: Enzymatic
characterization, active site inhibitor design, and structural analysis, Biochemistry 48,
4086-4099.

75.

Liu, P. (2006) Ezymatic characterization, subsite specificity exploration and inhibition
nalysis of malarial aspartic proteinases using enzyme kinetics, combinatorial chemistry,
and molecular modeling, Doctoral Dissertation in Biochemistry and Molecular Biology,
College of Medicine, University of Florida, Gainesville, Florida.

127

76.

Prade, L., Jones, A. F., Boss, C., Richard-Bildstein, S., Meyer, S., Binkert, C., and Bur,
D. (2005) X-ray structure of plasmepsin II complexed with a potent achiral inhibitor, J
Biol Chem 280, 23837-23843.

77.

Clemente, J. C., Govindasamy, L., Madabushi, A., Fisher, S. Z., Moose, R. E., Yowell, C.
A., Hidaka, K., Kimura, T., Hayashi, Y., Kiso, Y., Agbandje-McKenna, M., Dame, J. B.,
Dunn, B. M., and McKenna, R. (2006) Structure of the aspartic protease plasmepsin 4
from the malarial parasite Plasmodium malariae bound to an allophenylnorstatine-based
inhibitor, Acta Crystallogr D Biol Crystallogr 62, 246-252.

78.

Asojo, O. A., Gulnik, S. V., Afonina, E., Yu, B., Ellman, J. A., Haque, T. S., and Silva,
A. M. (2003) Novel uncomplexed and complexed structures of plasmepsin II, an aspartic
protease from Plasmodium falciparum, J Mol Biol 327, 173-181.

79.

Bernstein, N. K., Cherney, M. M., Yowell, C. A., Dame, J. B., and James, M. N. (2003)
Structural insights into the activation of P. vivax plasmepsin, J Mol Biol 329, 505-524.

80.

Westling, J., Yowell, C. A., Majer, P., Erickson, J. W., Dame, J. B., and Dunn, B. M.
(1997) Plasmodium falciparum, P. vivax, and P. malariae: a comparison of the active site
properties of plasmepsins cloned and expressed from three different species of the
malaria parasite, Exp Parasitol 87, 185-193.

81.

Gutierrez-de-Teran, H., Nervall, M., Ersmark, K., Liu, P., Janka, L. K., Dunn, B.,
Hallberg, A., and Aqvist, J. (2006) Inhibitor binding to the plasmepsin IV aspartic
protease from Plasmodium falciparum, Biochemistry 45, 10529-10541.

82.

Bjelic, S., Nervall, M., Gutierrez-de-Teran, H., Ersmark, K., Hallberg, A., and Aqvist, J.
(2007) Computational inhibitor design against malaria plasmepsins, Cell Mol Life Sci 64,
2285-2305.

83.

Gutierrez-de-Teran, H., Nervall, M., Dunn, B. M., Clemente, J. C., and Aqvist, J. (2006)
Computational analysis of plasmepsin IV bound to an allophenylnorstatine inhibitor,
FEBS Lett 580, 5910-5916.

84.

Dame, J. B., Yowell, C. A., Omara-Opyene, L., Carlton, J. M., Cooper, R. A., and Li, T.
(2003) Plasmepsin 4, the food vacuole aspartic proteinase found in all Plasmodium spp.
infecting man, Mol Biochem Parasitol 130, 1-12.

85.

Bonilla, J. A., Moura, P. A., Bonilla, T. D., Yowell, C. A., Fidock, D. A., and Dame, J. B.
(2007) Effects on growth, hemoglobin metabolism and paralogous gene expression
resulting from disruption of genes encoding the digestive vacuole plasmepsins of
Plasmodium falciparum, Int J Parasitol 37, 317-327.

86.

Bonilla, J. A., Bonilla, T. D., Yowell, C. A., Fujioka, H., and Dame, J. B. (2007) Critical
roles for the digestive vacuole plasmepsins of Plasmodium falciparum in vacuolar
function, Mol Microbiol 65, 64-75.

128

87.

Klemba, M., and Goldberg, D. E. (2005) Characterization of plasmepsin V, a membranebound aspartic protease homolog in the endoplasmic reticulum of Plasmodium
falciparum, Mol Biochem Parasitol 143, 183-191.

