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S U M M A R Y

M alaria  p re se n ts  a s ig n ifican t g lo b a l ch a llen g e  in  b o th  h u m a n  a n d  
econom ic  te rm s. A p p ro x im a te ly  40% o f th e  p o p u la tio n  o f  the  p la n e t 
a re  a t r isk  of c o n tra c tin g  m a la ria , le a d in g  to  a n  e s tim a te d  225 m illio n  
cases a n d  a p p ro x im a te ly  781,000 d e a th s  anually . E m erg in g  resis tan ce  
to  fro n t-lin e  a n tim a la r ia l d ru g s  m e a n s  th a t th e  sea rch  fo r n ew  d ru g s  
a n d  d ru g  ta rg e ts  c o n tin u e s  to  be  a h ig h  p r io r ity  in  th e  fig h t a g a in s t 
th is  d isease . T he im m u n o p h ilrn -b in d in g  d ru g s  FK506, c y c lo sp o rin  A , 
a n d  ra p a m y c in  as  w ell as  so m e  n o n - im m u n o su p p re s s iv e  d e riv a tiv es  
o f th ese  d ru g s  h av e  a ll b een  sh o w n  to  have  s tro n g  in h ib ito ry  effects 
o n  m a la ria l c u ltu re  in  c u ltu re  a n d , in  th e  case  o f cy c lo sp o rin  A , in  a n i­
m al m o d e ls . T he a n tim a la ria l ac tiv ity  o f  the  n o n -im m u n o su p p re s s iv e  
d e riv a tiv es  in d ic a te s  th a t a ta rg e t ex ists  in  m a la ria l p a ra s ite s  w h ich  is 
d is tin c t from  th e  im m u n o su p p re s s iv e  ta rg e t in  h u m a n  T -lym phocy tes. 
In a n  effo rt to  e lu c id a te  th is  ta rg e t o r  ta rg e ts  w e h av e  a tte m p te d  
to  id e n tify  a n d  ch a rac te rise  th e  in te ra c tin g  p ro tie n  p a r tn e rs  (in terac- 
tom e) of the  tw o  m a jo r cy toso lic  cy c lo sp o rin  recep to rs  (cycloph ilins), 
P fC Y P i9A  a n d  P fC Y Pi9B  a n d  th e  FK 5o6-b ind ing  p ro te in  (FKBP), Pf- 
FKBP35, o f th e  m o s t p re v a le n t a n d  d e a d ly  m a la ria  p a ra s ite  Plasmod­
ium  falciparum.

O n e  w ho le-ce ll m e th o d , c o - im m u n o p re c ip ita tio n  (co-IP), a n d  o n e  
w h o le -g en o m e  m e th o d , y eas t-2 -h y b rid  sc reen in g , h av e  b e e n  u se d  to  
id en tify  p o ss ib le  nov e l in te rac tio n s  fo r th ese  im m u n o p h ilin s . C o-IP  
a n d  subseqv ien t m a ss-sp e c tro m e tric  an a ly s is  o f  th e  co -im m im o p rec ip - 
ita tes  id en tif ied  a nvim ber o f novel im m u n o p h il in -p ro te in  in te ra c ­
tions fo r b o th  o f th e  cy c lo p h ilin s  a n d  th e  FKBP. Y east-2 -hybrid  sc reen ­
in g  w as u se d  to  id e n tify  a n u m b e r  o f novel p ro te in -p ro te in  in te ra c ­
tio n s fo r PfFKBP35, so m e  o f w h ic h  ta llied  w ith  re su lts  seen  in  th e  co- 
IP screen . S om e o f th e se  in te ra c tio n s  w ere  p re d ic te d , b a se d  o n  d a ta  
from  o th e r  o rg a n ism s , su c h  as th e  id en tif ic a tio n  o f  H s p /o  a n d  H sp g o  
as p u ta tiv e  p a r tn e rs  a n d  a pvita tive  in te ra c tio n  b e tw een  h is to n e s  a n d  
PfFKBP35. O th e rs , svich as th e  id e n tific a tio n  o f  im m u n o p h ilin s  in te r­
ac tin g  w ith  R A P i, a n d  p o ss ib ly  o th e r  rh o p try  p ro te in s , w ere  co m ­
p le te ly  n ove l a n d  m a y  p ro v id e  s ta r tin g  p o in ts  fo r n e w  in v es tig a tio n s  
in to  fim c tio n a l ro les  o f im m u n o p h ilin s  a n d  p o te n tia l p ro te in -p ro te in  
in te rac tio n  m o d u la tin g  d ru g s . F u rth e r  in v es tig a tio n  co n firm e d  in vitro 
a n  in te ra c tio n  b e tw een  PfC Y PigB  a n d  H sp70 , a p o ss ib le  ro le  fo r cy ­
c lo p h ilin s  in  R A P i c h a p e ro n in g  w ith  im p lica tio n s  fo r h o s t cell in ­
v asio n , a n d  an  in te ra c tio n  b e tw een  PfFKBP35 a n d  h is to n e s  w ith  a
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po ten tia l significance for h istone m odification and  ep igenetic gene 
regulation .

In parallel to  these efforts we also investigated  the m olecular basis 
of a novel in teraction betw een  PfFKBP35 and  calcineurin  tha t takes 
place in the absence of FK506. U sing in silico, genetic, in vitro assays 
w ith  recom binant pro tein , and  in vivo m ethodologies we identified  
a 15 am ino  acid N -term inal extension w hich m ay play  a role in this 
interaction.

The w ork  p resen ted  in this thesis has encom passed  stud ies w ith  
in tact parasites , parasite  extracts and  recom binant parasite  p ro teins 
and  has ad d e d  to the u n d ers tan d in g  of the biological roles of im- 
m vm ophilins dviring the parasite  ery throcytic life cycle.

vi



Some humans would do anything to see if it was possible to do it. If 
you put a large switch in some cave somewhere, with a sign on it 
saying 'End-of-the-World Switch. PLEASE DO NOT TOUCH', the 

paint wovildn't even have time to dry

—Terry Pratchett

Among competing hypotheses, the hypothesis with the fewest 
assumptions should be selected.

—Ockham's Razor

What cannot be settled by experiment is not worth debating.

—Newton's Flaming Laser Sword
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I N T R O D U C T I O N

1.1 M A L A R I A

1.1.1 Historical Outline

The earliest know n evidence of m alaria  com es from  m osquitoes p re ­

served in am ber from  the Palaogene period , app rox im ate ly  30 m il­

lion years ago [129]: oocysts, sporozoites, possib le m icrogam etes and  

an ookinete w ere isolated from  the body  cavity of a fem ale Culex 

m osquito . This p a rticu la r m alaria parasite 's  p rim ary  host w as likely 

a m em ber of the o rder G alliform es and  aligns this ancien t m alaria 

w ith  ex tan t avian m alarial parasite  species. H u m an s are believed to 

have initially caugh t m alaria  from  gorrillas [101], and  the d isease has 

affected us for the en tire  h isto ry  of o u r species [79], co-evolving along 

w ith  its m osqu ito  and  h u m an  hosts.

The m o d ern  nam e m alaria  com es from  the association of the d is­

ease w ith  the "bad  a ir"  in m arshy  areas -  "m al aria"  in m ediaeval 

Italian, b u t the earliest w ritten  repo rt of m alaria  com es from  a book 

w ritten  som etim e aro im d the late second cen tu ry  BCE. K now n as 

the H u an g d i N eijing, it is a com piled  canon of in terna l m edicine 

o rdered  by the C hinese em pero r H u an g  Di, and  refers to  repeated  

paroxysm al fevers associated w ith  en larged  sp leens an d  a tendency  

to epidem ic occurrence. Indeed , there is a large b o d y  of ev idence that 

suggests that m alaria  w as endem ic accross the ancien t w orld , from



I N T R O D U C T I O N

sub-Saharan  africa [94] to C hina [42] to E urope [48] and  N orth  A m er­

ica [54]. Even S hakespeare w rote abou t m alaria , or "m arsh -fev er"  in 

eigh t of his plays.

It w asn 't un til 1880 that the causative agent of m alaria  w as re­

vealed. French physic ian  C harles Louis A lphonse Laveran observed 

p igm en ted  p arasite s  in the red  blood cells of patien ts  suffering from  

m alaria. H e d e te rm in ed  that these parasites w ere cleared  from  the 

b lood  by qu in in e  an d  after no ting  exflagellation events n am ed  the 

parasite  Oscillaria malariae [43]. The adven t of im proved  m icroscopy 

allow ed e lucida tion  of the reproductive cycle of the parasite  in  h u ­

m an  blood  a sh o rt tim e later as well as the observation  tha t d iv i­

sion cycles co incided w ith  febrile ep isodes [149] and  the organism  

was renam ed  Plasmodium. Seventeen years after Laveran 's discovery 

British arm y  su rgeon  Sir R onald Ross show ed that m osquitoes were 

the transm ission  vector of m alaria  and  a sho rt w hile la ter o ther re­

searchers d em o n stra ted  that only  Anopheles m osquitoes w ere capable 

of transm itting  h u m an  m alaria [31],

Successfi.ll early  contro l m easures included  the use of qu in ine  (dis­

cussed in section 1.1.6) and  vector control by erad icating  m osquitoes. 

But it w asn 't u n til a ro u n d  the 1930s tha t vector control w as ad o p ted  

on a large scale. In 1938 Anopheles gamhiae ap p eared  in S outh  A m erica. 

This species of m o sq u ito  is native to  Africa and  is a particu la rly  effec­

tive vector for h u m an  m alaria. This very  quickly  lead to  the largest 

ep idem ic of m alaria  ever seen in  the A m ericas, b u t vector erad ication  

by chem ical ag en ts  such  as Paris G reen  an d  p y re th iu m  lead to e rad i­

cation of A. gambiae from  Brazil by 1940 an d  eventually  from  the con­

tinen t [124]. D u rin g  W orld War II, the insecticide d ich lo rod ipheny l- 

trich loroethane (DTT) w as u sed  to com bat insect b o rne  diseases, p a r­

ticularly  m alaria. C heap, h igh ly  p o ten t aga inst m osquitoes an d  w ith
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low toxicity to m an  it seem ed like just the "silver bu llet"  need ed  to 

com bat m alaria  and  lead to the in troduction  of a w orldw ide m alaria 

erad ication  p rog ram m e by the W orld H ealth  O rgan isation  (W HO) 

d u rin g  the 1950s. Spraying of m osqu ito  b reed in g  g ro u n d s and  in ­

door residual sp ray ing  w ere w ildly successful, w ith  m alaria  e rad ­

icated from  Europe, N orth  A m erica and  R ussia by the mid-1960s. 

The incidence of the disease was also d ram atically  reduced  in m any 

p arts  of the tropics. S outh  A m erica, India an d  Sri Lanka. H ow ever 

in 1962 A m erican biologist Rachel C arson p u b lish ed  a book called 

Silent Spring w hich b ro u g h t to light the env ironm enta l side effects of 

synthetic pesticides an d  sparked  the global env ironm en ta l m ovem ent. 

Environm ental and  public  hea lth  concerns along  w ith  the em ergence 

of m osquitoes resistan t to DTT lead to a decrease in its use, eventually  

being  banned  for the US in 1972 and  w orldw ide by the Stockholm  

C onvention in 2001. As a resu lt the incidence of m alaria  increased 

from  the 1970s un til recently in m any  areas in w hich the m osqu ito  

vector h a d n 't  been  com pletely  erad icated  [139].

After the ap p a ren t failure of this m ethod  of m alaria control the 

W H O  m oved its focus to the use of an tim alaria l d rugs. A ntim alar- 

ial herbs h ad  been  used  for cen turies in the trea tm ent of m alaria 

and  since its discovery in 1820 qu in ine  h ad  been  the gold  s tan d ard  

(see section 1.1.6). D uring  W orld War II the A m ericans, G erm ans 

and  French p ro d u ced  synthetic derivatives of qu in ine, of w hich  the 

m ost im p o rtan t w as chloroquine. C hloroqu ine becam e w idely  u sed  

th ro u g h o u t the m id d le  of the 20th cen tu ry  b u t im fortim ately  resistan t 

p arasites w ere discovered in C olum bia and  T hailand. C hloroqu ine re­

sistance has since sp read  globally.

Plasmodium w as first successfully con tinuously  cu ltu red  in  the lab 

by Trager an d  Jensen in 1976 [165] and  this allow ed researchers to
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investigate m ore easily the m olecular bio logy of the parasite  an d  in­

creased the ra te  of developm ent of new  d ru g s hugely. Even still, there 

w as no  d ru g  o r vaccine w hich proved  w holly  effective and  the d e ­

spondency  caused  by the failure of bo th  m alaria control strategies 

lead to m alaria  research falling into the background  of scientific im ­

p ortance a ro u n d  the 1990s.

1.1.2 Malaria today

In the last decade there has been  a renew ed effort to erad icate m alaria 

on  a global scale, thanks largely to initiatives by organ isations such  as 

the Bill and  M elinda G ates Foim dation  and  Roll Back M alaria. Even 

still, m alarial d isease p resen ts  a significant global challenge bo th  in 

h u m an  an d  econom ic term s. The W orld H ealth  O rganisation  classi­

fied 104 coun tries arovmd the w orld  as endem ic for the d isease in 

2010 ( h t tp ; / / w w w .w h o .in t/m a la r ia /). A m ong the approx im ate ly  3.3 

billion p eop le  w h o  w ere at risk of contracting  m alaria in 2009 there 

w ere an  estim ated  219 m illion cases lead ing  to approx im ate ly  660,000 

deaths. The ra te  of m alaria m orta lity  has fallen by 26% aro u n d  the 

w orld  betw een 2000 and  2010. This decrease was h igher in the area 

w here  the W H O  is focusing m ost, the A frican Region, decreasing  

by 33%. The W H O  estim ated  that an  estim ated  1.1 m illion m alaria 

dea th s w ere averted  globally d u rin g  this p erio d , p rim arily  as a result 

of a scale-up of in terven tion  strategies.

D espite these recent im provem ents, particu larly  in the A frican Re­

gion, m alarial d isease rem ains inextricably linked w ith  poverty. C oun­

tries w ith  the h ighest b u rd en  of extrem e poverty  (p roportion  of the 

p eop le  liv ing below  US$1.25 p e r day) also sh o u ld er the h ig h est bur-
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Figure i: Disability-adjusted life year for malaria per 100,000 population in 
2004. (Open Commons image, no citation needed)

den of malaria mortality. The six African countries with the highest 

burden of malaria, Nigeria, Democratic Republic of the Congo, Tan­

zania, Uganda, Mozambique and Cote d'Ivoire account for approxi­

mately 103 million (47% of all) malaria cases. The top 17 most affected 

countries worldwide account for an estimated 80% of yearly malaria 

cases. Three per cent of the total estimated cases are accounted for by 

50 countries and these countries are on track to reduce their malaria 

case incidence rates by 75%, in line with targets set by the World 

Health Assembly.

Unfortimately surveillance of malaria is particularly weak across 

the world and published case and mortality figures are estimates 

rather than hard data. In the 2012 World Malaria Report, the WHO 

estimated that it was able to detect only aroimd 10% of the estimated 

global number of cases and that it was not possible to make a reliable 

estimate of malaria trends in 41 countries WHO [173].
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1.1.3 Plasmodium species

Transm issible m alaria in  h u m an s is caused  by five species of the p a r­

asitic p ro to zo a  Plasmodium and  is sp read  by fem ales of the Anopheles 

m osquito . These are P. falciparum, P. vivax, P. ovale, P. malariae and  P. 

knowlsei. P. knowlsei is o rig inally  a parasite  of m onkeys b u t m onkey 

to h u m an  transm ission  has been observed [168]. Plasmodium species 

also infect o ther vertebrates: for exam ple, P. chaubaudi and  P. yoelii 

an d  P. berghei infect roden ts, P. lophurae and  P. fall ax infect b irds and 

P. knoiulsei infects m onkeys. O f the species that m ake h u m an s their 

host, P. falciparum  causes the m ost severe and  m ore frequently  fatal 

disease w hile P. vivax, P. ovale, P. knowlsei and  P. malariae cause a m ore 

m ild  d isease tha t is only  rarely  fatal. P. vivax and  P. ovale can persist 

for m any  years as hypnozo ites in the liver, th a t can cause recurring  

blood  infection and  clinical relapses. P. falciparum, P. knowlsei and  P. 

malariae d o  n o t cause a relapse of d isease sym ptom s iii th is way. P. 

ovale now  consists of tw o subspecies, P. ovale curtisi and  P. ovale wallik- 

eri [156].

1.1.4 Lifecycle

The m alaria  parasite  has a very  com plex life cycle (Figure 2) involv­

ing both  insect and  m am m alian  hosts and  is essentially  the sam e for 

all species w hich cause m alaria  in hum ans. Fem ale m alaria-infected  

m osqu itoes inoculate  sporozoites in to  the h u m an  host d u rin g  a blood 

m eal. It h ad  long  been th o u g h t that m osquitoes inject sporozoites d i­

rectly  in to  the b loodstream  b u t recent experim ental w ork  has d em o n ­

stra ted  th a t the m ajority  of sporozoites are injected in to  the extra-
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cellu lar m atrix  of the skin and  leave the b ite site by blood  o r lym ­

p hatic  vessels [ in ] -  W ithin half an  h o u r sporozoites m ove th rough  

the b lood  stream  an d  infect hepatocytes in  the liver. Exo-erythrocytic 

schizogony (figure 2, A), a developm ental process w ith in  these cells, 

then occurs, lead ing  to p rod u c tio n  of m erozoites and  release of m ero- 

zoites into the b loodstream . D uring  th is stage parasites mviltiply by 

approx im ate ly  io,ooo-fold.

A fter this initial rep lication  in the liver, the parasites u n d erg o  asex­

ual m ultip lication  in the ery throcytes, a process know n as e ry th ro ­

cytic schizogony (figure 2, B). E rythrocytes are infected by m ero­

zoites, w ith  the life cycle progressing  th ro u g h  the ring  stage tro p h o ­

zoites, m atu re  trophozo ite  stage and  eventual m atu ra tio n  in to  sch- 

izonts, w hich ru p tu re  releasing the next ro im d of m erozoites. P ara­

sites in this erythrocytic cycle are responsible for the clinical m anifes­

tations of the disease.

Also d u rin g  erythrocytic cycle, a percentage of parasites d ifferen ti­

ate into sexual erythrocytic stages (gam etocytes). W hen an  infected 

ind iv idua l is fed u p o n  by an  Anopheles m osquito , it ingests gam eto­

cytes (m ale m icrogam etocytes, and  fem ale m acrogam etocytes). P ara­

sites then  develop in the m osquito : this is know n as the sporogonic 

cycle (figure 2, C). M icrogam etes exflagellate an d  pen e tra te  m acroga­

m etes w hile in the m o squ ito 's  m id g u t and  generate  zygotes. Zygotes 

u n d erg o  d ifferentiation into m otile an d  elongated  ookinetes, w hich 

are able to invade the m id g u t wall of the m osquito  and  develop 

in to  oocysts. O ocysts contain  th o u san d s of sporozoites w hich  are p ro ­

duced  by asexual m ultip lication. These oocysts then  ru p tu re , and  re­

lease the sporozoites. Sporozoites m ake their way to the m osqu ito 's  

salivary  g lands from  w here they are injected into a new  h u m an  host 

d u rin g  a b lood  m eal and  p e rp e tu a te  the m alaria life cycle.
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1.1.5 Intra-erythrocytic stages

The in tra-ery throcytic  cycle of the life cycle is in itiated  w hen  parasite  

m erozoites invade host erythrocytes. The sm allest stage in  the life cy­

cle of Plasmodium an d  one of the sm allest know n eukaryotic cells, at 

-1 -2  pm  the b lood  stage m erozoite  is the erythrocyte-invasive stage 

and  is excellently ad ap ted  for this job [15]. The overall arch itecture of 

the m erozoite is th a t of an  ap icom plexan cell, w hich is characterised  

by an  apical com plex of secretory  organelles (m icronem es, rhoptries 

and  dense granules) [14, 109, 141]. F igure 3 illustra tes the spatial a r­

rangem ent of organelles w ith in  the m erozoite.

The process w hereby  a m erozoite  invades a host ery th rocy te is a 

com plex one, w hich is relatively well characterised  on a cellu lar level 

b u t no t very  well u n d ers to o d  on  a m olecular level. A fter m erozoites 

are p rope lled  into the b loodstream  by b u rstin g  schizonts, they as­

sociate rap id ly  w ith  red  cells. This association is follow ed by the 

parasite  cell reo rien tating  itself so that the apical surface contacts 

the ery th rocy te cell m em brane, follow ed by release of p ro te ins into 

the ery th rocy te by the apical organelles. A n electron dense  stru c­

tu re  know n as the tigh t junction  o r m oving junction com plex then 

form s [95]. There is then  a brief p au se  d u rin g  w hich the parasite  ap ­

pears to induce reorgan isation  of the ery th rocy te  cytoskeleton [180] 

after w hich the parasite  en ters the ery th rocy te  th rough  the action of 

an actin-m yosin m oto r com plex. The p arasite  then  seals itself in to  

a vacuole derived  from  the host cell m em brane, know n as the p ara- 

s itophorous vacuole.
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On the molecular level, we vmderstand a large number of parasite 

proteins to be involved Ln the process of invasion. Merozoite surface 

proteins are directly exposed to the immvme response of the host and 

are considered excellent vaccine candidates [53]. The first merozoite 

surface protein (MSP-i) was identified in 1988 [81] and since then 

researchers have elucidated a greatly expanded repertoire of surface 

proteins [41]. MSP-i is the most abundant and fimctionally conserved 

protein on the merozoite but the family of merozoite surface proteins 

continues all the way up to MSP-11 with at least 14 other proteins 

(such as SERA proteins and S-antigen) thought to be involved in in­

vasion [41]. In spite of our knowledge of the abundance of proteins 

on the merozoite surface, we are still not sure of their full fimctions. 

Some are are required for the survival of the parasite, since the genes 

coding for certain proteins cannot be disrupted, and by using anti­

bodies specific for some proteins, invasion is inhibited [21, 120]. It is 

also thought that the parasite uses some of its repertoire of surface 

proteins to modulate host responses to assist in merozoite survival 

after release from the infected erythrocyte [121].

Merozoite proteins acting directly in invasion are involved in a 

finely coordinated series of events which depend on step-by-step 

processing and release of proteins just prior to and during invasion 

[146]. These proteins are divided loosely into adhesins and invasins. 

Adhesins, such as reticulocyte binding-like homologues (PfRh's), are 

generally located in the micronemes and rhoptries [41]. Invasins, so 

far as we know, appear to all be essential for merozoite invasion and 

are therefore considered excellent vaccine candidates. Apical mem­

brane antigen-1 (AMAi) is in clinical trials as a vaccine candidate 

and has recently progressed from phase 1 to phase 2 [159].
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After this exceptionally complex process of invasion, the parasite 

loses the organelles required for invasion and differentiates into a im­

mature trophozoite form known as a ring because of its appearance 

in stained blood smears. During the ring stage, the parasite grows 

in size to approximately 50% of the uninfected erythrocyte volume 

by pinocytosing erythrocyte cytoplasm and ingesting and digesting 

haemoglobin in its digestive vacuole (DV) [163], though the total 

volume of the infected erythrocyte remains relatively constant [75]. 

