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Abstract

Protozoan parasites of the genusishmaniaause a diverse range of tropical diseases
referred to as Leishmaniasis that lack effective treatment or licensed vaccines. The
hydrophilic acylated surface proteins (HASPs) are present in all human infective
Leishmaniaspecies, are highly immunogenic atieeir expression is stageegulated

during human infection. HASPs share highly conserveah&ll Gterminal domains, but

a subset, the HASPBs, have a divergent central domain containing extensive hydrophilic
amino acid repeats that vary in number and comspion, both within and between
Leishmaniaspecies. HASPs associate with the membrane via #grnNnal dual

acylation motif that is myristoylated and palmitoylated.

The focus of this project was the HASPs fraeishmania donovaniExtensive
crystallisatim screening of the proteins in combination with an array of directed
crystallisation strategies did not produce crystals. Biochemical and biophysical
characterisation supported bioinformatic predicted intrinsic disorder. NMR analysis of
HASPA was performethcluding resonance assignment of 94% of the backbone nuclei.
This required implementation of unlabelling protocols to resolve problems associated
with spectral congestion and low sequence complexitgg H b~ / h Yy R /i Of

analysis revealed thalASPA does not contain elements of structural propensity.

Myristoylation of the HASPs is catalysed byliistoyltransferase (NMT). It was shown

for the first time that recombinant NMT is able to catalyse recombinant HASP
myristoylation in vitro. A fluoescence based assay, where a fluorescent Clo)
adduct is formed, was implemented to establish the kinetic parameters for this reaction.
HASPA myristoylation was also monitored by -temé NMR spectroscopy, which
revealed that the residues proximal to éhNterminus experienced the most
pronounced changes in chemical shift or resonance intensity. A 2.45 A resolution crystal
structure of Leishmania majorNMT in complex with -bxopentadecylCoOA was
elucidated. The data presented here, particularly IDP ifieagon, will contribute to

deciphering the functional role of HASPs.
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Chapter 1- Introduction
1.1. Neglected topical diseases

The bottom billion, a collective term given to the most impoverished and marginalised
people in the world who typically survive as subsistence farmers, have selieriédyl
financial means and are stuck in the perpetual cycle of disease, war and littie or
education (Hotez et aR009). This cycle has wider consequences on socioeconomic
advancement and development prospects, which in turn impedes the fight to asldres

the core problems.

The global disease burden is quantified and assessed by the World Health Organisation
(WHO) by calculating deaths amisability adjusted life years or DALYs. DALYs are
RSTAYSR |a WGKS adzy 27F &S| N matdlity agd th&y G A |
8SINBR 2F LINRPRdIZOGAQGS tAFS f2ad RdzS (G2 RAA
that perpetuate the disease bden felt by the bottom billionfailure to use current
treatments effectively, insufficient or obsolete treatmeanénd poor disease knowledge

and understanding (Morel. 2003). A concerted effort is being made by the international
community to address these concerns but disproportionate allocation of funding has
hampered progress in many cases; it has been estimatat 16% of global health
research and development (R&D) expenditure is devoted to diseases that account for
90% of the global disease burden (Global Forum for Health Research, 2002 as reviewed
by Morel. 2003).

Neglected tropical diseases (NTDs) make up hstaatial proportion of the
communicable disease burden felt by the bottom billion (Engels and Savioli. 2006). They
are broadly defined as a group of tropical infections that are endemic in the developing
world affecting impoverished populations, havingebelargely overlooked in terms of
treatment and control. NTDs encompass the following 17 core disebhsedl ulcer,
chagas disease,cysticercosis/taeniasis, dengue/severe dengue, dracunculiasis,
echinococcosis, foodborne trematode infections, humainican trypanosomiasis,
leishmaniasisleprosy,lymphatic filariasis, onchocerciasigpres, schistosomiasispis
transmitted helminthiases, trachoma andaws (WHO. 2013). Notably an extensive
proportion of the bottom billion is infected with at least eiN'D at any time (Hez et

al. 2009). In combinationNTDs have been shown to be the 6th leading cause of

12



prematuredeaths and DALYs worldwide (b et al. 2007)Mass drug administration
through preventative chemotherapy is being used to control and could feasibly
eliminate the NTD burden; however, it is limited in its current scope as it is not effective
in every case (Payne and Fitchett. 2010). In 2009 preventative chemotherapy reached
705 million people for at least one NTD (WHO. 2013). Although in recent years an
unprecedented amountof money has been pledged by many organisations,
governmental and nomgovernmental, sustained commitment is required to successfully

manage the NTD burdgZhang et al. 2010).

1.2. Introduction to Leishmaniasis

Leishmaniasis refers to a range of tropical diseases caused by flagellated protozoan
parasites belonging to the genuseishmania Leishmaniaparasites belong to the
trypanosomagenus of kinetoplastiunicellular parasitic flagellate protozoghe World
Health OrganisatiofWWHO)estimates that leishmaniasis threatens 350 million people
globally with 12 million currently infected. Every year 600,000 new cases are reported
but due to the social stigméf the diseasemany do not report their illness, significantly
underplaying the true burden estimated to be 2 million cases (WHO. 2013). Notably
60,000 deaths occur annually due primarily to the visceral form of the disease.
Leishmaniasis is prevalent iropical and suldropical regions (showin Figurel-1);
namely Africa, Central and Soukmerica, the Middle East, Central and Southern Asia
and increaingly the Mediterranean Bas{i$chonian et al. 2008However, the threat
posed by leishmaniasis is set to intensify as global warming increases the environmental

range of the sandfly vector.
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Distribution of visceral leishmaniasis, worldwide, 2009
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Figure 1-1: Worldwide distribution of visceral leishmaniasis (VL) in 2009 (Source WHO). VL is
predominantly found in tropical and sttbopical regions with 90% of cases in Bangladesh, India, Nepal,
Brazil and Sudan.

There are around 20 human infectivieeishmaniaspecies causing three distinct
groupings of leishmaniasis; cutaneous, mucocutaneous and visceral leishmaniasis.
Cutaneous leishmaniasiL) is the most common form of the disease with 1.5 million

of the aforementioned 2 million cases annually being htited to it (WHO. 2013). Skin
lesions are the most prominent characteristic of CL, forming on exposed areas such as
arms, legs and the face (shown kngure 1-2a). These lesions do heal but leave
permanent scars and can cause disability, attracting social stigma and impeding life
guality. Species specific immunity is induced after recovery but the parasite can lie
dormant triggering latent infections immunocompromised patients. Notably 90% of

all cases occur in Afghanistan, Brazil, Iran, Peru, Saudi Arabia and Syria (WHO. 2013).
Diffuse cutaneous leishmaniasi®CL) is characterised by chronic widely spread skin
lesions and is commonly confused widptomatous leprosy due to the similarity in
clinical manifestation. Treatment is particularly problematic as relapse is common and

species specific immunity is not observed.
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Mucocutaneous leishmaniasiMCL) constitutes facial lesions, leading to destorctf

the mucous membranes of the face i.e. nostrils, throat and lips (as shdwgurel-2b).

90% of all MCL cases are located in Bolivia, BrakiParu (WHO. 2013). Distinct strains

of leishmaniasis cause different disease manifestations. In Central and Southern
America CL and MCL are caused by members of lthesshmania mexicanaand
Leishmaniabraziliensispecies, while CL is caused.bishmaniaropicaandLeishmania

majorin the Middle East and Asia.

Visceral leishmaniasi§VL), also known as kadaar, is the most severe form of the
disease as the parasites are internalised into the spleen and liver, which in turn leads to
physiological malfuctions and a mortality rate of 95% if the disease remains untreated.

It is typified by enlargement of the spleen and liver, high fever, dramatic weightlod
anaemia (shown ifigurel-2c). The main causative strairLesshmaniadonovanj which

is widespread in Batadesh, China, Nepal and Sudahe Thuman infective strains
predominant in the Mediterranean Basin and Latin Americalaigshmaniainfantum
andLeishmaniachagasjrespectively (WHO. 2013). WHO states that 90% of VL cases are
located in Bangladesh, India, Nepal, Brazd Sudan (as shownHigurel-1). Post kala

azar dermal leishmaniasiPKDL) is a complication that occurs after successful
treatment of VL. It is typified byypopigmented skin lesiortkat can be macular(a rash
typified bysmall, flat red spofs maculopapulafa red rash on the skin covered with
small bumps)r nodular nonpigmented lesions that start on the face and spread to
other body parts depending on the intensity of the infection (Zijstra et al. 2003). The
skins lesions harbour parasites, meaning PDK& asta reservoir for anthroponotic
disease transmissigrwhere the parasite is transferred by humans to other animals
PKDL is primarily linked ko donovaninfection, as the majority of cases are reported in
Sudan, Ethiopia, Kenya, India, Nepal and Bategh, though.. infantumhas also been

implicated in a minority of cases.

TypicallyLeishmaniaspecies cause one form of the disease preferentially, but some
speciescan causedistinct clinical forms of leishmaniastepending on complex
interactions béween the parasite and the host immune respon@eecilicet al. 2014).
Leishmaniasolates from various clinical forms were analysed in Brazil and the parasite
species were determined. Three species were isolated from these patients, namely

Leishmania amazonenslseishmania braziliensed Leishmania chagasNotably, this
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study shoved thatL. amazonensisas the causative agent of CL, MCL, VL and four cases
of PKDL (Barral et al. 199Therefore different Leishmania species may be associated

with indistinguishable clinical presentatians

Figure 1-2: Clinical manifestations of the three distinct forms of leishmanigsis.Skin lesions typify
cutaneous leishmaniasis (CL). (b) Mucous membrane destruction typifies mucocutaneous leishmaniasis
(MCL). (c) Enlargement of the spleen andrlicause swelling of the abdomen typifying visceral
leishmaniasis (VLYaken fromThe Board of Trustees of the Leland Stanford Junior University. 2007.
Extracellular vs. Intracellular Parasitic Mechanisms of Inemt&@vasion: LeishmanidAvailable at:

http:/ /web.stanford.edu/class/humbiol153/ImmuneEvasion/. [Accessed 25 August 15].

1.2.1 Leishmaniasis and HIV/AIDS

Strainspecific immunity prevents reinfection but latent reactivation in times of
physiological stress or immunosuppression is a constant conagénrieishmaniasis. An
emerging epidemic is the a@afection of HIV with visceral leishmaniasis, which has not
only medical but diagnostic and epidemiological consequences (Chappuis et al. 2007). It
is important to note that cases of HIV-gdection with other forms of leishmaniasis
have been reported but as HWL ceinfection is of most concetnt will be discussed

here. In Viendemic regions significant proportions of the population have an
asymptomatic infection. ConcurrerillV infection considerablyescalates the risk of
developing active VL by between 100 and 2320 times (WHO. 2013). The two diseases
reinforce the progression of the other in the host. Immunosuppression causes the
patient to be particularly susceptible to severe and rapid onset VUewti accelerates

the onset of AIDS by triggering further immunosuppression promoting virus replication.
Notably ceinfected patients show lessened humoral and cellular responses to

Leishmaniaresulting in a higher rate of treatment failure independenthad drug used,
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increased probability of relapse, increased parasite load in the blood and bone marrow

and ablated sensitivity to serological tests (Chappuis et al. 2007).

Diagnosis of VL in HIV patients is problematic as the clinical manifestatiooferabe
atypical or lacking entirely; for example splenomegaly is less frequent-infexied
patients but is a useful indicator of severe VL. Parasitological diagnosis employs spleen,
bone marrow or lymph node aspirates and analyses parasitic load osangscopy or
culture. It is considered a highly sensitive detection method but is limited as adequately
experienced staff and equipped clinics are required. Unfortunately a spleen aspirate can
in 0.1% of patients lead to life threatening haemorrhage# sonot suitable for highly
recurrent relapses typical of VIV ceinfection (Alvar et al.2008). Less invasive
methods such as blootksts can be used in tandem with PCR. This molecular detection
method is more sensitive than parasite visualisatienhniques, enabling the user to
determine theLeishmaniapecies involved. PCR can also be used to monitor long term
treatment efficacy and relapse reoccurrence. Although it is limited to a clinical setting,
this method does prevent false positshen lower trypanosomatids display VL or CL

like symptoms.

Serological detection methods are relatively simple and-imwasive but in 40% of €o
infected cases there is no detectable leveLeishmaniaspecific antibody (Alvar et al.
2008). To combat poor setisity it is standardpractice to carry out two tests
concurrently, however, false negat@and positives are associated with serological
detection methods. In a cmfection context relapse is not detectableing serology as
after treatment antibody lewels remain eleated for several years. Antigdrased
detection methods are more specific than antibeolgsed systema latex agglutination
test (KAtex made bi{alon BiologicaldetectsLeishmaniaspecificantigen levels in the
urine of patients with an ative infection It gives a rapid result and can be used to
monitor relapse and treatment efficacy. Further improvement is underwahasirine
must be boiled before testing to avoid a false positive result and there are problems

with distinguishing a wedk positive result from a weakly negative result.

Highly active antiretroviral therapy (HAART) is the standard treatment fepbBiive
patients, employing a combination of at least three drugs in order to inhibit virus

replication and in turn disease @gression (WHO. 2013). In the context oficfected
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patients HAART intervention reduces morbidity and mortality; whereby the number of
new VL cases dropped by 50 to 65% in Europe after HAART introduction (Alvar et al.
2008). HAART intervention alone ist rsnfficient to prevent relapsehence aVvL re
emergence secondary prophylactic therapy is utilised (antileishmanial drugs are
discussed inSection 12.3). However, all current antileishmanial regimes are less
effective in ceinfected patients, leading thigh mortality rates due to progressive drug
toxicity, complications and concurrent illness. Careful management of treatment
(biochemical monitoring is vital) and rapid diagnosis eémeergence are required to

manage this emerging epidemic.

This ceinfection phenomenon is rampant in South West Europe among intravenous
drug users, whereby 70% of all VL cases in adults are associated with HIV infection
(WHO. 2013). It is of grave concern that the spread of HIV infection is facilitating the
spread of VL to mviously unaffected areas particularly in Southern Europe. HAART
intervention (as previously mentioned) has shifted the focal point to where the two
diseases cross over geographically and HAART coverage is insufficient (Alvar et al. 2008).
In VL endemiareas the issue is particularly pronounced becauseooir detection and
underestimation othe number of casedueto a lack of facilitiesMoreover, there are

no co-ordinated detection schemes place and treatment availability is limiteth
Ethiopia itis currently estimated that 1.3 million people are Hidsitive but only 65,000

of these are receiving HAART (Alvar et al. 2008). Moreovéenfected individuals act

as anthroponotic reservoirs perpetuating leishmaniasis in the population.

1.2.2. Leishnaniasis: Control strategies

The impact of leishmaniasis is at present being managed through transmission control
and drug intervention. Control strategies include reservoir and vector control and early
detection and rapid treatment of infected individuala endemic areas. Parasite
transmission to the female sandfly vector can be zoonotic (wild or domestic animal
reservoirs) or anthroponotic (human reservoir) depending on tlegshmaniastrain
involved. Zoonotic visceral leishmaniasis caused. .bywfantummainly affects young
children with domestic dogs implicated as the primary parasite reservoir. Treatment of
infected dogs is not considered effective due to the high rate of treatment failure and
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prospect of relapse. Dog culling has been implemented, @adily in Brazil as a
national control programme, but conflicting efficacy reports have called into question
the effectiveness of this strategy (Ashford et al. 1998 and Dietze et al. 1997 reviewed by
Quinnell and Courtenay. 2009). Replacement of cullegsdaith uninfected susceptible
dogs in a mean time frame of 4 months has been put forward as an explanation for the
limited effectiveness of this strategy (Nunes et al. 2008). A more complete programme
of dog culling focusing on entire endemic areas rathiean pockets of human
habitation, and the use of a possible future canine vaccine would offer more efficacious
control. Moreover, better availability of more reliable and rapid diagnostic tests in the
field would enable current control programmes to be maceffective as use of slow
diagnostic methods assures large delays between testing and culling enabling further
disease spread. Application of topical insecticides and the use of deltamethrin
impregnated collars have demonstrated substantial individuabtgmtion against
Leishmaniainfection in Europe (Quinneland Courtenay. 2009). Communityde
implementation of deltamethrin collars one year after introduction in Iran has led to a
considerable reduction in infection rates (Gavgani et al. 2002). Inidgoeestic setting

collar expense and loss are problematic; though mathematical modelling predicts that
collar intervention would be effective even if a proportion of the collars were lost

(Quinnell and Courtenay. 2009).

Further work needs to be carriedibto establish the effect of sylvatic casegere wild
animals are infectedhn Leishmaniapread; unlike infection in dogs, sylvatic infection is
mainly asymptomatic. This makes disease detection in wild animal populations
particularly problematic andequires the role of these cases as disease reservoirs (in
tandem with or independently of domestic or stray dog cases) to be clarified. Infection
rates reported in PCR studies among the red fox population in the Mediterranean were
shown to be as high as 4%%, highlighting the need to evaluate endemic areas as a
whole not just the habitable pockets to manage disease transmission (Quinnell and
Courtenay. 2009).

Control strategies against the femalalebotominesandfly (the transmission vector for
leishmaniasis) include residual spraying of human dwellings and animal shelters,
insecticide impregnated dog collars (as previously mentioned), chemical repellents and

insecticide treated bed nets. Residual spraying schemes aim to reduce sandfly bites in
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and arownd domestic and peridomestic settings through initial application of DDT
(dichloradiphenytrichloroethane) and more recently synthetic pyrethroids. It is
important to note that the aforementioned pesticides are primarily used to control the
malaria vectorbut are also efficacious against sandflies. Nationwide schemes to
eradicate malaria with DDT spraying in Italy and India have coincided with a reduction
in VL casesbut when spraying was halted the diseaseeraerged (Alexander and
Maroli. 2003). The scepof spraying was shown to be limited in a widespread scheme
in Brazil due to low coverage in more remote areas, people being outside in the early
evening coinciding with the vector being active, higher concentrations of vectors outside
of dwellings and ws of synthetic pyrethroids that are short lived compared to DDT
(Quinnell and Courtenay. 2009). Therefore, insecticide spraying is more effective in an
urban as opposed to a rural setting because of the blanket coverage that can be achieved
by spraying ewy residence and animal shelter compared to spraying dispersed
settlements providing weak regional coverage. Fastidious reapplication of insecticide is
a limiting factor in efficient control exacerbating the difficulties of remote rural control
schemes. Isecticide spraying is also limited by the habits of susceptible populations. In
East Africa, most transmission occurs outside the home as many people are subsistence

farmers making spraying of dwellings mostly ineffectual in preventing transmission.