88.

Shea, M., Jakle, U., Liu, Q., Berry, C., Joiner, K. A., and Soldati-Favre, D. (2007) A
family of aspartic proteases and a novel, dynamic and cell-cycle-dependent protease
localization in the secretory pathway of Toxoplasma gondii, Traffic 8, 1018-1034.

89.

Hoegl, L., Korting, H. C., and Klebe, G. (1999) Inhibitors of aspartic proteases in human
diseases: molecular modeling comes of age, Pharmazie 54, 319-329.

90.

Boddey, J. A., Moritz, R. L., Simpson, R. J., and Cowman, A. F. (2009) Role of the
Plasmodium export element in trafficking parasite proteins to the infected erythrocyte,
Traffic 10, 285-299.

91.

Marti, M., Baum, J., Rug, M., Tilley, L., and Cowman, A. F. (2005) Signal-mediated
export of proteins from the malaria parasite to the host erythrocyte, J Cell Biol 171, 587592.

92.

Chang, H. H., Falick, A. M., Carlton, P. M., Sedat, J. W., DeRisi, J. L., and Marletta, M.
A. (2008) N-terminal processing of proteins exported by malaria parasites, Mol Biochem
Parasitol 160, 107-115.

93.

Dalal, S., and Klemba, M. (2007) Roles for two aminopeptidases in vacuolar hemoglobin
catabolism in Plasmodium falciparum, J Biol Chem 282, 35978-35987.

94.

Ragheb, D., Bompiani, K., Dalal, S., and Klemba, M. (2009) Evidence for catalytic roles
for Plasmodium falciparum aminopeptidase P in the food vacuole and cytosol, J Biol
Chem.

95.

Klemba, M. (2009) On the location of the aminopeptidase N homolog PfA-M1 in
Plasmodium falciparum, Proc Natl Acad Sci U S A 106, E55; author reply E56.

96.

DeLano, W. L. (2002) The PyMOL Molecular Graphics System Sourceforge.net,
Software on-line.

97.

Beyer, B. B. (2003) Targeted chromogenic octapeptide combinatorial libraries:
exploration of the primary and extended subsite specificities of human and malarial
aspartic endopeptidases., Doctoral Dissertation in Biochemistry and Molecular Biology,
College of Medicine, University of Florida, Gainesville, Florida.

98.

Dunn, B. M., Scarborough, P. E., Davenport, R., and Swietnicki, W. (1994) Analysis of
proteinase specificity by studies of peptide substrates. The use of UV and fluorescence
spectroscopy to quantitate rates of enzymatic cleavage, Methods Mol Biol 36, 225-243.

129

99.

Michaelis, L., Menten, M.L. (1913) Die Kinetik der Invertinwirkung, Biochemische
Zeitschrift. 49, 333.

100.

Marquardt, D. W. (1963) An Algorithm for Least-Squares Estimation of Nonlinear
Parameters, J. Soc. Ind. Appl. Math. 11, 431-441.

101.

Williams, J. W., and Morrison, J. F. (1979) The kinetics of reversible tight-binding
inhibition, Methods Enzymol 63, 437-467.

102.

Francis, S. E., Banerjee, R., and Goldberg, D. E. (1997) Biosynthesis and maturation of
the malaria aspartic hemoglobinases plasmepsins I and II, J Biol Chem 272, 1496114968.

103.

Le Roch, K. G., Zhou, Y., Blair, P. L., Grainger, M., Moch, J. K., Haynes, J. D., De La
Vega, P., Holder, A. A., Batalov, S., Carucci, D. J., and Winzeler, E. A. (2003) Discovery
of gene function by expression profiling of the malaria parasite life cycle, Science 301,
1503-1508.

104.

Bates, P. A., Kelley, L. A., MacCallum, R. M., and Sternberg, M. J. (2001) Enhancement
of protein modeling by human intervention in applying the automatic programs 3DJIGSAW and 3D-PSSM, Proteins Suppl 5, 39-46.

105.

Bates, P. A., and Sternberg, M. J. (1999) Model building by comparison at CASP3: using
expert knowledge and computer automation, Proteins Suppl 3, 47-54.