The major by-product of this digestive process is haemozoin, a crys­

tallised form of haem which accumulates in the DV throughout the 

erythrocytic stage of the life cycle, and is the parasite's way of detox­

ifying potentially lethal haem [154]. This digestive process requires 

the action of various aspartic acici, cysteine and metallo-proteases 

which degrade haemoglobin. Approximately 70-80% of the host cell's 

haemoglobin [61] is digested by the parasite but it uses only -15% in 

de novo synthesis of its own proteins [89], with excess amino acids 

apparently exported from the erythrocyte by new transport pathways 

which the parasite creates [68]. After a period of growth, the parasite 

initiates DNA synthesis, late in the trophozoite stage, and then begins 

shizogony. This process first involves the division of the parasite nu­

cleus by mitosis (during this time the parasite is known as a schizont), 

followed by rapid partitioning of the cytoplasm and organelles (when 

it is known as a segmenter). After segmentation of the schizont nu­

clei and cytoplasm, a number of merozoites are produced from one 

schizont. Up to 32 merozoites can be produced in this way (on aver­

age 20 daughter cells are produced), and after being expelled into the 

bloodstream by the schizont bursting they are free to re-invade fresh 

erythrocytes and begin the erythrocytic cycle over again.
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The parasite  induces a n u m b er of changes in  the p roperties  of the 

host cell. As the parasite  matvires it stiffens the ery th rocy te  m em ­

brane, decreasing  the relative m em brane deform ability  by over 90% 

com pared  to vminfected ery throcytes [55]. Infected ery th rocy tes of­

ten becom e sequestered  in a n u m b er of tissues and  organs, such as 

the heart, liver an d  brain . S equestra tion  is caused  by the export of 

parasite  p ro teins to the ery th rocy te surface w here  they can b ind  to 

host receptors. S equestra tion  in the b ra in  causes cerebral m alaria , a 

serious com plication of m alaria  infection, associated w ith  a com a, en­

cephalopathy  and  a h igh  m ortality  rate [110].

Synchronised release of m erozoites in to  the b loodstream , followed 

by a h uge  loss of ery throcytes by both  d isery th ropoea  and  lysis cause 

the d isease 's  m ain  sym ptom s, and  in this w ay the erythrocytic stage 

of the parasite  life cycle can be held  responsible for the characteristic 

paroxysm , a cyclical occurrence of su d d en  co ldness followed by rigor 

and  then  fever and  sw eating.

1.1.6 Chemotherapy and prophylaxis

A ntim alarial d ru g s are u sed  in a n u m b er of ways, to g u ard  against 

d isease (prophylaxis), to trea t an estab lished  infection, o r to  p reven t 

transm ission  of the parasite . D rugs used  as an tim alaria ls can be cate­

gorised  b road ly  d ep en d in g  on their m echanism  of action, or accord­

ing to their action on  particu la r stages of the life cycle of the parasite . 

C ausal p rophy lactic  d ru g s generally  act on  p re-ery th rocy tic  stages 

of the parasite  p reven ting  estab lishm ent of infection in the liver and  

blood: for exam ple p rim aquine. Blood schizonticidal d ru g s act on  the 

asexual stages of the parasite  d u rin g  the ery throcytic cycle, chloro-
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qu ine (CQ) being  an  exam ple of a blood schizonticide. G am etocyto- 

cidal d ru g s are those w hich destroy  the sexual form s of the parasite , 

w hile sporon ticidal d ru g s such as py rim etham ine w ould  target the 

sporogonic stage of developm ent in the m osqu ito  vector. A nti-relapse, 

o r secondary  tissue schizonticides act on exoerythrocytic form s of the 

parasite  and  are u sed  for P. vivax and  P. malariae infections [28].

1.1.6.1 History of antimalarial therapy

Traditional herba l rem edies have been  used  to trea t m alaria for th o u ­

san d s of years [174]. Qing-hao, first referred  to in a ro u n d  the second 

cen tu ry  BCE, is a trad itional Chinese rem edy  m ade by soaking  fresh 

p lan ts  of the Artemisia herb  in cold water, w ring ing  it o u t and  ingest­

ing  the b itte r juice in  its raw  state  [175]. In the w estern  w orld , qu in ine 

has been used  for centviries as an  antim alaria l, o rig inally  discovered 

as a m uscle re laxant by native peoples in w ha t is now  Peru  it was im ­

p o rted  into E urope and  was first u sed  as a m alaria trea tm en t in 1631 

[164]. Q uin ine is iso lated  from  the bark  of the Cinchona tree; orig i­

nally  the b ark  w as d ried , g ro im d in to  a p o w d er and  m ixed in to  a 

liquid  such as w ine w hich  w as then  d n m k  [144].

C ontrol of the su p p ly  of Cinchona bark  has, historically, been of m a­

jo r im portance. In the early  19th century, Peru  and  nearby  countries 

forbade the export of Cinchona seeds and  strictly  controlled  export 

of the bark , b u t th e ir m onopoly  w as broken  w hen  in 1865, agen ts of 

the D utch  governm en t sm uggled  a nvim ber of seeds o u t of P eru  and  

began  successful cu ltivation  of the tree in Java. Eventually  the D utch 

cam e to m onopolise  over 97% of the w orld 's  su p p ly  of qu in ine  [71]. 

A llied pow ers w ere isolated  from  their su p p ly  of qu in ine by the G er­

m an  occupation  of the N eth erlan d s and  the Japanese contro l of the 

P hilipp ines an d  Indonesia  d u rin g  W orld W ar II. The resu lting  short-
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su p p ly  is th o u g h t to  have  led  to  th e  d e a th s  o f ten s  of th o u sa n d s  o f 

US tro o p s  in  A frica  a n d  th e  S o u th  Pacific b y  th e  e n d  o f th e  war.

R esearch  b y  b o th  A xis a n d  A llied  p o w ers  d u r in g  th e  w a r e v e n tu ­

a lly  led  to  sy n th e s is  o f a n u m b e r  o f q u in in e  d e riv a tiv e s , th e  m o s t ef­

fective of w h ich  w as ch lo ro q u in e . C Q  b ecam e  th e  m o s t w id e ly  u se d  

a n tim a la r ia l th ro u g h o u t th e  la te  1940s, 1950s a n d  e a rly  1960s u n til  

th e  em erg en ce  o f re s is tan ce  in  th e  la te  1950s a n d  th e  su b se q u e n t 

sp re a d  o f re s is tan ce  across th e  g lobe. In  th e  la te  1960s a te am  o f 

C h in ese  sc ien tis ts  re -d isco v ered  th e  a n tim a la ria l p ro p e rtie s  o f Qing- 

hao, in  a sc reen  o f over 2,000 tra d itio n a l h e rb a l rem ed ie s . T h e  ac­

tive c o m p o u n d  w as  e v en tu a lly  iso la ted  an d  n a m e d  a r te m is in in  [98]. 

A rte m is in in  h a s  h ig h  efficacy, a n d  it a n d  its  d e riv a tiv e s  in  c o m b in a ­

tio n  w ith  o th e r  d ru g s  a re  c u rre n tly  th e  tre a tm e n t of choice fo r im com - 

p lic a te d  m alaria .

1.1.6.2 Current antimalarial therapy

A t p re se n t th e re  is n o  "s ilv er b u lle t"  fo r m a la ria , a n d  c u rre n t a n ti­

m a la ria l th e ra p ie s  ac t d iffe ren tly  a g a in s t th e  d iffe ren t sp ec ies  o f h u ­

m a n  m a la ria  a n d  can  even  v a ry  in  efficacy a g a in s t d iffe ren t s tra in s  o f 

th e  sam e  species. H o s t fac to rs su c h  as im m u n e  s ta tu s  can  a lso  a lte r  

th e  w ay  in  w h ich  a n tim a la ria l d ru g s  act. T h e  W H O  c u rre n tly  rec­

o m m e n d s  "A rte m is in in  C o m b in a tio n  T h e ra p y "  (ACT) as th e  f ro n t­

line  tre a tm e n t fo r P. falciparum  m a la ria . T hese  a re  c o m b in a tio n s  in  

w h ich  o n e  o f th e  c o m p o n e n ts  is a n  a r te m is in in  d e riv a tiv e  (a rte su n a te , 

a r te m e th e r  o r  d ih y d ro a r te m is in in ) , a n d  th e  o th e r  is lu m e fa n tr in e , am o d i-  

a q u in e , m eflo q u in e , su lfa d o x in e -p y r im e th a m in e  o r  p ip e ra q u in e . T he 

a r te m is in in s  p ro d u c e  ra p id  c lea ran ce  o f p a ra s ita e m ia  a n d  ra p id  re so ­

lu tio n  o f sy m p to m s , by  re d u c in g  p a ra s ite  n u m b e rs  100- to  lo o o -fo ld  

p e r  a sex u a l cycle o f th e  p a ra s ite , w h ic h  is m o re  th a n  th e  o th e r  cur-
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rently available antimalarials achieve, but is also cleared rapidly from 

the body. The other component of the ACT is generally a longer life 

antimalarial which may also act on liver or gametocyte stages.

1.1.7 D rug targets and drug  resistance

The growing problem of drug resistance presents a significant chal­

lenge to the successful eradication of malaria. Resistance to all known 

classes of antimalarial drugs is now common, with the exception 

of the artemisinins, though decreased susceptibility to even these 

drugs has been recorded in Vietnam, Thailand, Cambodia and Burma 

[172]. This raises the worrying possibility that strains of malaria may 

emerge that are untreateable with the drugs we have currently avail­

able. The search for new antimalarials is therefore of the highest pri­

ority in the fight against this disease.

The emergence and spread of antimalarial resistance parallels an­

tibiotic resistance, particularly antituberculous drug resistance, w'here, 

as for malaria, transferable resistance genes are not involved in the 

emergence of resistance [172]. The spread of antimalarial resistance 

occurs primarily because it confers a particular advantage to survival 

in the presence of an antimalarial, and increases the chance of trans­

mission of resistant over sensitive parasites. Recrudescence is also 

more likely in resistant parasites and as resistance worsens, infec­

tions with resistant parasites respond more slowly to treatment. Both 

increased rates of recrudescence and slow initial responses to treat­

ment increase the likelihood of generating sufficient gametocyte den­

sities to transmit, compared with drug-sensitive infections. It is this
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ratio  of transm ission  probabilities in d rug -resistan t com pared  w ith  

drug-sensitive infections tha t drives the sp read  of resistance.

Genetically, the events w hich cu lm inate in  an tim alaria l d m g  resis­

tance (w hile re ta in ing  parasite  viability) are tho u g h t to  be  sp o n ta ­

neous, rare  and  in d ep en d en t of the d ru g  u sed  [172]. Som etim es m u ­

tations occur in  the genes encod ing  or re la ting  to the in flux /efflux  

p u m p s tha t affect concentrations of the d ru g  in the parasite . Resis­

tance to CQ for exam ple is caused  by m u ta tio n s initially in  the CQ  re­

sistance tran sp o rte r (PfCRT). These m uta tions confer the ability  to ef­

flux CQ  from  the d igestive vacuole, resu lting  in  significantly reduced  

concentrations of CQ  in the DV in CQ  resistan t parasites  com pared  

to CQ sensitive ones. CQ  resistance can be fvirther m o d u la ted  by sec­

o n d ary  m utations in ano th er tran sp o rte r (PfM DR-i) [52]. O ther exam ­

ples include resistance to antifols (pyrim etham ine and  cycloguanil) 

resu lting  from  the sequentia l acquisition of m u tations in the gene en­

coding  d ihydrofo late  reductase (DHFR) [128] and  resistance to the 

su lphonam ides and  su lphones, resu lting  from  sequential acquisition 

of m u tations in  the gene encod ing  d ihydrop teroa te  syn thase  (DHPS) 

[6].

Recently the search for chem otherapeu tic  targets in m alaria has 

been significantly a ided  by the in troduction  of new  tools and  tech­

nologies tha t allow a g reater u n d e rs tan d in g  of the genetic, m olecular 

and  biochem ical basis of d ru g  resistance. The genom ic sequence of 

all three o rganism s involved in m alaria  are now  available: P. falci­

parum, Anopheles gambiae an d  Homo sapiens [167, 11, 64]. It is expected  

that this w ill lead to advances in the u n d ers tan d in g  of in teractions 

betw een the parasite  and  its hosts. Rational d ru g  design  too show s 

prom ise, and  recent advances in s tu d y in g  the 3D stru c tu re  of p ro teins
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have allow ed scientists to design  inhibitors in silico that targe t partic­

u lar p ro teins very  specifically and  have antim alaria l effects [118].

Ideal an tim alaria l d m g  targets shou ld  possess a n u m b er of attributes: 

they shou ld  perfo rm  essential functions for g row th , surv ival, or pro- 

p ogation  of d isease in the host, an d  shou ld  have low po ten tia l for 

resistance, and  parasite-specificity  (that is the targe t exists only  in the 

p arasite , such as rh o p try  p ro teins, d igestive vacuole p ro te ins etc., or if 

the host possesses an  ana lagous target, inh ib itors of the target shou ld  

be selective for the p arasite  over the host). W ith luck, identification of 

new  targets that fit these criteria shou ld  con tinue to accelerate thanks 

to the cu tting  edge tools w hich  are now  available to researchers.

1 . 2  I M M U N O P H I L I N S  

1 . 2 .1  History

G erm an  researchers in  the 1980s orig inally  isolated a -1 7  kDa p ro te in  

from  p ig  k idney  w hich  they d e term in ed  to possess pep tidy l-p ro ly l 

cis-trans isom erase (PPIase) activity  (see below ), and  the ability  to  ac­

celerate in vitro p ro te in  fo lding [58, 57]. A t the sam e tim e, researchers 

in the USA purified  a p ro te in  of a sim ilar size and  d em o n stra ted  

tha t it b o u n d  w ith  h igh  affinity to the im m im osuppressive  co m pound  

cyclosporin A (CsA) [74]. The A m erican researchers n am ed  their p ro ­

tein  cyclophilin-A  (CyP-A), a p ro te in  w hich  still rep resen ts  the archetype 

of the cyclophilin  fam ily of p roteins. Shortly  later, in the late 1980s, it 

w as d iscovered tha t these tw o p ro te ins w ere the sam e [60, 157].

A round  the sam e tim e tha t Fischer, Takahashi an d  co-w orkers d em o n ­

stra ted  tha t PPIase an d  cyclophilin  w ere the sam e pro tein , tw o re-
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sea rch  g ro u p s  d isco v ered  a P P Iase  d is tin c t fro m  cy c lo p h ilin  th a t w as 

th e  m a jo r in tra c e lh ila r  ta rg e t o f th e  n e w ly  in tro d u c e d  im m u n o s u p ­

p re ss iv e  d ru g  FK506 [76,145]. T h is n ew  re c e p to r w as, ra th e r  u n im a g ­

inatively , n a m e d  FK 5o6-b ind ing  p ro te in  o r  FKBP, th e  a rc h e ty p e  of 

w h ich  is c o n s id e re d  to  b e  h u m a n  FKBP12.

In the  in te rc e d in g  tw o  d e c a d e s  im m u n o p h ilin s  have  b e e n  d isco v ­

e red  as u b iq u ito u s  accross n e a rly  all fo rm s  o f  b ac te ria  & a rch aea  a n d  

eu k a ry o tic  o rg a n ism s , o ften  w ith  o rg a n ism s  e n c o d in g  m u ltip le  cy- 

c lo p h ilin s  a n d  FKBPs in  th e ir  g e n o m e s  [63]. Q u ite  so m e  tim e  a fte r 

the  in itia l d isco v ery  o f cy c lo p h ilin s  a n d  FKBPs, in  2005, re sea rch ers  

id en tified  a novel c lass of d u a l  fam ily  im m u n o p h ilin s  w h ic h  co n ta in  

b o th  a n  F K 5o6-b ind ing  a n d  a cyclo p h ilin  d o m a in  [2]. T h ese  d u a l  fam ­

ily im m u n o p h ilin s  w ere  id en tif ied  in  Toxoplasma, Flavobacteria a n d  Tre­

ponema.

1.2.2 PPIases

C o rrec t p ro te in  fo ld in g  is lim ited  by  th e  cis-trans iso m e risa tio n  o f X- 

P ro  b o n d s , w h e re  X is a n y  o th e r  a m in o  ac id  [25]. U n iq u e ly  a m o n g  

n a tu ra lly  o ccu rin g  a m in o  ac ids, p ro lin e  h a s  a re la tiv e ly  low  d iffe r­

ence  in  free  en e rg y  b e tw e e n  th e  c/s- a n d  fran s-co n fo rm atio n s  o f th e  

p e p tid e  b o n d  p re c e d in g  it. T he  en e rg y  n e e d e d  fo r  ca ta ly s is  o f  c is-  

trans iso m erisa tio n  is re la tiv e ly  h igh : ~20 k c a l /m o l  c o m p a re d  to  ~o 

k c a l /m o l  fo r  o th e r  p e p tid e  b o n d s . T h is m e a n s  th a t  .X-Pro b o n d s  d o  

n o t sp o n ta n e o u s ly  a d o p t th e ir  in d e n d e d  c o n fo rm a tio n , a n d  th is  ef­

fectively  lim its  the  ra te  o f p ro te in  fo ld in g  [59]. F ig u re  4 illu s tra te s  a 

sch em atic  o f  cis-trans iso m erisa tio n  a b o u t a p e p tid y l-p ro ly l b o n d .
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PPIase

Trans Cis
Figure 4: A schematic presentation of cis-trans isomerization about a pep- 

tidylprolyl bond catalyzed by one of the multiple members of the 
four dissimilar families of PPIases.

C atalysis of cis-trans isom erisation  can be m ed iated  by four classes 

of p ro te ins w hich  possess PPIase activity  [63]. These four g roups 

com prise the cyclophilins (CYPs), FK 5o6-binding p ro teins (FKBPs), 

P in i /p a rv u lin s  and  trigger factors. There is no  significant sequence 

hom ology betw een the four g roups, b u t they do  exhibit som e overlap 

in  sequence-specificity for X-Pro ep itopes in p ep tid e  substrates. Their 

active sites are also dissim ilar, possessing  d ifferent arch itectures and 

b in d in g  to sm all molecviles w ith  totally  d issim ilar s tructu res [63] (Fig­

u re  5).

1.2.3 immunophilin fam ily

Im m unophilins are a subset of this PPIase family, w hose m em bers 

b ind  to specific im m u n o su p p ressan t molecviles, o rig inally  isolated 

from  fim gi an d  Streptomyces. M em bers of the im m unoph ilin  su p er­

fam ily are the cyclophilins, m ost of w hich b in d  to cyclosporin A 

(Fig. 5) and  the FKBPs, m ost of w hich  b ind  to m acrolactides (FK506 

[tacrolim us] and  rapam ycin  [sirolim us]. Fig 5) [17]. The im m im osup- 

pressive actions of CsA, FK506 and  rapam ycin  (Rap) are m ed ia ted  by 

d ru g -im m u n o p h ilin  com plexes. C sA -C Y P an d  FK506-FKBP b in d  to
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Figure 5: 3D comparison of the polypeptide bacl<^bones of hum an CYP18 
and FKBP12. Structures drawn from the 2CPL and iFKK entries 
in PDB.org respectively. The conserved amino acids of the PPIase 
domains involved in substrate-binding are coloured red and la­
beled. Also shown are the structures of cyclosporin A and FK506.
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the protein phosphatase 2B (PP2B or calcineurin), inhibiting its phos­

phatase activity, resulting in the elevated phosphorylation of several 

PP2B substrates. One of these substrates is a subunit of nuclear fac­

tor of activated T-cells (NF-AT), the phosphorylated form of which is 

unable to translocate from the cytosol to the nucleus, where it would 

normally activate transcription of genes important in the T-cell ac­

tivation pathway in response to immune stimulus. As a result these 

genes remain silent and the T-cell activation pathway is inhibited [80]. 

Rapamycin has a different effect, in that the Rap-FKBP complex in­

hibits a protein called mTOR (mammalian or mechanistic target of ra­

pamycin) and resvilts in inhibition of T- and B- cell proliferation by in­

hibiting their responses to interleukin 2 (IL-2) (Figure 6 is a schematic 

representation of the mechanism of these immunosuppressive activi­

ties). CsA, FK506 and Rap are used clinically as immunosuppressants 

to prevent rejection of transplanted organs.

Immunophilins have been discovered in nearly all higher eukary­

otes [63, 169]. In humans for example, the genome appears to en­

code approximately 15 FKBPs and 16 CYPs. In terms of their architec­

ture these proteins are quite diverse: CYP18 for example comprises 

only a PPIase domain whereas HSFKBP52 comprises two PPIase do­

mains and three tetratricopeptide (TPR) repeat domains. Larger im­

munophilins often carry accessory domains such as TPR, RNA-binding, 

WD-repeat and signalling domains [63], and the largest known im- 

munophilin is HSCYP324 (also kown as Nup 358 or RanBP2). The 

overall domain archetecture of a number of immunophilins is illus­

trated in figure 7.

Aside from their activity as PPIases, at least some immvmophilins 

are also known to function as molecular chaperones in a manner 

comparable to certain members of stress-response protein families
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Figure 6: Schematic of the immunosuppressive action of CsA, FK506 and 
Rap. Cyclosporin A and FK506 bind to cyclophilin (CYP) and 
FK5o6-binding protein (FKBP) respectively. These complexes in­
hibit the dephosphorylation activity of calcineurin (CaN). CaN is 
unable to dephosphorylate the cytosolic form of nuclear factor of 
activated T-cells (NF-ATc), in this form NF-ATc is unable to translo­
cate to the nucleus (NF-ATn) where it would normally activate 
important genes in T-cell proliferation. Rapamycin binds FK506 
and this complex inhibits mechanistic target of rapamycin (mTOR) 
which results in inhibition of T- and B- cell proliferation by inhibit­
ing their response to interleukin 2 (IL-2).
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D om ain  Key
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Figure 7: Representative dom ain  arrangem ents of im m unophilins: FKBPs, 
CYPs and dual family im m unophilins. CYP = cyclophilin dom ain, 
FKBD = FK5o6-binding dom ain, CaM = putative calm odulin b ind­
ing dom ain, WD40 = 4oaa T rp /A sp  containing p-propellor repeat 
dom ain, TPR = tetratricopeptide repeat dom ain, H s = Homo Sapi­
ens, Pf = Plasmodium falciparum, Dm = Drosophila melanogaster, Tg 
= Toxoplasma gondii, Fj = Flavohacterium johnsonii, Td = Treponema 
denticola
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[63, 19]. The chaperone activity of im m unophilins can be m easured 

in vitro, for example via aggregation assays using m odel substrates, 

and may or may not be dependent on the presence of a fimction- 

ing PPIase domain; indeed in m any cases inhibition of the PPIase 

activity of the immvmophilin has no effect on the chaperone activ­

ity [19, 107, 62]. How im m unophilins act as molecvilar chaperones is 

unclear, bu t there is some evidence for a role of novel hydrophobic 

grooves outside the PPIase active site in chaperone activity. Studies 

in hum an FKBPs dem onstrated that the majority of the chaperone 

activity of HSFKBP51/52 resided mainly in the C-terminal dom ain, 

which contained the TPR motifs [127]. Similarly analysis of Cyp40 

deletion m utations dem onstrated that the chaperone activity was pri­

marily located w ithin a linker region between the PPIase and TPR 

dom ains [112]. Smaller im m unophilins, that possess lim ited extra se­

quence apart from the PPIase dom ain, also possess chaperone activity 

that is distinct from their PPIase activity [107, 132].

The structure of contains 8 antiparallel 3-strands forming a

right handed 3-barrel with an a-helix at each end. The core of the 3- 

barrel is closed m eaning that neither CsA or the X-Pro svibstrates can 

bind to the hydrophobic core; they instead bind to the outer surface 

of CypA via a num ber of critical hydrophobic residues (illustrated in 

figure 5). By contrast, FKBP12 is composed of 5 ,3-strands w rapped 

around a short Dt-helix form ing a conical shape w ith a hydrophobic 

groove to which FK506 and X-Pro substrates can bind (illustrated in 

figure 5).
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1.2.4 P hysio logical roles o f  im m u n o p h ilin s

It is currently unknown whether immunophilins are generally re­

quired for survival in biological systems; certainly they are not re­

quired for growth of Saccharom yces cerevisiae in culture. Dolinski et al. 

[50] demonstrated that deleting all twelve immimophilin genes in S. 

cerevisiae, both individvially and together, had no effect on a number 

physiological paramaters, including temperature viability, arrest and 

recovery from pheromones or glycogen stress, mating or sporulation. 

This is often used as an example of how immunophilins are entirely 

dispensible, but a more likely explanation is that they are only re­

quired in response to certain stress conditions or environmental cues. 

For example researchers have demonstrated that the E. coli PPIase 

SurA is dispensible for growth in culture but required for biogene­

sis of the pilus which is required for urinary tract invasion [85], and 

that mutants of B acillus siih tilis with both of the organism's PPIases 

deleted had strongly reduced growth under near-starvation condi­

tions [70].