Insecicide treated nets (ITNs) have been used to prevent domestic and peridomestic
transmission of vector borne diseases such as malaria, leishmaniasis and
Japanes@ncephalitis (Chappius et al. 2007). ITNdzy OG0 A 2y & Wol AGSR
odour of the steper attracts the sandfly and the impregnated insecticide kills it. The
insecticides used also have deterrent and repellent effects so reducing the number of
sandflies inside protected houses even affording relative protection to-usmrs. To
prevent futher transmission during the VL epidemic in Eastern Sudan 357,064 ITNs were
distributed to 155 villages between May 1999 and March 2001 (Ritmeijer et al. 2007).
This emergency intervention saw a reduction of 59% in case®0lmnonths after
distribution andan overall drop of 27% in case numbers. Although this study does
appear to highlight the positive impact of ITN use on transmission preverttien
authors are critical of the limitations of the data collected. There was much concern that
the many varialds involved in the study make it difficult to ascertain if the data obtained

were truly representative of the situation and impact of ITNs. Original distribution data
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showved 93.6% bednet coveragetarget villages. Two years after distribution 43.7% of
the nets were considered intact enough to afford adequate protection (Ritmeijer et al.
2007). There were two clinics in the region involved in VL treatment so it was noted that
reported case numbers did not accurately depict the true number of cases as®xpen
of treatment and the distance to the clinic prevented some seeking medical aid.
Concurrently health programs run at the time of the outbreak were hypothesised to
have led to an increase in cases being reported. In more global terms the variation in
sandly species, habits of local populations, varied environments and type of parasite
transmission to the sandfly (zoonotic or anthroponotic) are a few examples of why it is
so difficult to ascertain the effectiveness of bednets (Ostyn et al. 2008). Thelysandf
vector is most active in the early evening so most transmission occurs in this period,
rendering the protection afforded by bednets ineffective as they are not being used.
Extending the theory of insecticide impregnated materials to curtains and vadlfiscl
could be the next possible step in transmission controlofiinated implementation of

the aforementioned control strategies caand is being used globally in a multifaceted

approach to reducéeishmaniaransmission.

1.2.3. Leishmaniasis: Treatnrmg options

Early diagnosis (see@&ion 12) and treatment of leishmaniasis is vital to the individual
affected and the community at large. Untreated VL patients, when transmission is
anthroponotic, act as disease reservoirs and require immediate treatrteicontrol

spread of the disease. The current therapeutic repertoire against leishmaniasis is based
on drugs developed 70 years ago that require long treatment courses, require
administration by injection, have varied toxic side effects leading to peien
withdrawing from treatment, are expensive to synthesize and have varied levels of
efficacy. The expense of a long treatment cycle has become a limiting factor in the
LI GASYyGQa FoAftAde G2 | 00Saa YSRAOFE OF NB
meaning much attention is now being given to the studi@thmanidiology to enable

more efficacious drugs to be developed.

Pentavalent antimonialsvere the first class of drugs developed in the 1940s to treat
leishmaniasis and are still a first line therapy today. Sodium stibogluconate (Pentostam)
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and meglumine antimoniate (Glucantime), two pentavalent antimonial compounds, are
currently availabledr clinical use and are manufactured by GlaxoSmithKline and Sanofi
Aventis respectively [Figure1-3, compounds 2and 7). Intravenousor intramuscular
administration is required as no oral preparations are available with a typical treatment
cycle lasting 28 to 30 daymvolving the daily administratioof 20 mg per kg of body
weight (Alvar et al. 2008). Antimonials are toxic compounds with frequergragvand

in some cases lethal side effects including cardiac arrhythmia, acute pancreatitis,
nausea, vomiting, myalgia, abdominal pain, diarrhoea, skin rashes and hepatotoxicity.
In some cases the severity of cardiotoxicity and pancreatic inflammatiors lead
cessation of treatment. Treatment failure due to emerging resistance is rapidly
becoming a problem with antimonials particularly in Bihar. Since the 1990s the
aforementioned treatment cycle had cure rate of 36 to 69% in Bihar (Olliabal.
2005.

Amphotericin Bdeoxycholate (Figure 1-3, compound 1) is a polyene ardiungicide
originally isolated fromStreptomyces nodosuhat exhibits antileishmanial activity
(Monzote. 2009). It selectively binds ergosterol, a sterol present in the parasite cell
membrane analogous to mammalian cholesterol. This binding alters the permeability of
the cell membrane causing pores to form and leading to ion anddetlular component
leakage, which ultimately results in cell death. The efficacy of amphotericin B is high and
it is a viable option for patients who have shown resistance to antimonials although
toxicity remains a concern. Intravenous administration aguired with a standard
regime being 1 mg per kg of body weight every other day for dées over 30 days
(Olliaro. 201Q. Infusionrelated side effects such as fever, chills, rigor and
thrombophlebitisare common; however, lifhreatening conditions inalding serious
cardiac arrhythmias, hepatotoxicity, renal dysfunction, severe hypokalaemia and even
death do occur. These severe side effects require a patient to be closely monitored
throughout the treatment course, so limiting the availably of treatment well-
equippedhospitals and clinics. The cost of a treatment cycle ($2800 per regime) and the

length of the cycle also restrict amphotericin B usage (Chappuis et al. 2007).

In order to reduce toxicity the deoxycholate moiety has been replaced in some
formulations with lipids to mask amphotericin B from vulnerable tissues. This has led to

improved efficacy and reduced toxicity. There are three commercially available
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amphoterian B preparations namely AmBisome (Nexstar Pharmaceuticals, Inc.) a
liposomal amphotericin B formulation, Abelcet (The Liposome Co., Inc.) an amphotericin
B lipid complex preparation and Amphotec (Sequus Pharmaceuticals, Inc.) a colloidal
dispersion of chiesteryl sulfate and amphotericin B. AmBisome has been studied most
extensively and a typical course involves 5 infusions of 2 mg per kg of body weight. It
has been shown to produce high cure rates (>90%) when trialled in conjunction with
conventional amphbtericin B deoxycholate even when a short course of 5 days is
implemented (Sundar et al. 2004). Moreover, the World Health Organisation has worked
in conjunction with VL endemic countries to lower the cost of a treatment course of
AmBisome to $18 per 50 nvipl as of January 2010 in an effort to make treatment more
accessible, equating to a price reduction of 90% (WHO. 2013). In Bihar state, an area
where VL is endemic and poverty widespread, antimonial resistance has become an
increasing concern and so thenplementation of a short treatment course could

alleviate much of the burden felt by medical centres, staff, patients and their families.

Pentamidine(SanofiAventis) was aginally used to treat Africamgpanosomiasis but

was shown to be effective againseishmanianfections Figurel-3, compound 4). It
requires parengral administration and a starmd treatment regime of 4 mg per kg of
body weight per day for 10 to 20 days with breaks between infusions (Olliaro et al. 2005).
Low efficacy and high toxicity has led to this drug being abandoned as a viable treatment
option. The following side effectsakie been observed; hypotension, pain at the site of
injection, nausea, headache, metallic taste, myalgia, numbness and reversible
hypoglycaemia. The latter can in turn lead to irreversible insulin dependent diabetes

mellitus in 4 to 12% of cases and everath (Monzote. 2009).

Miltefosine (hexadecylphosphocholine or HRC) is an alkyl phospholipid compound
and was initially developed to treat breast cancer and other solid tumours before it was
shown to haveanti-parasitic propertiesKigurel-3, compound 3. In vitro studies with

L. infantumandL. donovanpromastigotes produced ¥gvalues between 0.89 and 2.25
eg/ml (Kuhlencord et al. 1992). The patadpbad in the liver, spleen and bone marrow

of BALB/c mice was then used to directly compare #ificacy of Miltefosine with
Pentostam. Both drugs were equally effective at reducing the parasite load in #re liv
but Miltefosine treatment lel to a reducton of parasite load in the bone marrow and

spleen significantlyrgater than that observed withéhtostam. Miltefosine was already
23



approved for human trials as an a@ncer drug so clinical studies were set up to
determine its efficacy against humarseeral leishmaniasis. Initial trials showed it to be
highly efficacious and relatively safe when compared with other more toxic treatments.
When directly compared with a cure rate of 97% obtained for amphotericin B
deoxycholate in a controlled trial Mefosine treatment reported a cure rate of 94.3%

in 299 patients, leading to it being registered for VL treatment (Sundar et al. 2002).

A standard treatment regimen depends on the weight of the patient and entails a daily
dose of 56100 mg for 28 days (f@aro et al. 2005). In 10 days most patie feel better

and this has leé to them halting the treatment course early because of the high cost.
This is of particular concern in areas where transmission is anthroponotic (e.g. India) as
it is likely to leado drug resistance. Therefore, compliance psprovement is vital to
maintain the longevity oMiltefosine as a viable treatment option. Miltefosine can be
administered orally (and topically) so eliminating the need for hospitalisation and in turn
reducing related treatment costs. Gastrointestinal complications are the most common
side effects withMiltefosine treatment and include vomiting, nausea and diarrhoea in
varying degrees of severity. Reversible nephrotoxicity and hepatotoxicity are less
common lut have also been observed. It is important to note thdiltefosine is
teratogenic and cannot be given to pregnant women or those who are about to become

pregnant (Sundaand Olliaro 2007).

Paromomycin(Figurel-3, compound 6) is an aminoglycoside antibiotic that is effective
against a wide range of protozoa and bacteria. It was first shown to hawettmanial
activity in the 1960s (Neal. 1968)owever, its efficacy against human leishmaniasis was
not assessed until the late 1980s. When directly compared Rathtostamfor treating

VL in a randomised controlled trial in Bihar it was shown to be more efficacious at
LINE RdzOA Y3 | H&F 19¢9). ParohdeN&SnQvasitestied at 12, 16 and 20 mg
per kg of body weight for 21 days whientostamwas trialled at 20 mg per kg of body
weight for 30 days. Four trial groups each comprising 30 patients were treated with one
of the aforementioned regnes. Théd NP Y2 Y@ OAY GNBIF 6§ SR I NP dzLJA
of 23, 28, and 29 patients (12, 16, and 20 mg/kg/day respectively) 180 days after
treatment compared with 19 of the patients given antimony. Intravenous or
intramuscular administration is requideas the drug is poorly absorbed when taken

orally. It can also be applied topically in combination with a variety of supplementary
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compounds to treat CL. Combination withethylbenzethonium chloridéenas been
shown to be most effective while urea and sp#raffin have been used in some less
efficacious formulations (Kinet al. 2009). Pain at the sitef injection, reversible
ototoxicity and an increase in hepatic transaminase leaetsassociated side effects of
Paromomycin use. The low cost of a courdetreatment, which is$15 for a 21 day
regime, makes &omomycin a particularly appealing option (WHO. 2013). However,

limited availability restricts widespread usage in endemic areas.

Sitamaquineis an 8aminoquinoline analogue developed by the Walter &e&rmy
Institute in conjunction with GlaxoSmithké for the treatment of VLHigure 1-3,
compound 5. It like Miltefosine can be administered orallyReversible
methemoglobinemia, which causes cyanosis, is a common side effétawfaquine
treatment and biochemical monitoring is constantly required throughout a treatment
regime. Dyspepsia, vomiting and acute nephritic syndrome (in particular glaanerul
nephritis) have also been observed afftamaquine treatment (Singh et al. 2012). In a
Phase 2 trial againgt chagasthe efficacy ofStamaquine was suboptimal after 28 days

of treatment (Dietze et al. 2001). Final cure rates were 0%, 17%, 67%, 20% and 0% at
doses of 1 mg, 1.5 mg, 2 mg, 2.5 mg and 3.25 mg per kg per day over 28 days
respectively. However, efficacy and toxicity requirether investigation to better

understand howdtamaquine can fit into the arsenal of adéishmanial treatments.

Combinatorial therapy is steadily becoming standard practice to mitigate unfulfilled
treatment needs, extend the lifetime of current drugsduee the overall cost and
shorten treatment schedules. In order for -edministration to be successful,
pharmacological and practical considerations must be taken into account. One tried and
tested combination igParomomycin with antimony, which has provedficacious and
relatively innocuous but is limited by increasing resistance to antimonials (Olliaro et al.
2005). In Sudan between 2002 and 2005 the efficadjentostamin combination with
Paromomycin was compared with antimony alone (Melaku et al.7208 regime of 30
days ofPentostamwas replaced with 17 days of combination therapy. Initial cure rates
highlighted the comparable efficacy of combination therapy (97%) with monotherapy
(92.4%). Data collected also intimated that combination therapy ttedh reduced
instance of death when directly compared with monotherapy. In order to devise new

antimony free combination vitroandin vivostudies were carried out with miltefosine
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in combination with amphotericin B, sodium stibogluconate, paromomyand
sitamaquine (Seifert and Croft. 2006). Notalvlyitro andin vivotechniques reported
conflicting values; for example amphotericin B was effedtiveivobut suboptimalin
vitro whereas the converse was true for sodium stiboglucon&tduction of auble
resistance to multiple drug combinationslindonovanemphasised the ease of double
resistance development when treatment is not sufficiently controlled (Garcia
Hernandez et al. 2012). This highly problematic issoeld hindertwo treatment
options instead of one. Clarification of the variables that impeéfficacious

combinations such as species specificity, is the focus of this work.
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1.2.4.Vaccine development

There is currently no effective vaccitieensedfor the prevention of any form of
leishmanasis licensed for use in humarRecovery from infection inducd#elong
immunity in the hostso development of an effective vaccine is achievablbile
epidemiologicaknquirysuggest that a degreef crossprotection betweenLeishmania

species is podsie (Modabber. 2010).Unfortunately, progress has been limited.
PSAAKYFYATFTGA2YQ A& (GKS LINRPOSaaLmdor Ayz20
causing a seffiealing lesion that affords protection against further infection. However,

this vaccinationprogramme has been discontinued as in some cases it can cause
persistent infection and is particularly hazardous to the health eindected patients

(Khamesipour et al. 2012).

Attempts to produce a prophylactic vaccine using inatgdaparasites haveagnered
attention over the past several decades. The eaih which parasites can be grown in
culture and the low comparative cost associated with production made this an attractive
solution but is yet to yield an efficacious product. In Colombia randeshainical trials

were carried out in three doses with a monovaléntamazonensigaccine to establish
safety and immunogenicity (Velez et al. 2005 as reviewed by Noazin et al. 2008). The
vaccine was shown to be safe and immunogenic but afforded no gliote against
infection. This finding is corroborated by results from other studies reviewed by Noazin
et al (2008) and is consistent with an insufficient immune response produced by whole

killed parasites in terms of duration and relevance.

Immunochemoherapy combines chemotherapeutic treatment with vaccination to elicit
an overall cure in the most challenging cases such as Hhfembion and difficultto

treat diffuse leishmaniasig\n immunochemotherapeutic regime can be used to reduce
the dose of atimonials required for a final cure to mitigate the highly toxic side effects
associated with treatment. In a controlled trial half the standard dosglotantimewas
combined with aL. amazonensigaccine and achieved 100% cure rate after no more
than four treatment cycles (MachadBinto et al. 2002). The high incidence of persistent
postkalaazar dermal leishmaniasis in Sudan warranted an initial trial to evaluate the
impact of immunochemotherapy on cure ratesa A. majorvaccine with the Bacille

CalmetteGuérin (BCG) adjuvant was tested in combination Wigmtostamcompared
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with an antimony only group. Notably 60 days after the start of treatment 87% of the
immunochemotherapeutially treated patients were cured compareslith 53% in the

antimony alone group (Musa et al. 2008).

Sequencindg.eishmaniggenomes (L. major, L. infantum, L. braziliensis, L. mexicah

L. donovangenomes have been sequenced to daaayl an improved understanding of
Leishmaniapathogenesis has wealed new lines of inquiry (Kumar and Engwerda.
2014).In particular, genomic analysis has shown a large degree of sequence homology
between species, leading to the conclusion that it may be possible to generate broadly
effective vaccines againsiftérent forms of leishmaniasis. The genetic heterogeneity
required to produce the various clinical manifestations is achieved by variations in
chromosome number anithcreased gene expression due to chromosome amplification

(Rogerset al. 2011).

Numerous ecombirant proteins, either alone or with adjuvant, have also been tested
as potential vaccines preclinical trialSsHASPBa protein from the family of hydrophilic
acylated surface proteinthat are membrane associated proteins of unknown function
expressed ahuman infective extracellular (metacyclic) and intracellular (amastigote)
stageshasbeenshown to be immunogenic in mice conferring considerable protection
to VL challenge without adjuvant and leading to significant control of the parasite
burden (70 t090% protection was reported at day 80 péstection) in the spleen
(Stager et al. 2000). This is particularly noteworthy because of the persistent nature of
parasitic infection in the spleen even after chemotherapeutic treatment. Moreover,
HASPB1 immurasion induces production of 112p40(the 40 kDa subunit of $L2) and

IL-12 (heterodimeric cytokine made up of1Pp40 and H12p35)by splenic dendritic
cells, which is a key component of the early immune respondestshmanianfection

as neutralisabn of Il-12 leads to elevated parasite numbers in the spleen and liver.
Further work by Stager et.d2003) showed that natural @ibody recognition of HASPB1

led to downstream regulation of complement dependent pathways that in turn lead to
IL-4 producton. This subequent production of K4 led to a cytokine cascade resulting

in CD8+ T cell priming, which is vital to the development of an efficatisishmania
vaccine. e protective capacity of HASRB a viable vaccine component was further
investigated against canine VL. (nfantumd A GK | yR gAGK2dzi a2\

(SEPPIC) as an adjuvant (Moreno et al. 2007). Dogs were immunised subcutaneously
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three times over 3 months with varidceishmaniapecific antigens and then challenged
with 10® virulent promastigotes. In the HASPB inoculated groups (either alone or in
combination with histone H1 protein) 50% of animals immunised were protected from
infection. HASPBL1 intervention leads to a marked iaseein antigen specific antibody

production in both symptomatic and asymptomatic dogs.

Recent development of a recombinant adenovirus based vaccine {Qdp is of
particular interest to this project (Maroof et al. 2012). It encompasses synthetic versions
of the Leishmaniaantigens hydrophilic acylated surface protein B (HASPB) and
kinetoplastid membrane protein 11 (KMP11). Single vaccination withk&tifnhibited
splenicparasite growth by 66% compared with the control after the mice had been
infected withL. donovanfor 21 days prior to immunisation. This project is in the final

pre-clinical stages and witle taken further.

1.2.5.Life cycle oLeishmania

TheLeishmanigarasite has a digenetic life cycle, colonising the ferphlebotomine
sandfly andhe mammalian hostRigurel-4). It lives extracellularly in the sandfly midgut

as the mammalian infective metacyclic promastigotégyrating to the poboscisand
when a blood meal is taken the mammalian host is inoculated with parasite. The
metacyclic promastigote is defined by a small cell body, a long motile flagellum and its
resistance to complement mediated lysis. After inoculation the promastigotes are
phagocytosed by the macrophage of the innate immune system. However, when
internalised into the phagolysosome, instead of being destroyed, the parasite is able to
differentiate into the nonflagellated highly replicative amastigote form and multiply
whilst evading the immune system. The change in the extracellular environment, an
increase in temperature from 33 to 3Z and decrease in pH to 5.5, facilitates this
differentiation and has been shown to elicit the same respansavo(McConville and
Handman. 207). Notably this intracellular differentiation step is a key stage in the life
cycle of the parasite and is vital to establish infection in the mammalian host. These
infected macrophages will then rupture over time, spreading the infection by releasing

the infective parasites.
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When a new sandfly feeds on this infected host the tissue damage associated with
feeding allows it to ingest infected macrophages from the skin. These macrophages are
subsequently lysed in the sandfly midgut, which releases the tigeéss that then
transform into rapidly dividing, neimfectious stage procyclic promastigotes due to the
ensuing change in environment (decrease in temperature and increase in pH).
Subsequent escape from the peritrophic matrix, a sparmeable chitin, potein and
glycoproteinrich protective structure that encases the blood meal in the midgut of the
sandfly, is facilitated primarily by parasite chitinases and differentiation of the parasite
into strongly motile long nectomonad promastigotes (Dostalovale2012). The non
infective stage promastigotes undergo a process of attachment to the midgut wall,
release and anterior migration to the thoracic midgut and towards the stomodeal valve
associated with their differentiation from leptomonad promastigote® non-dividing
metacyclic promastigotes. This process is known as metacyclogenesis. This migration
and differentiation of the parasite means that when the next blood meal is taken the
sandfly is primed to inoculate a new host. The parasite is ablereadpgrom host to

host effectively by constantly adapting to the diverse environments it encounters.