106.

Contreras-Moreira, B., and Bates, P. A. (2002) Domain fishing: a first step in protein
comparative modelling, Bioinformatics 18, 1141-1142.

107.

DeLano, W. L. (2006) The PyMol Molecular Graphics System, 0.99rc6 ed., DeLano
Scientific LLC, San Carlos, CA, USA.

108.

Janka, L., Clemente, J., Vaiana, N., Sparatore, A., Romeo, S., and Dunn, B. M. (2008)
Targeting the plasmepsin 4 orthologs of Plasmodium sp. with "double drug" inhibitors,
Protein Pept Lett 15, 868-873.

109.

Madabushi, A., Chakraborty, S., Fisher, S. Z., Clemente, J. C., Yowell, C., AgbandjeMcKenna, M., Dame, J. B., Dunn, B. M., and McKenna, R. (2005) Crystallization and
preliminary X-ray analysis of the aspartic protease plasmepsin 4 from the malarial
parasite Plasmodium malariae, Acta Crystallogr Sect F Struct Biol Cryst Commun 61,
228-231.

110.

Orrling, K., Marzahn, M.R., Gutiérrez de Teran, H., Åqvist, J., Dunn, B.M., Larhed, M.
(2009) α-Substituted Norstatines as the Transition-State Mimic in Inhibitors of Multiple
Digestive Vacuole Malaria Aspartic Proteases. Bioorg Med Chem, in press.

130

111.

Combet, C., Blanchet, C., Geourjon, C., and Deleage, G. (2000) NPS@: network protein
sequence analysis, Trends Biochem Sci 25, 147-150.

112.

Spaltenstein, A., Kazmierski, W. M., Miller, J. F., and Samano, V. (2005) Discovery of
next generation inhibitors of HIV protease, Curr Top Med Chem 5, 1589-1607.

113.

Wlodawer, A., and Erickson, J. W. (1993) Structure-based inhibitors of HIV-1 protease,
Annu Rev Biochem 62, 543-585.

114.

Sealey, J. E., and Laragh, J. H. (2007) Aliskiren, the first renin inhibitor for treating
hypertension: reactive renin secretion may limit its effectiveness, Am J Hypertens 20,
587-597.

115.

Bornebroek, M., and Kumar-Singh, S. (2004) A novel drug target in Alzheimer's disease,
Lancet 364, 1738-1739.

116.

Lundkvist, J., and Naslund, J. (2007) Gamma-secretase: a complex target for Alzheimer's
disease, Curr Opin Pharmacol 7, 112-118.

117.

Omara-Opyene, A. L., Moura, P. A., Sulsona, C. R., Bonilla, J. A., Yowell, C. A.,
Fujioka, H., Fidock, D. A., and Dame, J. B. (2004) Genetic disruption of the Plasmodium
falciparum digestive vacuole plasmepsins demonstrates their functional redundancy, J
Biol Chem 279, 54088-54096.

118.

Rose, R. B., Craik, C. S., and Stroud, R. M. (1998) Domain flexibility in retroviral
proteases: structural implications for drug resistant mutations, Biochemistry 37, 26072621.

119.

Bhaumik, P., Xiao, H., Parr, C. L., Kiso, Y., Gustchina, A., Yada, R. Y., and Wlodawer,
A. (2009) Crystal structures of the histo-aspartic protease (HAP) from Plasmodium
falciparum, J Mol Biol 388, 520-540.

120.

Coman, R. M., Robbins, A. H., Goodenow, M. M., Dunn, B. M., and McKenna, R.
(2008) High-resolution structure of unbound human immunodeficiency virus 1 subtype C
protease: implications of flap dynamics and drug resistance, Acta Crystallogr D Biol
Crystallogr D64, 754-763.

121.

Turner, R. T., 3rd, Hong, L., Koelsch, G., Ghosh, A. K., and Tang, J. (2005) Structural
locations and functional roles of new subsites S5, S6, and S7 in memapsin 2 (betasecretase), Biochemistry 44, 105-112.

122.