Studies in mice have demonstrated some physiological roles for 

immunophilins. CYP18 knockout mice are viable but develop an al­

lergic disease, caused by derepression of the Tec family tyrosine ki­

nase ITK which is responsible for repressing the T helper 2 (Th2) 

response [39]. Research on FKBP12 knockout mice demonstrated that 

these mice were deficient in trabecvilation and compaction of the em­

bryonic myocardium, morphogenetic events crucial for the formation 

and fimction of the ventricular walls. These researchers identified that 

FKBP12 is a novel negative modulator of activated Notchi, suggest­

ing that Fkbpia-mediated regulation of Notchi plays an important 

role in intercellular communication between endocardium and my-
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ocard ium , w hich  is crucial in contro lling  the form ation  of the ventric­

u lar w alls [36]. FKBPs have enriched expression in the h u m an  n e r­

vous system  and  p artic ipa te  in neu ronal d ifferentiation an d  neuritic 

ou tg row th  [131]. CYP18 an d  CYPB have also been  d em onstra ted  to 

act extracellu larly  as p o ten t lym photactic agents by their in teraction  

w ith  CD147 on  im m une cells [10]. But by far m ost of the inform ation  

we have on  im m unoph ilin  function is derived  from  w ork  on  steroid  

receptors, w hich  requ ire  o rd ered  assem bly of chaperone p ro te ins to 

m atu re  in to  fim ctional conform ations [134, 137]- This recep to r com ­

plex m ach inery  consists of H sp90, CYP40, FKBP52 (or FKBP51), and  

an  ad d itio n a l P23 p ro te in  com ponent, assem bly  of w hich is m ediated  

by H spyo in association w ith  accessory chaperones H sp40, H ip  and  

H op  [133, 32, 123]. F igure 8 is a schem atic represen ta tion  of w ha t we 

im d erstan d  of the glucocorticoid recep to r assem bly process. In terac­

tion of these im m unoph ilin s is m ed ia ted  by TPR dom ains in teracting 

w ith  a C -term inal p ep tid e  (MEEVD) in Hspgo.

1.2.5 Immunophilins as drug targets

Recently im m im ophilins have garn ered  a lot of a tten tion  as p o ten ­

tial d ru g g ab le  targets in  a n u m b er of diseases that affect hum ans. 

D etailed below  are som e exam ples of the roles im m unophilins have 

in h u m an  d isease an d  infection and  w hat therapeu tic  po ten tia l im- 

m vm ophilin ligands offer.

1.2.5.1 Immunophilins in human disease

FKBPs are particu larly  h ighly  expressed  in  the nervous system  and  

as such  are associated w ith  a n u m b er of neu rodegenerative  diseases
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F ig u re  8: S te ro id  re c e p to r  a s se m b ly  by  th e  H s p / im m u n o p h i l in  m a c h in ­
ery. F o u r  p ro te in s , H sp g o , p 6 o /H o p ,  H sp y o  a n d  H sp 4 0 , fo rm  
a fo ld o so m e  c o m p le x  th a t  a sso c ia te s  w ith  th e  s t r ip p e d , n o n ­
s te ro id -b in d in g  s ta te  o f  th e  g lu c o c o r tic o id  re c e p to r  (X) in  a n  
A T P /M g ^ "^ -d ep en d en t a n d  K ^ -d e p e n d e n t m a n n e r  to  a s s e m b le  
a X -H s p 9 0 -p 6 0 -H s p 7 0 -H s p 4 0  h e te ro c o m p le x  w ith  a s te ro id -  
b in d in g  s ite  ( in te rm e d ia te  co m p lex ). p23  is  n o t a  c o m p o n e n t o f 
th e  n a tiv e  fo ld o so m e , b u t  it  a sso c ia te s  w ith  th e  a s se m b ly  in te rm e ­
d ia te  fo rm e d  w ith  p u r if ie d  p ro te in s  a s  w ell a s  w ith  n a tiv e  g lu c o ­
c o rtic o id  re c e p to r -H s p g o  h e te ro c o m p le x e s  is o la te d  fro m  cells. In  
b o th  ca se s , p 2 j  b in d in g  is  rev e rs ib le , d o e s  n o t  re q u ire  A TP a n d  
s ta b il ise s  th e  co m p lex . Im m u n o p h i lin s  su c h  a s  FK BP52, C yP -40  
o r  th e  im m u n o p h ilin - l ik e  P P5 b in d  to  H sp g o  v ia  te t r a t r ic o p e p t id e  
re p e a t  (TPR ) d o m a in s . B ecause  H o p  a n d  im m u n o p h ilin s  b in d  to  
th e  s a m e  T PR  a c c e p to r  s ite  o n  H sp g o , im m u n o p h i lin s  c a n n o t b in d  
u n ti l  H o p  h a s  d is so c ia te d  fro m  th is  site . Im m u n o p h i lin s  a n d  p 2 j  
b in d in g  r e s u lt  in  fo rm a tio n  o f  th e  fin a l c o m p le x , w h e re u p o n  th e  
g lu c o c o r tic o id  re c e p to r  is  c o rre c tly  fo ld e d  a n d  p23 , im m u n o p h i lin s  
a n d  th e  fo ld e d  re c e p to r  d is a sso c ia te  fro m  th e  H sp g o  d im er.
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[151]. In Alzheinner's disease FKBPs have been shown to associate 

w ith tau, a m icrotubule-binding protein that has been associated with 

a num ber of neurodegenerative diseases (tauopathies). Researchers 

have reported that FKBP12 co-locates w ith neurofibrillary tangles in 

Alzheim er patients, and A lzheim er's disease brains contain much 

lower levels of FKBP12 than age-matched controls [153]. The larger 

im m im ophilins FKBP51 and FKBP52 have also been shown to have a 

role in tau turnover. FKBP51 overexpression in HeLa cells confers in­

creased tau levels [84], bu t conversely FKBP52 overexpression in PC12 

cells decreased the levels of tau detected [34]. FKBP12 and FKBP52 are 

also known to associate with A lzheim er's amyloid precursor protein 

and beta-am yloid peptides [30].

Parkinson's disease is characterised by the formation of Lewy bod­

ies; alpha-synuclein (ot-SYN) is the prim ary structural com ponent of 

Lewy bodies where it aggregates to form insoluble fibrils. Reduc­

tion of FKBP12 and FKBP52 by knockdown in a neuronal cell culture 

m odel reduced the num ber of o<-SYN fibrils observed and this effect 

was also observed after inhibition w ith FK506 [66]. Subsequent s tud ­

ies on the effect of several physiologically relevant PPIases, namely 

FKBP12, FKBP38, FKBP52, FKBP65, P in i, and CYP18, on oi-SYN ag­

gregation in vitro and in neuronal cell culture, dem onstrated that 

FKBP12 was the m ost potent enhancer of a-SYN aggregation [47].

FKBP52 and FKBP12 are upregulated in regenerating nevirons, sug­

gesting that it may play a protective or regenerative role following 

injury [104]. Indeed FK506 was known to have neuroregenerative ac­

tion for some time, and recently this action was elucidated as a p ro­

cess im itating the early steps of neuronal differentiation, by FK506- 

induced regeneration of an HSP90-FKBP52-P23 chaperone complex 

in dam aged nevirons [130].
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Im m vinophilins are also involved in several types of cancer. FKBP51 

is u p reg u la ted  in prostatic  hyperp lasia  [122], and  levels of FKBP51 

and  FKBP52 are increased in p rosta te  cancer cell lines, and  FK506 

has an  inh ib ito ry  effect on  grow th  of these cells [125]. FKBP51 is also 

involved in colorectal adenocarcinom a [117], w here it supp resses p ro ­

liferation. Inhib ition  of FKBP51 in leukaem ia cells by Rap induced  

apop tosis [12], and  this p ro te in  is a m arker of m elanocyte m alignancy  

[140]. Less is know n ab o u t the role of FKBP52 in cancer b u t som e 

s tud ies have d em o n stra ted  tha t it is u p reg u la ted  in breast tum ours 

[148].

1.2.5.2 Immunophilins in viral infection

Recently a n u m b er of obligate parasites have been show n to co -op t 

host im m unoph ilin s for infection and  grow th. In h u m an  im m u n o d ­

eficiency v irus (HIV), CYP18 is th ough t to p lay  a n u m b er of roles. 

S tudies have show n that m utations in the p ro m o ter region of CYP18 

p rom ote  d isease p rogression  from  H IV -positive sta tu s to acquired  

im m unodeficiency  syndrom e (AIDS) [7]. CYP18 knockouts [24] and  

regvilatory m u ta tio n s [138] have a protective effect from  H IV -i infec­

tion. CYP18 is packaged  into m atu re  HIV virions [22] and  d isrup tion  

of th is packag ing  a ttenua tes the infectivity of p rogeny  virions [158]. A 

n u m b er of HIV accessory p ro te ins are th o u g h t to  in teract w ith  CYPiB, 

such  as v iral p ro te in  R (Vpr) [179] an d  N ef [3]. A n FKBP is also stolen 

by HIV, w here  it ap p ears  to package an  average of 25 m olecules of 

FKBP12 in to  each H IV -i v irion  [29].

C yclophilins are also involved in hepatitis  B (HBV) an d  C (HCV) in­

fection. T here is evidence for increased ex tracellu lar export of CYP18 

in HBV [162]. The active site of CYP18 ap p ears  to be critical for HCV 

rep lication  an d  knockdow n of endogenous CYP18 significantly  ham -
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pers HCV RNA replication and  viral p ro te in  expression  [35]. CYPB 

ap p ears to in teract w ith  HCV R N A -dependen t RNA  po lym erase  NS5, 

and  this in teraction  is critical for v iral genom e rep lication  [170].

Infliienza v irus too, is know n to co -o p t host im m unophilins. CYP18 

has been discovered in the core of the influenza v irion  [143], an d  is 

u p -reg u la ted  in  certain  cell lines u p o n  infection w ith  influenza v irus 

[100]. Interestingly, overexpression or dep le tion  of CYP18 h ad  an in­

hib ito ry  effect on, o r enhanced  v iral replication respectively. O ther 

v iral infections also ap p ea r to in teract w ith  CYP18 in  som e way. Vac­

cinia v iru s  (VV), infection leads to an  increase in CYP18 stability  and  

colocation w ith  the sites of viral p roduction , the p ro te in  then  being 

inco rporated  into the v irus partic le [33]. CYP18 h as been  found  as­

sociated to be w ith  vesicular stom atitis v irus (VSV) and  severe acute 

resp ira to ry  syndrom e coronavirus (SARS-CoV), w here  in bo th  cases 

it in teracts w ith  the nucleocapsid  p ro te in  an d  is inco rporated  into 

viral partic les [23, 103].

1.2.6 Immunophilins in malaria

P. falciparum  possesses th irteen  im m unoph ilin  genes, eleven cyclophilin 

or cyclophilin-like and  tw o FKBP o r FKBP-like [107, 65, 113]. These 

will be d iscussed w ith  relation  to their genetic location, sequence sim ­

ilarities of their PPIase dom ains relative to archetypal im m unophilins, 

stage specificity, p roperties  and  fvmctions. F igure 9 is a brief schem atic 

of som e of these properties.
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1.2.6.1 Location, expression  a nd  s im ila r ity  o f  P. fa lc ip a ru m  im m u n o p h ilin s

PfFKBP35 was the first FKBP identified in apicomplexan parasites 

[26]. It is thought to be the only true FKBP that P. fa lc ip a ru m  pos­

sesses and is encoded by a 915-bp gene located on chromosome 12. 

Expression data indicate that PfFKBP35 begins expression during 

the late ring stage, peaking during the late trophozoite stage before 

falling off during the schizont stages [96]. During the ring stage, Pf- 

FKBP35 is predominantly cytosolic, but as the parasites mature into 

trophozoites and schizonts, the protein appears to undergo nucleo- 

cytoplasmic shuttling, with the majority of the protein becoming lo­

cated in the nucleus, as shown by immunofluorescent microscopy

[90]-

InterPro (http://w w w .ebi.ac.u k /in te rp ro /) prediction based on do­

main and fimctional site analysis has annotated four additional P. fa l ­

c iparum  proteins as containing FKBP or FKBP-like domains: these are 

PF3D7_iiii8oo, PF3D7_131330o, PF3D7_i303700 and PF3D7_i2i2400. 

All four of these additional proteins appear to be expressed at the 

mRNA level at some point in the parasite life cycle, though only very 

weak data exist that indicate the proteins were detected by mass spec­

trometry at any stage and only PF3D7_iiii8oo possesses any signifi­

cant sequence similarity to other FKBPs when analysed by basic local 

sequence alignment (BLAST) searching (data not shown). No investi­

gation on whether these proteins possess any of the typical fimctional 

characteristics of FKBPs has been performed to date.

Of the eleven cyclophilin or cyclophilin-like genes, all are expressed 

in at least one stage of the life cycle [88]. PfCYPi9A and PfCYPi9B 

appear to the most abundant of the P. fa lc ip a ru m  cyclophilins (mak­

ing up -1.2% and -0.5% of total cellular protein respectively) and
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are located  p red o m in an tly  in  the cytosol of the erythrocytic stage 

of the parasite  [65]. A dditionaly  they are the only tw o cyclophilins 

p u lled  dow n  by C sA -coupled affinity co lum ns from  these stages [65]. 

PfCYPigB has been  detected  at the surface of infected ery throcytes 

[176], an d  PfCYP32 is p red ic ted  to be in to the m itochondrion  [88]. In 

increasing o rder of size the cyclophilins are located on  chrom osom es 

11, 3, 11, 5, 8, 12, 12, 14, 9, 8 and  5 respectively. A n in ferred  p h y lo ­

genetic s tu d y  g ro u p ed  PfCYPSiCLD an d  PfCYP72CLD as the m ost 

d istan tly  related  from  all of the o ther p ro te ins and  g ro u p ed  PfCYPs 

19B, 26, 19A, 32CLD & 25 and  19C, 23, 52CLD & 87CLD in to  tw o 

closely re la ted  g ro u p s (CLD = cyclophilin-like dom ain)[io7].

1.2.6.2 Protein properties and functions

PfFKBP35 possesses a m u lti-dom ain  architecture, com prised  of an  N- 

term inal FK5o6-binding d o m ain  (FKBD), follow ed by a TPR dom ain , 

and  a pu ta tive  ca lm odulin  b in d in g  site as show n in figure 9. PPI- 

ase activ ity  of the p ro tein  is conferred  by the FKBD and  bo th  the TPR 

dom ain  and  FKBD d em o n stra te  chaperone activity  [113]. The dom ain  

arch itecture is rem arkab ly  sim ilar to  HSFKBP51 and  HSFKBP52, ap art 

from  the second FKBD in these p ro te ins, th a t are know n to in teract 

w ith  HSP90 via their TPR dom ain . Indeed  PfFKBP35 has been  d em o n ­

stra ted  to in teract w ith  PfH spgo via its TPR dom ain  [90] ind icating  

a possible role for PfFKBP35 in chaperone m achinery  analogous to 

that seen in hum ans. A m ong  FKBPs w ith  PPIase activity  there is ex­

ceptional conservation  in 14 am ino  acids tha t are  know n to in teract 

w ith  FK506, and  in teresting ly  PfFKBP35 only  conserves 12 of these 

residues an d  has su b stitu ted  a hydrophobic doub le t (G ly89/Ile9o) 

from  hPK B Pi2 to a hydroph ilic  dou b le t (G lu i0 8 /S e ri0 9 ) [113]. Pf- 

FKBP35 (recom binant fu ll-leng th , an d  FKBD) has also been  found  to
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in teract w ith  calcineurin  (from  bovine and  recom binant Plasmodium 

sources) in a m an n er in d ep en d en t of the presence of FK506 [113, 90]. 

This m ay rep resen t a p o in t of difference betw een the parasite  and  

host and  a po ten tia lly  d ruggab le  target. This observation  is how ever 

deba ted  in the lite ra tu re , w ith  one g ro u p  of researchers claim ing that 

the calcineurin-FK B P in teraction  usin g  recom binan t FKBP is d ep e n ­

d en t on the ad d itio n  of FK506 [178].

The arch itecture of the m alarial p a rasite  cyclophilins is m odera te ly  

varied. M ost contain  a cyclophilin or cyclophilin like dom ain  (CLD) 

ran g in g  in size from  160-219 am ino acids. O nly  PfCY PigA  an d  Pf- 

CYP19B are know n to possess PPIase activ ity  an d  the ability  to b ind  

the classic cyclophilin  ligand CsA, w hile PfCYPi9A , 19B, 19C, 23, 25, 

26, 32CLD & 52CLD all possess chaperone activity  in vitro on  at least 

one m odel substra te  [107]. A side from  these data , little else is know n 

abou t the subcellu lar location of the rem ain ing  cyclophilins, and  it is 

th o u g h t that the parasite  requires such  a large cohort of cyclophilins 

perh ap s for d ifferent stages of the life cycle, d ifferent subcellu lar com ­

p artm en ts, o r th a t som e are specialised  for folding of specific p ro te in  

substra tes [107].
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Figure 9: Schematic of the properties and domain architectures of 12 P. fa lc ip a ru m  immunophilins. Activities were determined by the perfor­
mance of recombinant proteins in a number of assays. Chaperone activity was assayed by rhodanese (R) and citrate synthase (CS), 
PPIase activity was assessed by the c is - tra n s  isomerisation of a synthetic xaa-Pro peptide, and ligand binding was assessed by thermal 
stability shift assay. * Indicates that the activity indicated is inhibited by addition of relevant ligands (CsA for CYPs and FK506 for 
FKBP). t  Indicates that there are conflicting reports in the literature. -1- Indicates detectable activity, - indicates no detectable activity. 
Numbers in the CYP18 and FKBP domains indicate sequence identity to the archetypal proteins HsCypA and HsFKBPi2 respectively 
[107,113].
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1.2.6.3 Antimalarial effects of immunophilin ligands

The an tim alaria l activity  of CsA was first observed  in m ouse m odels 

[161], and  follow u p  investigations revealed activity  aga inst P. herghei 

and  P. yoelii in  ro d en ts  and  on  cviltured P. falciparum, P. herghei and  

P. vivax [18]. The m ost susceptib le form  of the parasite  ap p ears  to be 

d u rin g  the asexual ery throcytic  cycle, th ough  the d ata  on  w hich  p a r­

ticu lar stage d u rin g  the cycle are  the m ost susceptible are inconsistent 

[20, 18]. G am etocyte stages ap p eared  som ew hat susceptib le and  the 

liver stages are largely  resistan t to CsA trea tm ent [18].

The PPIase activity  of w hole parasite  extracts on synthetic Xaa- 

Pro p ep tid es  is w holly  inh ib ited  by  CsA concentrations above 0.1 

pM  b u t this effect is n o t seen w ith  FK506 o r rapam ycin  [20]. This 

suggests tha t the m ajority  of the PPIase activity  in ery throcytic p a r­

asites is a ttrib u tab le  to the p arasite 's  cyclophilins 19A an d  19B. CsA, 

Rap and  FK506 all d em o n stra te  antim alaria l activity  in cu ltu re  w ith  

50% inh ib ito ry  concentrations (IC50) of -300  nM , 1.9 pM  and  2.6 pM  

respectively [20]. These d ru g s  d o n 't  rep resen t po ten tia l antim alaria l 

therap ies because of their im m vinosuppressive effects; however, non- 

im m unosuppressive  derivatives of these d ru g s  also d em o n stra te  an ­

tim alarial activity. The cyclosporin derivative 3 '-keto cyclosporin D 

h ad  a sim ilar IC50 (-320  nM ) to  CsA b u t has neglig ible im m u n o su p ­

pressive activity, th ough  it ap p ears  to  be a p o o r inh ib ito r of PPIase 

activity. The derivative [MeVal]"*-Cs also h ad  sim ilar activity  to  CsA 

and  does ap p e a r to inh ib it PPIase action in  w hole p arasite  extracts 

[20]. N o n -im m unosuppressive  FK506 derivatives also have an tim alar­

ial activity  aga inst parasite  cu ltu re  [114].
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1 . 3  P R O J E C T  O B J E C T I V E S

U nderstand ing  tlie nature o f p rotein -p rotein  interactions is predicted  

to lead to novel sm all-m olecu le  inhibitors, but unfortunately often  

p rotein -p rotein  interfaces are flat, lacking the grooves typical o f pro­

teins that interact w ith  ligan d s [171]. R ecent w ork has identified  sev ­

eral novel sm a ll-m o lecu le  inhibitors o f p rotein -protein  interfaces, in ­

c lu d in g  m olecu les that inhibit interleukin-2 (IL-2)'s interaction w ith  

the alpha-chain o f its receptor IL-2Rot, and inhibitors o f the B-cell lym ­

p hom a 2 (BCL-2) fam ily's interaction w ith  B C L -2-antagonist/k iller  

and BCL-2 antagonist o f  cell death  [171]. Sm all m olecu les are also  

know n to stabilise p rotein -protein  interactions. Paclitaxel is a com - 

povmd isolated  from  the bark o f Taxus hrevifolia w h ich  allosterically  

stabilises p o lym erised  m icrotubule structures by b in d in g  to the 3- 

tubulin subunit [160]. C sA , FK506 and Rap also stabilise p ro te in -  

protein  interactions as discvissed in  section  1.2. Other exam p les in ­

c lu d e m olecu les such  as brefeld in  A , forskolin  and auxin [160].

Since it is probable that im m u n op h ilin s in P. falciparum  interact w ith  

m any proteins in the parasite d u e  to their natvire as chaperones and  

PPIases and that m any o f these interactions are probably in d ep en d en t  

of PPIase activity, the aim s o f this PhD project w ere as follow s:

1. To investigate the p rotein -in teraction  repertoire o f the tw o  m a­

jor cytoso lic  cycloph ilins P fC Y P igA  and PfC Y PigB, and the 

FKBP, PfPKBP35 by w h o le  cell (co-im m unoprecip itation  [co-IP]) 

and w h o le  gen om e (yeast-2-hybrid [Y2H]) m ethods. From this 

work, to identify  novel interactions as w ell as interactions in d i­

cated by im m u n op h ilin -p rote in  interactions in other organism s.
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2. To follow up  any interactions discovered by co-IP and Y2H us­

ing in vitro and in vivo m ethods such as far Western blotting, 

im m unofluorescent microscopy, protein based assays etc. In par­

ticular this research would focus on any interactions discovered 

which we deem ed to be interesting because of particular im por­

tance of the interacting partner in parasite biology, or because of 

indicated im portance of similar interactions in other organisms 

in the available literature.

3. To attem pt to characterise the m olecular basis of an unusual 

interaction between PfFKBP35 and calcineurin which appears 

to take place in the absence of FK506 (usually this com pound is 

required for the interaction to take place). In this investigation 

we would first attem pt to m odel the interaction in silico, and 

follow up  with in vitro and in vivo methodologies.
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M A T E R I A L S  A N D  M E T H O D S

2.1 C H E M I C A L S  A N D  R E A G E N T S

All chemicals and reagents used in this study were purchased from 

Sigma Aldrich Ireland Ltd. unless otherwise stated. All general chem­

icals were of analytical grade. All reagents used during electrophore­

sis were of electrophoresis grade. All chemicals used for cell culhire 

were cell culture tested. [MeVal]4-Cs was a gift from Sandoz AG, 

Basle, and BC556 from Biotica, Cambridge.

2 .2  C U L T U R E  OF P A R A S I T E S

2.2.1 R o u tin e  cu ltu re

P la sm o d iu m  fa lc ip a ru m  line 3D7, adapted to grow in Albumax®, was 

maintained in continuous culture in human erythrocytes (obtained 

from the National Blood Transfusion Service Board, Dublin every 

three weeks or as necessary and prepared as in section 2.2.2) accord­

ing to the method of Trager and Jensen [166]. Parasites w'ere routinely 

culhired at 2.5 % (v /v ) hematocrit in complete medium (RPMI 1640 

supplemented with 25 mM 4-(2-hydroxyethyl)-i-piperazineethanesul- 

phonic acid (HEPES), 0.18% w /v  sodium bicarbonate, hypoxanthine 

{50 pg/m l), 0.4% w /v  Albumax® II [BioSciences, Dun Laoghaire, Ire-

39
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land], 0.16% w /v  glucose), m ain ta ined  in tissue cvilture d ishes (Sarst- 

ed t Ltd., D rinagh, Co. W exford) at 37 "C in a candle jar. P arasitaem ia 

w as m onito red  by m icroscopic exam ination  of G iem sa-stained sm ears 

and  rou tine  cu ltu res w ere fed d ep en d in g  on the parasitaem ia an d  d i­

lu ted  w ith  fresh ery th rocy tes tw ice a w eek o r as necessary.