To survive in these immensely disparate environmgethg parasite has evolved
sophisticated array of stagegulated membrandound components and sedex
factors to aid host alonisation (Corrales et al. 20L0The dense coat of
lipophosphoglycarflLPGexpressed on the entire surface, including the flagellum and
known as the glycocalyx, is dynamically regulated according to the lifecycle stage. The
modified variants of the LPG coat have been shown to confer resistance in both hosts,
from complement mediated lysis and the sandfly immune response, while also
facilitating vector: parasite interactions such as midgut attachment (Sacks et al. 2000).
This surival is analogous to the parasite functioning as a biomolecular Swiss army knife
continually adapting protein expression to face the persistent challenges of host
establishment. It therefore seems prudent to investigaeaed characterize these
membranebound factors to gain a greater insight into parasite infectivity, which can in

turn inform and be used to develop more effective intervention strategies.

Metacyclogenesis is a vital developmental process oflitishmanigparasite and is
required to producelie mammalian infective metacyclic promastigote. Intensive study

of this process has identified the genes of the LmcDNA16 locus (Section 1.3) as vital for
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parasite development in the sandfly and highlighted them as potential targets to disrupt
transmissionto the mammalian host (Sadlova et al. 2010). This locus, located on
chromosome 23, encodes five staggulated genes found in all humamfective
Leishmaniaspecies. These genes encode the hydrophilic acylated surface proteins
HASPA1, HASPA2 and HASPRBhendmall hydrophilic ER associated proteins SHERP1
and SHERP2 (Flinn et al. 1992). HASPB protein expression was shown to be strongly
upregulated in metacyclic promastigotes (Alce et al. 1999). Notably, protein expression
varies betweerLeishmaniapeciesinL. majorHASPB is initially expressed in metacyclic
promastigotes, which continues into the amastigote form. While.imexicanddASPB
expression is greater in the amastigeteather than the metacyclic promastigotes
(Depledge et al. 2010). HASPAH &ASPA2 expression has currently been studied and
published at the mRNA level (Flinn et al. 1992). HASPAL is expressed in metacyclic
promastigotes and continues to be expressed in amastighkesHASPBHASPA?2 is
expressed in procyclipromastigotes aftea differentiation from amastigotes directly

after sandfly uptake of the parasite. This expression continues until the parasite
differentiates back into the amastigote form inside the mammalian host. Recent analysis
of the stageregulated expression of thelASPAs showed that HASPAL expression is
predominately observed in amastigotes, while HASPA2 is seen in promastigotes (Doehl
et al. unpublished data). SHERP protein expression commences at the late leptomonad
stage where the highest expression is observethetacyclic promastigotes (Knuepfer

et al. 2001).
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Figurel-4: The digenetic life cyclef the Leishmanigparasite(taken from Sacks et al. 2002Yhen an
infected female sandfly takes a blood meal the human host is inoculatedwéthcyclicoromastigotes.
Macrophage mediated phagocytosis leadptmgolysosoménternalisation. This environmental changes
induces differentiation of the parasite intihe resistant norflagellated amastigote formMultiplication

by binary fssion follows untilthe host cell can no longerontain the parasitic burdemand ruptures,
releasingamastigotescapable of infectindurther macrophagesA subsequent bloodmeal trafers the
infection to another sandflyingested amastigotes enter the midgut of the sandfly and differentiate into
procyclic promastigotesGut wall attachment falitates further multiplication and after ® days they
become metacyclicThe metacyclipromastigotes migrate to the pharyngeal valve and are transferred at
the next bloodmealTaken from Sacks et al. (2002).

1.3 The LmcDNA16 locus and the HASPs

The HASR®f the LmcDNAL6 locushare highly conserved-Mnd Gterminal regions
(Figurel-5); demonstrated by Alce et.gl1999) with structural alignment data. There is
little variation in the highly related HASPAs, while the HASPBs cortajhlg charged
repeat region(Flinn et al. 1994)Repeatcontaining proteins are a common theme of
protozoan parasites and are often involved in the evasion of the host immune system or
play a ple in virulence however, this does not imply antigenicifihe repeat region of
HASPRBalthough presenthfunctionallyundefined has been implicated as the cause of
HASP immunogenicity (Jensen et al. 1999). The size, number and amino acid

composition of these repeats vary between the differéeishmaniaspecies ad within

33



each distinct species. Notahly mexicanddASPB has 3.5 repeats wheréaslonovani
HASPB1 contains 22 (McKean et al. 1997). It is of interest that during the design of the
haspbgene used in the AdBH viral vaccine 19 istdaspecific HASPB regt region
variants were identified from \ftausing strains highlighting inter and inspecies

variationof the repeas (Maroof et al. 2012).

The focus of the project is visceral leishmaniasis and thereforé.tltmnovanHASPs

will be discussed here. The three HASPs are termed HASPA, HASPB1 and HASPB2 anc
have molecular weights of 9.5, 43.4 and 15.2 kDa respectively. Alignment of these three
proteins emphasizes the conserved nature of Meand Gterminal domains (Figer 1-

6). HASPA contains a species 13pecific (i.e. the amino acid composition is not
conserved) linker region that connects thedhd CGterminal regions. HASPB1 contains

22 imperfect repeats of PKEDGHTQKNDGDG that encompass some amino acids
substitutionswhile HASPB2 has 2.5 repeats. The highly charged nature of these repeats
is highlighted in thesequencealignment of theL. donovanHASPsHigure 16). It is
noteworthy that theL. donovanHASP repeatsave a lower proline content thathe L.

major repeats (Alce et al. 1999). Analysis of tinedretical isoelectric pointp() of the

three HASPs with the ProtParam tool from ExPASYy returned values between 4.7 and 4.9
(Gasteiger et al. 2005). The charged nature of these proteins causes aberrant migration
of the proteins on SBBAGE and has also been noted in regards td_thmajorHASPs
(Section 4.3.1.)
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Figure1-5: Domain composition of thé. donovanHASPs. The conservedand Gterminal regions are
shown in green and blue respectively. Théddminal region encompasses a dual acylation motif, whereby
the Nterminal glycine is firstly myristoylated and then sequentially palmitoylated at the highlighted
cysteine. This motif is vital for secretiand is 6und in all three HASPIs. donovanHASPBL1 contains 22
repeats of the PKEDGHTQKNDGDG maotif, represented by the striped dameaia HASPB2 contains 2
and a half imperfect repeat$lASPA shares the first 23 amino acids with the HASRBse pink domain
represents a short linker region, not found in the other HABRsidue numbers are included to accurately
represent protein sizes.
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1.3.1.The dual acylation motif and its role in alternative secretion

The HASPs contain no signal pegs, membrane spanning domains or GPI anchor motif
for membrane association bthey are known to be membranassociated. Denny et.al
(2000) implemented a deletion strategy thahgointedthe first 18 residuesf HASPB

as essential for membrane targetj. They were then able to visualise the trafficking of
chimeric HASPB1BFP to the plasma membrane using fluorescence microscopy of fixed
procyclic parasites. Further investigation of the membrane association of HASPs by
MacLean et al(2012) demonstrated that full length endogenous HASPB in metacyclic
parasites was able to translocate to the external surface of the plasma membrane.
Moreover, FRAP (fluorescence recovery after photobleaching) analysis of HAEP18
highlighted the bidiretional nature of its association with the inner leaflet of the cell
membrane and the flagellum, which is a characteristic of alternative secretion of
trypanosomatids parasites (Field et al. 2007). Initial work by Flinn .e{18B4),
visualising HASPB tte flagellar pockeand plasma membrane, agreeingth this
finding. Although the exact biological function(s) of the HA&R® remainecelusive
(McKean et al. 2001), MacLean et &012) visualised endogenous HASPB from
metacyclic promastigotes througlit and immediately after phagocytosis on the
surface of macrophages. Moreover, expression is retained in intracellular amastigotes
and HASPB is not detected on the outer membrane of the parasit@sastage. This

hints at a twephase mechanism for HAGEtion but requires further clarification.

Notably the Nterminal region encompasses a dual acylation motif, wherebyfiitsty
myristoylated and therpalmitoylated (shown irFigurel-5). This dual acylation of the

motif is vital for membrane trafficking and presentation of HASPB, as the HASPs have no
classical signal péde that is required for Golglependent secretion. An alternative
secretorymechanism is involved in membrane presentation but the exact mechanism
remains elusive (Nickel. 2005).-niristoylation of HASPB is a-tanslatioral event
mediatedby Nmyristoyltransferas¢NMT) a major drug target in current researchs

part of aprocessing cascade thédcilitatesmembrane secretionlt would be of great

biological and pharmacological interestémaminethis interaction.
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1.3.2.The HASP expression profile in relation to parasitic infectivity

HASP expression correlates with pamsiinfectivity, whereby expression and
localisation at the plasma membrane are seen in the metacyclic and amastigote life
stages (Flinn et al. 1994). Moreover, it has recently been shown that New World
(Viannig braziliensieexpressetHASP predominantlgt the intracellular amastigote life
stage (Depledge et a2010). This is of particulamportancewhen you consider the
interest in these proteins as vaccine targets becaitigead previously been reported
that Leishmania(Viannig parasites had entirelyost the HASP genes from their

genomes.

Sadlova et al(2010) demonstrated that knockdown of the LmcDNA16 laousivo
inhibits metacyclogenesis,the transformation of poorly infective procyclic
promastigotes into mammalian host infectimeetacyclic promastigotes hinting at the
essential role that the HASPs play in parasite differentiation to the metacyclic
promastigote stage in the sandfly. Colonieatof the stomodeal valvby Leishmania
parasites is vital for efficient transmission to the mammaliasthNull and SHERP add
back parasites we not able to colonise thetomodeal valvea small percentage of
+SHERParasites were weakly attachedpnlike the wild type ad HASPB add back
parasitesNull and SHERP add back parasites accumulated at theagdolmgectomonad
promastigote stage of developmeand had longer bodies. Wl type and HASPB add
back lines had the largest proportion of short bodied metacyclonastigotes. Taken
together thesedata allows the parasites to be separated into two growith wild type

and HASPB add back lines showing classeiahmaniadevelopment while null and
SHERP add back lines demonstrate impaired development and consequently impaired
infectivity. Thus HASP expression is stage specifithend ASPs are definitve marker

for metacyclogenesis and in turn parasite infectivity.

Treatment of BALB/c mice with HASRihout adjuvantleads to significant antibody
production, indicating that HASPB is a potent antigedg@&t et al. 2000 and 2003).
Recombinant HASPB1 from donovaniwas used to diagnose VL and PKDL in Sudan
using ELISA (enzyrieked immunosorbent assay), which detected 92% (VL) and 93%
(PKDL) of cases correctly (Jenseal. 1999). These findingglleo HASPB being explored

as a potential vaccine candite (see 8ction 12.4) and the subsequent AdiRH project
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(Maroof et al. 2012). Discussion of what is known and not known about the HASPs
highlights the importance of further characterisation to enable therapeutic work to

progress and determine a functioh@le in viva

1.4 Protein Acylation: Palmitoylation and Myristoylation

Lipid modifications add a distinct layer of functionalitythe proteomeand facilitate a
variety of processe#cluding proteinprotein interactions, subcellular targeting and
membrane association. Fatty acylation can beaoposttranslational in nature and a
wide variety of lipidsan beattached through acyl linkageswb types of acylation in
proteins will be discussed herenamely Spalmitoylation and Nmyristoylation that

consist of the addition of palmitate and myristatespectively.

1.4.1. SPalmitoylation

Protein Spalmitoylation involves the thioester linkage of palmitate, a C16:0 long chain
fatty add, to the thiol group ofa cysteine residue and is the most common eukaryotic
protein acylationmodification Fatty acids other than palmitic acate occasionally
thioesterified to proteins andhese can be saturated, monrcoor polyunsaturated but
must beC14 or longer. Addition of palmitate increases protein hydrophobicity, which in
turn enhances the membrane affinity of otherwisgytosolic proteins. This post
translationalmodificationis used to modulate the functionality of specific proteins and
has ben implicated in proteinsorting andtrafficking between distinct intracellular
compartments, proteifprotein interactions protein stability and membrane
localisation (Smotrys and Linder. 2004). The reversibility of this process adds an
additional layer © regulation to target proteins, enabling hightlynamicsubcellular
trafficking The rapidity of this turnover is emphasised when you consider that the
lifetime of a palmitoyl moiety on a protein ®sgnificantlyshorter than that of the
palmitoylated prdaein itself (Corvi et al. 2011This short lifetime allows for successive
rounds of palmitate addition and removdacilitating the wide array ofssociated

processes.
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Palmitoylation igoredominantlyregulated by two groups of enzymesrmed palmitoyl
acyltransferases (PATs) apdimitoyl acylthioesterase¢seeFigurel-7). PATs catalyse
the addition of palmitate to the substrate protein, while tpalmitoyl acylthioesterases
catalyse palmitate removaPATs arenulti-spanningmembrane proteins typified by a
conseved DHHC cysteine rich domalineir activesites face the cytoplasm arideyare
found on various membranesmainly the Golgiand the ERbut also the plasma
membrane endosomesand organisrspecific membrane assembligBrénal et al.
2013) The integral membrane nature of the PATs has made their study challenging
owing to the difficulties associated with membrane protein purificatigrf2and Akrl

both yeast proteinsthe first identified DHHC domain PA¥sre shown tgpalmitoylate

the small GTPase RagRartels et al. 1999Roth et al. 2002 Lobo et al. 2002
Subsequentlymultiple PATs wre found ineukaryotes including yeast, mice, rhans

and protozoan parasitesThe L. major genome encodes 20 DHHfbmain PATs
(Goldston et al. 2014)The large number of distinct PATs is due to their ability to
selectively modify diverse targets and their diverse membrane distribution. Notably,
PATs spafically accept unmodified or modifiggroteins and in the case of modified

proteins they distinguish between different lipid modifications.

Secreted proteins and peptides are palmitoylated by membranebound O
acyltransferase (MBOATE). MBOATsre also mitiple membranespanning proteins
with a conserved histidine and asparaginghe active site. The histidinessirrounded

by a patch ohydrophobic residues, while thasparagine iembedded m a hydrophilic
region (Chang et al. 201I)he MBOAT family are categorised according to the three
distinct functions they perform, namely protein or peptide acylation, acylation of the
OH group of a cholesterol or diacylglycerahd acylation of a lysophopholipid to
produce a phospholipigMatsuda et al. 2008) This functional diversity means that
MBOATs are implicated in a range of biological processes, suctembrane lipid
remodelling, neutral lipid biosynthesis arembryogenesisPalmitoylation can also
occur spontaneously innaenzymeindependent manner Auto-acylation has been
reported for several mitochondrial proteinsdue to the high local concentration

palmitoyl CoAn the organellgKostiuk et al. 2008).
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Figure 1-7: Schematic representation of palmitoylaticend myristoylationreactions. Palmitoylation:
Palmitoyl acyltransferase (PAT) binds palmitoyl coenzyme A and the target proteiRi¢seel-8 for
recognition sequence details). It is firstly aygalmitoylated before transferring the palmitate to the
substrate protein producing palmitoylated protein and coenzyme A. This reaction is reversible with
palmitate 'emoval catalysed bpalmitoyl thioesterasesMyristoylation: Nmyristoyl transferase (NMT)
sequentially binds myristoyl coenzyme A and the substrate protein at theinal glycine. Transfer of

the myristate group to the glycine amine is catalysed legdorelease of the myristoylated protein and
coenzyme A (CoA). This process is irreversible and is typicallytranskational event but post
translational myristoylation can occur when proteolytic processing generates a rtewrihal glycine.

Protein palmitoylation targets are diverse and include peripheral and integral
membrane proteins. The role of palmitoylation is a stabilising one for integral
membrane proteinswhere it is the prevalenlipid modification.Greater modification
diversity is foundn the peripheramembrane associated proteingshichcan be either

dual lipidated orsinglypalmitoylated Nadolski and Linder. 20DMyristoylation and
prenylation are common modifications that precede palmitoylation. The first
modificationis always the prerequisite of appropriate palmitoylatidrne addition of
palmitate strengthens the membrane affinity of the substrate protein (Ai€&amos et

al. 2011). In cases of dual lipidation, the palmitoylated cysteine is proximal to the other
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modification site. Ashere is no single strict palmitoylation consensus sequence other
than the requirement for cysteinein silico predictions of the palmitoylomeare
unreliable Groupingpalmitoylated proteinsbased on thesequence context of the
modification has assisted development of prediction algorithms (Hu et al. 2011). This
produced threedistinct palmitoylation recognition motifsiamely Type | (XCCX), Type 2
(CXXC) and Type Il (randoal),with a preference for cysteine (shownhigurel-8).

The highly variable context of the modification and recognition sites higBlidgt

functional plasticity.

1.4.2. N-Myristoylation

N-myristoylation irvolves the covalent attachment of myristic acid (C1¢i@)an amide
bond tothe aminaterminal glycine of a nascent eukaryotic or viral polypeptide (see
Figurel-7). This process is irreversible gmedominantlyco-translationa) taking place
while the polypeptide is still attached to the ribosome after removal of the terminal
methionine by methionine aminopeptidase. Like palmitoylation, addition of the
myristoyl moiety increases the hydrophobicity of the target protein facihigti
membrane association. However, additional forces are required to facilitate effective
membrane binding, such as palmitoylationasequence high in basic residussice
myristoylation alone is too weak to mediaiteeversiblebinding The comparablyhert
myristate chain has a limited capacity for hydrophobic and van der Waals interactions
giving rise to the lower membrane affinity (Goldston et al. 20Mtably,the halflife

of a membraneassociated myristoylated peptide is minutes while a palméted
peptide is bound for hours (Martin et al. 2010)yristoylationis associated witdiverse
biological processes such as signal transduction, protein phosphorylation and
dephosphorylation, oncogenesis and viral assembignykistoylation is catalysedyl\-

myristoyltransferase (NMT), a ubiquitous eukaryotic prof@i@e Section 1.5)

It was previously thought to bexclusivelya cotranslational evenbut myristoylation
also occurs podtanslationally in apoptotic cells (Martin et al. 2011).his bea
implicated in caspasmediated cleavage of internal glycine residues and subsequent
myristoylation of cryptic myristoylation consensus sites. Thegmoptotic protein Bid

was shown to be podtranslationally myristoylated by NMT after caspase 8 cleawaage
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trafficked to the mitochondrial membrane (Zha et al. 2000). This process wasgbhow

be a vital activating steggquired for Bidinduced release of cytochrome ¢ and cell death.

Although myristoylation is irreversible membrane association can be dynially

requlatedind 2 YS G F NBSG LINRGSAya TheSdprofiRs akea@eNA a U

to adopt two distinct conformations, one where the myristoyl moiety is buried in the
hydrophobic core of the protein and the second where the myristate is foaateract
with the membraneThis conformational changean be modulated bligand binding,
proteolysis and electrostatic interactionBecoverin,a 23 kDa neuronaprotein, is a
myristoyl switch modulated by calciubinding In the absence of calcium, the myristoyl
group is buried in thdéaydrophobiccore ofthe Nterminal domain. The binding of two
calcium ions to each recoverin molecule induces a conformational changexpeat

the myristoylmoiety and expose$iydrophobicresidueson the surfaceNMR analysis
highlighted threedistinct conformational stateand notably a short-lived intermediate
state with one calcium ion bound was confirmed (Xu et al. 200H1g.dynami@ature of

the conformationakhifts observed in myrisyl switches enables functional regulation.
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Myristoylation recognition sequence

. 2 3 4 5 b 7 3 9

G small un S/ No basic > basic >
M - X X T neutral > neutral >
charged P/D acidic acidic

Palmitoylation recognition sequences

Type | - X-CC-X pattern ..
Type Il - CXXC pattern ..
Type lll - random pattern ..