Moon, R. P., Tyas, L., Certa, U., Rupp, K., Bur, D., Jacquet, C., Matile, H., Loetscher,
H., Grueninger-Leitch, F., Kay, J., Dunn, B. M., Berry, C., and Ridley, R. G. (1997)
Expression and characterisation of plasmepsin I from Plasmodium falciparum, Eur J
Biochem 244, 552-560.

131

123.

Bode, W., and Huber, R. (2000) Structural basis of the endoproteinase-protein inhibitor
interaction, Biochim Biophys Acta 1477, 241-252.

124.

Than, M. E., Helm, M., Simpson, D. J., Lottspeich, F., Huber, R., and Gietl, C. (2004)
The 2.0 A crystal structure and substrate specificity of the KDEL-tailed cysteine
endopeptidase functioning in programmed cell death of Ricinus communis endosperm, J
Mol Biol 336, 1103-1116.

125.

O'Hara, B. P., Hemmings, A. M., Buttle, D. J., and Pearl, L. H. (1995) Crystal structure
of glycyl endopeptidase from Carica papaya: a cysteine endopeptidase of unusual
substrate specificity, Biochemistry 34, 13190-13195.

126.

Dunn, B. M., Oda, K., Bukhtiyarova, M., Bhatt, D., Rao-Naik, C., Lowther, W.T.,
Scarborough, P.E., Beyer, B.M., Westling, J., Kay, J., Cronin, N., and Blundell, T. (1999)
Peptides Frontiers of Peptide Science, in American Peptide Symposia (Tam, J. P.,
Kaumaya, P.T.P., Ed.), pp 381-382, Springer Netherlands.

127.

Dunn, B. M., and Hung, S. (2000) The two sides of enzyme-substrate specificity: lessons
from the aspartic proteinases, Biochim Biophys Acta 1477, 231-240.

128.

Dunn, B. M., Jimenez, M., Parten, B. F., Valler, M. J., Rolph, C. E., and Kay, J. (1986) A
systematic series of synthetic chromophoric substrates for aspartic proteinases, Biochem J
237, 899-906.

129.

Castanheira, P., Samyn, B., Sergeant, K., Clemente, J. C., Dunn, B. M., Pires, E., Van
Beeumen, J., and Faro, C. (2005) Activation, proteolytic processing, and peptide
specificity of recombinant cardosin A, J Biol Chem 280, 13047-13054.

130.

Kam, C. M., Hudig, D., and Powers, J. C. (2000) Granzymes (lymphocyte serine
proteases): characterization with natural and synthetic substrates and inhibitors, Biochim
Biophys Acta 1477, 307-323.

131.

Harris, J. L., Peterson, E. P., Hudig, D., Thornberry, N. A., and Craik, C. S. (1998)
Definition and redesign of the extended substrate specificity of granzyme B, J Biol Chem
273, 27364-27373.

132.

Puente, X. S., Sanchez, L. M., Overall, C. M., and Lopez-Otin, C. (2003) Human and
mouse proteases: a comparative genomic approach, Nat Rev Genet 4, 544-558.

133.

Dunn, B. M., Goodenow, M. M., Gustchina, A., and Wlodawer, A. (2002) Retroviral
proteases, Genome Biol 3, REVIEWS3006.

134.

Prevention, C. f. D. C. a. (2006) Malaria Facts, Department of Health and Human
Services, Atlanta, GA.

132

135.

Nezami, A., Kimura, T., Hidaka, K., Kiso, A., Liu, J., Kiso, Y., Goldberg, D. E., and
Freire, E. (2003) High-affinity inhibition of a family of Plasmodium falciparum proteases
by a designed adaptive inhibitor, Biochemistry 42, 8459-8464.

136.

Abdel-Rahman, H. M., Kimura, T., Hidaka, K., Kiso, A., Nezami, A., Freire, E., Hayashi,
Y., and Kiso, Y. (2004) Design of inhibitors against HIV, HTLV-I, and Plasmodium
falciparum aspartic proteases, Biol Chem 385, 1035-1039.

137.

UNAIDS. (2008) 2008 Epidemiology, Unaids.org, On-line.

138.