2.2.2 Treatment o f whole human blood

E rythrocytes for p arasite  cvilture w ere p rep ared  as follow s from  w hole 

h u m an  blood; 10 p a rts  w hole blood w ere m ixed w ith  1 p a r t PIGPA 

solu tion  (50 m M  sod ium  pyruvate , 50 m M  inosine, 100 m M  glucose, 

500 m M  d isod ium  h ydrogen  ph o sp h ate , 5 m M  aden ine  m ad e u p  in 

0.9% [w /v ] N aCl an d  p H  ad justed  to 7.2) and  incubated  at 37 °C for 

1 h  w ith  period ic  agitation. The m ix tu re w as cen trifuged  a t 500 x g  

for 10 m tn at 4 °C in a Sorvall RT6000D bench top  centrifuge. The su ­

p e rn a tan t and  buffy coat w ere rem oved by aspiration. The pellet was 

w ashed  tw ice by resuspension  in cold sterile PBS an d  cen trifuged  for 

500 X ^  10 m in  a t 4 °C, and  once w ith  cu ltu re  m edium . Packed e ry ­

throcytes w ere re su sp en d ed  in  an  equal vo lum e of cu ltu re  m ed ium  

to give a final hem atocrit of 50%. P repared  ery throcytes w ere sto red  

a t 4 °C for u p  to 1 week.

2.2.3 Harvesting o f cultures

Free parasites w ere generated  from  infected ery th rocy tes as follows: 

parasite  cu ltu res w ith  h igh  parasitaem ia (generally  >10%) w ere col­

lected by centrifvigation at 2000 rp m  {650 x ^) at 4 ”C for 10 m in  

an d  w ashed  tw ice in ice-cold PBS. The pelleted  ery th rocy tes w ere in-
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cubated  w ith  0.05% (w /v )  sapon in  in ice cold saline so d iu m  citrate 

(SSC) [150 m M  N aC l, 15 m M  tri-sod ium  citrate] for 20 m in  w ith  v igor­

ous shaking  every 5 m in  to lyse ery th rocy te  m em branes an d  release 

in tracellu lar parasites [181]. Freed parasites w ere pelleted  for 15 m in 

at 3000 rp m  (975 x g) at 4 ”C and  w ashed  tw ice w ith  SSC. Parasite pel­

lets w ere re su sp en d ed  in  freezing so lu tion  (PBS con tain ing  10% w /v  

glycerol and  1 x C om plete m ini p ro tease  inh ib ito r [Roche D iagnostics, 

M am iheim , G erm any]) and  snap  frozen in liqu id  n itrogen  for storage 

at -80 "C un til needed .

2.2.4 Synchronization o f cultures

R outine ery throcytic P. falciparum  cu ltu res are an  asynchronous cul­

tu re consisting of rings, trophozoites, schizonts and  m erozoites. To 

enrich for the late stages of erythrocytic developm ent, parasites  at 

h igh  parasitaem ia (>15%) w ere subjected to m agnetic selection essen­

tially as described by Staalsoe et al. [150] before use in experim ents. 

Briefly, parasitised  ery th rocy tes are passed  over a CS co lum n (Mil- 

tenyi Biotec, Surrey, UK) w hich is m oim ted  on  a VarioM acs m agnet 

(M iltenyi Biotec). W hen m o u n ted  in  the m agnet the steel-w ool packed  

in the co lum n becom es m agnetic, this allow s selection of late stages 

of ery throcytic  develepm ent by v irtue  of the h ig h  con ten t of p a ram ­

agnetic haem  in these stages. The co lum n is then  w ash ed  w ith  in ­

com plete m ed iu m  to rem ove im parasitised  ery th rocy tes an d  is then  

rem oved from  the m agnet, w h ereu p o n  a fu rth e r w ash  w ith  incom ­

plete  m ed iu m  elutes parasitised  erythrocytes.
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2.2.5 Invasion assay

P ara s ite s  synch iron ised  to  la te  s tag es  ( tro p h o z o ite /s c li iz o n t)  by  m a g ­

n e tic  se lec tio n  (sec tion  2.2.4), w ere  in c u b a te d  w ith  e ith e r  th e  co m ­

p o u n d  b e in g  te s ted  o r  veh ic le  o n ly  co n tro l (e.g. D M SO ) in  co m p le te  

m e d iu m  fo r 2 h. T rea ted  sch izo n ts  w ere  w a sh e d  w ith  c o m p le te  m e d iu m  

b y  c e n tr ifu g a tio n  a t 350 x g  fo r 10 m in . W ash ing  w as  re p e a te d  tw ice. 

T reated  sch iz o n ts  w ere  th e n  in tro d u c e d  to  fresh  e ry th ro c y te s  a t 2.5% 

h e m a to c rit a n d  in c u b a te d  o v e rn ig h t (14-16  h) w ith  sh ak in g . P ara- 

s itaem ia  w as a sse sse d  by  c o im tin g  the  n u m b e r  o f r in g  s tag es  in  p a r ­

a s itised  e ry th ro c y te s  in  g iem sa  s ta in e d  b lo o d  sm e a rs  b y  lig h t m i­

croscopy.

2.2.6 Preparation ofiohole cell parasite extracts

P a ra s ite s  h a rv e s te d  a s  d e sc r ib e d  in  sec tio n  2.2.3 w ere  th a w e d  o n  ice to  

m in im ise  p ro te a se  activity . P elle ts  w ere  ly sed  b y  in c u b a tio n  w ith  o n e  

o f tw o  buffers: p a ra s ite  lysis b u ffe r  (PLB) (0.5% ( v /v )  T riton  X-100 in  

freez in g  so lu tio n ) o r  n a tiv e  PAGE ag e  lysis  b u ffe r  (N PLB) (0.5% ( v /v )  

T riton  X -ioo  in  20 m M  B is-tris, 500 m M  e -am in o cap ro ic  ac id , 20 m M  

N aC l, 2 m M  EDTA, 10% ( v /v )  g lycero l, 1 x C o m p le te  m in i p ro te a se  

in h ib ito r) o n  ice fo r 30 m in  w ith  a g ita tio n  ev e ry  5 m in  to  en h a n c e  

lysis. T h e  ly sa te  w as  th e n  c la rified  by  c e n tr ifu g a tio n  a t 18,000 x g  

fo r 10 m in  a t  4 “C , th e  s u p e rn a ta n t  w as ca re fu lly  rem o v ed  to  a fresh  

m ic ro fu g e  tu b e , le av in g  b e h in d  th e  u n w a n te d  c e llu la r  d e b ris , a n d  th is 

p ro cess  w as re p e a te d  tw ice  m o re  to  e n su re  rem o v a l o f ce llu la r d eb ris  

a n d  in so lu b le  m a te ria l.
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2.3 G E N E R A T I O N  OF  R E C O M B I N A N T  P L A S M I D S .

Table i: N am es an d  sequences of p rim ers  u sed  to  generate  recom binan t
p la sm id s

P r im e r S e q u e n c e

P fF K B P 35fw 5 ' - G A C G A A T T C A T G A C T A C C G A A C A A G - 3 '

P fF K B P 3 5 rev 5 ' -  T A C C T G C A G T T A A T T T G C A C T A T T T T T T T T T T C - 3 '

P fF K B D rev 5 ' -  G T C C T G C A G T C A T C T A A A G C T T A A T A A T T C - 3 '

P fA N F K B D fw 5 ' - G A T G G A T C C G G A G T T A T C A A A A C T A T A T T A A A A A A A G - 3 '

P fA N F K B D re v 5 ' - G T C T C T A G A T T A G T G A T G G T G A T G G T G A T G A C - 3 '

P lu g O lig o - i 5 ' - A A G C A G T G G T A T C A A C G C A G A G T A C G G G G G - P H O S * - 3 '

P lu g 0 1 ig o -3 M 5 ' -
A A G C A G T G G T A T C A A C G C A G A G T G G C C A T T A C G G C C G G G G G -

P H O S * - 3 '

P H O S *  in d ic a te s  t l a t  th e  p r im e r  is p h o s p h o r y la te d  in  th is  p o s it io n .

2 . 3 . 1  Am plification  o f  f u l l  length P fF K B P ^^  and  its F K B D  by P C R

P r im e rs  (P fF K B P 35fw  a n d  P fP K B P 3 5 rev  [T ab le  i ] )  w e re  u s e d  to  a m ­

p lify  ttie  c o d in g  s e q u e n c e  fo r  th e  fu ll  le n g th  P fF K B P 35  f ro m  th e  p M a l-  

P fF K B P 35-H is6  p la s m id  (p re v io u s ly  p ro d v ic e d  b y  P a u l M o n a g h a n , 

[113]) w ith  a  EcoRI s ite  a n d  a P stl  s ite  a t  th e  5 ' a n d  3 ' e n d s ,  r e s p e c ­

tive ly , to  fa c ili ta te  s u b s e q u e n t  c lo n in g  in to  th e  p L e x A -N  e x p re s s io n  

v e c to r  s u p p l i e d  b y  D u a lS y s te m s . P r im e rs  (P fF K B P 35fw  a n d  PfFK B - 

D re v  [T ab le  1]) w e re  u s e d  to  a m p lify  th e  c o d in g  s e q u e n c e  fo r  th e  

F K 5 o 6 -b in d in g  d o m a in  (FK B D ) o f  P fF K B P35 f ro m  p M a l-P fF K B P 3 5 - 

H ise  w ith  a  EcoRI s ite  a n d  a P sfl s ite  a t  th e  5 ' a n d  3 ' e n d s ,  re sp e c tiv e ly , 

to  fa c ili ta te  s u b s e q u e n t  c lo n in g  in to  th e  p L e x A -N  e x p r e s s io n  v ec to r. 

P C R  w a s  p e r f o r m e d  u s in g  ~ io o  n g  o f  p M a l-P fF K B P 3 5 -H is6  te m p la te ,  

0.3 p M  p r im e r s  a n d  iX  K A P A  H iF i H o tS ta r t  R e a d y M ix  (K A P A  B io sy s-
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tem s) in  a Tecline TC-3000 thernnocycler (95 °C for 5 m in  follow ed by 

35 cycles of 98 °C for 20 s, 63 °C for 15 s, 72 °C for 30 s; followed by 

72 °C for 5 m in.).

2.3.2 Generation of pLexA-N-FKBD and pLexA-N-PfFKBP^^

pLexA -N  for u se  in the D ualH ybrid  yeast-2-hybrid screen w as tran s­

form ed into E. coli XLi-Blue cells u sing  the m ethod  described  in 

section 2.3.6 u sin g  tetracycline (Tet) as the selective antibiotic. The 

p lasm id  was ob ta in ed  by purifica tion  using  a P ure Yield® Plasm id 

m in ip rep  system  (M edical S upply  C om pany, Dublin) and  screened 

for positive transfo rm an ts u sing  the restric tion endonuclease EcoRI 

by the m eth o d  de ta iled  in section 2.3.7. Purified  pLexA -N  and  the 

PC R -am plified PfPKBP35 an d  FKBD coding  sequences purified  from  

agarose gel slices (section 2.3.9) w ere d igested  w ith  EcoRI and  Psfl 

(Roche). Briefly, 3-pl reactions w ere set u p  in m icrocentrifuge tubes 

con ta in ing  0.02-1 p g  D NA, 10 u n its  of Psfl and  EcoRI, 3 pi of loX 

buffer 'H ' (Roche), 0.3 pi of looX (10 m g /m l)  bovine seru m  album in  

(BSA) an d  20.7 p i of deion ised  w ater (dHzO). Tubes w ere incubated  

at 37 °C for 3 h  in  a w ater bath. Ligation of pLexA-N-PfFKBP35 and  

pLexA-N-FKBD was perfo rm ed  u sing  a to tal of ~ io o  ng  D N A  in 1:1 

an d  1:3 ra tios of vectoriinsert w ith  1 u n it of T4 D N A  ligase (Roche) 

and  the reaction  incubated  overn igh t at 4 °C. The ligation m ixh ire  

was tran sfo rm ed  by the heat-shock m eth o d  (section 2.3.6) in to  com ­

p eten t cells (section 2.3.5) ^nd  p la ted  on to  L-agar su p p lem en ted  w ith  

100 p g /m l  of Tet. R esulting colonies w ere screened for p resence of 

the d esired  constructs as described in  section 2.3.7 u sin g  EcoRI and  

Psfl endonucleases.
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2.3.3 Amplification of ANFKBD-His^ by PCR

Prim ers (PfANFKBDfw and  PfANFKBDrev [Table 1]) w ere used  to 

am plify  the coding  sequence for the FKBD of PfFKBP35, b u t w ith o u t 

the 48 nucleo tides at the N -te rm inus (coding for 16 am ino  acids) from  

the pMal-PfFKBP35-His6 p lasm id  w ith  a BamHl site an d  a Xhal site 

at the 5' and  3 ' ends, respectively, to facilitate su b seq u en t cloning 

in to  the pMal-C2x expression  vector (N ew  E ngland Biolabs). PCR was 

p erfo rm ed  usin g  -4 0  ng  of pMal-PfFKBP35-His6 tem plate , 0.3 pM  

prim ers, iX  KAPA HiFi H otStart®  ReadyM ix (KAPA Biosystem s) in 

a Techne TC-3000 therm ocycler (95 °C for 2 m in  follow ed by 30 cycles 

of 98 °C for 20 s, 65 °C for 15 s, 72 °C for 15 c; follow ed by 72 °C for 

2 m in). The success of the PCR w as assessed using  electrophoresis 

th rough  an agarose gel as described  in section 2.3.8.

2.3.4 Generation of pMal-ANFKBD-Hiss

pMal-C2x (NEB) w as transfo rm ed  into E. coli XLi-Blue cells u sin g  the 

m ethod  described in section 2.3.6 u sing  am picillin  as the  selective an ­

tibiotic. The p lasm id  w as ob ta ined  by purification  u sin g  a P ure Yield® 

p lasm id  m in ip rep  system  an d  screened for positive tran sfo rm an ts u s ­

ing the restric tion endonuclease  BamHl by the m ethod  de ta iled  in sec­

tion 2.3.7. P urified  pM al-c2x and  the PCR -am plified ANFKBD coding  

sequence (section 2.3.3) w ere d igested  w ith  Xbal + BamHl an d  Xbal 

+ BamHl + Dpnl (Roche) respectively. Briefly, 50-vil reactions w ere set 

up  in m icrocentrifuge tubes con tain ing  -3  jjg DNA , 10 u n its  of each 

restriction endonuclease, 5 pi of loX 'buffer 4 ' (NEB), 0.3 p i of lo o x  

bovine sem m  album in  (BSA) and  m ad e  u p  to 50 pi w ith  d H jO . Tubes



M A T E R I A L S  A N D  M E T H O D S

w ere  in c u b a te d  a t 37 °C  o v e rn ig h t in  a w a te r  b a th . B oth  d ig e s tio n  

m ixes w ere  su b se q u e n tly  p u r if ie d  u s in g  th e  m e th o d  d esc rib ed  in  sec­

tio n  2.3.9. L ig a tio n  o f pM al-A N F K B D -H ise  w as p e rfo rm e d  u s in g  a 

to ta l o f -1 0 0  n g  D N A  in  1:1 a n d  1:3 ra tio s  of v ec to riin se rt w ith  1 

u n it  o f T4 D N A  ligase  (Roche) a n d  in c u b a te d  o v e rn ig h t a t 4 °C. T he 

lig a tio n  m ix tu re  w as tra n s fo rm e d  by  th e  h ea t-sh o ck  m e th o d  (section  

2.3.6) in to  c o m p e te n t E. coli T B i cells (section  2.3.5) a n d  p la te d  o n to  L- 

a g a r  su p p le m e n te d  w ith  100 p g / m l  o f A m p . R esu ltin g  co lo n ies  w ere  

s c reen ed  fo r p re se n c e  o f  th e  d e s ire d  c o n s tru c ts  as d e sc rib e d  in  sec tio n  

2.3.7.

2.3.5 Preparation o f competent E. coli cells

P re p a ra tio n  of c o m p e te n t cells w a s  p e rfo rm e d  e ssen tia lly  by  th e  m e th o d  

o f C h u n g  [37]. A  s in g le  co lo n y  o f th e  d e s ire d  s tra in  of E. coli w as 

u se d  to  in o cu la te  50 m l of L -b ro th  (10% (w /v )  try p to n e , 5% ( w /v )  

yeast ex trac t, 5% ( w /v )  N aC l) a n d  th e  c u ltu re  g ro w n  o v e rn ig h t a t 37 

°C  w ith  a g ita tio n  a t 200 rp m . F o u r m l o f th is  c u ltu re  w ere  u s e d  to  

in o cu la te  400 m l o f fre sh  L -b ro th  in  a 2-I flask  cmd in c u b a te d  a t 37 °C 

u n til  th e  o p tica l d e n s ity  a t 595 n m  (O D 595) re a c h e d  0.375. T h e  c u l­

tu re  w as sp lit  e q u a lly  b e tw een  fo u r s te rile  p o ly p ro p y le n e  c e n tr ifu g e  

tu b e s  a n d  left o n  ice fo r  5 -1 0  m in . C ells w ere  c e n tr ifu g e d  a t 1,600 x 

g  fo r 7 m in  in  a G SA  ro to r  u s in g  a S o rva ll RC-50 P lu s  c e n tr ifu g e  a t 

4 °C a n d  th e  c e n tr ifu g e  w as d e c e le ra te d  w ith o u t a p p lic a tio n  o f  the  

b rak e . T he s u p e rn a ta n t  w as  d is c a rd e d  a n d  th e  cell p e lle ts  w e re  re s u s ­

p e n d e d  in  20 m l o f ice-co ld  CaCl2 so lu tio n  (60 m M  C aC l2, 15% [v /v ]  

g lycero l, 10 m M  p ip e ra z in e -N ,N "-b is (2 -e th a n e su p h o n ic  acid) (PIPES), 

p H  7.0). C ells w ere  c e n tr ifu g e d  a t 1,100 x g  fo r 5 m in  a t  4 °C , th e  su -
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p ern a tan t w as d iscarded  and  the cell pellets w ere re su sp en d ed  in 20 

ml of ice-cold CaCU solution and  incubated  on ice for 30 m in. Cells 

w ere cen trifuged  a t 1,100 x g  for 5 m in at 4 °C, the su p e rn a tan t was 

d iscarded  and  the cell pellets w ere resu sp en d ed  in 3.5 m l of ice-cold 

CaClz so lution and  d iv id ed  into pre-chilled  sterile m icrofuge tubes 

(~8oo p i/ tu b e ) , snap  frozen in  liquid  N2 an d  sto red  in a -80 °C freezer.

2.3.6 Transformation o f competent E. coli cells

C om peten t E. coli cells of the desired  strain  w ere transfo rm ed  u s­

ing the heat-shock m ethod  as described  by M aniatis et al. [106]. Two 

h u n d red -p l am oun ts of com peten t cells w ere thaw ed on  ice for 30 

min. O ne h im d red  ng  of p lasm id  or ~ io o  n g  of ligation m ix tu re were 

m ixed w ith  the cells and  incubated  on ice for 30 m in. Cells w ere 

heat shocked for 1 m in 30 s at 43 °C an d  p laced  back  on  ice for 2 

m in. O ne m l of p re -w arm ed  L-broth w as ad d ed  to the  m ix tu re  and  

the tubes w ere incubated  w ith  shak ing  (-200 rpm ) a t 37 °C for 1 

h. O ne h im d red -p l vo lum es of each sam ple w ere p la ted  in triplicate 

on  L-agar su p p lem en ted  w ith  antibiotic selective for the p lasm id  be­

ing transfo rm ed  and  incubated  at 37 °C overnight. Cells transfo rm ed  

w ith  the paren ta l vector served  as positive controls, w hile cells tran s­

form ed w ith  the D N A sam ple  d igested  w ith  the re levan t enzym es 

b u t left un ligated  served  as negative controls.

2.3.7 Screening o f transformants

Putative transfo rm ants ob ta ined  after overn ight g row th  on  L-agar 

(supp lem ented  w ith  ap p ro p ria te  antibiotic) w ere screened  by a num -
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ber of m ethods. All m eth o d s involved rep lica-p lating  colonies of p u ­

tative tran sfo rm an ts on to  fresh L-agar (supp lem ented  w ith  ap p ro p ri­

ate antibiotic) u sin g  sterile p ip e tte  tips and  using  the rem a in d er of 

the colony for the screening p rocedure . O nce clones w ere identified , 

D N A  sequence analysis (perform ed by Source Biosciences, C entral 

Pathology Laboratory, St. Jam es H ospital, D ublin) w as used  to con­

firm  tha t the construc ts included  the correct sequence.

2.3.7.1 Rapid colony screening

C olonies w ere m ixed  w ith  30 pi of p re -w arm ed  lysis buffer (10% 

[w /v ]  sucrose, 100 m M  N aO H , 60 m M  KCl, 5 m M  EDTA, 0.25% [v /v ] 

SDS, 0.05 [w /v ]  b rom opheno l blue) in m icrocentrifiige tubes and  in­

cubated  in a w ate r ba th  at 37 °C for 5 m in. Sam ples w ere p laced  on ice 

for 5 m in  and  cen trifuged  for 5 m tn  at 18,000 x g  for 5 m in  in a table- 

top  centrifuge to pellet cell debris. Fifteen pi of each su p e rn a tan t w ere 

loaded  d irectly  on to  an  agarose gel as described in section 2.3.8. Fol­

low ing  e th id iu m  b rom ide stain ing, recom binant p lasm id s w ere id en ­

tified by v irtu e  of slow er m igration  th ro u g h  the gel w hen  com pared  

w ith  the p aren ta l vector.

2.3.7.2 Screening by restriction endonuclease digestion

The p resence of the in sert of in terest w as assessed by the ability  of re­

striction  endonucleases, for w hich specific recognition  sites h ad  been 

in tro d u ced  to  release the  insert. P lasm ids w ere ob ta ined  by  p u rifi­

cation  u sing  a P ure Yield® P lasm id m in ip rep  system  (Prom ega) and 

restric tion  endonuclease  d igestion  w as perfo rm ed  usin g  the ap p ro p ri­

ate enzym es. Briefly, 30-pl reactions w ere set u p  in m icrocentrifuge 

tubes con tain ing  0.02-1 p g  DN A , 10 u n its  of the desired  restric tion 

endonuclease, 3 pi of loX  of the ap p ro p ria te  buffer (Roche), 0.3 p i of
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lo o x  (lo  m g /m l)  bovine serum  a lbum in  (BSA) and  20.7 p i of dH 20 . 

The presence of the insert w as assessed by m igration  relative to  m olec­

u lar m ass s tan d ard s follow ing electrophoresis th ro u g h  an  agarose 

gel.

2.3.8 Visualisation o f D N A  hy agarose gel electrophoresis

DNA sam ples (PCR sam ples, pvirified p lasm ids, restric tion  enzym e- 

treated  p lasm ids etc.) w ere analysed  by m ixing 5 pi of sam ple w ith  

1 pi of 6X gel load ing  so lu tion  and  ru n n in g  th ro u g h  a 1-2%  (w /v )  

agarose gel p rep ared  in Tris acetate EDTA (TAE) buffer (40 m M  Tris- 

HCl, 1 m M  EDTA, 20 m M  acetic acid). Gels w ere typ ically  ru n  at 

80-120 V un til the desired  degree  of separation  w as achieved. Gels 

w ere stained  by im m ersion  in e th id iu m  b rom ide (0.5 p g /m l)  until 

the desired  degree of sta in ing  w as achieved (-15 m in), w ashed  in 

deionised  H2O (~20 m in) and  v isualised  on an A lphalm ager 2200 gel 

im aging  system  usin g  u ltrav io let light (A lpha Innotech C orpora tion , 

San Leandro, C alifornia, USA).