Figurel-8: General myristoylation and palmitoylation recognition motifs. Myristoylation: Removal of the
N-terminal methionine by methionine aminopeptidase prim myristoylation is required to expose the
glycine residue at position 2. The requirements of positions 3 to 9 are indicated above where X denotes
any amino acid. Note position 6 does have a slight preference to serine over threonine. Palmitoylation:
There are three distinct palmitoylation recognition motifs, Type | (XCCX), Type 2 (CXXC) and Type lli
(random), located throughout the protein sequence. X represents any amino acids but a preference of
neutral > basic > acidic has been documented.

Consenss in the literature dictates thagubstrate recognitioftoy NMTis dependent on

the first 10 residues dd peptide or protein Figurel-8). NMTabsolutely requires an-N
terminal glycine residue for attachment of the lipid moiety. The remainder of the
sequence motif does not have such stringent requirements but there are clear
preferences for amino acid type. Position 3 shows a preference for small uncharged
amino acids, while positions 4 and 5 allow any residue. Serine and to a lesser extent
threonine are found at position 6, mediating a stabilising interaction with NMT. The
remaining sequence display®sidue type preferences but is not rigidly selective
(Goldston et al. 2014)Global analysis of myristoylated proteins, crystallographic and
biochemical data enabled refinement of the myristoylation motif and prediction of
additional myristoylated proteinsMaurer-Stroh et al. 2002).Maurer-Stroh and ce

workers expanded the recognitianotif to the first 17 residues split into three distinct
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regions.Region 1 (residues 2 to 7) binds in the active site of the enzyme, region 2
(residues 8 to 11) interacts with the surface of Nkldmprising small polar residuasd

region 3 (reslues 12 to 18) is a hydrophdich linker regionThis hydrophilic region is
thought to obstruct N-terminal folding that would inhibit NMT recognition and
interaction.Lastly, it is important to mention that the peptide binding site of NMT is not
highly conserved between species. This means that recognition sequences between

speciesvaryand there is no strict myristoylation motif for all NMTs.

1.5. N-Myristoyltransferase

N-Myristoyltransferase (NMTiacilitates a diverse array afellular processethrough

the transfer of myristate from myristoyl Cda eukaryotic or viral proteinsiwodistinct
NMTscatalyse Nmyristoylation in vertebrates, namely NMT1 and NMT2, while only one
is present in lower eukaryotes. NMTs have been cloned and purified to homogeneity
from a widerangeof eukaryoticorganismsAnalysis of the NCBlenedatabaseconfirms
that the NMT encoding gene is present in 53 organisnefidinghumans, kinetoplastid
parasites, yeast and fun@artin et al. 2011)The most detailec&haracterisatiorhas
beencarried out onSaccharomyces cerevisid®Tand thisgenetic analysis highlighted
the important role that NMT plays in celliability (Duronio et al. 1989)This
characteristichas been subsequently observéd other NMTFexpressing organisms.
Nonthydrolysablemyristate analogudreatment, to inhibit NMT function, of.. major
promastigotes led to significant cell death (Price et al. 2008fditionally, NMT is
implicated in the development and progression of a range of human diseasésding
cancer epilepsyand bacterial and viral infectiongSelvakumaet al. 2007;Selvakumar

et al. 2005; MaureiStroh and Eisenhabe2004).Globalassessmenbf the human
proteome to estimate and identify poteial targets of myristoylation habkighlighted

the ubiquity of this modificatiomnd clarifiedits vital role in eukaryotic biologyThinon

et al. 2014)

A search of the RCSB Protein Databank (PDB) reveals thatitiestrof NMT had been
solved fora range of organisms, includibgishmania majgiSaccharomyces cerevisjae
Homo sapiensLeishmaniadonovanj Plasmodium vivax, Aspergdldfumigatusand
Candida albicansT'hese structureshowthe enzyme to be monomeric with a compact
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globular structure(Bhatnagar et al. 1998 The NMT fold is the term given to the
commonstructural featureof NMTd LG O2y aAraida 27F dnningthekRRf S
core of the proteirS Yy OA NOf SR 0 &. TheSt@&uxd ekhibitssetds tivd f@dS a
symmetry.Cocrystal structures with myristoyl CoA apdptide analoguebound show

that the Niterminal domain bindsnyristoyl CoA in a bent question mark conformation
while the Gterminal domain binds the peptide substraBhatnagaret al. 1998 Farazi

et al. 2008).

Biochemical andstructural analysis confirmed that the myristoyl CoA binding site is
highly conservetietween specieglohnson et al. 1994; Bhatnagar et al. 49Blowever

the peptidebinding sites aralivergent (see Section 1.4.Beptidomimeticinhibitors

were developed to specifically target fungal NMTs over the human variants and shown
to be particuarly selective(Lodge et al. 1998Unfortunately, the cost of development
andthe high species specificity, afftingal treatments require broad species specificity,
meant this work was abandoned. Howeveelectivity is a desirablguality for the
treatment of otherinfections andhuman diseases associated with NMT. Transferring
the concept of NMT druggability to other species could produce a wealth of highly

selective compounds for the treatment of human disease.

1.5.1. The mechanism dfl-Myristoyltransferase

Thecatalytic cycle of NMTollows a sequentiglordered BiBi mechanisnfFigure 19).
Myristoyl CoA bindingo the apeenzymeforms a high affinitymyristoyl CoA: NMT
complex with adissociation constantkg) of 15 nM reported for S. cerevisiaeNMT
(Bhatnagaret al. 1994) Formation of this compleinduces a conformational change
facilitating subsequentpeptide binding Incubation of S. cerevisiaeNMT with S(2-
oxo)pentadecylCoA, a nothydrolysable myristoyl CoA mimeticprevented
myristoylation of a peptide substrate and confirmedaththe peptide binds after
myristoyl CoA bind&Rudnicket al. 1991)Formation of a ternary myristoyl CoA: NMT
peptide complex leads to catalysis. The myristate group is transferred tarttieo
groupof the peptide in a nucleophilic additieslimination reactionCoA is released first

then the myristoylated peptide.
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1.52. NMT ofLeishmaniaspecies

All Leishmaniaspecies have a single copy of the NMT gene thatoisstitutively
expressediuringthe parasite lifecycle0.75% oflL. majorproteins are predicted to be
myristoylated in line with the predicted values of 0(h8% of the proteomes of other
eukaryotegMills et al. 2007)Inhibition of NMT was shown to have a detrimental effect
on parage viability, while overexpression inducedistinct changes in parasite
morphology associated with thesubcellular accumulation of lipidghat were
consequently lethal (Price at al. 200Bxtensive proteomic profiling of the targetslof
donovaniNMT icentified numerous uncharacterized proteins, emphasising the wide
ranging effects that NMT has &eishmanidiology (Wright et al. 2015). Combined with
in vivoinhibition by establishedh vitro NMT inhibitors that led to a significant drop in
myristoylaton of target proteins, Wright and emorkersstrengthened the castor the
druggability of NMT iheishmaniaMoreover, te high sequence identity between NMT
of different Leishmaniapecies hints that an effective inhibitor against one NMT would

be broadly applicable (Goldston et al. 2014).

1.6 Aims of the project

The focus of thiproject wasthe hydrophilic acylated surface proteins loéishmania
donovani They have been shown tfacilitate metacyclogenesis of thkeeishmania
parasite but bheir exact function remains unresolvedElucidation of an Xay

crystallographic structure taletermine function was the main aim of this project.
Concurrentstudy of the HASP: NMT interaction, toontribute to the NMT drug

development work, waalsoconsidered essential
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Chapter 2 Backbone resonance assignment of HASPA
2.1. Introduction
2.1.1. Intrinsically disordered proteins

The structurefunction paradigm, that states a protein must have a defiBBdstructure

to elicit a specific function, has beencentral tenet of biochemistry and structural
biology. However, a class of proteins lacking cl@rstructure termed mtrinsically
disordered proteins (IDPspare redefining this view.Intrinsic disoder in functional
eukaryotic proteins has been shown to be more widespread than initially assumed. It
has been estimated that 40% of the human proteomenisinsically disordered or
contains disordered regions of more than 50 resid(ksagelj et al. 2003 This lack of
defined structure is thought to convey distinct functionalities over structured proteins,
such as promiscuss proteinprotein interactions,specific but low affinity binding
flexible linkers, ready accessibility for pdsinslational modifications and entropic
chains The hydrodynamic radius of an IDP is much larger than that of a folded protein
of the same molecular weight giving rise ddarger surface aregoer amino acidor
interactions Moreover, disordered proteinsan potentialy be more readily degraded

by proteases, meaning they can be effectively regulated by degradation. An additional
layer of functional control is added by-ocor posttranslational modifications enabling
significant functional plasticity. IDPs are foundhatbs in proteirprotein interaction
networks such as the cell cycle and signal transduction pathways (Wright and Dyson.
2015). Aberrant IDP regulation has been shown to be associated with various human

diseases such as cancer, neurodegenerative diseaskdiabetes (Babu et al. 2011).

A rigidly structured protein is characterised by a distinct set of backbone and side chain
atom positions The sum of these values produces an averaged structure that is subject
to small amplitude fluctuationabout their equlibrium positions The energy landscape
associated with ordered proteins is assumed to be funnelled, exhibiting a kinetically
accessibledeep freeenergy minimum associated with single weldefined tertiary
structure (Figure2-1). Intrinsically disordered proteingcktertiary structureand exist
ashighlydynamicheterogeneougnsembledecause thdackbone and side chain atom
positions and dihedranglesvary significantly over timelheir energy landscapEigure

2-1) is comparatively flat with a vast number of local minima, which leads évi@ssof
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interconverting conformers in solution (Papoian. 2008). IDP biological partner or ligand
binding events can funnel the free energy landscape to something more similar to an
ordered state, producing transiemr more longlived secondary structure@lements
Disorder is defined by the dynamic conformational properties of a protein rastd
necessarily by the presence or absence of local secondary structure.

et

A

Energy

Figure2-1: Schematic representation of the relationship between protein folding and energy landscape.
The energy landscape of a folded protein (left) is funnelled making the stable state a thermodynamic
minimum that is also kinetically accessible. IDPs (right) aaeacterised by a weakly funnelled or rugged
landscape, meaning that no one state of order is favoured producing a poputdtttymamic disordered
conformations. This image was taken from Kragelj et al. (2013).

The disordered nature of IDPs is what matkesn uniquely functional. Functionality can
either be related to the structurally adaptive process of biological partner binding or
their ability to samplehighly dynamic heterogeneous ensembla®ne. Structural
plasticity means that IDPs can perform was distinct functionsn viva For example,
topological constraints can prevent rigidly structuremieins from forming complexes

but IDPs araunhindered by these constraints, allowing theim bind their biological
partners and in some cases various pars Some IDPs are not fully disordered but
contain elements that are predisposed to adopt local secondary structure required for
biological partner binding, these regions are termed molecular recognition features
(MoRFs). The disorder to order transitioontains an inherent plasticity as one IDP can
adopt multiple MoRFs, this behaviour is termed structural polymorphism. A disordered
regionatthe @ SNXYAyYy It SyR 2F Llpo OFyYy I Rz2ohdi ¥F2dz
strand and two different coilan oder to interact with four distinct biological partners
(Oldfieldet al. 2008). Buctural polymorphismhighlights the exceptional plasticity that

IDPs are able to bring to cellular processes. However, some IDPs remain disordered even
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after target binding ¥ R ¥ 2 N WT¥ dzl Sick i@ anQRPYWitli &hisBrindl
multiple phosphorylation motif that on bindingo Cdc4 regulates yeast cell cycle
progression. Elements of disorder and transient order within Sicl were both present
when bound to Cdc4 (Mittag etl. 2010).

Entropic chains are a distinct subset of IDPs that remain disorder@dinbound to any
biological partnergo elicit their function (Tompa. 2005). In this case the ability of IDPs
to fluctuate betweena series of interconverting conformeisfunctionally vital, as one
rigid structure could not fulfil such a role. Entropic chains are involved in modulating the
localisation of attached domains or generating forces to elicit structural changes to a
system. This class can be further differentiatedo entropic springs, bristles (or
spacers), linkers and clocks. The prolileh PEVK domain of titin was shown to act as
an entropic spring in muscle (Linke et al. 2002). The random coil properties of this
domain produced variousnechanical conformaties of different flexibility when
analysed by single atormatomic force microscop The projection domain of
microtubule-associated protein 2 (MAP2) acts as an entropic bristle exerting long range
repulsive forces that provide a mechanism for maintainingcspain the cytoskeleton
(Mukhopadhyayand Hoh. 2002). Entropic chains strengthen the case for revision of the

structure-function paradigm, as both order and disorder are functional.

The unique functionalities of IDPs have attracted attention as investigaif their
dynamic nature could improve our understanding of biological systems and their disease
states. Nuclear magnetic resonance (NMR) spectroscopy is a vital tool for analysing IDPs
and can provide detailed conformational informatioKoprat 2014). Backbone
resonance assignment of an IDP is a prerequisite for analysis of their dynamic nature
and any residual structural elements. Specifically, an assignment is informative in cases
of ligand or biological partner binding induced folding as residuqdicated can be
identified when they experience chemical shift and intensity changes associated with
the binding event. However, it should be remembered that the plasticity of IDPs means
induced folding as well as functional disorder are relevant biolbgitzdes, meaning

that a disorder to order transition will not be observed for all IDPs.
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2.1.2. NMR background
2.1.2.1. NMR theory

For the sake of brevity, a detailed discussion of NMR theory is not included in this thesis
but can be found in the followingeference(Cavanagh et al. 2007nstead, a more
succinct discussion will be provided to ground the work presented here. NMR
spectroscopy utilise the magnetic properties of certain atomic nuclduclei have a
positive charge and many possess a net sgpecifically those with an uneven number

of protons plus neutronsThis charged movement has a magnetic moment, which in
turn produces a magnetic field. Consequently, nuclei can be thought of as a bar magnet
that is oriented along the spin rotation axighis feature is termed nuclear spin and can

be aligned in anymagnetic field, such as that generated by the magnet of an NMR
spectrometer (James. 1998). The applied magnetic field means the nuclei orientation
will no longer be random. For a nucleus wigirs%z (such a$d) two spin states will exist
where one aligns with the magnetic figlsbin ug and the other opposes {spin downr).

NMR spectra arise from the transitions nuclei make between these different energy
states and can be observed for certéiMR active nuclei includinig, 13C,*N and'P
(Kwan et al. 2011). The resultant resonance differs depending on the type of nucleus
under examination, thestrength of the applied magnet field and the chemical
environment of the nucleus\MR is a sitgesolved spectroscopic technique where the
differences between different nuclei in the same residue of a protein are informative of

the local environment and subsequently the structural state.

2.1.2.2.Spectrum descriptions

Protein NMR experiments are designed to report the chemical environment of atoms
within the context of a protein sequence. This information can be used to determine
structure, even that of dynamic structural elements, disorder and the content of any
structdzNBE A ®Sod h KSEAOFE 2N &aKSSGo 'y dzyRS
to effectively utilise any resultant data. Therefore, a brief description of the NMR
experimentsusedhere will follow.Figure2-2 details the transfer of magnetisation of

each experiment described and highligtite resonance frequencies of whiatoms are

detected.
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A 2D'H, >N Heteronuclear Single Quantum Correlat{ptf8QCis a versatile experiment

for appraising a protein sample. Recording an HSQC spectrum allows confirmation that
a protein is folded, appraisal of the suitability of a protein sample for NMR structural
determination and detection of ligand binding motein-protein interactions. The HSQC
experiment involves the transfer of magnetisation from the amide proton to the
attached nitrogen via an insensitive nuclei enhanced by a polarization transfer (INEPT)
step. The chemical shift is evolved on the nitnogend after a time delay 1}, the
magnetisation is transferred back to the amide proton via a HNBPT step for
detection (Figure2-2). In theory each backbone amide group, with the exception of
proline, should yield a peak in the HSQC spectrum (Bodenhausen and Ruben. 1980). In
addition, a peak is observed for each indole NH of tryptophan and pairs of peaks are
observed for the side chain amide graupf asparagine ahglutamine (Kwan et al.
2011).

TheHNCGOs a 3D experiment that typically requirdd-1°N, $3C] labelling of the sample
protein. Magnetisation is passed from the amide bound proton tofig as with the
HSQC, then to the carboniC via the™>NH*CO Loupling (Kay et al. 1990). The
magnetisation is transferred back Wi to the amide proton for detectio(Figure2-2).

The HNO spectra is the most sensitive triple resonance experiment and correlates the
amide group with the'3C of the carbonyl group of thereceding residue. This
experiment also reports resonances for the side chain amuofesisparagine and
glutamine The mairmpurpose of the HNCO is to measure the resonance frequency of
carbonyl atoms, so these can be correlated to tPd amide resonance$n addition it

is used for sequential assignment with the HN(CA)CO experihmethis thesis, the 3D
HNCO is used a 2D*N-HN plane. This appears similar to an HSQC of your target protein

but reportsamide peaks that are i+1 to the carbonyl graafghe preceding residue.

The HN(CO)CACB a3D experiment that required®N, 13C labelling of the sample

protein. Initially, magnetisation is passed frdr residuetl ' HyIR$% 2 yiRS
respectively (Grzesiek and Bax. 199Jen from¥ i 3 Bwhere it moves ontd3C

of the carbonyl carbon. It passes tioe i residue’>NH and then to*HN for detection
(Figure2-2).¢ KA a SELISNAYSy(d tAyla GKS / h-BwithNB&2,
the amide resonance of the i residuEhe chemical shift isot evolved orthe carbonyl

13C
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The HNCACBIis another 3D experiment requiring &N, 13C labelling pattern.
Magnetisation is passed froth " FyIR 1% 2 PAIRE  NEB & badalithed St &
and i1 residueghen from¥ i 13 XGrzesiek and Bax. 1992k)is transferred td*°N

of the i residuefrom both *¥ ) and ¥ %) then to the amide proton for detection

(Figure2-2). So each amide group will produce faznosspeaks for the two sets of n

|y R resohances detected.

i-1

HNCACB HN(CO)CACB

Figure 2-2: Representation of the transfer of magnetisation and atoms detected in the HSQC, HNCO,
HNCACB and HN(CO)CACB NMR experiments. The pink atoms are observed in the resultant spectra and
the light blue atoms allow magnetisati to flow but are nodetected. Tleseimages are taken from Dr.

Vicky Higman. 2012. ProtelMR: A Practical Guidéwvailable at: http://www.proteirnmr.org.uk/.
[Accessed 15 July 15].
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2.1.2.3. Triple resonance backbone assignment

Triple resonance spectra recorded from a uniforifiy, 13C labelled protein are the

basis of backbone resonance assignméiitese experimentsonsist of a 20H, 1°N

plane ex@nded into the carbon dimension, by transferring magnetisation over the
peptide bond This process allows for separate spin systems t@dr@nected through

bonds and correlated back to their HSQC peaks. Note, in protein NMR a spin system
refers to the group of nuclear spins associated with a single resfdaandardsuite of

3D experiments includes, HNCO, HN(CA)CO, HMBKCO)CA, HNCACHBda
CBCA(CO)NHhese spectra usually start and end on a proton to ensure appropriate
sensitivity. In some cases the magnetisation is transferred back to the starting proton
T2N) O2ftSO0GA2y | yR GKA& GelLlS 2F SELISNRY
SELISNAYSyida INB LI ANBR (2 0dzAf R Himvdvei KA &
the full suite of 3D experiments does not need to be collected on a sample as a full
sequential assignment can often be completed with any two complementary spectra.
Recording extra pairs of spectra clarifies any assignment ambiguity while adding an extra

layer of confidence to the assignment.