Pechik, I. V., Gustchina, A. E., Andreeva, N. S., and Fedorov, A. A. (1989) Possible role
of some groups in the structure and function of HIV-1 protease as revealed by molecular
modeling studies, FEBS Lett 247, 118-122.

139.

FDA. (2009) U.S. Food and Drug Administration, Department of Health and Human
Services, On-line.

140.

De Meyer, S., Azijn, H., Surleraux, D., Jochmans, D., Tahri, A., Pauwels, R., Wigerinck,
P., and de Bethune, M. P. (2005) TMC114, a novel human immunodeficiency virus type
1 protease inhibitor active against protease inhibitor-resistant viruses, including a broad
range of clinical isolates, Antimicrob Agents Chemother 49, 2314-2321.

141.

Muzammil, S., Ross, P., and Freire, E. (2003) A major role for a set of non-active site
mutations in the development of HIV-1 protease drug resistance, Biochemistry 42, 631638.

142.

Clemente, J. C., Moose, R. E., Hemrajani, R., Whitford, L. R., Govindasamy, L., Reutzel,
R., McKenna, R., Agbandje-McKenna, M., Goodenow, M. M., and Dunn, B. M. (2004)
Comparing the accumulation of active- and nonactive-site mutations in the HIV-1
protease, Biochemistry 43, 12141-12151.

143.

Coman, R. M., Robbins, A. H., Fernandez, M. A., Gilliland, C. T., Sochet, A. A.,
Goodenow, M. M., McKenna, R., and Dunn, B. M. (2008) The contribution of naturally
occurring polymorphisms in altering the biochemical and structural characteristics of
HIV-1 subtype C protease, Biochemistry 47, 731-743.

144.

Skinner-Adams, T. S., Andrews, K. T., Melville, L., McCarthy, J., and Gardiner, D. L.
(2007) Synergistic interactions of the antiretroviral protease inhibitors saquinavir and
ritonavir with chloroquine and mefloquine against Plasmodium falciparum in vitro,
Antimicrob Agents Chemother 51, 759-762.

145.

Andrews, K. T., Fairlie, D. P., Madala, P. K., Ray, J., Wyatt, D. M., Hilton, P. M.,
Melville, L. A., Beattie, L., Gardiner, D. L., Reid, R. C., Stoermer, M. J., Skinner-Adams,
T., Berry, C., and McCarthy, J. S. (2006) Potencies of human immunodeficiency virus
protease inhibitors in vitro against Plasmodium falciparum and in vivo against murine
malaria, Antimicrob Agents Chemother 50, 639-648.

133

146.

Savarino, A., Cauda, R., and Cassone, A. (2005) Aspartic proteases of Plasmodium
falciparum as the target of HIV-1 protease inhibitors, J Infect Dis 191, 1381-1382; author
reply 1382-1383.

147.

Kimura, T., Matsumoto, H., Matsuda, T., Hamawaki, T., Akaji, K., and Kiso, Y. (1999)
A new class of anti-HIV agents: synthesis and activity of conjugates of HIV protease
inhibitors with a reverse transcriptase inhibitor, Bioorg Med Chem Lett 9, 803-806.

148.

Kiso, Y., Matsumoto, H., Mizumoto, S., Kimura, T., Fujiwara, Y., and Akaji, K. (1999)
Small dipeptide-based HIV protease inhibitors containing the hydroxymethylcarbonyl
isostere as an ideal transition-state mimic, Biopolymers 51, 59-68.

149.

Clemente, J. C., Coman, R. M., Thiaville, M. M., Janka, L. K., Jeung, J. A., Nukoolkarn,
S., Govindasamy, L., Agbandje-McKenna, M., McKenna, R., Leelamanit, W.,
Goodenow, M. M., and Dunn, B. M. (2006) Analysis of HIV-1 CRF_01 A/E protease
inhibitor resistance: structural determinants for maintaining sensitivity and developing
resistance to atazanavir, Biochemistry 45, 5468-5477.

150.

Wikipedia contributors. (2009) Pepstatin, Wikimedia Foundation, Inc., Encyclopedia online.

151.

Wikipedia contributors. (2009) Protease inihbitor (pharmacology), Wikimedia
Foundation, Inc., Encyclopedia on-line.