2.3.9 Purification o f polymerase chain reaction (PCR) products

PCR p ro d u c ts  w ere pu rified  by one of tw o m ethods, b o th  of w hich 

used the W izard SV® Gel and  PCR C lean-U p System  (Prom ega). If 

only  one p ro d u c t was visible on  an  e th id iu m  b rom ide  sta ined  agarose 

gel then  the PCR p ro d u c t was purified  d irectly  from  the  solution. If 

o ther p ro d u c ts  w ere v isible as a resu lt of non-specific p rim er b ind ing , 

the p ro d u c t of in terest w as excised from  an  agarose gel and  purified .
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2.4 E X P R E S S I O N  A N D  P U R I F I C A T I O N  O F  R E C O M B I N A N T  P R O T E I N S

2.4.1 Harvesting and lysis ofE.  coli cells

E. coli s trains h arb o u rin g  the desired  p lasm id  w ere g row n overn ight 

an d  inoculated  in to  L-broth, su p p lem en ted  w ith  100 p g /m l A m p, 

and  grow n at 37 ”C w ith  ag itation at 200 rp m  un til an  ODfeooOf 0.5-0.7 

was reached. P rotein  expression  was induced  by the ad d itio n  of 0.35 

m M  IPTG and  the cu ltu re  was incubated  w ith  ag itation  for a fu rth e r 3 

hours. Cells w ere harvested  by cen trifugation  at 6000 x g  for 15 m in  at 

4 "C in  a Sorvall RC50 Plus cen trifuge using  a GSA rotor. Pellets were 

either u sed  im m ediately  or frozen  at -20 "C. Pellets w ere resu sp en d ed  

in M CAC-o buffer (Section 2.4.2) su p p lem en ted  w ith  C om plete  M ini 

p ro tease inh ib itor tablets, EDTA-free (Roche). Cells w ere lysed by p as­

sage three tim es th rough  a French Press at 1000 psi and  the resu lting  

lysate w as clarified by cen trifugation  at 35,000 x g in a Sorvall RC50 

P lus centrifuge using  an  SS-34 ro to r for 1 h  at 4 "C.

2.4.2 Nickel-chelate affinity chromatography

A  nickel-nitrilotriacetic acid-agarose co lum n (HiTrap chela ting  col­

um n , A m ersham  Pharm acia, B uckingham shire, UK) was equ ilib ra ted  

w ith  10 co lum n volum es of m etal-chelate affinity ch ro m ato g rap h y  

(M CAC) buffer (25 m M  so d iu m  ph o sp h ate , 500 m M  N aC l, p H  7.4) 

p rep a red  w ith o u t im idazole (MCAC-o). C larified lysate (p repared  

as in section 2.4.1) was app lied  to the co lum n at a flow ra te  of 1 

m l/m in  at 4 "C using  a peristaltic  p u m p  in a cold room . The co lum n 

w as w ashed  w ith  10 co lum n volum es of M CAC-75 (M CAC-o supp le-
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merited with 75 mM imidazole), followed by elution with 10 volumes 

of MCAC-200 buffer (containing 200 mM imidazole). The eluate was 

either concentrated by ultrafiltration through an Amicon Ultra pro­

tein concentrator (Millipore) or dialysed against 5 1 of IX-5% (pre­

pared as described in section 2.4.3) preparation for anion-exchange 

chromatography.

2.4.3 Ion-exchange chromatography

An anion-exchange colum n (Mono Q, Am ersham  Pharmacia) was 

equilibrated with 10 colum n volumes of IX-5% i^9-̂  m ixture of IX- 

start buffer [20 mM Tris-HCl, pH  8.0, 25 mM NaCl] and IX-end buffer 

[20 mM Tris-HCl, pH  8.0, 1 M NaCl]). The dialysed MCAC-200 elu­

ate was applied to the colum n at a flow rate of 1 m l/m in  and the 

resin was washed with 10 colum n volumes of IX-5% followed by elu­

tion with 5 colum n volumes of lX-20% (4:1 m ixture of start bufferiend 

buffer). The eluted fraction was concentrated by ultrafiltration through 

an Amicon Ultra protein concentrator (Millipore) to approxim ately 

500 pi.

2.5 P R O T E I N  A N A L Y S I S

Protein concentration was assayed using a N anodrop 1000 spectropho­

tometer (Thermo Scientific). Protein samples were separated by SDS- 

polyacrylam ide gel electrophoresis (SDS-PAGE) essentially according 

to the m ethod of Laemmli [93]. Proteins separated by this technique 

were either visualised by staining with with Coomassie blue stain, sil-



M A T E R I A L S  A N D  M E T H O D S

ver sta in  or SyproR uby®  stain  (Sigma) (section 2.5.1), or transferred  

to a m em brane for analysis by W estern im m unoblo t (section 2.5.2).

2.5.1 Staining o f SDS-polyacrylamide gels

2.5.1.1 Coomassie Brilliant Blue staining.

Gels w ere soaked  in approx . 50 m l of C oom assie Blue reagen t (0.15% 

[w /v ] C oom assie Brilliant Blue R -250,45% [v /v ] m ethano l, 10% [v /v ] 

acetic acid, filtered to rem ove particu la te  m atter) w ith  gentle shak ing  

un til the desired  degree  of sta in ing  w as achieved. D esta in ing  was 

perfo rm ed  by soak ing  the gel in several changes of a so lu tion  of 20% 

(v /v )  m ethano l, 7.5% (v /v )  acetic acid w ith  shak ing  an d  im aging  was 

perfo rm ed  u sin g  an  A lp h alm ag er 2200 gel im aging system .

2.5.1.2 Silver staining.

All steps w ere p erfo rm ed  by p lacing  the gels on a rocking table. Gels 

were sta ined  by silver sta in ing  by first soaking  in fixative so lution 

(50% [v /v ]  m ethano l, 5% [v /v ] acetic acid) in a clean glass container 

for 20 m in  an d  w ashed  w ith  50% (v /v )  m ethano l for 10 m in. Gels 

w ere th en  w ashed  in d istilled  w ater overnight. Gels w ere then  soaked  

in 0.02% (w /v )  so d iu m  th iosu lpha te  for 1 m in, w ashed  tw ice in  d is­

tilled w ate r for 1 m in  and  rem oved to a fresh glass container. The 

gel w as then  stained  w ith  cold 0.1% (w /v )  silver n itra te  for 20 m in  

an d  w ashed  w ell w ith  d istilled  w ater before developm ent by soak­

ing in p re-ch illed  develop ing  so lu tion  (0.04% [v /v ] form aldehyde, 

2% [w /v ]  so d iu m  carbonate) im til the desired  degree of stain ing  was 

achieved (~ io  m in). D evelopm ent w as term inated  by soak ing  the gel 

in 5% (v /v )  acetic acid an d  gels w ere v isualised  on e ither an  A lphalm -
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ager 2200 gel im ag ing  system  o r a GE Im agequan t LAS 4000 d igital 

im aging system  (GE H ealthcare Life Sciences).

2.5.1.3 SyproRuhy® staining.

Gels were sta ined  by first soak ing  in fixative so lu tion  (50% [v /v ] 

m ethanol, 7.5% [v /v ] acetic acid) in a clean po lyp ropy lene d ish , fol­

low ed by stain ing  overn igh t in SyproR uby®  (prov ided  as a liquid). 

D estain ing w as p erfo rm ed  by soaking the gels in  10% [v /v ]  m ethano l, 

7% [v /v ] acetic acid for 30 m in, w ith  tw o changes. Im aging  w as p e r­

form ed by exposing  the gels to u ltrav io let ligh t on  e ither an  A lphalm - 

ager 2200 gel im aging  system  o r a GE Im agequan t LAS 4000 d igital 

im aging  system .

2.5.2 Western immunohlotting

After electrophoresis, u n sta in ed  po lyacry lam ide gels w ere sandw iched  

w ith  polyv iny lid iene d ifluoride  (PVDF, Roche) an d  im m ersed  in  a 

b lo tting  tank w ith  transfer buffer (0.025 M Tris-HCl, 1.9 M glycine, 

24% [v /v ] m ethanol). P roteins w ere transferred  at 120 V for i  h. Af­

ter transfer, the m em brane w as blocked by soaking  in  5% (w /v )  n o n ­

fat m ilk p rep ared  in T ow bin's so lu tion  (0.1 M Tris-HCl, p H  7.4, 0.9% 

[w /v ] NaCl) for 1 h. The b locked m em brane w'as soaked  w ith  a so­

lu tion  of p rim ary  an tibody  d ilu ted  to the desired  concen tration  (typ ­

ically betw een 1:500 and  1:10,000 d ep en d in g  on the an tib o d y  used) 

w ith  5% (w /v )  non-fat m ilk  in  Tow bin 's so lu tion  for 1-4 h , after 

w hich tim e the m em brane w as w ashed  in T ow bin 's/T w een  so lu tion  

(Tow bin's so lu tion  su p p lem en ted  w ith  0.05% [v /v ] Tween-20) for 30 

m in  w ith  gentle rocking an d  tw o changes of T ow bin 's/T w een  solu-
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tion. These steps w ere repeated  w ith  a so lu tion  of the secondary  

antibody. B ands w ere detected  using  a chem ilum inescence system  

(Pierce) accord ing  to the m an u fac tu re r 's  instructions using  a GE Im- 

agequan t LAS 4000 d ig ita l im aging  system .

2.6 G E N E R A T I O N  OF I M M U N O P H I L I N  A N T I B O D I E S

2.6.1 Purification ofPfFKBD and P fCYPigA

E. coli strains p rev iously  generated  by the Bell lab h arb o u rin g  p las­

m ids pM AL-PfFKBD-His6 [113] and  pET22b-PfCYPi9A  [107] w ere 

grow n and  the p ro te ins encoded  by  these p lasm ids w ere overexpressed 

and  purified  as described  in section 2.4. These p ro te ins w ere used  as 

an tigens for generation  of custom  polyclonal an tibod ies as described 

in section 2.6.2 by CovalAb (St John 's Innovation C entre, Cowley 

R oad, C am bridge, UK).

2.6.2 Immunisation

Im m unisation  w as p erfo rm ed  on  tw o fem ale N ew  Z ealand  w hite  rab­

bits for each p ro te in  by the follow ing m ethod: Day o, rabbits were 

b led  (4-5 m l) to  h arv est p re -im m une serum  w hich  w as sto red  at - 

20 °C, I ml injection consisting of 0.5 m l an tigen  (betw een 0.5 and  1 

m g /m l)  an d  0.5 m l incom plete F reu n d 's  ad juvan t w as adm inistered . 

Injections w ere repea ted  on days 14, 28 and  42. Test b leeds w ere p e r­

form ed on day  39 (4-5 ml) and  day 53 (10-15 ml) w ith  storage of the 

sera at 4 °C, w ith  final b leed perfo rm ed  on day  67. A ntibodies were 

purified  on  a p ro te in  A co lum n by stan d ard  m ethods [77].
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2 . 7  D E T E C T I O N  OF P R O T E I N - P R O T E I N  I N T E R A C T I O N S

2.7.1 Co-immunoprecipitation of PfCYPigB

A  p rep ara tio n  of 9.62 x 10® parasites h arvested  as described in sec­

tion 2.2.3 w ere lysed as described in section 2.2.6. Parasites p rep ared  

in this m an n er form ed the "bait and  p rey " fraction for use  in co- 

im m unoprecip ita tion  (co-IP).

Co-IP was perfo rm ed  using  the Pierce co-IP Kit (P roduct #26149) 

according to the m an u fac tu re r 's  instructions w ith  the follow ing m o d ­

ifications. To p rep are  the colum n, 100 p i of 50% (v /v )  resin  slu rry  

w ere used  w ith  100 pi of anti-P fC ypi9B  serum  (previously  generated  

in the lab [65]) . D uring  co-IP all w ash steps w ere increased to 400 

pi, the 500 pi of "bait and  p rey"  p rep ared  as above was d ilu ted  in 

400 pi IP ly s is /w a sh  buffer and  m ixed w ith  the p rep ared  colum n 

resin  su sp en d ed  in  200 p i IP ly s is /w a sh  bviffer. This mixtvire w as 

incubated  w ith  gentle shaking  at 4 °C in a 1.5-ml m icrocentrifuge 

tube. The p ro ced u re  was th en  com pleted  as p e r the m an u fac tu re r 's  

instructions. Im m unoprec ip itates w ere analysed  on  an SDS-15% po ly­

acry lam ide gel as described  in section 2.5 and  stained  using  silver 

stain  as described  in section 2.5.1. O ne sam ple of p re-concen trated  im- 

m im oprecip itate  w as assessed by W estern im m im oblo t as described 

in section 2.5.2 to confirm  b in d in g  of P fC ypi9B  by the p rep a red  col­

um n. The co-im m unoprecip ita tion  p ro ced u re  w as repeated  a fu rther 

14 tim es using  approx im ate ly  the sam e n u m b er of parasites each 

tim e (approxim ately  1.443 ^ 10’° parasites in total) an d  the e lu ted  

"co-im m unoprecip itates"  w ere pooled  and  concentrated  by approx i­

m ately  tenfold in a Pierce 9-kDa m olecular w eigh t cut-off (MW CO) 

pro te in  concen trato r in a Sorvall RT6000D bench top  centrifuge at
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1,400 X g  for 30 m in  at 4 °C for 35-40 m in. The concentrated  co- 

im m iinoprecip ita tes w ere analysed  on a Pierce SDS 4-20%  polyacry­

lam ide gel Stained w ith  Sypro Ruby® as described  in section 2.5.1. 

Bands co rrespond ing  to  im m im oprecip ita ting  p artn e rs  w ere cu t ou t 

w ith  a clean scalpel an d  analysed  by m ass spectrom etry  at the UCD 

C onw ay Institu te  m ass spec trom etry  core facility (U niversity Collge 

D ublin, Belfield, D ublin  4) on  a T herm o Fisher O rb itrap  L C /M S  m ass 

spectrom eter. Two contro l co lum ns w ere also p rep ared , one using  

100 )il pre-im m vm e seru m  from  the sam e rabbit in w hich  the anti- 

P fC ypigB  serum  w as p ro d u ced , the second using  Pierce control agarose 

resin (crosslinked 4% (v /v )  bead ed  agarose) and  the co-IP p rocedure  

w as repeated  as above and  analysed  by SDS-15% PAGE in the sam e 

m anner.

2.7.2 Co-immunoprecipitation of P fCYPigA and PfFKBP^^

D ue to op tim isation  of bo th  the co-IP process and  the p ro te in  con­

centration  there are som e m inor differences in how  the la tter set of 

co-IP 's w ere p erfo rm ed  and  analysed . The "bait an d  p rey "  fraction 

w as p rep ared  essen tially  as described  above w ith  an  ad d itio n al p re ­

clearing step  o n  a contro l resin  to  rem ove non-specifically b in d in g  

con tam inating  p ro teins. C olum ns w ere p rep a red  u sing  200 p i of 50% 

(v /v )  resin  s lu rry  an d  approx im ate ly  500 p g  of the  polyclonal an ti­

bo d y  gen era ted  as described  in  section 2.6.2. C oncen tra tion  of the 

e lu ted  co-im m im oprecip itates w as perfo rm ed  usin g  0.5-ml A m icon 

U ltra 10-kDa centrifugal filter vmits (M illipore), in  a bench top  cen­

trifuge at 14,000 X g  for 25 m in  at 4 °C. This was follow ed by a buffer 

exchange (by re -d ilu ting  the concentrated  e luate  in IX-5% buffer and
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centrifug ing  at 14,000 x g  for 25 m in  at 4 °C in  tfie sam e centrifugal 

filter un it, repeated  4 times) to redvice background  sta in ing  in subse­

q u en t SDS-PAGE analysis. The concentrated  co-im m vm oprecipitates 

were analysed  by SDS-10% PAGE (w ith  com ponent so lu tions filtered 

th rough  a 0.2-pm  filter to ensu re  rem oval of con tam inating  partic les 

such as keratin) an d  b an d s co rrespond ing  to im m unoprecip ita ting  

p artn e rs  w ere cu t o u t w ith  a clean scalpel an d  ana lysed  by  m ass 

spectrom etry  at the UCD C onw ay m ass spec trom etry  facility on a 

T herm o Fisher Q-exactive L C /M S  m ass spectrom eter. C ontrol co-IP 's 

w ere perfo rm ed  as above.

2.7.3 Yeast-2-hyhrid analysis ivith PfFKBPj^

2.7.3.1 cD NA expression library construction.

Library construction  w as p erfo rm ed  com m ercially  by D ualsystem s 

Biotech AG, Z urich , S w itzerland  from  harvested  parasites  p ro v id ed  

as p rep ared  in section 2.2.3. Briefly, first s tran d  cD NA syn thesis started  

from  the 3 '-end  ad ap te r com prising  an  oligo (dT) sequence to an­

neal to  the poly(A)''^ stretch  p resen t at the 3 ' en d  of m essenger RNA 

(mRNA). W hen the reverse transcrip tase (RT) reached  the 5 ' end  

of the m RN A , it ad d ed  several non-tem plate  nucleo tides, p rim arily  

deoxycytid ines, to  the 3 ' end  of the new ly  syn thesized  first-strand  

cDNA (Schm idt & M ueller, 1999). This oligo (dC) stretch  p a ired  w ith  

a com plem entary  oligo (dG) sequence p resen t in  the P lugO ligo  (Table 

1). The RT then  sw itched  tem plates and  con tinued  first s tran d  cD N A  

synthesis to the end  of the o ligonucleotide, thus inco rpo rating  the P lu­

gO ligo sequence in to  the 5' en d  of cD NA. The last 3 '-dG  resid u e  of 

the P lugO ligo is a te rm in ato r nucleo tide com prising  a 3 '- p h o sp h a te
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group. This b locking g roup  p reven ted  un w an ted  annealing  and  ex­

tension of the PlugO ligo. The second ad ap te r p a ir (3 '-end ad ap te r 

CDS-3M and  5 '-end  ad ap te r P lug01igo-3M ) com prised  asym m etric 

sites w ith  Sfil restric tion  enzym e recognition sites, A & B. The incor­

po ra tion  of SfiA  and  SfiB sites into the 5' and  3 ' ends of the cD N A  the 

sites allow ed directional cloning of the cD N A  library. Follow ing first 

s tran d  synthesis, the cD N A  w as am plified  by PCR. The use of Easy- 

C lone po lym erase  an d  specially  designed  p rim ers allow ed synthesis 

of fvill-length enriched  cD NA tha t is flanked by the P lugO ligo and  

3 '-end  ad ap te r sequences. A fter d igestion  w ith  Sfil, size selection and  

purification , the resu ltin g  cD N A  w as ligated  into a vector of choice 

using  the Sfil sites located in the 5' and  3 ' ad ap te r sequences of the 

cD NA. Sfil restric tion  sites are very  rare  in eukaryotic cD N A s and  

therefore allow ed p referen tia l c loning of full-length cD NA s. Follow ­

ing ligation, the cD N A  library  w as am plified  by transfo rm ation  into 

E. coli for later use.

2.7.3.2 Bait functional assay.

This assay determ ines w h e th e r the bait en ters the nucleus and  b inds 

to  the LexA op era to rs s ituated  u p stream  of the rep o rte r genes ("re­

pression  o r blocking assay", [27]). A bait w hich en ters the nucleus 

and  b inds to  the LexA o p era to r sites decreases transcrip tion  from  the 

dow nstream  LACZ  gene (repression) an d  hence decreases 3-galactosi- 

dase  expression  on galactose m ed ium . M ost LexA fusions tha t en ter 

the nucleus and  b in d  the  o perato rs b u t d o  n o t activate transcrip tion  

repress ,3-galactosidase activity  from  2 to 20 fold. >2 fold repression  

indicates >50% o p era to r occupancy by  the bait an d  signifies th a t the 

bait can be screened in  the D U A L hybrid assay.
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2.7.3.3 Yeast-2-hyhrid screening.

The yeast two-hybrid screen using the PfFKBD-Hisg bait was car­

ried out by Dualsystems Biotech. The bait construct for yeast two- 

hybrid screening was constructed as described in section 2.3.2. The 

bait construct was transform ed into the strain S. cerevisiae NMY32 

(MATa his3A200 trpi-901 Ieu2-3,ii2 {lexAop)8-ADE2 LYS2::{lexAop)4- 

HIS3 URAy.:{lexAop)8-lacZ GAL4) using standard procedures [67]. 

Correct expression of the bait was verified by W estern blotting of 

cell extracts using a m ouse monoclonal antibody directed against 

the LexA dom ain (Dualsystems Biotech, Switzerland). The absence of 

self-activation was verified by co-transform ation of the bait together 

with a control prey and selection on minimal m edium  lacking the 

amino acids tryptophan, leucine and histidine (selective medium). 

For the yeast two-hybrid screen, the bait was co-transform ed together 

with a P. falciparum cDNA library (generated by Dualsystems) into 

S. cerevisiae NMY32 (section 2.7.3.1). Transformants were screened, 

yielding transform ants that grew on selective m edium . Positive trans­

form ants were tested for ,3-galactosidase activity using a PXG 3-galact- 

osidase assay (Dualsystems Biotech). Initial positives which showed 

3-galactosidase activity were considered to be true positives. Library 

plasm ids were isolated from positive clones. The identity of positive 

interactors was determ ined by sequencing.

2.7.4 crosslinking

2.7.4.1 Photoactivatahle amino acid crosslinking.

Parasites were grown as in section 2.2.1 using complete leucine-free 

m edium  (RPMI-1640 w ithout arginine, lysine and leucine m ade up
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w ith 25 mM HEPES, 0.18% [w /v] sodium  bicarbonate, 50 p g /m l 

hypoxanthine, 0.4% [w /v] Albumax®, 0.1 g /1 L-arginine, 0.1 g /1 L- 

lysine) completed w ith either 4 mM L-leucine or 4 mM photo-leucine 

(Pierce, Dublin, Ireland), grown for approxim ately 6 generations to 

high parasitaem ia (-18-20%) and harvested as per section 2.2.3.

2.7.4.2 Chemical crosslinking.

Parasites harvested as per section 2.2.3 were incubated w ith 1 mM 

disuccinim idyl suberate (DSS) in PBS for 5 min at room tem perature 

w ith samples taken every 1 min and quenched using 50 mM Tris-HCl, 

pH  7.5 for 20 min. Parasites were lysed by incubation with 0.05% 

(v /v ) Triton X-100 solution in PBS on ice for 30 m inutes. This was 

then centrihiged in a benchtop centrifuge at 13,200 x g at 4 °C for 10 

min. The supernatant was removed and this was repeated twice more. 

The resulting parasite lysate was analysed by SDS 4-20% PAGE as 

described in section 2.5. Parasites incubated in PBS w ithout DSS by 

the same m ethod were used as a negative control.

2.7.5 Histone purification

Histones were harvested by the m ethod of Longhurst and Holder, 

(1997) [102]. Briefly, cultures grown as per section 2.2 were centrifuged 

at 350 x g  for 10 m in at 4°C to pellet infected erythrocytes. The pellet 

was resuspended in PBS and centrifuged at 350 x g  for a further 10 

m in to wash the erythrocytes. Two volumes of cold 1% (v /v ) acetic 

acid were added  and the pellet was resuspended and mixed by in­

verting, then left on ice for two m in to allow for cell lysis. The ery­

throcyte lysate was washed in 5 volumes of PBS by centrifugation at
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6,000 X g  for 10 m in  at 4°C and  the pellet w as kept. This w ash  was 

repeated  at least 4 tim es or un til the su p e rn a tan t w as free of any  vis­

ible haem oglobin. The pellet w as fu rth e r purified  by the ad d ition  of 

5 volum es of N o n id e t P40 buffer (25 m M  Tris-HCl, p H  7.8, 1 mM  

EDTA, 0.2% (v /v )  N o n id e t P40) and  cen trifugation  at 12,000 x g  for 

30 s at 4 °C to rem ove con tam inating  haem oglob in  an d  m em branes. 

To extract the h istones, the pellet was first w ashed  three tim es in 0.8 

M N aC l by cen trifugation  at 12,000 x g  for 30 s a t 4°C, then  resus­

p en d ed  in 10 volum es of 0.25 M H Cl and  kep t on  ice for 1 h  w ith  

frequen t resuspension . The sam ple  w as then  cen trifuged  at 12,000 x 

g  for 2 m in  at 4°C to pellet any acid-insoluble com ponen ts an d  the 

histone-contain ing  su p ern a ten t w as kept.