Conventional triple resonance assignment is based on pairing HNEACB and
CBCA(CO)NH spectadthough other pairings are alable Figure2-3). These spectra
correlate/ h | yrésonanices with one amide resonance. The CBCA(CO)NH spectra,
also termed HN(CO)CACSB, relates the resonance of the i residue amide with thel y R

/i NEB & 20f thg Prévibus residue (Grzesiek arBhx 1992a). Two peaks
O2NNBALRYRAY I (i 2heréférSvisiblé for leatiRresidudhe HNSACB
spectra, links theesonance of the i residue amideA G K GKS /h | yR /i
both the i residue and the previousX) residugGrzesiek and Bax. 1992 Notably, the

peaks relating to the-1 residuel N ¢S {1 SN¥» Ly 626K SELISN
resonances are in opposite phase, meaning if one is positive then the other will be

negative. This enables simple resolution of &ny | yaRbiglity.

To aid visualisation, the spectra are analysed as dpssailowing strips from the pair
of experiments to be correlated with resonances observed in the HSQC, compared or
overlaid to facilitate the assignmenfigure2-3). Four peaks are present in the strip of

the HNCACB spectra, K S/ h rekoyladRced of the i residue and those of thk i
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residue, which are typically weaker in intensity. The peaks relating to the previous
residuecan be identifiedvith the equivalent strip from the CBCA(CO)NH dataset. These
strips of peaks can be sequentially linked to adjoining residues based on the positions of
the/ h |y R [ i (frondbdtB gkpesini@@sCertain residuesserine, threonine,
glycine and alaninfehave distinctivel h I ye&bon dhemical shifts and can be easily
identified, which can aid the assignment process. The linked resonances can then be

assigned to the protein sequence.
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Figure2-3: Schematic representation ¢diNCACB and CBCA(COMWdkked triple resonance assignment.

Top) theHNCACRblue)and CBCA(CONHLIA Yy 1 0 & LISOG NI O2NNBf I GS /h |yR
backbone allowing one amide group to be linked to another sequentBdiftom) representation ofthe

2D strips used to visualise and link tHAICACRBblue) and CBCA(CO)NBpink) spectra. To differentiate

the resonances of the HNCACB spectra/tie NB & argshgw@B &Rl N] o0t dzS | yR GKS
in light blue. The diictive chemical shifts observed for alanine, glycine, serine and threonine are noted

to show how they give sequence context to an assignment. Both images are takeDdrdficky Higman.

2012. ProteilNMR: A Practical GuidAvailable at: http://www.proein-nmr.org.uk/. [Accessed 15 July
15].
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2.1.3. Selective metabolic unlabelling

Protondetected 2D and 3D NMR experiments are the basis of backbone resonance
assignment Deconvolution of resultant data is key to effective assignment. Spectral
congestion, ad consequently signal overlap, is a problem when assigning intrinsically
disordered proteins because of the limited dispersion of resonances iHtké@nension,

which is still problematic when taken into tHéC dimension. Correlating residue type
within the context of a protein sequence with spin systems is difficult as the constant
OKSYAOIFt SY@ANRBYYSyl 3IABSa Al 0A6 Slready NAR I (
mentioned some residues have highly distinctivé | Yy R/ i , vithiShécanybe y O S &
used tolink a resonance to a specific nucleumsa protein. However, in cases of low
sequence complexity and/ or signal overlap due to disorder this information is not
sufficient for a complete assignmen$pecific metabolic precursors can be used to
selectivelyunlabel certain residues in an otherwise uniformly labelled sample rendering
them spectrally silentRasiget al. 2012)These precursors can be added as a supplement

to regularM9 minimalmedia and combined witlstandard(*3C,**N) uniform labelling

I LILINEF OKSa®d ¢KdzaX LINRPRdAzZOAYy 3 LINBOA&AS Wbaw
labelled sample. Comparison of these spectra with those from uniformly labelled
samples allows the user to assign a residue type to missing resonances.itulpgrt
collection of alH, *®N HSQC spectrum on an unlabelled samplaleen the selected

NB & A R dzSvisileDvH, 1SN HNCO spectrum silences the i and i+1 residue,
highlighting the amount of information that can be obtained from this methddis

strategy allows the user to control which residues are unlabelled and gives predictable

labelling patterns, significantly aiding the backbone assignment of challenging proteins.

2.2. Experimental
2.2.1. Circular dichroism of HASPA and HASPB1

HASPA and HR81 were prepared as described in Section 4.2eaaduiated using the
Jasco J810 CD Spectrophotometer installed at the Technology Facility, Department of
Biology, University of York. The sangpleereanalysed at 0.2 mg/ml in 20M sodium
phosphate pH 7 wit 50mM sodium chloride in a finm quartz cuvette. The buffer was

filtered (pore sizen ® HM) before use. Data werepllected between 195 and 260 nm.
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2.2.2. Isotopic labelling of HASPA and HASPB2

Minimal media wereused to express®N labelled HASPA arldASPB2 anéfC 15N

labelled HASPA. Thé9 base solution was prepared (6 g N®Q, 3 g KkPQ, 0.5 g

NaCl and 1 $NHCl in 1) and autoclaved:®N ammonium chloride (99%) was obtained

from Cambridge Isotope Laboratories. Kanamycin was addadiaalconcentration of

50 pgiml and the remaining media components added (Jedble2-1). The vitamin

solution (0.22 uM filter sterilised) was obtaineai Alex Heyan{University of York)

YR &02NBR I GAGK LINRPGSOGAZ2Y FTNRY SI

solution contains 62%ng ofthiamine, 12.5 mg riboflavine and 125 m§eachof the

ne/

following, pyridoxine, biotine, panthothenate, fol acid, choline chloride, and
niacinamide D-Glucose {-1°Gs) from Cambridge Isotope Laboratories was used

supplement the minimal mediatproduce[U-1°N 13C labelled HASPA

Component Volumein1lL Component Volumein 1L
Glucose (20% wi/v)| 10 ml 50mM ZnSQ@ 1ml
1M MgSQ 1ml 0.1 M FeGl 0.6 ml
0.1 M CagGl 1ml Vitamins 2ml
0.1 M MnCJ 1ml

Table2-1: Components added to minimal media after base solution autoclaving. WiGHN labelled
HASPA was prepared B5lucose [§-13C6) was used instead.

The expression was carried out as follows,mlOaliquots of LB media supplemented
with kanamycin were inoculated withE. coli BL21 (DE3) pET28b_haspa or
PET28b_haspb2 glycerol stock. These cultures were grown for 8 hours awBfi°C
shakingat 180 rpm and then the optical density at 600 i@Ds00) was measured. In

order to inoculate the minimal media with the appropriate amowohtulture, an aliquot

was taken and centrifuged thabnce resuspendedvould give a starting Qdgy of 0.05

AY pn Yt YAYAYlLE YSRAF® ¢KS pn Yfi Odzf (dzNF
at 200 rpm. The Odgowas measured again to give the coitrstarting volume for 1 litre

M9 media of overnight culture. The cultures were growrQBseo of 0.8 to 1.0 at 37°C

and 180 rpm. Protein expression was induced waldition of A & 2 LING-LJe f j
thiogalactopyranoside (IPT& 1mM and the cultures were trafesrred to 30°C for 6

hours with shaking at 180 rpm. The cells were harvested by centtifug#&or 15

minutes at 500(g and the resulting pellets were storedat n ¢ / @
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2.2.3. Metabolic unlabelling of HASPA

The production of the metabolic unlabelled HAS$§aples was similar t&N, 13C

HASP Aroduction (see Section 2.2.2) but the protocol modifications are noted Hdre.

ODys00 0.7 the 750 ml culture was split into three autoclaved 500 ml flasks, giving a final
volume of 250 ml in each. At this stage theesific metabolic precursors wedirectly

added to the culture irpowderF 2 NY | yR GKS Ftl ala NBGdzNy ¢
density of 1.0 was reachednd then induced with IPT(Gee Table2-2). The three

cultures were 1) lysine, 2) arginine and 3) isoleucine and valine unlabelled.

Precursor Amount per litre of culture | Amino acid unlabelled
Arginine 200 mg Arginine
Lysine 200 mg Lysine
h -ketobutyrate 100 mg Isoleucine
(CAS number: 6008-0)

h -ketoisovalerate 150 mg Valine
(CAS number: 37189-5) Leucine

Table2-2: Metabolic precursors used to achieve amino acid specific unlabelling.

2.2.4. Purification of labelled proteins

The stored pellets were thawed amdsuspended in 30 ml nickel column buffer A (50
mM Tris pH 7.5, 500 mM sodium chloride, 20 mM imidazple) 500 ml pellet
supplemented with a protease inhibitor tablet (cOmplete, EBEa from Roche)The
soluble cell suspension was sonicated 6 times on ice for 30 seconds with 1 minute
intervals. Lysate clarification was achieved by centrifugation at 389@@r 30 minutes.

The supernatant was loaded onto a 1 ml HisTrap FF crude oo{®@& Healthcare)
equilibrated with nickel column buffer A ameashed with6 column volumes afhe same
buffer. The target protein was eluted using a gradient of 0 to 100% nickel column buffer
B (50 mM Tris pH 7.5, 500 mM sodium chloride, 500 mM imidapoks)20 column
volumes. SDBAGHsodium dodecyl sulfate polyacrylamide gel electrophoresia3
used to idently target protein containing fractions that were concentrated (Vivaspin
Sample Concentrator rang8000 MWCO) tc00 plfor further purification with size
exclusion chromatographyA Superdex 750/ 300 column (GE Healthcare) equilibrated
with 20 mMHepes p 6.5, ® mM sodium chloride was used to further purifie HASPs
Final sample purity was analysed with SDS PAGEnprove the purity of HASPB2, an

ion exchange step was introduced after the nickel affinity purification step. The HASPB2
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sample was dilgd with 20 mM Tris pH 7.5 to give a final concentration of 50 mM NaCl
and loaded onto a 1 niiTrap Q HEolumn equilibrated with ion exchange buffer A (20
mM Tris pH 7.5, 50 mM NaCl). HASRB2 elutedwith a gradient of O to 100%®n
exchange buffer B20 mM Tris pH 7.51 M NaCJ for 20 column volumesTheentire

purification schedule was run with the AKTA FPLC system.

The initial *H, 1>N-HSQCexperiments with°N labelled HASPA andASPB2 were
recordedat a concentration of 250 pM in 20 mM sodium caglade pH 6.5, 120 mM
NaCl.3D data collection with*C,*>®N HASPA was &00 pM in 20 mM Hepes pH 6.5, 50
mM NaClDirectly before data collectioD,O was added to all the samples to give a final

concentration ofL0%

2.2.5. Data collection and processing

The spectra presented in this thesis were collected by Dr. Michael Plevin at the Centre
for Magnetic Resonance, University of York using/i@MHzBruker AVspectrometer

at 298K. The preliminardH, 1"\N HSQC experimentsere recorded with!>N labelled
HASPA antHASB2 Triple resonance experimentaamely HNCAC&81d HN(CO)CACB
spectrg were collected for the backbone assignment wit@,°N labelledHASP /At 0.9

mM. To compare the metabolic unlabelled samples with the uniformly labét@d>N
HASPAwo spectra were collectedH, >N HSQC and 21, ®N HNCOAII NMR data

were processedvith NMRpipeby Dr. Michael Plevin.

2.2.6. Backbone assignment

The spectra were analysed with CCRhalysis version 2.4nd the assignment was

performed manually withhis software (Vranken et al. 2005). Briefly, peaks were picked

in the HSQC spectrum above an acceptable user defined contour threshold and amide

side chain peaks removed. The 3D data were linked by navigating from a HSQC peak to

the NH dimension in theMCACB and HRQ/ ! / . S E LIS NA Y Skidagbdn ¢ K S

chemical shiftof the i and 41 residues were picked apart by comparing the HNCACB

and HNCQCACB spectra and linked to the HSQC. Alanine, glycine, serine and threonine

Iff KIS RAaAGAYOGA®S /h FtyR /i OFNb2y OK
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these residues were noted. Arginine, lysine, isoleucine and valine residues were defined
by the HSQC and 2D HNCO spectra from the metabolic unlabelling work. The spin
aeaidsSya sSNB fAY{1SR o0& YI i OKNCKCRIithitkeS1T A / b
/ hand/ ipeaks from the HLCQCACB in the context of the HASPA sequeBaekbone

phi and psi anlgs were estimated with TAL@$to determine if the HASPA sequence

contained any secondary structure elements (Shen and Bax. 2013).

2.3. Results
2.3.1. The HASPs are predicted to be intrinsically disordered

Disorder prediction is the first step in definiran intrinsically disordered protein.
Extensive analysis of ordered and disordered proteins highlighted their distinct
sequence bias. Residuesuld then be classed as ordpromoting, disordefpromoting

or neutral. he orderpromoting residues are C, W, IYF, V, L(to a lesser extenH, T,

and N, the disorderpromoting residues are D, M, K, R, S, Q, P, and Ehantktutral
residues are A and ®adivojaet al. 2007). Unsurprisingly, hydrophobic residues were
shown to be a consistent feature of ordel proteins due to their integral role in core
stabilisation. The disorder promotirgdass of amino acids is populated by charged and
polar residues, producing the distinctive sequence composition of IDPs. Negative
hydropathicity is also characteristic WPs because of thelatively low abundancef
hydrophobic residues in their sequences. Bioinformatic analysis to determine sequence
motifs found in IDPs indicated a high prevalence of proline and both positive and
negativecharged motifs (Lise and Jon@€05). Analsis of IDP sequences highlighted
their low sequenceomplexitywhen compared with globular proteins (Rez&haleh

et al. 2012). This is typified by the high occurrenceanfiemrepeats in IDP sequences.
Repeats were shown to be a dominantachcteristic of IDPs (39% of all IDPs contain
repeats) when compared withll SwissProt (14%), yeast (18%) or human¥@groteins
(Tompa. 2003). Taken in combination, signifiers of disorder from a sequencaievel
the prevalence of disordgpromoting residues, tandem regats, highly charged or

proline-rich motifs, high hydrophilicity and low sequence complexity.

Examination of the HASP sequences based on the described IDP fehivesuggests

disorder. Aalysis of the HASPB1 sequence highlights thevglence of disorder
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promoting residues, with charged residues and proline comprising 48% of the entire
sequence Figure 2-4). All three HASP sequences exhibit low sequence complexity
indicative of disorder, this is particularly apparent with HASPBH&®IB2 due to their
repetitive nature. Unsurprisingly, the HASPs are extremely hydrophilic, another feature
common in disordere proteins. The ignd average of hydropathicity (GRAY&fjorted

by ProtParam (ExPasy) for HASPB®2.3, where a negative value reports a highly
hydrophilic sequence (Gasteiger et al. 2005). More stringent analysis was required to
more confidently predicdisorder.lUPred, an IDP predictor, estimates the energy of
pairwise interactions in a window around a residue assuming that an ordered protein is
composed of residues that can form favourable stabilising interactions while an IDP
cannot (Dosztanyet al. 2005). A disorder tendency score of 0 predicts a folded protein
while a score of 1 indicates intrinsic disorder. It is clear fFogure2-4 that when the
HASP sequences are analysed by IUPred they are all predicted to be significantly
disordered with no element of ordeobserved Confirmation of this predicted disorder

was required to accurately classify the HASPs.
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HASPB1 sequence

001: GAYST KDSAK EBQKRADNIH KTTEANHGGA TGEBKHTGS AMNDSABKED
051: GHT@NDGDG PKEDGHT®N DGDGBKEDGH TQRNDGDGBK EDGHT®NDG
101: DGBKEDGHTQKNDGDABKED GRTQRNDGDG BKEDGHT®N DGDABKEDGR
151: TQKNDGDGBK EDGHT®NDG DGBKEDGHTQKNDGDGBKED GRTQKNDGGG
201: PKEDGHT@N DGDABKEDGH TQRNDGDGBK EDGHT@NDG DABKEDGRTQ
251: KNDGDGBKED GHT@NDGDG BKEDGHT®N DGDABKEDGR TQRKNDGDGEK
301: EDGHT@NDG DABKEDGRTQ KNDGDGBKED GHT@ENDGDG [BKEDGRTQKN
351: DGDABKEGEN LQQNDGDAGE KNEDGHNVG GANGEDGND DQBKEHAAGN

0.8
> 0.7
o
S

0.6
g ——HASPB1
_ 05 ——HASPA
T
S 04 HASPB2
2

0.3 - Threshold

0.2

0.1

0
0 100 200 300 400

Residue number

Figure2-4: Sequencebased analysis of the disordered nature of the HASPs. (Top) Annotated amino acid
sequence of HASPB1 emphasizing the prevalence of the disorder promoting proline (pink), basic (blue)
and acidic (turquoise) residuegBottom) IUPRED disorder prediction of all three HASPs. The disorder
threshold is shown in red at 0.5. Anything below this threshold is consideldeld, while anything above

is not.

2.3.2. Circular Dichroism shows the HASPs are disordered

Circular Dicloism (CD) Spectrophotometry is a technique used to quantify the
interaction of a molecule of interest with polarised light. The chiral arrangement of
LISLIGARSA 02yRa AY &aLISOAFAO LINRGSAY aS0ozy
generate charactestic spectra at defined wavelengths. This allows the user to
potentially assign secondary structure characteristics of an unknown protein sample

based on the spectra obtained.
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Analysis of the amino acid composition of the HABPSection 2.3.1. revealed a
propensity for disorder. However, confirmation of this predicted disorder by
biochemical and biophysical methods was required. Circular dichroism (CD)
spectroscopy utilises experimentally defined spectroscopic signatures from proteins
with known three-dimensional structures to characterishe secondary structure
content of sample proteins. To obtain a greater insight into the predicted disorder of the
HASPs, CD spectra of HASPA and HASPB1 were collected. Both spectra are typical of
random coil caformations with the minimum seen at 195 nrRigure2-5). Note data

were collected between 195 and 260 nm. The CD signal was considered valid between
these points, as the HT voltage was below 600 but saturated at a wavelength lower than
195 nm. DichroWeb is a webased server that implements different empirical
algorithms derivedrom reference spectra to analyse the secondary structure content

of inputdata (Whitmore and Wallace. 2008)2d method Andradeet al. 1993) analysis

indicates that HASPA is 92% random coil, confirmingptiedictedfeature.

CD spectra of intrinsically disordered proteins are often shown to be random coil due to
their lack offi &4KSSGX h KSEtAESZ 2NJ (Gdz2Ny St SYSyida:
polyproline lI(PPIlstructures such as collagen. A PPII helix is typified by a high proline
content and is defined by phi and psi angles/& and 150°, respectively. To distirgui
disordered samples from PPII structures Lopes ef28114) compared the spectra of

native and denatured collagen. They found that the single most characteristic
spectroscopic feature distinguishing a (PPII) structure from a disordered structure was a
positive peak around 220 nm in PPIlI samples. Interestingly, this feature is not observed

in either HASP spectra strengthening the case for intrinsic disorder classification.
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Figure2-5: CD spectraf HASPB1 and HASRAExample CD spectra of alghelical (yellow), betaheet

(blue) and random caoil (red). This image is taken from Dr. Ramy S. Farid. 2006. Circular Dichroism (CD)
Spectroscopy. Available at: http://www.proteinchemist.com/cd/cdspec.hiiccessed 12 August 15]. b)

CD spectra of HASPB1 and HASRAse spectrare indicative of the random coil spectral featucd. HT

voltage trace.