152.

Kubinyi, H. (1999) Chance favors the prepared mind--from serendipity to rational drug
design, J Recept Signal Transduct Res 19, 15-39.

153.

Druker, B. J., and Lydon, N. B. (2000) Lessons learned from the development of an abl
tyrosine kinase inhibitor for chronic myelogenous leukemia, J Clin Invest 105, 3-7.

154.

Prinz, W. A., Aslund, F., Holmgren, A., and Beckwith, J. (1997) The role of the
thioredoxin and glutaredoxin pathways in reducing protein disulfide bonds in the
Escherichia coli cytoplasm, J Biol Chem 272, 15661-15667.

155.

Dutta, S., Ware, L. A., Barbosa, A., Ockenhouse, C. F., and Lanar, D. E. (2001)
Purification, characterization, and immunogenicity of a disulfide cross-linked
Plasmodium vivax vaccine candidate antigen, merozoite surface protein 1, expressed in
Escherichia coli, Infect Immun 69, 5464-5470.

156.

Dutta, S., Lalitha, P. V., Ware, L. A., Barbosa, A., Moch, J. K., Vassell, M. A., Fileta, B.
B., Kitov, S., Kolodny, N., Heppner, D. G., Haynes, J. D., and Lanar, D. E. (2002)
Purification, characterization, and immunogenicity of the refolded ectodomain of the
Plasmodium falciparum apical membrane antigen 1 expressed in Escherichia coli, Infect
Immun 70, 3101-3110.

134

157.

LaVallie, E. R., DiBlasio, E. A., Kovacic, S., Grant, K. L., Schendel, P. F., and McCoy,
J. M. (1993) A thioredoxin gene fusion expression system that circumvents inclusion
body formation in the E. coli cytoplasm, Biotechnology (N Y) 11, 187-193.

158.

Zhou, L., Lin, Q., Li, B., Li, N., and Zhang, S. (2009) Expression and purification the
antimicrobial peptide CM4 in Escherichia coli, Biotechnol Lett 31, 437-441.

159.

McCoy, J., and Lavallie, E. (2001) Expression and purification of thioredoxin fusion
proteins, Curr Protoc Mol Biol Chapter 16, Unit16 18.

160.

Wilkinson, R. J., Elliott, P., Carragher, J. F., and Francis, G. (2004) Expression,
purification, and in vitro characterization of recombinant salmon insulin-like growth
factor-II, Protein Expr Purif 35, 334-343.

161.

Cregg, J. M., Cereghino, J. L., Shi, J., and Higgins, D. R. (2000) Recombinant protein
expression in Pichia pastoris, Mol Biotechnol 16, 23-52.

162.

Cereghino, J. L., and Cregg, J. M. (2000) Heterologous protein expression in the
methylotrophic yeast Pichia pastoris, FEMS Microbiol Rev 24, 45-66.

163.

Higgins, D. R., and Cregg, J. M. (1998) Introduction to Pichia pastoris, Methods Mol Biol
103, 1-15.

164.

Goenka, S., and Rao, C. M. (2001) Expression of recombinant zeta-crystallin in
Escherichia coli with the help of GroEL/ES and its purification, Protein Expr Purif 21,
260-267.

165.

Fenton, W. A., and A.L. Horwich. . (1997) GroEL-mediated protein folding., Protein Sci.
6, 743-760.

166.

Ranson, N. A., Dunster, N. J., Burston, S. G., and Clarke, A. R. (1995) Chaperonins can
catalyse the reversal of early aggregation steps when a protein misfolds, J Mol Biol 250,
581-586.

167.

Cole, P. A. (1996) Chaperone-assisted protein expression, Structure 4, 239-242.

168.

Caspers, P., Stieger, M., and Burn, P. (1994) Overproduction of bacterial chaperones
improves the solubility of recombinant protein tyrosine kinases in Escherichia coli, Cell
Mol Biol (Noisy-le-grand) 40, 635-644.

169.

Dale, G. E., Schonfeld, H. J., Langen, H., and Stieger, M. (1994) Increased solubility of
trimethoprim-resistant type S1 DHFR from Staphylococcus aureus in Escherichia coli
cells overproducing the chaperonins GroEL and GroES, Protein Eng 7, 925-931.