2.7.6 Histone chaperone assay

C ircular p lasm id  D N A , pB luescrip t (0.1 pm ol), w as relaxed w ith  5 

un its of topoisom erase I in 20 îl relaxation buffer (40 m M  Tris-HCl, 

p H  7.5, 100 m M  KCl, 10 m M  M gC lj, 10 m M  DTT, 0.5 m M  EDTA, 30 

[ig /m l BSA) overn igh t a t 37 °C. Relaxed pB kiescrip t w as com bined 

w ith  purified  P. falciparum  h istones (1 pm ol, p u rified  as in section 

2.7.5) 3nd recom binan t p ro te ins (7 pm ol, section 2.4) in assem bly 

buffer (20 m M  Tris-HCl, p H  8.0, 0.15 m M  N aC l, 0.5 m M  DTT) w ith  

a final vo lum e of 50 jil. The reaction  m ix tu re  w as incubated  at 30 °C 

for 1 h. The reaction  w as sto p p ed  by the ad d ition  of an  equal volum e 

of stop  buffer 1 (60 m M  Tris-HCl, p H  8.0, 30 m M  EDTA, 0.5% (w /v )  

SDS, 25% (v /v )  glycerol).
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2.7.7 Thermal melt and stability shift assay

The p ro te in  being  assessed (1 pM ) was p rep ared  in a final volum e 

of 50 pi into 0.2 m l th in-w alled  PCR tubes (VWR, D ublin , Ireland) 

w ith  one of eleven buffers. The buffers w ere as follows: Buffer 1 : 100 

m M  HEPES, 150 m M  N aCl, p H  7.5. Buffer 2 : 100 m M  potassium  

ph o sp h ate , p H  7.0. Buffer 3 ; 100 m M  sod ium  ph o sp h ate , p H  7.5. 

Buffer 4 : 100 m M  so d iu m  citrate, p H  5.5. Buffer 5 : PBS. Buffers 6-11 

consisted  of 100 m M  N aC l an d  50 m M  HEPES at p H  values 6.2, 6.6, 

7.0, 7.4, 7.8, an d  8.2 respectively.

T he fluorescent dye u sed  in this assay w as SYPRO® O range (Invitro- 

g en ™  M olecular P robes™ ) at a final concentration  of 3.2 X. Tripli­

cates of each sam ple w ere h ea ted  from  30 °C to  80 °C at a rate of 2 °C 

p e r m inute. F luorescence read ings w ere taken  for each sam ple at 0.2 

°C increm ents at 470 n m  excitation w avelength  and  585 nm  em ission 

w avelength  in  a Rotor Gene-3000 therm al cycler (C orbett Research, 

Sydney, A ustralia). The m elting  tem p era tu re  (Tm) w as d eterm ined  by 

o b ta in ing  the first derivative to  the curve an d  identify ing  the curve 's 

m axim al point.

2.7.8 Peptidyl-pwlyl cis-trans isomerase assay

The PPIase assay w as p erfo rm ed  by the m ethod  of K ofron et ah ([87]) 

u sin g  the te trap ep tid e  su b stra te  succinyl-A la-Leu-Pro-Phe-p-nitroanilide 

(Bachem, B ubendorf, Sw itzerland). All reagen ts w ere p re-equ ilib ra ted  

to o °C p rio r to use. In a i-m l glass cuvette, recom binant p ro te in  (i 

)jM final concentration) w as m ixed w ith  100 pi o(-chymotrypsin (60 

m g /m l in  1 m M  HCl), an d  the vo lum e b ro u g h t u p  to  980 pi w ith  as-
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say buffer (50 m M  HEPES, 100 m M  N aCl, p H  8.0 at 0 °C). The reaction 

w as in itia ted  by ad d itio n  of 20 pi of substra te  (5 m M  te trap ep tid e  in 

470 m M  anh y d ro u s LiCl p rep a red  in trifluoroethanol). C hanges in  ab­

sorbance d u e  to  released p-n itroaniline w ere m on ito red  at 390 nm  at o 

°C over a 1 m in  period  in a S h im adzu  UV-1601PC UV-vis spec tropho­

tom eter w ith  a th erm o sta tted  cuvette holder. The first o rd e r rate con­

s tan t was calculated  from  the slope of the p lo t of In(Amax-At) aga inst 

t, w h ere  Amax is the m axim um  absorbance an d  At is absorbance at 

tim e t.

2.7.9 Far-Western blotting

Far W estern b lo tting  w as perfo rm ed  essentially  by the m eth o d  of Wu 

et al. (2007) [177]. Briefly, after SDS-PAGE as described  in section 2.5, 

an d  transfer to PVDF m em brane as described  in section 2.5.2, the 

m em brane  w as incvibated w ith  1 iJg /p l of the p ro te in  p robe in  5% 

(v /v )  sk im m ed m ilk w ith  gentle shak ing  overn ight at 4 °C. W estern 

b lo tting  was then  con tinued  from  p rim ary  an tibody  as described  in 

section 2.5.2.

2.8 I M M U N O F L U O R E S C E N C E  M I C R O S C O P Y

Eight-w ell m ultitest im m unofluorescence m icroscopy slides (Therm o 

Scientific) w ere cleaned w ith  70% (w /v )  m ethano l an d  p re -trea ted  

w ith  0.1% (w /v )  poly-L-lysine overn igh t at room  tem p era tu re  in a 

h u m id  cham ber. They w ere then  w ashed  five tim es for 10 m inu tes 

w ith  w ash m ed iu m  (RPMI 1640 su p p lem en ted  w ith  25 m M  HEPES, 

0.18% w /v  so d iu m  bicarbonate, 50 p g /m l hypoxan th ine, 0.16% w /v
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glucose). Infected erythrocytes from cultures of P. fa lc ip a ru m  at about 

10% parasitaemia as described in section 2.2 or treated for 14-16 h 

overnight with relevant inhibitors were washed two times in wash 

medium at room temperature. Twenty pi of a solution of 4% (w /v) 

paraformaldehyde and 0.1% (v/v) Triton X-100 were pipetted into 

each window of the slide and 30 pi of cells resuspended in wash 

medium were added. This was incubated at room temperature for 

3 h. Wells were washed five times for 10 min with PBS and incu­

bated with 30 pi 5% (v/v) goat serum for 30 min at room temper­

ature. Immunostaining was started by incubating the cells with 30 

pi of the relevant antibody (0.2 m g/m l PfRAPij-j^fkind gift from 

Prof. G Pluschke, Swiss Tropical and Public Health Institute, Basle], 

or a 1:40 dilution of PfCYPigB serum) for 1 h at room temperature. 

After five washes with 5% (v/v) goat serum, 30 pi of a 1:500 dilu­

tion of the relevant secondary antibody (donkey anti-mouse conju­

gated Alexafluor®-488, donkey anti-rabbit conjugated Alexafluor®- 

546 [Invitrogen], or goat anti-mouse conjugated fluorescein isothio- 

cyanate [FITC, DakoCytomation]) were pipetted onto each window 

and incubated for 1 h at room temperature. Afterwards slides were 

washed five times for 10 min each with PBS, incubated for 2 min 

with 0.2 pg /m l 4',6-diamidino-2-phenylindole (DAPI), and washed 

again three times for 10 min with PBS. Slides were mounted with 

2 pi per window Prolong Gold antifade reagent (Bio-Sciences, Dim 

Laoghaire) and covered with a coverslip. The coverslip was sealed to 

the slide using a clear nail varnish and left to set overnight. Antibody 

binding and DNA staining were assessed by confocal fluorescence mi­

croscopy (on an Olympus FV1200 Biological Laser Scanning Confocal 

Microscope).
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2 . 9  3D S T R U C T U R E  M O D E L L I N G

3D modelling of the PfFKBP35 protein was imdertaken using the 

MODELLER software from Salilab (open source; UCSF, San Francisco, 

USA, www.salilab.org) and visualised using UCSF's Chimera soft­

ware (open source; plato.cgl.ucsf.edu/chimera). All modelling was 

done on a Dell Precision M4400 laptop computer using the UbLmtu 

distribution 10 operating system. The Python scripts for the genera­

tion of all models are included in the appendices. Homology models 

were generated of the complete PfFKBP35 protein using the crystal 

structure of hFKBPiz (PDB code 2PPM) and the PfFKBP35 TPR do­

main (PDB 2FBN) as a template. A homology model of the FK506- 

binding domain (FKBD) was subsequently generated using hFKBPi2 

as the template for the Python script. The script was set to gener­

ate 50 iterative models and the model with the best lowest discrete 

optimised protein energy (DOPE) score was selected for use in fvir- 

ther modelling. The FKBD homology model was then docked with 

calcineurin from the X-ray diffraction structure of hFKBPi2-FK5o6- 

calcineurin iTCO PDB structure file using the DOCK protocol in 

Chimera. Subsequent to generation of the homology models, a nu­

clear magnetic resonance (NMR) solution structure of the FKBD be­

came available [86]. All of the above modelling was repeated to re­

place the homology model of the FK506 binding domain with this 

NMR solution structure. These models agreed almost perfectly.
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I N V E S T I G A T I O N  O F  T H E  I M M U N O P H I L I N  

I N T E R A C T O M E

3 . 1  I N T R O D U C T I O N

P. falciparum  possesses th irteen  im m iinoph ilin  or re la ted  genes, en ­

coding eleven cyclophilin  o r cyclophilin-like p ro te in s an  FKBP and  an 

FKBP like p ro te in  (see section 1.2) [107, 65,113]. The im m u n o su p p res­

sive d ru g s  CsA an d  FK506 show  the ability  to b in d  to the cyclophilins 

PfCYPiQA an d  PfCYPigB, an d  the FKBP, PfFKBP35, respectively, and  

d em onstra te  antim alaria l activity  in vitro [20] an d  (in the case of 

CsA) in vivo [161]. N on-im m unosuppressive  derivatives of these com ­

p o u n d s  also possess an tim alaria l activity  [114, 20], suggesting  the im ­

m unosuppressive  activity  of the d ru g s as m ed ia ted  by calcineurin  in 

h u m an  T-lym phocytes is un re la ted  to the an tim alaria l activity  and  

m ay be m ed iated  th rough  som e o ther im m im o p h ilin -d ru g -p ro te in  

in teraction o r d irect action of the d m g  on the im m im ophilin  itself. 

This chap te r describes the w ork  p erfo rm ed  to iden tify  the im m im oph- 

ilin -p ro te in  in teraction  netw ork  of the erythrocytic stages of P. falci­

parum, e lucidation  of w hich  m ay lead to u n d ers tan d in g  of the an ti­

m alarial action of CsA and  FK506.

Im m u n o p h ilin -p ro te in  in teractions ap p ea r to p lay  a role in a w ide 

varie ty  of cellu lar functions in eukaryotes, includ ing  stero id  receptor 

assem bly in  Homo sapiens, cytoskeletal o rganisation , and  successful 

HIV virion  form ation. In p ro tozoal parasites  irm nunophilins have.

67
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aside from  the classic PPIase action, m olecular chaperone activity  

[107, 113] and  roles in h o s t-p a ras ite  in teractions such as the reg u ­

lation of pro-in flam m atory  cytokines in the host by Toxoplasma gondii 

[5]. Since P. falciparum  im m unoph ilin s dem onstra te  m olecular chaper­

one activity they m ay play a role in p ro te in  fo ld ing  and  transport, 

export of p arasite  p ro te in s to the host cell, and  p erh ap s in p a ra ­

site secretory  organelles. Indeed  a recent s tu d y  by S ingh et al. [147] 

d em o n stra ted  that trea ting  m erozoites w ith  CsA and  FK506 inhibits 

m icronem e secretion, though  the concentrations of d ru g s used  w ere 

exceptionally  h igh  in relation  to their IC50. Parasite im m im ophilins 

m ay also have a role in pro tection  from  stress such as heat shock, 

and  PfFKBP35 has been  show n to in teract w ith  heat shock p ro tein  

90 in vitro [90]. This m ay be an  im p o rtan t in teraction  in vivo since 

the parasite  has to ad a p t to h ea t shock w hen  it m oves from  the in ­

sect, {Anopheles) host to the h u m an  one, as well as to the hea t shock 

enco im tered  in the ery throcytic stages d u rin g  febrile m alaria.

N o p rev ious s tud ies have looked specifically at the p ro te in -p ro te in  

in teractions of these im m unoph ilin s, th o u g h  w hole in teractom e p ro te ­

in -p ro te in  stud ies have identified  one cyc loph ilin -pro te in  interaction. 

La C o un t et al. [92] u sin g  yeast 2-hybrid analysis, iden tified  an  in terac­

tion betw een  PfCY Pi9A  and  the p ro d u c t of the gene PF3D7_0604500, 

a conserved  Plasmodium p ro te in  of im know n fim ction. O ther stud ies 

have show n an in teraction  betw een  PfFKBP35 an d  hea t shock p ro ­

tein  90 (Hsp9o) in vitro as m en tioned  above. A side from  these the 

only  know n im m u n o p h ilin -p ro te in  in teraction  in  the p arasite  is that 

betw een PfFKBP35 an d  calcineurin  [90, 113]. Therefore alm ost n o th ­

ing is know n abou t the im m unoph ilin  in teractom e in P. falciparum. It 

sh o u ld  be possib le  to in fer in teractions from  those seen in  o th er o rg an ­

ism s b u t the im m im ophilins are svifficiently d ifferent in sequence and
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stru c tu re  tha t these in ferred  in teractions m ay no t ho ld  u p  im d er ex­

perim enta l scrutiny. It is also desirab le to know  if the  im m unophilins 

partake  in in teractions that are specific to P. falciparum  as specific p a r­

asite p ro te in -p ro te in  in teractions m ake attractive d ru g  targets and  

give insight into the biology of the organism .

3.2 M E T H O D O L O G Y

M aterials an d  m ethods used  in this chap te r are  described  in detail in 

chap ter 2. All experim ents w ere p erfo rm ed  w ith  asynchronous cul­

tu res of the 3D7 clone of P. falciparum. Co-IPs w ere perfo rm ed  as 

described in  section 2.7 an d  yeast-2-hybrid analysis w as perfo rm ed  

as described  in section 2.7.3. A ntibody  generation  w as p erfo rm ed  by 

CovalAb (C am bridge, UK). M ass spec trom etry  w as p erfo rm ed  at the 

C onw ay Institu te  core m ass spectrom etry  facility (U niversity College 

D ublin , D ublin , Ireland).

3 . 3  R ES U L T S

3 3.1 Identification of putative interacting partners by co-IP

3.3.1.1 Generation o f anti-immunophilin antibodies

In o rd e r to investigate the in teractom e of the selected  P. falciparum  im ­

m unoph ilin s it w as first necessary  to iden tify  a m ethod  specifically 

to p u ll dow n  these p ro teins from  parasite  cellu lar lysate. G avigan et. 

al have d em o n stra ted  that CsA can specifically pu ll dow n PfCYPigA 

and  PfCYPigB [65] b u t it w as no t possib le to p u ll dow n m ean ing ­

ful am oun ts of PfFKBP35 w ith  FK506 in a sim ilar m an n er [Bell, A.,
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personal communication]. It was decided that in order specifically to 

pull down large amounts of the immunophilins and their interact­

ing partners, co-immunoprecipitation would be used. In order to do 

this an antibody specific to each immunophilin would be required. 

Antibodies for PfCYPigB were already available in the lab [65], but 

antibodies for PfCYPigA and PfPKBP35 would need to be generated. 

Both of these proteins were available in the laboratory, so PfFKBD was 

purified from the E. coli strain constructed by Monaghan et al. [113] 

as described in section 2.4 and pfCYPi9A was available as a pure pro­

tein generated by Marin-Menendez et al. [107]. These proteins were 

used to produce the required antibodies commercially. The antibodies 

generated showed excellent specificity for each immunising protein 

(Figure 10). It is generally considered that a titre of >8000 constitutes 

good reactivity, and the antibodies produced both had titres >64000 

and can be considered excellently immunoreactive.
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Figure 10: Immunoreactivity of rabbit antisera to immunising proteins. Rab­
bits were immunised with 1 ml consisting of 0.5 ml antigen (be­
tween 0.5 and 1 m g/m l) and 0.5 ml incomplete Freund's adju­
vant on days o, 14, 28 and 42. Serum samples were taken on day 
0, 39 and 53. Immunoreactivity was assessed by ELISA against 
protein adsorbed to 96-well microtiter plates. Eight serum di­
lutions were assayed, between 1/500 and 1/64000. 1 ELISA of 
sera from PfFKBP35 immimised rabbits. 2. ELISA of sera from 
PfCYPi9A immunised rabbits. In both cases graphs are represen­
tative of ELISAs from both rabbits immunised. Data provided by 
CovalAb.
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3.3.1.2 Co-immunoprecipitation of PfCYPigA, PfCYPigB and PfFKBP'^^

Initial co-IP was p erfo rm ed  against PfCYPigB since the antibodies 

w ere read ily  available at the s ta rt of the project. The co-im m im oprecip- 

ita ting  eluates w ere analysed  by silver s tained  SDS-PAGE and  W est­

ern  b lo t to assess bo th  the total e lu ted  p ro te in  con ten t and  the col­

u m n 's  ability  specifically to  b ind  PfCYPigB (Figure 11). Early results 

ind icated  tha t there w ere at least th ree im m vm oprecipitating partn ers  

w hich  w ere n o t p re sen t in  the co rrespond ing  sam ple  e lu ted  from  

a p re -im m une serum  colum n. However, the p ro te in  con ten t Ln the 

e lu ted  fraction w as at the th resho ld  of w ha t is detectable by silver 

sta in ing  (approx. 1 n g /b a n d )  and  w as therefore unsu itab le  for fu r­

th er analysis by m ass spectrom etry. Therefore im m unoprecip ita tion  

was repeated  15 tim es and  the resu lting  eluates w ere poo led  and  

concentrated  by u ltracen trifugation  approx im ate ly  15 fold, g iv ing  a 

sam ple vo lum e the sam e size b u t w hich con tained  -1 5  tim es m ore 

protein . The concentrated  sam ple w as again  ana lysed  by SDS-PAGE 

an d  in  this second instance w as stained  using  SyproR uby®  (Figure 

11). Successful sta in ing  of a b an d  w ith  SyproR uby®  generally  ind i­

cates that the p ro te in  is p resen t in sufficient q u an tity  for reliable id en ­

tification by m ass spectrom etry. The concentrated  im m unoprecip ita te  

revealed a fu rth e r tw o in teracting  p artn e rs  w hich w ere at too low 

a concentration  to be v isualised  by silver stain ing  previously. Co-IP 

p artn e rs  A, B and  C w ere excised from  the gel an d  sen t to  U niver­

sity College D ub lin 's  C onw ay Institu te  m ass spec trom etry  facility for 

analysis. D ue to  the n a tu re  and  cost of SyproRuby®  it is n o t possible 

to show  the actual gel u sed  to excise the b ands w hich w ere sen t for 

m ass-spectrom etric  analysis, th ough  fig. 11 p an e l C is representa tive
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of at least triplicate co-IPs and bands excised were reproduced across 

all gels.

After subsequent generation of antibodies to PfCYPigA and Pf- 

FKBP35, co-IP of these proteins was performed. The process of gener­

ating co-immunoprecipitating partners had been optimised success­

fully to require the use of fewer harvested parasites than in the initial 

study of PfCYPigB, and staining, imaging and mass spectrometry 

were all improved as a result. Co-IP parhiers for PfFKBP (Figure 12, 

Bands 1-6) and PfCYPigA (Figure 13, Bands 1-5) were excised from 

their respective gels and analysed by mass spectrometry. Again, the 

figures demonstrating co-IP results from these experiments are repre­

sentative of multiple co-IPs and bands indicated as excised for mass- 

spectrometry are reproducible across all replicates.
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Figure i i :  A. Silver stained SDS-15% polyacrylamide gel electrophoretogram showing PfCYPigB co-IPs. (Lane 1) molecular weight marker: 
numbers indicate mass in kDa. All co-IPs were performed using 500 pil saponin-released parasite suspension lysed by 0.5% (v/v) 
Triton X-100 on ice for 30 minutes. (Lanes 2-4) anti-PfCypigB column, (Lanes 5-7) pre-immune serum column, (lanes 8-10) control 
resin (non-reactive) column. (Lanes 2, 5 and 8) 20 (il of initial flow through post-binding (total fraction volume 1 ml). (Lanes 3, 6 and 
9) 20 t̂l post-binding wash fraction (total fraction volume 400 jjl). (Lanes 4, 7 and 10) 20 x̂l final co-IP eluate fraction (total fraction 
volume 70 (il). White arrow = PfCypigB. Black arrows = co-precipitating proteins at ~ io kDa, ~ioo kDa and -150 kDa (putative 
PfCypigB interacting partners). Red arrow = ~6o kDa co-precipitating protein also present in pre-immune control. B. Western blot 
of SDS-12.5% polyacrylamide gel electrophoretogram. Co-immunoprecipitatton used 228 pi saponin-harvested parasite suspension 
lysed by Triton X-ioo on ice for 30 minutes and was performed using anti-PfCypigB linked to Pierce AminoLink Plus Coupling 
Resin with parasite lysate as per the manufacturer's instructions. Blots were probed with 1:2000 anti-PfCypigB serum. Lane 1: Flow­
through post-incubation of whole parasite extract with resin. Lane 2: Immunoprecipitated eluate. White arrow = anh-PfCypigB 
reactive band at -igkD a. C. Sypro Ruby® stained SDS-4-20% polyacrylamide gel electrophoretogram showing concentrated co- 
immunoprecipitation eluate from an anti-PfCYPigB column. (Lane 1) molecular weight marker: numbers indicate mass in kDa. 
(Lane 2) 15 x co-immunoprecipitation eluates concentrated using a 9-kDa MWCO Pierce protein concentrator, 100% of the frachon 
was loaded, containing ~8o ng of protein. Concentration was performed at 5000 x g for 30 minutes. Red Arrow = co-precipitating 
protein also present in pre-immune control (Panel A, lane 7). White arrow = PfCypigB. Black arrows = putative interacting partners.
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Lane 1 Lane 2 Lane 3 Lane 4 Lane I Lane 2

Figure 12: A. Silver s ta in ed  SDS-12.5% po lyacry lam ide  gel elec- 
tro p h o re to g ram  show ing  concen tra ted  anti-PfFKBP35 co- 
im m u n o p rec ip ita tio n  e luate . (Lane 1) C oncen tra ted  co-IP e luate  
(20 fold concentra tion). (Lane 2) Co-IP w ash  fraction  (20 îl of 
400 [il fraction). (Lane 3) Co-IP flow th ro u g h  (20 jjI o f 400 ^̂1 
fraction). (Lane 4) M olecu lar w eigh t m ark e r (sizes are ind icated  
in  kDa). A rrow s ind icate  m ajor b an d s  in concen tra ted  co-IP 
eluate . B. co-IP u sin g  co lum n  g en era ted  w ith  p re -im m u n e  serum . 
(Lane 1) M olecular w eigh t m ark er (sizes are ind ica ted  in kDa). 
(Lane 2) C o n cen tra ted  co-IP e lu a te  (20 fold concentra tion). Black 
= p u ta tiv e  in te rac ting  p artn e rs . R ed = b an d s  also  p rese n t in 
p re-im m im e eluate . W hite = PfFKBP35. In b o th  cases the  e luate  
fraction  co rresp o n d s  to  the  to tal concen tra ted  e lu tion  fraction  
from  co-IP p erfo rm ed  aga in st 1.14 m l harv ested  p ara s ite  ex tract 
p rep a re d  as described  in  section  2.2.3.
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Lane 1 Lane 2 Lane 3

Figure 13; SyproRuby® stained SDS-12.5% polyacrylamide gel elec- 
trophoretogram showing concentrated anti-PfCYPigA co- 
immunoprecipitation. (Lane 1) Molecular weight marker (sizes 
are indicated in kDa). (Lane 2) Unconcentrated co-IP eluate (20 
[il of 400 (il fraction). (Lane 3) Concentrated co-IP eluate (20 fold 
concentration, corresponding to the total concentrated elution 
fraction from co-IP performed against 1.14 ml harvested parasite 
extract prepared as described in section 2.2.3.). Arrows indicate 
major bands in concentrated co-IP eluate. Black = putative 
interacting partner,s Red = bands also present in pre-immune 
eluate (not shown).