2.3.3.1H, "'N-HSQ®f HASPA and HASPB2

To confirm the predicted intrinsic disorder of the HASPs, unifiptpN labelled HASPA
and HASPB2 wemepared and characterised by NMR spectroscdpe overlaidH,

5N HSQGspectra highlight thelimited dispersionof NMR resonances in théH
dimensionaround 8.4 ppm(Figure2-6). This spectral feature igdicative of highly
disordered proteins becauseegions of high backbone flexibility have reduced chemical
shift dispersioras they all share the same solvent exposed environmi€érageljet al.
2013).When samplegontainh-K S f A Oshéetel2rmgnts the peaks are much more

widely distributed.Despite the extensive clustering of resonances in the HSQibtior

67



proteins and signal overlap the NMR resonances, are on the whole, well resolved,
meaning that backbone assignment should Ipessible. Glycine has a distinctive
nitrogen chemicalshift in an HSQC experiment wheompared with other residues.
Glycineresonance areusualy found in the range of 105 to 115 ppm, which occurs
because g OA Y S . FODRASPA, a protein with 10 glycine residues, 9 candidate
peaks are visible in the HSQC. The extreme terminal residues are not always clearly
defined in HSQC spectra, sadtexpected that the Nerminal glycine would not be

visible.

Direct visual analysis of the HSQC data shows that HAS®A3 clearly defined
resonances, while it ha& residues that could be assigned, excluding 3 proline residues
and the hexahistag. Ths is a promising starting point for assignment. HASPB2 has 127
residues that could be assigned but only 95 clearly defined resonances. This is likely due
to the presence of repeats in HASPB2 combined with the limited dispersion of
resonances in IDP sampl@hese residues would be experiencing the same (solvent
exposed) chemical environment, produciogerlaid but intense resonances for the
repeated sequence motif. Thereforéwas decided that HASPA was the best candidate
for assignment because it is shes and thenumber of observed resonances was closer
to the number of residuesvhen compared with the data foHASPB2Moreover,
working with a protein without repeats removes a potential layer of convolution to the

assignment.
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Figure2-6: H, *>N-HSQC of HASPA and HASPB?2 recorded at 298K in 20 mM sodium cacodylate pH 6.5,
120 mM sodium chloride. HASPA is shown in blackH¥8PB2 in red. The limited dispersion of both
samples in the proton dimension is indicative of disorder.
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2.3.4. Backbone assignment of HASPA

15N, 13C uniformly labelled HASPA was prepared at 0.9 mM in 20 mM Hepes pH 6.5, 50
mM NacCl. Initially, two 3D expetental datasets were collecteddiINCACB and
HN(CO)CACHpectra, forbackbone resonance assignmeiihese experiments expand

the 2D'H,**N HSQC into a thifdC dimension to correlate the NH plane from the HSQC
spectra with the'¥ h  E3J/iR NEB & 2 yetificalyS theiNGACBpectrum reports

strong chemical shifts for the h | yoRhe/i residue and weakly for the previous (i

1) residue. The CBCA(G®Bspectrum reportsonlythé b y R /1 CoKtBeY A O

i-1 residue

1 10 20 30
GAYSTKDSAKE POKRADNIDIETFRSDEKDGIH

40 50 60
VOESAGPVOENFGDAQEKNEDGHNVGDGANGN

70 80
EDGNDDQPKEHAAGN LEHHHHHH

Figure 2-7: Annotated HASPA sequensbowing the combined approach implemented for backbone
assignment. Residues withistinctive/ 1/ i OK S Y A(&anihe, glykirfe Tsériae and threonine) and
those chosen for metabolic unlabelling (valine, isoleucine, lysine and arginine) are highlighted in blue and
green, respectively.

To begin, the 2BH, >N HSQC spectra were initialised by picking peaks aratioge
resonances that are the starting point for spin system groupings. Peaks relating to amide
containing side chains were removed from the analysis at this point. The peak list
generated from the HSQC spectrum was then used to navigate to 2D strips 8Dth
experiments to link the h | y'd&rboh ¢hemical shiftso the amide dimension.

Alanine, serine, threonine and glycirteave distinctive/ h | y R [/ | OKSYRAC
enabling residue type information about specific spin systems to be gained. A note was
made of i and-IL residues that belonged to one of these residue types to give the
assignment some sequence context latErgUre2-7). However, due tdow sequence
complexity and the disordered nature of HASPA identifying these residues was not

sufficient to firmly link any sequentially assigned portions to the sequence. HASPA is
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disordered in solution, so all residues in the sequence experience the sahaent
exposed chemical environment. This means that little variance is observetdl in | Yy R/ |
resonances of the same residue type in different sequence positions and there is little
observable difference between residues with similarh YR /[/is NBazyl
metabolic precursor unlabelling strategy (described in Se@iar8) was implemented

to obtain residuespecific information to deconvolute the assignment process. This
combined approach allowed for specific residues to be identified and toritext

within the HASPA sequence enabled backbone assignriagntré2-7).

A detailed description of the protocol implemented to produce various relia
unlabelled **N, 13C HASPA&amples can be found in Section 2.2.3. However, it is
important to note the simplicity of this protocol. It only requires splitting a-preuction
expression culture and adding the required metabolic precursors. AfterwHrds
expression protocol was continued as normal. This resulted in thmetabolic
unlabelled'®N, 13C HASPA samplésat were 1) lysine 2) arginine and 3) isoleucine and
valine unlabelledlsoleucine and valineere unlabelled together to streamline sarepl
production. The precursors used and the labelling pattern they produce in the final

sample are outlined ifigure2-8.
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Figure2-8: Precursors used for metabolic unlabelling of HASFR#ly stage precursors of isoleucine and

g t Ay Ketobundate Andh -ketoisovalerate, respectively. While lysine and arginine can be directly
added to the growing culires to unlabel these residues (Hiroaki et al. 2011). Nitrogen and carbon atoms
coloured blue denote that these atoms af or3C labelled by the media.

Lysine and arginine can be directly supplemented 1t **Cminimal media to unlabel

these speific residuegHiroaki et al. 2011)in a 2D'H, *®N HSQC spectrum both these
NBaARdzZSa oAt f in@abothghise wnifdrmylyddbdllddcsantple Therefore,
comparison of these spectra with[U-1°N] HASPAH, *°N HSQC spectrum allows the

AYy@SaiaAalraz2N 62 RSUOUSNNYAYS G6KAOK ALY &ea

HASPA contains 2 arginine and 6 lysine residues that were identified through this

unlabelling approach. Moreover, collection @b H, 15N HNCOspectra on these

unlabelled samples renders thel residueslb aw Ay @A aA0f SQF & dzLILJ

with more residue specific informatiorkigure 2-9 highlights how the two arginine

residues, R15 and R24, were identified when the HSQC spectra were compared.
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Moreover, the two i+1 residues were easily distinguished based ondifierence

betweenthe/ #/ i NI & pfsdrige @&silue 25) and alanifresidue 16).

As already mentioned, there are 6 lysine residues in the HASPA seqi&echsine
unlabelled 2D'H, "N HSQGpectrum was used to identify these lysine spin systems
when compared with thgU-1°N] HASPAH, >N HSQGpectrum Figure 2-10). Cross
referencing the arginine unlabellé#, >N HSQ®@iith the lysine unlabelleéH,>N HNCO
allowed firm identification of arginine 1%s it is the i+1 of lysine 14. This produced a
GAGEE AGFNIAY3 LRAY(G WIHYyOK2NR Ay GKS |1 {
assignment. However, due to the highly similaband/ i  NB a 2fyaspgiiie acd

and asparagine, identification ofgselues Asp7, Asp29 and Asn51 was more difficult. The
sequence context of the residues was used to determine which spin systems related to
the specific aspartic acid or asparagine residues. Glutamic acid has a more distinctive
[ hk NdBskiButioh, yak®®ing residue 11 to be assigned directly. No
unlabelling related to lgtamic acid74 was observed in th&H, >N HNCOIt appeared

that the resonance next to Asp7 could be promising as this was unlabelled in this

experiment, however, there was no coneing 3D data to confirrthis assumption.

Valine and is@ucine residues produced by thaetabolic unlabelling strategy are visible

in a 2DH, N HSQCA LISOG NI & 9yl @Yl $1ASOl 2 0221 & SNE 52 VI
ketoisovalerateinto isoleucine and valine, resPelil A @St & = -Bd&n6 BrBuNBf G KS
both residues®N labelled Rasiaet al. 2012Figure2-8). However, the remaining carbon

atoms are'’C labelled apart from thé | |y &omé in khe isoleucine side chain

which are®*C labelled This means the i+1 residues could be ascertaimerh fthe
isoleucine and valine unlabelled 2B, *®N HNCO spectrum when compared with the

IH, 15N HSQC spectrum ¢U-1°N] HASPAFigure2-11). There e five residues in the
HASPA sequence that are i+1 to either valine or isoleucine. Therefore, this double
unlabelled sample significantly contributed to the overall assignment. The high
occurrence of glutaminegl0.1% and aspartic acid§l3.9%) in the HAPA sequence

made assignmentof these residues (D20, Q34 aqdl) extremely difficult. Three of

these residues are i+1 to isoleucine or valine so were fixed in the sequence and removed
from the pool of unassigned spin systems. This made it much easidentfy other

non-associated residues and streamlined the rest of the assignment.
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Figure2-9: Selective arginine unlabelling of HASPA. a) Overldy,6¥N HSQC of uniformiyN-labelled
HASPA (blue) and arginine unlabelled HASPA (green) highlighting R15 and R24. b and c) &{éthy of
HSQC of uniformly labelled HASPA (blue) antH2BN HNCO (pink) showing both arginine residues and
the corresponding i+1 residues.
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Figure 2-10: Selective lysine unlabelling of HASPA. a) an@Jgrlay of'H, >N HSQC of uniformfyN-
labelled HASPA (blue) ahdineunlabelled HASPArangg highlightingthe six lysine residues found in
HAPA. eg) Overlay of'H, 15N HSQC of uniformly labelled HASPA (blue) andH2E¥N HNCOdreen

showingsome lysingesidues and the corresponding i+1 residuBHsere should be 6 i+1 residues but E74

was not assigned because no resonance was observed for this residue.
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Figure2-11: Selective isoleucine and valine unlabelling of HASRA Cwverlay of thgU-1>N] HASPAH,
15N HSQC spectrufblue) with the isoleucine and valine unlabell2B *H, >SN HNC{red) showinghe
unlabelledi+1 residues.

This metabolic precursor unlabelling approach gave vital sequence based information
on 21 residues in the HASPA sequeridentified spin systems could be used as anchor
points for the remaining assignment, while these spin systems were also removed from
the pool of potential linkers in other areas of the sequence. Combining this approach
with simply identifying residuelsased on their uniqué " « /i NJBalanhe, F OS
serine, 4 threonine and 1@lycine residues) made th®ackbone resonance assignment
oftheH= bX /h | YR /possigla@trez-A12). Xhgre aré 78 tesidues in
the HASPA sequence that could have been assigned after excthdinigree proline
residues and the hexhistidine tag. The final assignment was of 73 residues,ninea

that 94% of the HASPA sequence was success$siigreed, except G1, T5, E74, H75 and
AT6.
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Figure2-12: Full backbone assignment of HASPA. 73 residues of a possible 78 residues (excluding the
hexahistidine tag and proline residues) were assigned.
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2.3.5 Backbone torsion anglesf HASPA

Elements of transient secondary structure are a common feature of intrinsically
disordered proteins. IDPs exist as a highly dynamic structural ensemble and can in some,
but not in all cases, form defined folds whéenteracting with abinding partner. As
already mentioned in Section 2.1., these transiently structured regions are termed
molecular recognition fatures (MoRFs). ANCHOR is avabed server that predicts
binding sites in disordered regions of protein sequence that are likely to undergo a
disorder to order transitioupon binding (Dosztanyi et al. 2009). It was used to highlight
potential transiently ordered binding sites within the disordered domain of the
erythrocyte bindinglike protein from Plasmodium falciparumthat were later
experimentally confirmed (Blanc et al. 2014). Analysis of the HASPA sequence predicts
three potential binding sitesl) residues 1 to 22, 2) residues 25 to 63 and 4) residues 72
to 79 (Figure 2-13). Experimental verification is required to determine if these
predictions have any relevance to the disordered nature of HASPA andoomifibute

to any plausible sho#ived structured elements.
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Figure2-13: ANCHOR and IUPred output for HASPA. ANCHOR analysis of the HASPA sequence predicts
three potential binding regions.
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These transientordered states can beexperimentally determined There is an
established relationship between chemical shift information and local protein structure.

This specifically relates to the dihedral angles of the protein backbone and their
relationship to definedstructural motifs. Three dihedral backbone angles restrain
protein structures, namely phi §, psi () and omega-.(). Phi and psrielate to the
backbone atomsC:N-/ kRC' and N-/ RC:-N, respectively. They share an inherent
flexibility, which is dependentrothe sequence context and local secondary structure.
Omega describesthe-NQ 62y R 3IS2YSGNE YR A& NRdzyR
proline.¢ Kdza = . O2/yui NRAfaal I GyKGSS >tby. RO Y WP E al RS,
0 KS-/ h h RA &lielagv@ndye® of chemical shifts as structural probes is that they
allow sequence specific mapping of transient structural elements of IDPs (Kragelj et al.

2013).

TALOSN, an artificial neural network (ANN) based hybrid systémikes NMRderived

chemical shiftinfor G A2y o/ hx /i X [/ QX Ih3X I b FYR b
target proteintoY'F 1S ljdzt yOGAGF A GBS LINBRAOGAZ2Y A F2N
(Shen andBBax 2013). It also provides measure of theeliability ofthese predictions

and predicts anyexondary structure elements. It has been outlined in Section 2.3.3.

that HASPA is predominantly intrinsically disordered but identification of any transient
secondary structured elements would be interesting and perhaps inform on any
unknown functionality.Therefore, the chemical shift informatiol / " ¥ N And W) |
obtained from the backbone assignment of HASPA was analysed with -NAUOS
showed the entire assignment to be highly dynamic with no elements of secondary
structure predicted. This result suggfs that the HASPs do not contain any preformed
secondary structure elements that could form the basis of molecular recognition motifs

seen in IDPs.
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Figure2-14: TALOSN output highlighting the dynamic nature of HASPA. Ténigisncewindow displays
the classification of each residue ihet target protein sequenceThe residues are classed as dynamic
(blue), ambiguous (yellow), not classified (grey) and a goodgtred (green). The majority of the HASPA
sequence is considered dynanmiiote residuess1, T5, E74, H75 and AwWére not assigned
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Further analysis of the chemical shift data to define any propensity for transient
structural elements within HASPA was feemed with ncSPCnéighbour corrected
structural propensity calculatdr ThencSP@rogramcompareschemical shift data with

a chemical shift library of disordered proteins (Tamiola et al. 2010). Deviation from the
random coil chemical shift library inghquery can indicate the presence of structure. In
addition ncSPC can differentiate between global structure and weak sequence specific
transient structural elements. It is important to note that the program takes sequence
into account as the reference rdom coil library was generated for every nugdef

each amino acid from the reference IDPs udddreover, chemical shiftef specific
nuclei have varying reliabilities in reporting certaitrigtured elements. fere is a
known relationship between'¥ h hedical shiftsl y R NX fhdlitalo dorent h
predictionand¥ i  OK S YA Ol f-shekticanterit(Weingtack & al.i 2008)The
O2yiNROdziA2Yyad 2F RAFTFSNBY (G OKSYAIl@licAlora KA T

i -sheet structurg(Tamiolaand Mulder. 2013.

Analysis with ncSPC shows that HASPA has no global defined structure and is consistent
with the TALOSI output (Figure2-15). It was of particular interest that ncSPC reports
structure propensity plots for two slightly different methods, SSP (secondary structure
prediction) and ncSPOhe SSP method on which ncSP®ased differs as it uses
chemical shifts from known structured elements as a standard to measure structural

propensity against (Marsh et al. 2006). However, the graphical output of both methods
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is the same, enabling direct comparison of the resultaedictions{ O2 NB & 2 F ™
NEFtSOG Fdzte F2N¥SR h KSEAOFE 2NJ i  &KS:
suggests that 50% of the conformers in the ensemblednelical at that positionThe

{{t YSUGK2R RSSO adsheetiBpersity 8f BrouSd/H% yh GlOR
interspersed regions of HASKAgure2-15a). However, this finding should be treated

with caution as its significance ould need to be experimentally confirmeoefore
drawing any firm conclusions. While theSP@nethod shows that the propensity falls
within the range of the IDP reference set and no structural propensity is observed
(Figure2-15b). In the current literature ncSPC is considered a refinement of SSP because
of the use of the IDP random coil reference ¢€amiolaand Mulder. 2012 This
improved reliabiliy of structure propensity calculations was tested with two
SELISNAYSyiGlLtte RSTAYSR deaidsSvyaz yIl vStea
mimicking conditions and the structural transition of the bacterial PYP (photoactive
yellow protein) upon light excitatn. In both cases ncSPC was able to detect
conformational shifts and highlight known structural propensity. Due to this finding the
ncSPC result was taken as the significant output. However, the resultant variance of
these methods highlights the importanas experimentally defining any calculated

structure propensity.
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Figure2-15: Secondary structure propensity plots of HASPA based on the S8PSP@hethods. A score

2F bm LINBRAOGA h-mKBEINE Glfeéd a)BSA/ dinRyiral propknsify Hrediction plot
K264 | NBFa 2F SyKFEyOSR i LINRLISyarde Ay aK2NI Ay
ncSPC structural propensityegliction plot shows that the HASPA chemical shifts adhere closely to those

of known IDPs (yellow band) with no elements of predicted structure observed.
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2.4. Discussion
2.4.1. The HASPs are intrinsically disordered

Analysis of the HASPs, from their seqeeeo biophysical characterisation has shown
them to be intrinsically disordered. The high occurrence of disorder promoting residues,
high hydrophilicity and the low sequence complexity found in all three HASPs was the
first indication of disorder. This edicted disorder was supported yD spectroscopy

of both HASPA and HASPB1. Analysis of the raw dateDwatinoWebpredicted that
HASPA is 92% random célbwever CDis limited when addressing IDPs as it is unable
to detect secondary structure elementbat are short lived, weakly populated and
confined locally within the protein sequend®ezaeiGhaleh et al. 2012)Further
examination of the dynamic nature anihe inherent flexibility of the HASRsas

required

NMR spectroscopy is unique in its cappacdd study the dynamic nature of intrinsically
disordered proteins in solution (Dyson and Wright. 2004). Backbone assignment with 2D
and 3D NMR spectra is the first step in this process and a prerequisite for further study
of transient structural elementdiological partner interactions and IDP dynamics. Initial
2DH, N HSQC spectra dfiN] labelled HASPA and HASPB2 revdaigthd resonance
dispersion in theproton dimension a spectral featurendicative of highly disordered
proteins However, the @sonances were well resolved suggesting that backbone
assignment would be possible. HASPA was chosen as thedreltatebecause it is

the smallest HASP and lacks the repeats seen in the HASPBs.