135

170.

Thomas, J. G., and Baneyx, F. (1996) Protein folding in the cytoplasm of Escherichia
coli: requirements for the DnaK-DnaJ-GrpE and GroEL-GroES molecular chaperone
machines, Mol Microbiol 21, 1185-1196.

171.

You, L., and Arnold, F. H. (1996) Directed evolution of subtilisin E in Bacillus subtilis to
enhance total activity in aqueous dimethylformamide, Protein Eng 9, 77-83.

172.

Stemmer, W. P. (1994) DNA shuffling by random fragmentation and reassembly: in vitro
recombination for molecular evolution, Proc Natl Acad Sci U S A 91, 10747-10751.

173.

Stemmer, W. P. (1994) Rapid evolution of a protein in vitro by DNA shuffling, Nature
370, 389-391.

174.

Cabantous, S., Terwilliger, T. C., and Waldo, G. S. (2005) Protein tagging and detection
with engineered self-assembling fragments of green fluorescent protein, Nat Biotechnol
23, 102-107.

175.

Coman, R. M., Robbins, A., Goodenow, M. M., McKenna, R., and Dunn, B. M. (2007)
Expression, purification and preliminary X-ray crystallographic studies of the human
immunodeficiency virus 1 subtype C protease, Acta Crystallogr Sect F Struct Biol Cryst
Commun 63, 320-323.

176.

Wu ZL, Q. J., Zhang ZG, Guengerich FP, Liu Y, Pei XQ. (2009) Enhanced bacterial
expression of several mammalian cytochrome P450s by codon optimization and
chaperone coexpression, Biotechnol Lett. Epub ahead of print.

177.

Daniell, H., Ruiz, G., Denes, B., Sandberg, L., and Langridge, W. (2009) Optimization of
codon composition and regulatory elements for expression of human insulin like growth
factor-1 in transgenic chloroplasts and evaluation of structural identity and function,
BMC Biotechnol 9, 33.

178.

Wang, H., Wang, Q., Zhang, F., Huang, Y., Ji, Y., and Hou, Y. (2008) Protein expression
and purification of human Zbtb7A in Pichia pastoris via gene codon optimization and
synthesis, Protein Expr Purif 60, 97-102.

179.

Derewenda, Z. S., and Vekilov, P. G. (2006) Entropy and surface engineering in protein
crystallization, Acta Crystallogr D Biol Crystallogr 62, 116-124.

180.

Vekilov, P. G. (2005) Kinetics and mechanisms of protein crystallization at the molecular
level, Methods Mol Biol 300, 15-52.

181.

Luft, J. R., Collins, R. J., Fehrman, N. A., Lauricella, A. M., Veatch, C. K., and DeTitta,
G. T. (2003) A deliberate approach to screening for initial crystallization conditions of
biological macromolecules, J Struct Biol 142, 170-179.

136

BIOGRAPHICAL SKETCH
Melissa Rose Marzahn was born in October of 1980 in Fort Worth, Texas. She completed
high school at R. L. Paschal High School in Fort Worth, Texas in May of 1999. Melissa began
her undergraduate work in August of 1999 at the University of Texas at Arlington in Arlington,
Texas, majoring in biochemistry and music. Melissa began her research career under the
tutelage of Dr. Tom Gluick, studying the folding of tRNAs for three years. Her senior year she
worked for Magnablend Inc. as a laboratory technician, learning the atmosphere of an industrial
work setting. Melissa furthered her music studies concurrent with her scientific studies under the
instruction of Mrs. Joan Stanley and Dr. Scott Conklin. In May 2004 Melissa graduated with a
Bachelor of Science in biochemistry with a minor in mathematics and a Bachelor of Arts in
music with a focus of music performance. In August 2004 Melissa joined the Interdisciplinary
Program in the College of Medicine at the University of Florida in Gainesville, Florida. In May
2005 Melissa joined the laboratory of Distinguished Professor Dr. Ben M. Dunn. Melissa spent
four years characterizing novel proteins from the malaria parasite Plasmodium falciparum,
gaining invaluable research and teaching skills.

137