3-3 R E S U L T S

3.3-1-3 M ass Spectrometric A na lysis  o f co-IP Proteins

3.3.1.3.1 A N A L Y S I S  AS A W H O L E  D A T A S E T  Mass spectrometry 

results were analysed using the PEAKS software against a database 

generated from the complete list of Gene-Text-IDs of P. fa lciparum  

strain 3D7 on www.plasmodb.org. In the first instance the data from 

each band were grouped together for analysis; in this way we were 

able to increase the identification probability since we viewed the gel 

slices as a whole immunoprecipitate rather than discrete bands. This 

was done in order to include breakdown products in bands below 

a full length protein's position on the gel in the analysis. Of course 

this method doesn't distinguish between peptides identified where 

one wouldn't expect to see them, for example a peptide from a 15 

kDa protein in a band at 90 kDa, and may lead to more false posi­

tives than if the results were analysed on a band-by-band basis. The 

disadvantages of false identifications are balanced, in the author's 

opinion, by the benefits of increasing the chances of identification of 

low-abundance proteins. This is ilkistrated by the difference between 

analysing the results of the PfCYPigB data as discrete bands vs. as a 

whole. In the analysis of this mass-spectrometric data PfCYPi9B was 

not identified confidently by the band-by-band method, but when 

the data from all gel slices were analysed as a whole dataset the 

confidence of identification increased above a PEAKS score of 98%. 

Nonetheless, analysis on a band-by-band method, with subsequent 

elimination of proteins identified in positions above their predicted 

MW, was carried out (details below).

A sorting method was needed to sort high- from low-confidence 

identifications, so it was decided to base the sorting upon each pro­

tein identification's PEAKS score. The PEAKS score is a composite
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score that takes in to  account resu lts of the database  search an d  de 

novo sequencing: as a rule of thum b , p ro teins w ith  a PEAKS score 

h igher than  95% can be considered  confidently  identified , b u t below  

this and  d o w n  to approxim ately  70% there is a certain  linear co rre­

spondence betw een  PEAKS score and  percen t of p robab ility  tha t the 

identification is correct. In teractions w ith  a score g reater than  95% 

w ould  be used  in the first stage of fu rth e r study, w hile those w ith  

lower scores w ou ld  be re tu rn ed  to if it w ere deem ed  necessary. Those 

in teractions tha t scored >95% w ill be  referred  to as g ro u p  1, those 

w ith  a score <95% b u t >70% will be g ro u p  2, w hile those below  70% 

will be g roup  3. PEAKS analysis identified  a to tal of 731 p ro te in  in ter­

actions for PfCYPi9A , 105 in teractions for PfCYPigB, and  480 p ro te in  

in teractions for PfFKBP35. O ne h u n d re d  an d  sixty one PfCY Pi9A 

in teracting  p ro teins, eleven PfCYPi9B in teracting  p ro te ins and  113 

PfFKBP35 in teracting  p ro teins w ere so rted  into g roup  1. The m uch 

lower n u m b er of p ro te ins iden tified  from  the PfCYPi9B co-IP was 

probab ly  d u e  to  the sensitiv ity  of the m ass spectrom etry : a t the tim e 

the in stru m en t available to u s w as a T herm o O rb itrap  L C /M S  m a­

chine, w hile for PfCYPi9A an d  PfFKBP35 w e had  access to  a T herm o 

Q-Exactive Q viadropole O rb itrap  w hich  is a far m ore sensitive m a­

chine. P otentially  im p o rtan t resu lts are sum m arised  in Table 2 w hile 

com plete resu lts can be  found  in  app en d ix  1 (Table 5).

3 .3 .1 .3 .2  A N A L Y S I S  B A N D - B Y - B A N D  In this instance, m ass spec- 

trom etry  resu lts w ere again  ana lysed  using  the PEAKS softw are against 

a database  generated  from  the com plete list of Gene-Text-IDs of P. fa l­

ciparum s tra in  3D7 on w w w .p lasm odb .o rg  b u t analysed  seperately  on 

a band-by-band  basis. P roteins identified  from  b an d s  above their p re ­

d icted  o r described  M W  w ere elim inated  and  the resu lts  w ere again
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Table 2: Potentia lly  im portant protein interactions identified  from co-IP  
screen

Gene_ID PEAKS Coverage No, of Description
Score (%) (%) Pep­

tides

Triple Interactors

PF3D7_07o8400 99.2 18 13 heat shock protein 90 (Hspgo)

PF3D7_08i 8900 99.2 24 17 heat shock protein 70 (Hsp7o)

PFjDy_o^iygoo 99.2 42 33 heat shock protein 70 (Hsp70-2)

PF3D7_i 134000 99,2 23 16 heat shock protein 70 (HSP70-3)

PF3D7_o831700 99.2 9 7 heat shock protein 70, putative (Hsp70-x)

PF3D7_i 410400 99 9 8 rhoptry-associated protein 1 (RAPi)

PF3D7_i 3570oo 99,2 43 22 elongation factor i-alpha

PfFKBP35 Interactors

PF3D7_i 246200 977 6 2 actin I (ACTi)

PF3D7_0903700 98.9 11 4 alpha tubulin 1

PF3D7_ioo8700 99.1 10 4 tubulin beta chain

PF3D7_o6i 78oo 98.9 32 5 histone H2A (H2A)

PF3D7_i i 05100 99.2 57 8 histone H2B (H2B)

PF3D7_06i 0400 96.2 5 1 histone H3 (H3)

PF3D7_i io 500o 98.9 39 4 histone H4 (H4)

PF3D7_0919000 99 14 4 nucleosome assembly protein (NAPS)

PF3D7_050i 6oo 98.3 7 3 rhoptry-associated protein 2 (RAP2)

PF3D7_03220oo 99 22 4 peptidyl-prolyl cis-trans isomerase 
(CYP19A)

PF3D7_i  115600 98.3 14 3 peptidyl-prolyl cis-trans isomerase 
(CYP19B)

PF3D7_07o88oo 95-1 2 2 heat shock protein 70 (Hsp70-z)

PF3D7_i 118200 97 1 1 heat shock protein 90, putative

PF3D7_14343oo 97.6 5 3 Hsp70/Hsp90 organizing protein (HOP)

PF3D7_1473200 98.2 3 2 DnaJ protein, putative

PfCYPi9A

PF3D7_io i56oo 99.2 4 1 21 heat shock protein 60 (Hsp6o)

PF3D7_07o88oo 99.2 1 4 11 heat shock protein 70 (Hsp70-z)

PF3D7_1434300 99 15 9 Hsp70/Hsp90 organizing protein (HOP)

PF3D7_0929400 99.2 13 20 high molecular weight rhoptry protein 2

PF3D7_0905400 99.2 9 8 high molecular weight rhoptry protein 3

PF3D7_i 252ioo 97-9 2 4 rhoptry neck protein 3 (RON3)

P F 3D 7_ i i i 6ooo 97-7 1 1 rhoptry neck protein 4 (RON4)

PF3D7_050i 600 98.5 6 3 rhoptry-associated protein 2 (RAP2)

PfCYPigB

PF3D7_i 246200 99.1 18 5 actin I (ACTi)
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so rted  into g ro u p s i ,  2 and  3. It is im p o rtan t to no te tliat w hile the 

n u m b er of overall in teraction  identifications w as reduced  in each case, 

the in teractions th a t we have h igh ligh ted  as im p o rtan t in table 2 are 

still confidently  identified . In general, confident p ro te in  identification 

cam e from  b an d s below  the p red ic ted  M W  of the protein : this was 

n o t unexpected  since co-IP for these im m unoph ilin s ap p ears  to pu ll 

dow n  com ponen ts of the pro teo ly tic m ach inery  of the parasite . For 

exam ple, H spgo an d  3 H spyo isoform s w ere identified  w ith  a PEAKS 

score of >99%, by m ultip le  p ep tid es  covering >10% of the p ro tein  

in  the ban d  labelled #4 in the PfCY PigA  co-IP SDS-PAGE, w hich  is 

a t approx im ate ly  14-22 kDa. Since the h igh ligh ted  in teractions are 

unaffected  by analysis by this m ethod  the com plete resu lts are no t 

included  in this docum ent, b u t the d ata  are available on  request from  

the author.

3.3.2 Identification of putative interacting partners for PfFKBP^^ using 

yeast 2-hybrid analysis

3.3.2.1 Generation o f pLex-A-PfFKBP^^-His^ and pLex-A-PfFKBD-Hiss

D ue to the d ifficulty  encoun te red  w hile iden tify ing  in teracting  p a r t­

ners th rough  parasite  based  m ethods (>8 m on ths n eed ed  to  get enough  

parasites  for co-IP) it was decided  to  identify  in teracting  p artn e rs  

for PfFKBP35 usin g  a com m ercial yeast-2-hybrid screening service. 

To this end , p lasm ids con tain ing  b o th  the full leng th  FKBP an d  the 

FK506 b in d in g  dom ain  (FKBD) w ere construc ted  usin g  the vector su p ­

p lied  by D ualSystem s, pLexA -N  (Figure 14).
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Figure 14: A nalysis o f pLexA -N  b ait p la sm id  construc ts. P lasm id  iso lated  
from  tran sfo rm an t co lon ies w as sub jected  to  EcoRI an d  PstI d i­
gestion , ru n  th ro u g h  a 1% agarose  gel an d  s ta in ed  w ith  e th id - 
ium  b rom ide . (A) L ane 1, M olecvilar w eig h t m ark e r (M W  in bp). 
Lane 2, -0 .2  p g  u n lig a ted  pLexA -N  p lasm id . L ane 3, ~o.2 pg 
pL exA -N  ligated  w ith  PfFKBP35 PCR p ro d u c t. Blue arrow : b an d  
a t -5600  b p  co rresp o n d in g  to  pLexA -N . Red arrow : b a n d  a t -900  
bp  co rresp o n d in g  to  PfFKBP35 PCR p ro d u c t. (B) L ane 1, M olec­
u la r w eigh t m ark e r (m olecular w eigh t in  bp). Lanes 2+3, -0 .2  pg 
un lig a ted  pL exA -N  p lasm id . L ane 4, ~o.2 pg  pL exA -N  ligated  
w ith  FK B P-dom ain PCR p ro d u c t. Blue arrow : b a n d  at -5600  b p  
co rresp o n d in g  to  pLexA -N . O ran g e  arrow : b an d  a t -3 8 0  b p  co r­
resp o n d in g  to  FK B P-dom ain PCR prodvict.
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3.3.2.2 Functional Bait Assay

These constructs were then  assessed by a functional ba it test assay. 

This assay determ ines w h e th e r the bait p ro te in  en ters the nucleus and  

b in d s to the LEXA  operato rs s ituated  u p stream  of the rep o rte r genes 

(10). A bait w hich en ters the nucleus an d  b inds to the LEXA  o p er­

a to r sites decreases transcrip tion  from  the d ow nstream  LACZ  gene 

(repression) an d  hence decreases 3-galactosidase expression on galac­

tose m edium . M ost LEXA  fusions tha t en ter the nucleus an d  b in d  the 

operato rs, b u t do  no t activate transcrip tion , repress 3-galactosidase 

activ ity  from  2 to 20 fold. M ore than  2 fold repression  indicates >50% 

o p era to r occupancy  by the bait and  signifies that the bait can be 

screened in  the D U A Lhybrid®  assay. The assay d e term in ed  that the 

FKBD construct w as better able to en ter the nucleus of the yeast than  

the fu ll-length  PfFKBP35 an d  repressed  3-galactosidase activ ity  b e t­

ter than  at least one of the positive controls. It was therefore the m ore 

su itab le  of the tw o constructs for use  in the screen against the P. falci­

parum  lib rary  (Figure 15).

3.3.2.3 Yeast-2-hyhrid analysis

This screen ultim ately  y ielded  eleven pu ta tive  in teracting  partners 

(Table 3); th ree "Class B" in teractors w hich have been identified  tw o 

tim es and  rep resen t h ighly  likely in teractors w ith  the bait, an d  eight 

"C lass C"  in teractors w hich w ere found  only  once in the screen. "C lass 

A "  in teracto rs are those w hich have been  rescued  three o r m ore times. 

They represen t h igh ly  likely in teractors of the ba it p ro te in , b u t un fo r­

tunate ly  no  in teractors of this class w ere identified. A lthough  som e of 

the resu lts from  this analysis m ay indeed  rep resen t tru e  in teracto rs of 

the p ro te in  of in terest, o thers m ay rep resen t com m on false positives.
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Bait G lu cose  M ed iu m  G a la c tose /R aff in o se  Fold

PfFKBP35

PfFKBD

Lamin C (positive  
control)

P53 (positive  
control)

N egative  control

Figure 15; Functional bait assay of pLexA-N-PfFKBP35 and pLexA-N-FKBD 
constructs. Expression strains containing FKBP construct, posi­
tive controls or empty construct vector were grown on either 
glucose medium (negative for p-galactosidase activity) or galac­
tose/raffinose medium (positive for p-galactosidase activity). A 
blue colour indicates p-galactosidase activity: the weaker the blue 
colour, the more the LACZ operator is repressed and the more 
bait is entering the nucleus. This assay was performed by Dual- 
Systems.

M ed iu m  R epression•  • •

•  • •

<2

>2

>2

<2



I N V E S T I G A T I O N  OF T H E  I M M U N O P H I L I N  I N T E R A C T O M E

Table 3: Putative PfFKBD-protein interactions identified through yeast-: 
hybrid screening.

C lass*  I G e n e  ID  I P ro d u c t  D e s c r ip tio n _______

B P F 3 D 7_ 147320o D n a J  p r o te in ,  p u ta t iv e

B P F 3D 7_05  19800 c o n s e rv e d  p r o te in ,  u n k n o w n  
fu n c tio n

B P F 3D 7_0731300 P lasm odium  e x p o r te d  p r o te in  
(P H IS T b ), u n k n o w n  fu n c t io n  

(P fG i7 4 )

C P F 3 D 7 _ 0 4 o8400 c o n s e rv e d  P lasm odium  p r o te in ,  
u n k n o w n  fu n c tio n

C P F 3 D 7 _ 0 2 o650 o c o n s e rv e d  P lasm odium  p r o te in ,  
u n k n o w n  fu n c tio n

C P F 3 D 7 _ i 035200 S -a n tig e n

C P F 3D 7_0730300 tr a n s c r ip t io n  fa c to r  w i th  A P 2  
d o m a in ( s )  (A p iA P 2 )

C P F 3D 7_ i 333700 h is to n e  H 3  v a r ia n t ,  p u ta t iv e  
(C e n H 3 )

C P F 3 D 7 _ i i o 51oo h is to n e  H 2B  (H 2B )

C P F 3 D 7 _ i o 2 5 io o g lu c o s a m in e - f ru c to s e -6 -  
p h o s p h a te  a m in o tr a n s f e r a s e ,  

p u ta t iv e

C P F 3 D 7 _ i o i 38oo c o n s e rv e d  P lasm odium  p r o te in ,  
im k n o w n  fvm ction

*See T ex t fo r  e x p la n a t io n
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3.3.3 A n immunophilin-protein interaction map

The d a ta  generated  in this s tu d y  g enerated  a large n u m b er of pu tative 

p ro te in -p ro te in  in teractions for the th ree P. falciparum  im m unoph ilin s 

stud ied . D ue to the large n a tu re  of the da tase t it is desirab le  to rep re­

sent the resu lts in a m eaningfu l v isual m an n er from  w hich  a reader 

can draw  observations and  conclusions easily and  quickly, albeit w ith  

the caveat that the in teractions (save those betw een PfFKBP35 and  hi- 

stone H2B & DnaJ [PF3D7_i 105100 & PF3D7_i473200] w hich  were 

detected  by bo th  m ethods, and  tha t betw een PfFKBP35 and  H spgo 

w hich w as rep o rted  prev iously  [90]) are unconfirm ed  (but see chap ­

ter 4). It w as dec ided  to  construc t an  "in teraction  m ap "  of the pu tative 

results generated  by bo th  the co-IP and  Y2H stud ies. The netw ork  vi­

sualisation  softw are C ytoscape (w w w .cytoscape.org) was used  to gen­

erate netw ork  no d e  m aps of each p ro te in  w hich w ere then  m erged, 

colour coded  by G O process anno ta tion  and  separa ted  in to  singly, 

doub ly  and  trip ly  in teracting  g roups (Figure 16). G e n e J D s  of each 

in each n ode  of the doub le  an d  trip le  in teractors can be foim d in the 

append ix  (Table 4).
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Figure 16: Network map showing putative singly, doubly and triply interacting proteins for PfCYPigA, PfCYPigB and PfFKBP35. Interactors 
are colour coded by GO-annotation. Identification of the interactors in each node can be found in the appendix (Table 4).
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3 4  D I S C U S S I O N

The p rim ary  aim  of the research described  in this chap te r w as to id en ­

tify p u ta tive  in teracting  p artn e rs  for the tw o m ost ab im d an t blood 

stage cyclosporin A b in d in g  cyclophilins PfC Y PigA  and  PfCYPigB 

and  the FK506 b in d in g  p ro te in  PfFKBP35- C o-im m unoprecip itation  

is a pow erfu l tool to s tu d y  novel p ro te in -p ro te in  in teractions and  

has p rev iously  been  used  to d em onstra te  p ro te in -p ro te in  in teractions 

in P. falciparum  [69]. Sim ilarly yeast-2-hybrid screening is a well es­

tab lished  m ethodo logy  for s tu d y in g  p ro te in -p ro te in  in teractions and  

large scale stvidies have used  it to analyse the p ro teom e of Plasmodium  

[92]. U se of b o th  of these m ethods to identify  p u ta tive  im m unoph ilin  

p ro te in  in teractions is described  herein.

P rior know ledge of im m u n o p h ilin -p ro te in  in teractions in P. falci­

parum  w as lim ited to in vitro evidence of the in teraction  betw een 

PfFKB?35 an d  the p ro te in  ph o sp h atase  calcineurin  [90, 113] as well 

as its in teraction  w ith  H sp90 [90]. This s tu d y  represen ts the first a t­

tem pt to  characterise the in teractom e of the m ajor d ru g  b in d in g  im- 

m im ophilins in P. falciparum. We have d em o n stra ted  that co-IP specif­

ically an d  rep roducib ly  pu lls dow n  a n u m b er of p ro te in  b an d s  w hen 

sep ara ted  by SDS-PAGE an d  subsequen t analysis by m ass spectrom ­

etry  identified  284 p u ta tive  p ro te in  identifications by w hole datase t 

analysis. T hough  this list m ay include a large n u m b er of false posi­

tives d u e  to  the n a tu re  of the analysis, we feel tha t it rep resen ts an 

excellent s ta rting  p o in t for fu rth e r research, especially  w hen  coup led  

w ith  d a ta  on o th er im m im ophilin  in teractions in the literature. A nal­

ysis on  a band-by-band  basis was perfo rm ed  b u t these resu lts d id n 't  

affect the confidence of the in teractions w hich we have h igh ligh ted  

as in teresting  sufficiently to w arran t a separate  d iscussion  of analysis
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by this m ethod. D iscussion of each of these p ro te ins ind iv idua lly  is 

clearly no t practical so we w ill begin  by d iscussing  those for w hich 

there is su p p o rtin g  evidence for the in teraction from  o th er organism s 

and  will follow u p  by  discvission of in teresting  novel (putative) in ter­

actions.

As m en tioned  in the first p a rag rap h , K um ar et a l  (2005) d em o n ­

stra ted  tha t PfFKBP35 in teracted  w ith  PfH spgo by its TPR dom ain  

an d  inh ib ition  of b o th  PfFKBP35 an d  PfH spgo has a synergistic an- 

tim alarial effect. The da ta  p resen ted  by this s tu d y  also ind icate  an  

in teraction betw een PfFKBP35 and  PfH spgo by the FKBP's ability  to 

pu ll dow n  PfHspgo from  a c ru d e  parasite  lysate. W hile no t a novel 

in teraction this d a tu m  serves as an  indication of the valid ity  of the 

co -IP /m ass-sp ectro m etry  m ethodo logy  used  herein.

A large body  of ev idence exists w hich suggests a role for im m unop- 

hilins as p a rt of h igh-affinity  ligand-b ind ing  form s of unac tiva ted  

stero id  receptors in hum ans. This receptor consists of a m ulticom ­

p o n en t com plex w hich includes H sp90, CYP40, FKBP52 (or FKBP51), 

an d  an  add itional P23 p ro te in  com ponen t, assem bly of w hich  is m ed i­

ated  by H sp70 in association  w ith  accessory chaperones H sp40, H ip  

an d  H op  [133,32,123]. O ther o rganism s also show  evidence of sim ilar 

in teractions, for exam ple H sp90, H spyo, H o p  an d  FKBP73 have been 

show n to in teract in p ro te in  chaperone com plexes in Arabidopsis [56]. 

All th ree P. falciparum  im m unoph ilin s d em o n stra te  an  the ab ility  to 

pu ll dow n  H sp90 an d  at least four H spyo isoform s, th o u g h  it is diffi­

cu lt to  de term ine  w h e th e r the in teraction  betw een the im m rm ophilins 

an d  the H sp /o  p ro te ins is d istinct for each H sp /o  o r if the m u ltip le  

identifications com e from  their h igh  degree  of sequence sim ilarity. Pf- 

CYP19A an d  PfFKBP35 p u lled  d o w n  H sp 7 0 /H sp 9 0  o rgan ising  p ro ­

tein  (H op), PfCY Pi9A  p u lled  dow n  PfFKBP35, and  the inverse was
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also true. A lso of no te  is the fact that PfFKBP35 d em o n stra ted  an  in­

teraction w ith  PfDnaJ (a p u ta tive  Plasmodium  hom ologue of Hsp40) in 

both  the co-IP an d  the Y2H screens. These d a ta  all p o in t to the ten ta­

tive conclusion tha t a cyc loph ilin -F K B P-H spyo-H spgo-H op  pro tein  

chaperone com plex also exists in  P. falciparum. W ork a ttem p tin g  to 

follow u p  on  these d a ta  will be d iscussed  in ch ap te r 4.

FK5o6-binding p ro te ins have been  d em onstra ted  to have a num b er 

of h istone-re lated  functions. Specifically nuclear FKBPs in  Schizosac- 

charomyces pomhe and  Saccharomyces cerevisiae w ere show n to possess 

h istone chaperone activity  [91] and  the nuclear FKBP Fpr4p in S. cere­

visiae is responsib le for regu la ting  m ethy lation  of am ino  acid lysine- 

36 on h istone H3. This regu la tion  is governed by cis-trans isom erisa- 

tion of the bo n d s p reced ing  the pro lines P30 and  P38 on h istone H3 

by Fpr4p. [119]. PfFKBP35 has been  d em o n stra ted  to be located in 

the nucleus of the erythrocytic stage of P. falciparum  [90]. O u r data  

have ind icated  tha t the P. falciparum  FKBP m ay possess the ability  to 

in teract w ith  histones. Specifically, co-IP w ith  PfFKBP35 pu lled  dow n 

the 4 h istones involved in nucleosom e form ation  (H2A, H2B, H3 and  

H4) as well as the nucleosom e assem bly p ro te in  (NAPS). The case for 

an  FK B P-histone in teraction is fu rth e r s treng thened  by o u r Y2H data 

w hich ind icate  that the FK 5o6-binding dom ain  of PfFBKP35 m ay in­

teract w ith  the h istones H2A and  H3. A gain , follow  u p  w ork  w ill be 

d iscussed  in  the next chapter.

Im m unophilins also  d em onstra te  a role tn cytoskeletal organisa tion  

in hum ans; FKBPs have been  experim entally  associa ted  w ith  m icro­

tubu les [126, 46], particu larly  on  neu rite  length  in  early  neu ro n al d if­

ferentiation [131] and  cyclophilin B has a fim ctional in teraction w ith  

neu ronal actin  [116]. O u r d a ta  im plicated  PfFKBP35 as u n d ertak in g  

a sim ilar cytoskeletal in teraction  in P. falciparum, be ing  able to pull
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dow n  actin  I an d  bo th  of the siibun its of m icro tubules, y.- an d  3- 

tubulin . Sim ilarly PfCYPigB was able to pu ll dow n actin I in our 

co-IP experim ents.