3D HNCACB and HN(CO)CACB spectra were collected and csedlate the amide
resonances from th@DH, N HSQ@& LIS O NXzy G2 GKS /h | yR /]
congestion can be a severe issue when assigning an IDP because all residues are solvent
exposed.This means thathere islittle dispersionof/ | Yy R [/ i rely@diessy | y O
of sequence contextTo deconvolute this spectral congestionreetabolic precursor
unlabelling strategy (described in Section 2.1.3.) was implementdus protocol
NEYRSNB aLISOATFTAO NBaA RdzS anifovwbyaabelledl Wratdina A 6 f S
sample and can also be used to gain information of residues precede unlabelled
residues. Three unlabelled versions of HASPA were produced that silenced 1) lysine, 2)

arginine and 3) valine and isoleucine. This generated additiseqlience specific
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information and considerably aided the backbone assignment of HASPA. In the final
assignment 94% of all possible residues were assigned. The completed assignment is the

first step in any future studies of HASP dynamics and residuatsteuc

2.4.2. HASPA does not contain any elements of structural propensity

L5ta alYLEfS I RADGSNES [FNNI& 2F AyiSNO2y(
conformational heterogeneity means they cannot be limited to any single averaged
structure hut are represented as an ensembl&ilpbs and Showalter2015). NMR
spectroscopy ia vital toolto produce the experimentally derived parameteexjuired

for IDP ensemble generation. Information obtained from these ensembles can be used
to understand howDPs carry out their functions, through analysis and comparison of
their structural dynamics alone or in complex with biological binding partners. It is an
established concept in the IDP field that some proteins undergo disorder to order
transitions on biabgical partner binding, facilitated in most cases by preformed
elements of local transient secondary structure that lower the entropic cost of more
global folding. Solution statdMR spectroscopgan be used to investigate thesecal

transient statesandrelate them back to biological function or aggregation behaviour.

Elemens of shortlived secondary structure can be predicted and confirmed with
experimentally defined parametertn particular**Cchemical shifts are highly sensitive

to backbone conforration andcan inform on shortived structured states in IDPs,
hence their use to determine IDP structural propensity. Chemical shifts obtained from
the backbone assignment of a protein can informtba dihedral(phi and psigngles
Certain dihedral angbk are found in tepecific secondary structurglements and can
define the random coil state. This makes IDP backbone chemical shifts powerful
descriptors of local transient deviations from the random coil state. These deviations
can be connected to funnal or dysfunctional protein states, involved in adaptive
molecular recognition or protein aggregatioifthe advantage of chemical shifts as
structural probess that they are rooted in the protein sequence and therefore allow

transient structural elemerst to be mapped ontéDPs (Kragelj et al. 2013).
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It was shown that conformational ensembles of IDPs derived from chemical shifts alone
are consistent with ensembles derived from other NMR experimental parameters such
as residual dipolar couplings (Jensenaét 2010). Therefore, the lack of structural
propensity seen in HASPA from chemical shift analysis with TRIED8ncSPEan be
considered a significant finding. This would suggest that HASPA contains no preformed
MoRFsin its Wy I (staté 8dzating hat it does notfunction as an interaction hub.
However, the relationship between intrinsic conformational propensity and the
structure adopted by the protein in its bound form remains poorly understood. Notably,
the concept that preformed structure is reged for continued coupled folding and
biological partner binding is not always applicable. Disruption of residual helical
structure in PUMA, an IDP of the BZlapoptotic family of proteins, did not inhibit
binding to MCLL (Raers et al. 2014)t was peviously established that in the unbound
form, PUMA has helical propensity of 20% and when bound forms a single continuous
h-helix in a surface groove on MCLThe helical content of the unbound form of PUMA
was reduced bgite directed mutagenesi® the helix breaker proline and confirmed by
CD. Interestingly, this reduced preformed helical content did not affect-M@ibhding
affinity. The conclusion of this study is that an IDP does not necessarily need to display
residual structure resembling theobind form for partner binding to occuPotentially,

the established MoRF view detracts from the functional and structural plasticity that
IDPs can adopt. Studying one transient structured state and interaction in isolation does
not represent IDPs as mulayered interaction hubs. Could this be the case for the
HASPs?

The lack of structural propensity observed in HASPA suggests entropic chain
classification. This grouping of IDPs remain disordered to elicit their functions, extending
the structure functiorparadigm to include functional disordergn der Leet al. 2014).
Elastin, the main component of elastic fiores and an integral component of the
extracellular matrix, is an entropic spring. It is vital for tissue elasticity, providing the
distinctive regetitive stretch and elastic recoil properties of vertebrate tissues. Like the
HASPs, it is an extracellular intrinsically disordered protein but unlike most IDPs contains
a significant number of hydrophobic residues. The high proline and glycine content
(42%) of elastin is thought to be the main contributor to disorder (Miao et al. 2003). The

specific residue prevalence limits the formation of extended secondary structure,
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preventing collapse of the hydrophobic sequence into a compact globular structure
(Rauscher et al. 2006). This allowse monomer to remain disordered, providing the
functionally required conformational flexibility through transiently populated local
structural elements. Therefore,lastin can be thought of as a functionally relevant
heterogeneous disordered ensemble, where conformational disorder is crucial for

driving extensibility and elastic recdilizniekset al. 2010).

The examples considered throughout this chapter have highlighted the diverse functions
that IDPs form over foldedrpteins. Although the biological function of the HASPs is
unknown, intrinsic disorder classification is informative when you consider the
characteristic traits of IDPs. Conformational freedom, particularly observed in entropic
chains, is highly advantagemand facilitates an array of functions. This can include long
range entropic exclusion of other proteins, spacer functions (MAP2) dymé&mic
springs (elastin and titin). The extended nature of IDPs means they are able to elicit
repulsive forces or makemger ranging contacts than globular proteins of the same
molecular weight. Reconsidering the functional state of the HASPs as disordered should
inform any subsequent biological investigation and help to reframe their potential role.
The lack of defined bding partners, other than NMT, could suggest a repulsive type of
functionality for the HASPs.

2.5. Summary and future work

The predicted and experimental work presented in this chapter confirm that the HASPs
are intrinsically disordered. NMR spectrosgops a comprehensive source of
experimentally derived information on IDPs andsnapplied to this study. Backbone
assignment of HASPA was performed as a starting point for analysis of secondary
structure propensity and future study of protein dynamicsielto the low sequence
complexity and disorder of HASPA the assignment was hampbyedspectral
congestion. Residuspecific metabolic unlabelling was implemented to obtain spin
system information that could be directly related to the HASPA sequenceprbhigol

aided the final 94% backbone resonance assignmertdf b =/ imn HASFARNMR
derived chemical shift information from the backbone assignment was used to
investigate HASPA structural propensity. There were no regions of deviation from
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random coil / h | y'dRemical shifts, which is consistent with a lacktrahsient
secondary structureThis means that the HASPs do not possess a feature that is common
in IDPS that function as interaction hubs, namely MoRFs. Therefore, the HASPs are more
simiar to IDPs that function as entropic chain, where their lack of order is what makes

them functional, such as titin and elastin.

HASPA was studigtherefore,here no inference can be drawn about the presence of
MoRFsn the repeats of the HASPBs. Howevke, sequence similarity in the-ldnd G
terminal domains of all three HASPs means that findings presented here are transferable
to the HASPBSt would be interesting, although very challenging, to assign HASPB2 to
determine if the repeats contained anyrctural propensity. Moreover, preformed
structural elements are not always required for biological partner interaction. However,
the current lack of identified biologically relevant HASP binding partners does make the

entropic chain classification an aresting concept.

Further experimental validation would be useful to confirm tlebemical shift
determinedlack of transient structure within HASPllongrange and local structural
features of IDPs in solutiotan be determined withparamagnetic relaxation
enhancementsresidual dipolar couplings, relaxation studies and nuclear Overhauser
enhancement $almonet al. 2010).A combinationof the aforementioned methods
would define and confirm any transient structured states of HASPA. Any information

obtained could address any functionally relevant structural organisation.
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Chapter 3 Investigation of the HASP: NMT interaction

3.1. Introduction

The Nterminal 18 residues df. majorHASPBvere shown to bessential for membrane
targeting (Denny et al2000) This regiorcomprises a dual acylation maqtifvhere the
protein is myristoylated and thesequentially palmitoylatedor correct membrane
association. The first lipidation step, myristate addition, is catalysed by N
myristoyltransferase (NMT) and i€atranslational evenin viva NMT can myristoylate
peptidesin vitro, requiring an Nterminal glycine residue for modificatiq@Goncalves et

al. 2012).However, the catalytic activity of NMT on full length protein substrates has
not been establisheth vitro. In order to address thiNMT catalysed myristoylation of
the HASPs was investigatedvitro. The work presented in thehapter aims teestablish

if NMT could myristoylated full length protein substratasvitro and define the kinetic
parameters of this activity. Moreover, having defined the HASPs as disordered,
investigation ofthe effect and potential structural impact of myristoylati@ould be

functionally relevant.

3.2. Experimental
3.2.1.Leishmania majoNMT expression and purification

Briefly, diquots of LB media5(ml) containingampicillin and chloramphenicol, at @0
and 30 pg/ml, respectively, were inoculated witta glycerol ®ck of E. coli
Rosetta2/plysS witithe pET15MHL plasmid which was obtained from Dr James
Branniganandgrown overnight at 37°C with shaking at 180 r(see AppendiA.1). It

is important to note that pETEMHL vector is\ & 2 LIN<B-1-3Bidgalactopyranoside
(IPTG) inducibleampicillin resistant and contains &EV cleavable -drminal hexa
histidine tag LmMNMT was expressed with the typical autoinduction cell growth protocol
(Studier.2009).

Each 5 ml aliqguot was used itwoculate 20 ml LB media supplemented with the same
FYGAOA20A0a YR AyOdzotGSR Fd ote/ F2N Iy
autoinduction protocol is ZY media, which was prepared by adding 10 g trypsoge

yeast extract and 937 ntbO perlitre required. A 50x stock of 5052 was prepared in a
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final volume of 100 ml by adding 2fglycerol, 73 mbdH0O> H ®p 3 3Af dzO2 & S
lactose. A 25x M stock was prepared in a final volume of 200 ml by sequentially
dissolving 3.6 g N&8Q, 13.4 g NKC| 17 g KEPQ and 17.7 g N&dPQ (all anhydrous)

into dHO. A 1 M stock of MgS@as also prepared and all these components were
autoclaved before use. The autoinduction media was assembled according to the ratios
outlined inTable3-1 yR | f a2 Ay Odzo wars iR Afteriihis incubation (i 2

L.

each 25 ml aliquot was added to 500 ml autoinduction media and returnedtos / ¥ 2 N.

6 hours with shaking at 180 rpmThe cells SNE G KSy (NI yaFSNNBR
at 200 rpm overnight (typically between 16 to 18 houf®)e cells were harvested by

centrifugation for 15 minutes at 500@ and the resulting pellets storedat n ¢ / @

Component Volume in 10 mi Volumein 11
1M MgSQ 10 pl 1ml
50x 5052 200 ul 20 ml
25x M 400 pl 40 ml
ZY media 9.37 ml 937 ml

Table3-1: Components required for autoinduction media.

Once thawed, the pellets were resuspended in 30 ml nickel colomffer A 60 mM
HEPES pH 7.5, 500 mM NaCl, 5 mM imidazole, 5 % dglypero600 ml pellet
supplemented with0.1 % Triton X200, 10 mM MgGl DNase an@ protease inhibitor
tablet (cOmplete, EDFfee from Roche). The soluble cell suspension was somidate
times on ice for 30 seconds with 1 minute intervaleere was no lysate clarification
step as the lysatevas loadeddirectly onto a 1 ml HisTrap FF crude column (GE
Healthcare) preequilibrated with nickel column buffer Aencolumn volumes of nickel
column buffer A washed the column befd®0% nickel column buffer(80 mM HEPES
pH 7.5, 500 mM NacCl, 250 mM imidazole, 5 % glycerasimplemented forfifteen
column volumes to elute the target proteirfSDSPAGE was used to identify target
protein cortaining fractions that wergooled and dilutechat least 26fold with 20 mM
HEPES pH 7.5 containing 1 mM Brgive a final NaCl concentration of 20 mML Anl
HiTrap Q HP column equilibrated with ion exchange buffé0A{M HEPES pH 7.5, 20
mM NaCl, 1 mMDT1) was loaded with the pooled sample and washed for 10 column
volumes.Elution was achieved with a gradient of 0 to 100% ion exchange bufd B (
mM HEPES pH 7.5, 500 mM NaCl, 1 mM) Bdrr20 column volumesThe NMT
containing fractions were themoncentrated (Vivaspin Sample Concentrator range,
91
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10000 MWCQ®to 0.5 ml for size exclusion purificatiod Superdex 780/300 column
(GE Healthcare) equilibrated wiil®o mM HEPES pH 7.5, 500 mM NacCl, 0.5 mMaBd T
used to further puriffNMT. Fractions were tbn analysed with SBFSAGE to assess final

sample purity. All purification columns were run with the AKTA FPLC system.

Subsequently the hexahistidine tag was removed bYEV protease (Invitrogen)
digestion (1:50 ratio of protease to protein) overnigit 4¢ /while the sample was
dialysed intc50 mM HEPES pH 7.5, 500 mM N&@nM imidazole, 5 % glycerol, 1 mM
DTT.The nickel purification step was repeated but the cleaved samples eluted in the
nickel column buffer A wash steplo further purification was ragred but the size

exclusion step was run again to ensure the protein was in the correct final buffer.

Myristoyl CoA onon-hydrolysable myristoyCoA analoguwere added directly to NMT
after size exclusion purification. The-tactor was chosen based dhe downstream
application of the protein and was added in 1.5 molar excess of the protein
concentration Myristoyl CoA (CAS Number 318B1) was obtained from Sigma Aldrich
and prepared as a 10 mM stock in 50#) DMSO. The nehydrolysable myristgl CoA
analogue (PDB code: NHM}pZopentadecylCoA was prepared as 40 mM stock in
50% DMSQOThis compound was obtained from Dr. Jani@snniganas it is not
commercially available. The synthesis is detailed in the supplementary information of

the following paper Brannigaret al. 2010).

3.2.2.1In vitro myristoylation of HASPA by NMT

In order to determine if the HASPs could be myristoylateditro NMT was incubated

with a positive control peptide based on the drminus of L. donovaniHASPB2
(GSSSTKPvhich is known to be myristoylatad vitroor HASPA, as preparadcording

to the schedulen Section 4.2.1. The reactions were set up in a final volume of 100 ul
with NMT size exclusion buffet@ mM HEPES pH 7.5, 500 mM NaCl, 0.5 mM &sTT
the diluent. A 10 mM stock of the peptide was prepared in the same buffer. the
reaction, 5 uM NMT (complexed with myristoyl CoA) was added tpNBMHASPA or
peptide with I00uMY & NRA ad2éft / 2! | yR Ay OdeettiosprRy I

ionisation mass speametry (ESMS) was used tdetermine the mass of the major
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componentsof eachsample. The data were collectedth an ABI Qstar tandem mass
spectrometer 10 ul of each reaction mix was supplied for analysis, while the peptide
was supplied at 1 mM and HASBt 2 mg/ml in 20 mM sodium cacodylate pH 6.5, 120
mM NaCl for the negative controls. Sample desalting was achieved by ZipTip (Merck

Millipore) purification before data were collected.

3.2.3.Kinetic analysis of HASP myristoylation

Kinetics parameters tlASP myristoylation by NMT were obtained using a continuously
observed coupled dlorometric assay, termed here the CPM assay, discussed further in
Section 3.3.3.7-diethylamince3-(4-maleimidophenyb4-methylcoumarin (CPM) was
obtained from Sigma AldriciCAS number: 768733-3) and prepared as a 10OM stock

in 100% DMSQA 4x stock of CPM assay buffer was prepared with X580, and
19.79 gN&HPQ, 8 ml 0.5 M EDTA and 800 pl Tritcd00 in a final volume d litres

and adjusted to pH 7.9All stockswere made in 1x CPM assay buffer (20 mM Na/ K
phosphatepH 7.90, 0.5 mMMEDTAQ.1% Triton XL00) supplemented with 2% DMSO,
except the CPM stock which had a final concentration of 5% DN&ae3-2). Note,

the reagents solutionwere prepared directly before the assay was performed.

The assay was carried out ®6-well black polypropylene microplateéThermo
Scientific). Fluorescence readings wengerformed on a BMG Labtech POLARstar
OPTIMALX S NBI RSNJ aSiG 4 Hpe/ @ 9EOAGEGAZY
Each condition was recorded in triplicate with three wells setup per condition. The
reagents were prepared and added to the plate as dethin Table3-2, except for the

NMT stock. Thisvas added to the plate with the syringe pump in the plate reader to
start the reactionTheresultantfluorescencantensitywas monitored for 2 hours, with

a reading every 5 mihll three HASPs were tested between 100 uN6nM. NMT was

prepared withhistidine tag was removeds this improved background fluorescence.

Component Stock concemation Final concentration Volume added (ul)
NMT 200 nM 20 nM 10
CPM 32 uM 8 uM 25
Peptide/ HASP 400 pM to 104 nM 100 uM to 26 nM 25
Myristoyl CoA 16 pM 4 uM 25
Buffer - - 10

Table3-2: Scheme for the preparation of the CPM assay.
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The \Wax and K, were determined using GraphPad Prism version 6a@5Windows,
GraphPad Software, La Jolla California.J884 negative control excluded NMT and the
positive control was a saturating conceniat of HASP or peptid€oA (CAS number:
5567292-9) was titrated, between 5 pM to 5 nM, with CPtd produce a plot that
related product formation in uM to fluorescencéhe fluorescence values obtained for
the HASPs and peptide were was divided by slopa the CoA titration. The normalised

values were replotted with the rate now expressed jM s?.

3.2.4.Reattime observation of HASPA myristoylation

Uniformly >N labelled HASPA was prepared as described in Section 2.2.2vasnd
incubated withunlabdled NMT at a ratio of 100:1in the final sample, HASPA was at
200 uM and NMT at 2 ph NMT size exclusion buffer (10 mM HEPES pH 7.5, 500 mM
NaCl, 0.5 mM DTTJhereaktime NMRexperiment was run overnight at 298K with 2
fold molar excess of myristo@loA (400 uM)A 2D (H,N) HSQC spectrum was recorded
with 2 scans/increment and a matrix size of 2048 * 64 points (real and imaginary).
Fectral widths of 16 an82 ppm in 1H and 15N dimensionsre used71complete 2D
experimentswererecordedin total. Directly before data collection;D was added to all

the samples to give a final concentration of 10M).

The spectra were collected using the 700 MHz Bruker AV spectrometer at Ra8K.
NMR data were processed WiNMRpipe and the processed 2D speetere analysed
with CCPN Analys{¥ranken et al. 2005Resonancegssignmentsvere transferred
from the backbone resonance assignment of HASPA presented in Chapter 2. It should
be noted that the different buffer conditions meardanly a portion of resonare
assignments could béransferred wih confidence. The subsequent analysis only
concerns thos@eaks thatcould beconfidentlyassignedrom the backbone assignment.
Deviations in peak intensity betwedn0 and t=175 minuteswere calculated with the
follog A y 3 S| dzI di M@/YoXMulddr et &l. 1898) orepresents the initial peak
intensity att=0and My denotes the peak intensity #1750 / KSYA OF f &aKA T
expressed in ppm, of the individual amide patts- 1°N, betweent=0 andt=175were
OF £ Odzt I G SR%B A &Ruy% Achemidai shift scaling factoRcae 0f 6.5
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was used This Raevalue was determined from the ratio of the average variances of
backbone nitrogen and proton chemical shiitsm residues irproteins deposited with
GKS . A2al 3wSa. |yl @ a/d2igmesentShié chiariged in shdgrdichld ®

shift for tH and®*N, respectively.

3.2.5. NMT: HASPA aoystallisation

HASPA and NMT were dialysed into 20 mM Hepes pH 7.8, 50 mM NaCl kefame b
combinedat either 2:1(475.2 M HASPA: 237.6 uM NMap 5:1(1.2 mM HASPA: 237.6

UM NMT).NMT was kept constant at 237.6 pamd the hexahistidine tag was removed
before combination It is also important to note that NMT was complexed with non
hydrolysable myristoyl CoOA analogukhe complexes were screened in a 96 well sitting
drop vapour diffusion format with drops of50 nl complex plus Ibnl well solution
pipetted by a Mosquito robot (TTP Labtech L@ihe screenCSS I+l with 0.1 M Tris pH
7.8,was setup with both complexes (Brzozowski and Walton. 2001). Initial optimisation
of promising conditions from the CSS screen focused on testing varied buffer conditions.
The crystal shower formed iB.1 M sodium acetate pH 4.5, 2586lyethylene glycol
monomethyl ether 2,00QPEG 2000 mme) and @@nM calcium acetatevith the 5:1
complex. Refinement of this condition produced single crystals in 0.1 M sodium acetate
pH 4.5, 20% PEG 2000 mme and 50 mM calcium acetate. Crystaleewiene=d from

the drop, virified directly in liquid nitrogen andent for data collection at the Diamond

Light Source (DLS)

The CCPdoftware sute was used to completsacromolecular structure determination

from the NMT X-ray crysallographic data (Winn et al. 2011). The data were processed

and scaled by Xia (XDS) and Aimless (Kabsch. 2010; Evans and Murshudov. 2013). The
structure was solved by molecular replacement using Molféagin and &plyakov

1997) with 4CGR Leishmania mjr NMT with myristoyl CoA bound, as the model.
Model building, ligand replacement and manual fittmfghe electron density map were
performed in COOT (Emsley et al. 20RBFMAC#vas used to carry out refinement of

the structural data Murshudovet al. 2011). All representations of the structure were
generated with CCP4mg (McNicholas et al. 2011). It is important to note that at the date

of submission this work is still in progreddowever, as onlyminor refinement
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procedures remains (e.g. solvent nmadlihg, occupancies of some disordered side

chains) the overall quality of the protein model will not change significantly.

3.3. Results
3.3.1.Leishmania majoNMT expression and purification

It should be noted that although this thesis has examinedHA&Ps df. donovanithe

L. majoNMT (LmNMT) was used for the myristoylation work presented in this Chapter.
TheL. majomprotein was preferred becaugaevious experience within YSBL has shown

it is readily crystallisable in comparison Ito donovaniNMT (LdNMT), despite both
structures being deposited in the PDB. In addition the final yield from purification is
significantly improved ovdr. donovanNMT, an important consideration when carrying
out biochemical studieClustal Omegaequence alignmentf these proteins showed
them to be 97.8% identical (Sievers et al. 20Laktly, the overall fold and secondary
structures of these proteins are highly similar, when superimposed by secondary
structure matching they hava @ RMSD 00.81 A highlightingthe lack of any distinct

structurd featuresbetween these two proteingsee Section 3.3.5.)

It is the high sequence similarity between NMTs of diffetegishmaniapecies that led

to the prediction that an efficacious inhibitor against obeishmaniaNMT could be
effective against all (Price et al. 2003). This is pertinent when you consider that analysis
and comparison of human and fungal NMTs showed the myristoyl CoA binding site to
be highly conserved but that the peptide binding sites had divergpatissspecific
specificities (Johnson et d994). Moreover, recent analysis of the diverse modes of
binding of inhibitors againdt. donovanNMT were impeded when crystals could not be
produced. Notably, the Kgvalues obtained for LmNMT with the LdNINhhibitors were
comparable. Therefore, the study was continued withmajorNMT as a structural
model, enabling the desired binding mode assessment of the various inhibitors
(Brannigan et al. 2014Yhis study demonstrates the viability of LmNMT agacsiral

surrogate for the present work.
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Figure3-1: Chromatography traces and SDS PAGE analysis three step LmNMT purificatioa) 1ml

HisTrap FF crude column chromatography trace. The UV trace (280 nm) is shown in blue and percentage
buffer B (where 100% equates #0mM imidazole) is in green. b) 12% SDS PAGE analysis of resultant
fractions from (a). The gel shows resultantctians (L to 5). ¢) 1 ml HiTrapQ chromatography tradde

UV trace (280 nm) is shown in blue and percentage buffer B (where 100% equat#snd/ NaC] is in
green.d) 12% SDS PAGE analysis of resultant fractions ftprHe gel showkad (1) andresutant
fractionsfrom peak 1(2 to 6). ) Chromatography trace of Superdex 7@ 300 purification of NMTwith

fractions from (f) labelledf) 12% SDS PAGE analysis ofT(lee gel shows load (1) and resultant fractions

(2 to4). Themolar mass of th&lMT construct is50.5 kDa.

Leishmania majoNMT was overexpressed . coliusing the autoinduction method
(Studier. 2005). The protein was purified in a three step procedure, encompassing nickel

affinity, ion exchange and size exclusiourification Eigure3-1). The nickel affinity
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purification step produceddMT in a highly heterogeneous mixtufe@gure3-1a and b).
These fractions were poolednd ion exchangepurified to enhance contaminant
separation Figure3-1c and d). NMT containing fractions, identified by $IA&E, were
concentrated for size exclusion purificatioAdequate separation from renmang
contaminants was achieved and confirmedSDS AGHEFigure3-1e and J. At this stage
myristoyl CoA or notydrolysable myristoyl CoA analogue was added in a 1.5 molar
excess of the protein concentration, depending on the downstream usdgeMT. It
should be noted that NMT requires-tactor stabilisation before being concentrated for
crystallisation(personal communication Dr James Brannigali) enhance the final
sample purity the Nerminal hexahistidine tag was removed by TEV digastiAlthough
this step was optimised, it wamly 50% efficient when considering tag removal but did
significantly improve sample purity for crystallisatidnigure3-2). The typical yield was

1 mg of protein per litre of culture after TEV digestion.

1 2 3 4 5 (kDa) 6 7 8

97.4 - 97.4 -
66.4 . . 66.4 *

45.0 e 45.0 WD -—
~ 1
31.0 . : g
- 31.0 e
21.5 . L 21.5 -
—

Figure 3-2: SDSPAGE assessment of TEV digestion of LmMNMT. The gels show load (h)jstitira
cleaved samples (2 to 5) and hehxiatidine tagged (6 to 8). The gels highlight how TEV digestion enhanced
the purity of LmNMT.

3.3.2. In vitro myristoylation of HASPAy NMT

N-myristoylation is a céranslational event that occurs as the nascent polypeptide chain
emerges from the ribosome, following removal of thetédminal methionine by a
methionine aminopeptidase (Wilcox et al. 19873)mristoyltransferase catalysebis
covalent attachment of myristate to the now-tdrminal glycine via an amide bond.
More recently, it has been shown to ocquosttranslationally in apoptotic cellwhen

caspase mediated proteolytic cleavage exposes #@ridinal glycine (Zha et al0R0).
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In both ce and posttranslation myristoylation events NMT accepts a short peptide as
the myristoylation substrate. Therefore, it was unclear if full length proteins could be
effectively myristoylated by NMih vitro because of its substrate specificin viva The
HASPs are a known substrate of NiMVivobut it remained to be seen if they could be

myristoylatedin vitro (Denny et al. 2000).

NMT was incubated with a known peptide substrate based on thHeriinus ofL.
donovaniHASPBZGSSTKDWwith an excess of myristoyl CoA, as a positive control.
Electrospray ionisation mass spectrometry {ES)of the untreated peptide confirmed
the expected mass wa&81.3Da Figure3-3). Incubation with NMT produced a 210 Da
mass increase, consistent with addition of the myristate grolipb(e 3-3). The
molecular weight of HASPA was recordedctmfirm N-terminal methionine removal.
The expected Nerminal methionine cleaved molecular weight of 9445.6 Da obtained
from ProtParanwas in line with the ESMS reported valuef 9445.1 Da (Gasteiger et
al. 2005).1t should be noted that the data for unmodified HASPA appears quite
heterogeneous because it was not desalted before the data were recorded due to time
constraints. Incubation of HASPA with NMT with an excess of noyisCoA also
produced the expected 210 Da increase indicative of myristate addifiail¢3-3). The
result demonstrated for the first time that NMTarec myristoylate full length HASRA
vitro and meant further analysis of thisodification and the NMFHASPA interaction

could be undertaken.
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Figure 3-3: Electrospray ionisation mass spectrometry (Sl traces of untreated and NMT treated
peptide and HASPA. a) B83 trace of GSSSTKD peptid&EBMS trace oNMT treatedGSSSTKD peptide

c) ESMS trace of Nerminal methionine cleaved HASPA. d)-HESlkrace of NMT treated HASPNote
masses do not directly match those reported as this data was scaled after collection giving the values in

Table 33.
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ESIMS sample Reported MW (Da) Theoretical MW (Da)
GSSSTKD HASPB2 based peptid 681.3 680.6
Peptideincubated with NMT 891.5 690.6
HASPA 9445.1 9445.6
HASPAncubated with NMT 9656.1 9645.6

Table 3-3: ESIMS reported molecular weights aintreated and NMT treategbeptide and HASPw#ith
theoretical molecular weights of each species

3.3.3. Establishing the kinetic parameters of NMT catalysed HASP myristoylation

NMT catalyses the transfer of a myristdtem myristoyl CoA to the fierminal glycine

of a substrate peptide. fyristoylated peptide and cenzyme A are produced from this
reaction. Ceenzyme A production can be monitored in real time with the thiol reactive
probe, #diethylaminoe3-(4-maleimidaephenyl}4-methylcoumarin ~ (CPM).  This
coumain derivative contains a tbl-reactive maleimidethat quenches coumarin
fluorescence in its free form, following reaction with a thiol group the quenching is
diminished and coumarin fluorescence can be measured (Chung et al. 2008). This
reaction can be coupled to eenzyme A produabn during myristoylationKigure3-4).
Reaction of thanaleimide with the CoA thigenerates a fluorescent addudthe CPM
assay is a robust fluoresace based system for continuous reaction monitoring of NMT

activity and enepoint assayg¢Goncalve®t al. 2012).
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Myristoylation reaction
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+ N-myristoytransferase 07 > NH
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0 NH
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Coupled Co enzyme A transfer

(H2CH3C),N
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Figure3-4: The CPM based fluorescence assay used to study the enzymatic activity of NMT. Myristate is
transferred from myristoyl CoA by NMT tdrae Nterminal glycine residuef a peptide substrate. Go
enzyme A and an-Wyristoylatedpeptide are the productsfahis reaction. CPM is a thisklective dye

used to monitor the formation of cenzyme A via fluorescent adduct production.

The assay was initially tested with thedonovanHASPB2 based pepti@&SSSTKIhe
positive control for the previous vitro myristoylation work.The CPM setup reported
the MichaelisMenten (kn) constantas229.4+ 15.31M and a Maxof 4.67E04 uM sfor
the peptide Figure3-5 and Table3-4). This i value was within the expectgaM range
for NMTs ofLeishmanigBrannigan et al. 20100.dNMThasa Ky, value 0f31.6 + 1.QuM
with GSNKSKPK in an excess (4 uM) of myristoy(p€sdnal communication with Dr.
Victor Goncalves This peptide is derived from the-fdrminal sequence of the proto
oncogene tyrosine kinase pp®Ha substrate of the NMTs froiomo sapienflacalet
al. 1988)The data obtained indicatetthat the assaywvas robust and could be expanded
to define the kinetics of the HASP: NMT interaction.

TheMichaelisMenten (k») constantvalues obtained for all three HASPs were as follows,
HASPA 5.8 £ 0.6 uMHASPB1 6.7+ 0.3uM and HASPB216.1+ 0.uM. Theeg values
are in agreement with one another and within the uM range expected for NMT
(Bhatnagar et al. 1994). ThelichaelisMenten (k) constantrefers to a molar

concentration of substrate at which thenzyme is half saturated under steady state
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conditions (Copeland. 2013). HASPA reports the loWgstalue, suggesting that the
avyrttsSaadg 1'{t Aa (KS WwWo6SalQ &adzmaidNIaGs
product. The \hax is the maximum veloopt for an enzyme where the substrate
concentration is not limited (Copeland. 2013). ThexWalues reported for all three
HASPs are between 1 to 2 nM, sneaning NMT is catalytically more efficient with the
HASPs as substrates than the peptitat{e3-4). The catalytic constarkcatrefers to the
maximum rate oproduct formationfor an enzyme when it is saturated with substrate.
The ka values reported here for the HASPs are in the order of magnitudestp
meaning NMT exhibits a lower than averdge of 10 s' for the HASP&arEven et al.
2011).

The second order rate constakia/ Kmrelates to the kinetic capacity of an enzyaed

is limited toa maximumbetween 1% and 10 s** Mb1, equal to the rate of substrate

diffusion. It is a particularly effective measure of catalytic capacity because it links

substrate affinity to the rate of substrate turnover. Global analysis of kimetic
parameters othousands oBnzymeshowed the mediakca/ Kmwas in the order o1 (P

s’ MPL (Ba-Even et al. 2011). THea/ Kmreported for the HASPs between®lénd 1¢

s"1 Mb1, meaning this reaction hasraoderatecatalytic efficiencyTable3-4). Moreover,
these values are in line with those reported 8accharomyces cerevisi®T (Farazi

et al. 2000). Taken together, these kineparameters suggest that NMT exhibits
moderate catalytic efficiencipr the HASPs and are consistent with data reported in the

literature for Leishmania donovamNMT (Brannigan et al. 2010).
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Figure3-5: MichaelisMenten plots derived from the CPM assay. The substrate concentration in uM is
plotted against the normalised velocity M s*. MichaelisMenten plot of GESTKD peptide (a), HASPA
(b), HASPBL1 (c) and HASPB2 (d).

GSSSTKD| HASPA HASPB1 HASPB2
Kn (M) 229.4+153| 58+06 | 16.7t03 | 16.1+0.7
Normalised Max (UM s?) 4.67E04 1.16E03 1.77E03 2.25E03
Keat () 2.34E02 5.80E02 8.86E02 1.13E01
Kead K (ST MTY! 1.02E+02 | 1.84E+04 | 5.32E+03 | 7.00E+03

Table 3-4: MichaelisMenten parameters derived from the CPM assay for thedonovanHASPs and

GSSSTKD peptide.

3.3.4.Reattime monitoring of HASPA myristoylatioby NMR spectroscopy

Realtime NMR spectroscopy has been used to sttidyeffect and structural impact of

post translational modifications on proteins as they occur. A recent study involved the

complicated phosphorylation and dephosphorylation processes that modify multiple

sites within the intrinsically disordered domaif @Src Amataet al. 2013). The effects

of various kinases and phosphatases were characterised, allowing certain enzymes to be

implicated in the modification of specific residues. This study highlights the role that
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reaktime NMR spectroscopy can playassessing the structural impact of a modification

on a protein and how it can be related back to biological relevance.

Realtime NMR monitoring was used to monitbfMT mediatedHASP myristoylation

and evaluated any changes potential structural impact This entailed recording
successivéH "N HSQGpectra of[U-*°N] HASPAncubated with unlabelled NMT at a
molar ratio of 100:1 (HASPA:NMT). Spectra were recorded every 5 minutes and the
experiment was run overnight at 298K with a 2 fold molar excegsyoistoyl CoA,
relative to the concentration of HASPFo ensure thaany spectral changes observed
were due to myristate addition the NMR sample was subject teMSsSanalysisfter

NMT incubation. The expected molecular weightldf PN] HASPAvas detemined to

be 95747 Da using PROTEIN CALCULATOR, v8M online server available at

http://protcalc.sourceforge.net/cgbin/protcalc. The major peak relating to HASPA

after NMT incubation wagt 97820 Da, in line with the 210 Da mass increesesistent

with addition of the myristate groufFigure3-6).
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Figure3-6: ESIMS of U-'5N] HASPA after NMT incubation.
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50 of the 73resonancedq69%) that werepreviouslyassigned could be confidently
transferredonto thet=0 spectrum(Figure3-7). This patial resonance transfer is due to
the difference in the buffer conditions between the two experiments. The assignment
was carried out at pH 6.5, while the rdahe myristoylation was performed at pH 7.5

to ensure NMT stabilityThe transfer of assignmentsetween two different buffer
conditions means that this data is of limited use, particularly when you consider the
limited dispersion of resonances in IDP spectra, and will be treated asTBuelthieve

a fully comprehensive view of the impact of myrigettion on HASPA it would be
beneficial totitrate from pH 7.5 topH 6.5to ensure confident assignment transfer

conduct the backbone assignment at pH 7.5.
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Figure3-7: Overlay of'H >N HSQC spectra of HASPA from backbone resonance assignment and t=0. a)
TheH >N HSQC spectra from the backbone resonance assignment (blue) with assignments and t=0
(orange) are showrb0 of the 73 resonances (69%) that were previously assigned couldnfidently
transferred onto the t=0 spectrumb) The final resonance transfer onto the t=0 spectrum (orange)
showing resonances that could be confidently transferred and those that remained unassigned.

Wellresolved spectra were obtained at each time posnd myristoylation was

considered complete at 2.5 hours, as determined by the absence of further spectral
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changes. No detectable seconga structure was induced by NMmediated
myristoylation of HASPAFigure 3-8). The 1H 1N HSQC spectrum oft/{°N] HASPA
remainsindicative of a disordered protein with limited dispersion of resonances in the
proton dimension.The peaks relating to residues in thet@&tminal domain of HASPA,
proximal to theN-terminal glycine and site of myristoylation, experienced the most
pronounced chemical shifterturbationsd p and intensity i )L.changesKigure3-8a).

For example, the peak relating to serine 8 is observed atrtim@itesbut disappears at
t=50 minutes (Figure3-8b) and the peak assigned to lysine dfadually disappears

between t=0Ominutesandt=150minutes(Figure3-8c).

Determination of the magnitude of the chemical shift and intensity changes between
t=0 minutes and t=175 minutes associated with myristate addition was required for
more comprehensive analysis of the systeNotably, chemical shift and intensity
changes were only calculated for peaks that could be confidently transferred from the
original backbone assignmenithe clemical shiftchanges for the main chain nitrogen
and proton resonances betwedr0 minutesandt=175minuteswere calculatedwith

N4 2o péd R to pin-point the impact of myristate additio@Mulder et al.
1999).The first 30 residuegjoses to the site of myristoylation, experienced the largest
changes ithemical shiftEigure3-9). The intensity change was calculated with. of 6 L
Imyr)/ lo (Mulder et al. 1999)Similarly to the chemical shift changes, the intensity
changes were most pronounced in first 20 residues ofNHerminal domain of HASPA
(Figure3-9). The peak for serine 8 disappears entirely over the time course experiment
and therefore produces the largest change in intensity of 1, wimef@rage= 0.07. The

data presented here shows that myristate addition to HASPA does not induce any global
structural changes indicative of a myristoyl switch mechani$imere are very few
changes observed in peak position and intensity, indicating that myristate addition has
a minor impact on HASPAhe peaks that do experience notable chemical shift or
intensity changes are localised to the-tBrminus. The small overall chemical shift
change indicates that myristoylation has not affected the structure of HASPA. However,

O2YLI NRaz2zy 2F [/h3x /i FYR /' h OKSYAOFf &KA"
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Figure3-8: Myristoylation of HASPA monitored by résthe NMR spectroscopy. a) Overlafy2D *H 5N
HSQC spectra of HASPA évlack)and 150(red) minutes post NMT additiarb) A peak relating to serine

8 is observed at t=Qblack)but is no longer present at t=50 (blue). c) A peak relating to lysine 10 is
observed at t=0 (black) but disappears from t= 50 (blue) to t=150 (red). Note, t=100 is shown in purple.

111
















































































































































































































