M oving on to d iscuss in teractions of in terest w hich are n o t p re ­

dicted  by d ata  from  o ther sources we w ill first consider the ind ica­

tion from  o u r d ata  of an  in teraction  of all th ree im m im ophilins w ith  

the rh o p try  associated p ro te in  i  (RA Pi). PfFKBP35 also p u lled  dow n 

RAP2, as d id  PfCY PigA , w hich  also p u lled  d o w n  a n u m b er of o ther 

rh o p try  p ro teins, tw o rh o p try  neck p ro te ins (RON3 and  RON4) and  

tw o h igh-m olecular w eight rh o p try  p ro te ins (R hopH z and  RhopH3). 

This in teraction  caugh t o u r in terest for a n u m b er of reasons: first it is 

the on ly  p ro te in  w hich in teracts w ith  all th ree im m unoph ilin s tested 

that is n o t p red ic ted  from  o th er organism s or involved in p ro tein  

p rocessing  (as the im m unoph ilin s are). Secondly, da ta  from  p as t re­

search has ind icated  th a t b ind ing  an d  inh ibition  of R A Pi by an  an ti­

body  raised  aga inst a hetero logous p ep tid e  sequence inhibits P. falci­

parum  g row th  in cu ltu re  [115]. We hypo thesise that P. falciparum  im ­

m uno p h ilin s are po ten tially  im p o rtan t m olecu lar chaperones in  tran s­

p o rt of rh o p try  p ro teins to their u ltim ate  location. C u rren tly  little is 

know n abou t rh o p try  trafficking betw een p ro te in  synthesis an d  a r­

rival at the rhoptry. The next ch ap te r will detail the w ork  u n d ertak en  

to investigate th is interaction.

A m ong the o th er co-IP p ro te ins for PfYPigA and  PfFKBP35, there 

is a significant represen ta tion  of p ro te ins in the d igestive vacuole 

(DV). Both p ro te ins p u lled  d o w n  p lasm epsins I-IV  as well as falci- 

pa ins 2, 2a an d  3. C om ponen ts of the DV have been  p red ic ted  to be 

po ten tia l d ru g g ab le  targets in an tim alaria l therapy  [99]. PfCY Pi9A 

also p u lled  d o w n  a large n u m b er of p ro te ins involved in proteolysis, 

in p a rticu la r 18 p ro teasom e subun its, com ponen ts o r reg u la to ry  sub-



3 4  D I S C U S S I O N

units, w liile bo th  PfCY PigA  and  PfFKBP35 p u lled  dow n a large n u m ­

ber of p ro teins involved in translation  such as ribosom al subunits, 

e longation  factors and  translation  in itiation  factors. This is expected 

because of im m u n o p h ilin s ' close re la tionsh ip  w ith  p ro te in  synthesis 

via their PPIase activity. Finally, there w as a large n u m b er of p ro ­

teins involved in  glycolysis, b iosynthetic or o th er m etabolic processes 

pu lled  dow n  by bo th  PfCY PigA and  PfFKBP35. All of the identifi­

cations of the in teracting  p ro te ins are listed  in  the append ix  (Table 

5).

O verall the w ork  detailed  in this chap te r suggests tha t the m a­

jor d ru g  b ind ing  im m unoph ilin s of P. falciparum  partake  in a n u m ­

ber of in teractions analagous to im m u n o p h ilin -p ro te in  in teractions 

in o ther organism s, b u t also in several po ten tially  novel in teractions 

w hich m ay rep resen t suspects in the an tim alaria l therapeu tic  action 

of CsA and  FK506. O f course these in teractions are only  indicated  

th rough  this one m ethod  an d  are unconfirm ed , and  fu rther research 

will be requ ired  to identify  true  im m u n o p h ilin -p ro te in  in teractions 

from  the po ten tia lly  large n u m b er of false identifications d u e  to the 

m ass-spectrom etric analysis m ethodo logy  utilised . We feel th a t the 

draw backs of the analysis m ethod used  are ou tw eighed  by hav ing  as 

large a da tase t as possib le as a s ta rting  p o in t for fu rth e r s tu d y  since 

false positives can be e lim inated  by fu rther experim entation  b u t true 

in teractions w hich  are d isreg ard ed  early  d u e  to  too stringen t ana ly ­

sis w ould  be m issed entirely. The first steps in  stu d y in g  the po ten tia l 

im m im ophilin -in teractions identified  will be d iscussed  in  the next 

chapter.
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E X P E R I M E N T A L  A N A L Y S I S  O F  P U T A T I V E  

P R O T E I N - I M M U N O P H I L I N  I N T E R A C T I O N S

4.1 I N T R O D U C T I O N

We se lec ted  th ree  p u ta tiv e  in te ra c tio n s  (C h a p te r  3) fo r fu r th e r  s tu d y  

in  th is  ch ap te r: th e  P fC Y P ig B -H sp /o  in te ra c tio n , th e  in te ra c tio n  b e ­

tw een  PfFKBP35 a n d  h is to n e s /n u c le o s o m e s  a n d  th e  in te ra c tio n  b e ­

tw een  th e  im m u n o p h ilin s  a n d  R A P i.

PfC Y PigB  is a m a jo r cy to so lic  cy c lo p h ilin  o f P. falciparum  [65] a n d  

it m ak es  sen se  th a t a t least o n e  o f th e  p a ra s i te 's  im m u n o p h ilin s  is in ­

vo lved  in  a h ig h  m o lecu la r  w e ig h t c h a p e ro n e  co m p lex  a n a la g o u s  to 

th a t seen  in  h u m a n s  a n d  o th e r  sp ec ies, as  d isc u sse d  in  th e  p re v io u s  

ch ap te r. P. falciparum  e n c o d e s  five H s p /o  genes: P fH sp70-I, P fH sp70- 

II, PfB ip-II P fH sp70-III a n d  P fH sp70-IV  [1]. P fH sp70-I is th e  m a jo r 

cy toso lic  H sp 7 0  in  th e  in tra -e ry th ro cy te  life cycle, a n d  it is p re d ic te d  

to  be  in v o lv ed  in  a c h a p e ro n e  co m p lex  w ith  H sp g o  [49, i6 ]. T h is 

p o te n tia l in te ra c tio n  b e tw een  P fC Y P igB  a n d  P fH sp 7 0  is in te re s tin g  

fo r a n u m b e r  o f reaso n s. C h a p e ro n e s  h av e  d ra w n  a tte n tio n  as p o ­

ten tia l m a la ria l vaccine  c a n d id a te s , a n d  P fH sp70  w as sh o w n  to  be  

im m u n o g e n ic  in  b o th  in fec ted  h u m a n s  [108] a n d  e x p e rim e n ta lly  in ­

fec ted  m o n k ey s  [73]. H sp 7 0 s have  b e e n  re p o r te d  to  b e  a sso c ia ted  w ith  

th e  su rfaces  o f b o th  th e  liv e r-s ta g e  p a ra s ite s  [135] a n d  m e ro z o ite s  [9], 

a n d  se ra  fro m  m a la ria  in fec ted  p a tie n ts  sh o w  in c rea sed  reac tiv ity  to  

H sp70s [51]. C h a p e ro n e s  a re  a lso  of p a r tic u la r  in te re s t in  m a la ria  be-

93
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cause of the exposure to  heat shock tha t the parasite  undergoes. The 

tem p era tu re  difference betw een the m osquito  vector and  the h u m an  

host is over lo  °C [i], and  d u rin g  infection and  in tra-ery throcytic 

g row th  in the h u m an  host the parasite  experiences h ea t shock caused 

by cyclical febrile ep isodes suffered by the patien t. The p arasite  seem s 

to require  a robust response to  hea t shock an d  has ded ica ted  ap p ro x ­

im ately  2% of its genom e to chaperones expressed  at various stages 

of the life cycle [i]. D ism p tin g  the parasite 's  ability  to cope w ith  heat 

stress m akes an attractive d ru g  target.

H istones too m ake attractive d ru g  targets, and  there h as  been  a lot 

of recent focus on d is ru p tin g  h istone m odifications such as acetyla- 

tion and  m ethy lation  as an  approach  to an tim alaria l therapy  [8, 155, 

105]. It has been  show n that sm all m olecule h istone m ethy ltransferase 

inhibitors have activity  against m alaria  parasites bo th  in  cu ltu re  and 

in an  in vivo m ouse m odel [105]. H istone deacetylase (HDAC) in­

hibitors have also show n p rom ise as antim alaria l therap ies, and  sev­

eral p rom ising  leads have em erged  from  the cu rren t trend  of repur- 

posing  existing d rugs, particu larly  anti-cancer d rugs, as an tim alaria ls 

[155]. A ny role of parasite  im m unoph ilin s in ep igenetic m odification 

of h istones cou ld  prove to be of m ajor im portance.

Plasmodium rhop tries are com plex secretory  organelles, and  to date  

w e know  of m ore than  30 p ro te ins w hich  are classified as rh o p try  

p ro te ins in P. falciparum  [40], w ith  a fu rth e r 27 po ten tia l rh o p try  p ro ­

teins of u n k n o w n  fim ction identified  th ro u g h  pro teom e analysis [142]. 

R hoptry  associated  p ro te in  1 (R A Pi) is one of these p ro te ins, believed 

to  be located in  the rh o p try  bu lb , th a t is h ighly  conserved in both  

labo ra to ry -ad ap ted  strains an d  clinical isolates [82]. A ntibodies to 

R A Pi ap p ea r to inh ib it the invasive ability of m erozoites [78, 115], 

and  p ep tid es  derived  from  R A Pi dem onstra te  ery th rocy te  b in d in g
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capacity  [45]. R A Pi ap p ears  to be essential for the invasive ability 

of m erozoites, since a R A Pi gene d isru p tio n  w as only  possib le in a 

cu ltu re -ad ap ted  P. falciparum  s tra in  w hich  uses alternative parasite  

ligands for invasion [13]. T hat s tu d y  also d em o n stra ted  tha t R A Pi 

w as requ ired  for correct RAP2 localisation. R A P i's  ap p a ren t critical 

role in the parasite  life cycle an d  the u n iq u e  m olecular p athw ay  to 

w hich  it belongs m ake it an  attractive d ru g  target.

C onfirm ing  th a t p ro te in -p ro te in  in teractions occur in vitro is often 

a difficult process, let alone confirm ing  tha t the in teraction  is biologi­

cally relevant in vivo. Even m ore difficult is assessing that the new  in­

teraction is a possib le d ru g  target. H aving  said  this, there are a w ide 

varie ty  of experim ental techniques that are p o p u la rly  u sed  to d em o n ­

stra te  p ro te in -p ro te in  in teractions both  in vitro and  in vivo. The tech­

n iques we have utilised  in this chap te r include confocal m icroscopy, 

far W estern b lo tting , chaperone assays, therm al stability  shift assays 

and  co-im m unoprecipitation.

M ost often  confocal m icroscopy is used  to de term ine  w h e th e r tw o 

o r m ore p ro te ins are co-located in  the cell. C o-location in  a specific 

organelle  o r s tru ch ire  u sually  ind icates that in teractions betw een the 

p ro te ins being  stu d ied  are possible. C o-im m unoprecip itation  w as d is­

cussed  in the in troduction  to the p rev ious chap te r w ith  regards to 

iden tify ing  novel p ro te in -p ro te in  in teractions, and  it can also be used  

as a m ethod  to confirm  tha t these in teractions take place. If an tib o d ­

ies to bo th  p ro te ins are available it shou ld  be possib le to  detect the 

p resence of an  in teracting  p a rtn e r of "p ro te in  i "  by W estern b lo tting  

for "p ro te in  2" from  a co-im m unoprecip ita te  of the first. Far W estern 

b lo tting  uses a non-an tibody  p ro te in  p robe to b ind  to p ro te ins on  a 

W estern b lot, u sually  follow ed by detecHon of the p robe p ro te in  by
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Standard Western blotting methods if the probe is not tagged in some 

way e.g. flourescently.

4.2 M E T H O D O L O G Y

Materials and methods used in this chapter are described in detail in 

chapter 2. All experiments were performed with asynchronous cul­

tures of the 3D7 clone of P. falciparum. Co-IPs were performed as de­

scribed in section 2.7, far Western blotting as described in section 

2.7.9, 3nd confocal microscopy was performed as described in section 

2.8. Anti RAPii_i4 was a kind gift from Prof. G Pluschke, Swiss Trop­

ical and Public Health Institute, Basle. The histone chaperone assays 

were performed by Michael Prunty under the author's supervision.

4.3 R E S U L T S

4.3.1 Co-IP with anti-H spjo

In order to confirm that PfCYPi9B interacts with PfHsp70 we at­

tempted to pull down the cyclophilin using co-IP of the heat shock 

protein. Antibodies to heat shock protein 70 from other organisms are 

readily available. We sourced an polyclonal antibody which had been 

generated against a recombinant full length Hsp70 from H. sapiens to 

increase the possibility of cross-reactivity, due to the high level of se­

quence similarity between Hsp70s, and confirmed that it was able to 

detect a 70-kDa band when used in a Western blot of a crude parasite 

lysate (Figure 17).
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After confirm ing cross-reactivity  of the H sH sp /o  an tibody  w e used  

it to generate  a co-IP colum n as described in section 2.7.1. The co- 

IP eluate  from  this co lum n contained PfCYPigB w hen analysed  by 

W estern b lo t w ith  an  anti-PfCYPigB an tibody  (Figure 18, lanes 1 & 2). 

We can conclude that this ability  to p u ll dow n  PfCYPigB is specific 

to the an ti H sp70 co lum n since co-IPs p erfo rm ed  using  a colum n 

m ade w ith  an  irre levant an tibody  (Fig. 18, lane 3 & 4) and  a n o n ­

reactive co lum n w hich is vmable to b in d  an tibody  (Fig. 18, lane 5) 

w ere vmable to p u ll dow n  PfCYPigB. Sim ilarly the co-IP eluate from  

the anti-H sp70 co lum n is negative for an  irrelevant p ro te in  (Figure 18, 

lane 6 & 7). Taken together, these resu lts lead to the conclusion that 

PfCYPigB specifically in teracts w ith  PfH spyo in vitro.

Figure 17: Western blot of ~ioo (ig crude parasite lysate separated by SDS- 
12.5% PAGE, transferred to PVDF membrane and probed with 
anti-Hsp70. The black arrow indicates a band at -70 kDa; num ­
bers indicate molecular weight marker size in kDa. Lower bands 
may be the result of protein breakdown in the sample.
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Hsp70 His. Non-reactive Hsp70

22kDa

16kDa

r  'V ' ^

Unbound Bound Unbound Bound Bound Unbound Bound 

Lane I Lane 2 Lane 3 Lane 4 Lane 5 Lane 6 Lane 7

PfCYP19B R A PI,.,,

Figure i8: Co-IP and Western blot investigation of PfCYPi9B-Hsp70 inter­
action. Co-IP was performed using anti-Hspyo to pull down Pf- 
CYP19B by its affinity for Hspyo (Lane 1 & 2). Controls compris­
ing an irrelevant antibody column (anti-Hise: Lane 3 & 4), a non- 
reactive column (Lane 5) and a Hsp70 co-IP Western blot probed 
with an antibody for an irrelevant protein (Lane 6 & 7) are also 
shown. In the cases of the imbound fraction approximately 20 ĵl 
of a 400 îl fraction were loaded, and in the cases of the bound 
fractions the eluate was concentrated and a volume equalling the 
total fraction was loaded onto the SDS-PAGE. Bars on the left of 
the image indicate the positions of molecular size markers in kDa.

Co-IP Ab

W estern A1

I
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4.3.2 Investigation of the PfFKBP^^-histone interaction

The discovery, by bo th  Y2H an d  co-IP, that PfFKBP35 po ten tia lly  in ­

teracts w ith  P. falciparum  h istones is a p rom ising  avenue of fu rther 

investigation since FKBPs in  o ther o rganism s have d em o n stra ted  hi- 

stone interactions. As d iscussed  in section 3.4, nuclear FKBPs in S. 

pombe and  S. cerevisiae w ere show n to possess h istone chaperone activ­

ity [91] and  the nuclear FKBP Fpr4p in S. cerevisiae is responsib le for 

regu lating  m ethy lation  of am ino  acid lysine-36 on h istone H3. This 

regu lation  is governed  by cis-trans isom erisation  of the pro lines P30 

and  P38 on h istone H3 by Fpr4p. [119].

4.3.2.1 Histone purification

To investigate this in teraction  we requ ired  h istones from  P. falciparum  

upon  w hich  to experim ent. We em ployed the m ethod  of L onghurst 

et al. (1997) [102] as described in  section 2.7.5 to  purify  h istones from  

P. falciparum  cultures. By this m ethod  w e w ere able to  p u rify  p ro teins 

of the correct m olecular w eight w hen  analysed  by separation  on SDS- 

15% PAGE, m atch ing  the resu lts observed by L onghurst an d  H o lder 

[102], as show n in figure 19.

4.3.2.2 Far-Western blot analysis o f PfFKBP^^-histone interaction

The first step  in stu d y in g  th is in teraction w as to investigate w hether 

purified  recom binant P. falciparum  FKBD was able to in teract in  any 

w ay w ith  p u rified  histones. The FKBD w as chosen since the Y2H 

s tu d y  identified  a po ten tia l in teraction  using  only  the FKBD. The 

m ethod  chosen to s tu d y  this initially  was far-W estern b lo tting , since 

we h ad  an  an tibody  available for PfFKBD. By this m ethod  w e em ­

ploy  stan d ard  W estern b lo tting  techniques to assess w he ther a non-
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Figure 19: Purification of P. fa lc ip a ru m  histones. Approximately 30 [ig of P. f a l ­
c ip a ru m  histones (right lane) purified by the method of Longhurst 
et al. (1997) [102] separated by SDS 15%-PAGE. Masses of molec­
ular weight markers (left lane) are indicated in kDa on the left. 
Arrows indicate bands corresponding to the 4 low MW proteins 
isolated in the original study.

an tibody  p ro te in  p robe (in this case PfFKBD) has b o u n d  to a pro tein  

(in this case histones) first separa ted  by SDS-PAGE and  subsequen tly  

transferred  to a m em brane such as n itrocellu lose o r PVDF. Figure 

20 dem onstra tes th a t FKBD purified  as described  in section 2.6.1 is 

specifically able to b ind  to P. falciparum  h istones purified  as described 

in section 2.7.5 separated  by SDS-PAGE and  subsequen t transfer 

to  PVDF m em brane. T here w as no  in teraction  observed  betw een Pf­

FKBD and  an  irre levant p ro te in  (BSA), n o r an  in teraction  betw een  an 

irre levant p ro te in  (PfCYPigB) an d  P. falciparum  core h istones by this 

m ethod.

4.3.2.3 Histone chaperone assay of PfFKBP^^

We nex t investigated  the ability of PfFKBP35 to act as a h istone chap ­

erone, by the sam e m ethod  em ployed  by K uzuhara  et al. (2004) [91]. In

Histones
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Lane 1 Lane 2

Figure 20: Far-W estern b lo tting  ana lysis  o f P. falciparum  h is tone  in teractions.
30 ng P. falciparum  h istones (A an d  B, lane i)  or lo  ^g bovine 
se ru m  a lb u m in  (B, lane 2) w ere se p ara te d  by SDS-15% PAGE and  
tran sfe rred  to  PVDF m em brane, w h ich  w as p ro b ed  w ith  1 n g /^ l  
reco m b in an t PfFKBD-His^ (A an d  B, lane 2) o r 1 [ig /iil recom bi­
n a n t PfC YPigB (B, lane 1), extensively  w ashed  an d  the  in te rac­
tion  w as detec ted  by s ta n d a rd  W estern b lo t u sin g  an  an tib o d y  for 
PfFKBD-His6 (A an d  B, lane 2) o r  PfCYPigB (B, lane 1). A rrow s 
ind ica te  b a n d s  co rresp o n d in g  to the  a p p a re n t M W  of h istones as 
seen  in  figure 19. N u m b ers  an d  lines to  the  left an d  r ig h t ind icate 
the  p osition  an d  size of m olecu lar w eigh t m ark e r in  kDa.
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brief, this assay dem onstra tes  the ability  of a h istone chaperone to as­

sist in DN A  supercoiling  in the presence of histones. W hen supercoil- 

ing is relaxed by the action of an  enzym e such as topoisom erase I the 

D NA appears to increase in m olecular size as m easu red  by agarose 

gel electrophoresis, w ith  increasing levels of D NA  relaxation lead ­

ing to h igher ap p a ren t MW. The ad d itio n  of h istones and  a h istone 

chaperone p ro te in  (but no t h istones alone) facilitates the form ation  of 

nucleosom es an d  the ap p a ren t high-M W  relaxed D N A becom es su ­

percoiled  and  re tu rn s  to an  ap p aren tly  low-M W  state on agarose gels. 

As can be observed  in figure 21, there is n o  ap p a ren t increase in the 

ability  of h istones to form  nucleosom es regard less of the presence of 

the full length  PfFKBP35 o r the FK506 b in d in g  dom ain  of the protein . 

U nfortim ate ly  we w ere unab le  to perfo rm  a positive control for this 

experim ent d u e  to lack of a p ro te in  w hich is know n to act as a h istone 

chaperone. This experim ent w as perfo rm ed  by Mr. M ichael P run ty  as 

p art of a final year research project u n d e r the au th o r 's  superv ision .

4.3.2.4 Effect ofFK^o6 on H3K36 methylation

Finally we investigated  w he ther the action of FK506 has an  effect 

on  the am o u n t of H3K36 m ethylation . Previously, researchers have 

show n tha t H3K36 m ethy lation  is controlled  by the PPIase action of 

the yeast FKBP Fpr4p. This regu la tion  is governed  by cis-trans iso- 

m erisation  of the  pro lines P30 and  P38 on  h istone H3 by Fpr4p [119]. 

In this experim ent we incubated  parasites in cu ltu re  w ith  FK506 or 

ch loroquine for 14 h. A s show n in figure 22, there is an  increase in 

H3K36 m ethy la tion  w ith  increasing concentrations of FK506, w hich 

is know n to inh ib it the PPIase activ ity  of PfFKBP35, b u t this w as no t 

seen w ith  the s tan d ard  an tim alaria l d ru g  chloroquine, w hose p rim ary  

action is to d is ru p t haem ozoin  form ation.
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S u p vrco iU d  ONA

T o p o iso m c ra s t I

Relaxed DNA

H istonts

FKBP

FKBO

Relaxed _  

DNA

Superco iled  — 

DNA

F igure 21: H isto n e  ch ap ero n e  assay of PfFKBP35 an d  its FKBD. C ircu lar 
pB Iuescrip t p lasm id  D N A  (Lane 1) w as relaxed  w ith  5 u n its  of 
T opoisom erase I overn ig h t a t 37 °C. R elaxed pB Iuescrip t (Lanes 
2-8) w as com bined  w ith  p u rified  P. falciparum  h istones (Lane 4, 
7 & 8) an d  reco m b in an t p ro te in s  (Lanes 5, 6, 7 & 8) in  assem bly  
buffer w ith  a final vo lu m e of 50 îl. The reac tion  m ix tu re  w as incu­
b a ted  a t 30 °C for 1 h. The reaction  w as s to p p e d  by the  ad d itio n  
of an  equal vo lum e of sto p  buffer an d  the level of D N A  superco il- 
ing  w as ana ly sed  on  a 1% agarose  gel. In  all cases the  reactions 
w ere  pe rfo rm ed  w ith  0.1 p m ol of p la sm id  an d  7 p m o l of p ro te in  
an d  10 (il of the  50 îl to ta l reaction  vo lu m e w ere lo ad ed  on to  
the  agarose  gels. This ex p erim en t w as p e rfo rm ed  by Mr. M ichael 
P n m ty  as p a r t of a final year research  pro ject u n d e r  th e  a u th o r 's  
superv is ion .

♦ +
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FK506 C hlo roqu ine

1 /5  1 /2 5  1 /5  1 /25

C ontro l IC50 'C50 ICSO Contro l ICSO 'CSO ICSO

Anti-H 3K36

Anti-PfCYP19B .. ^  ^

F i g u r e  22 : W e s t e r n  b l o t  o f  e x t r a c t s  f r o m  p a r a s i t e s  i n c u b a t e d  w i t h  d e c r e a s i n g  

c o n c e n t r a t i o n s  o f  e i t h e r  F K 5 0 6  o r  c h l o r o q u i n e  f o r  - 1 4  h .  P a r a s i t e s  

w e r e  l y s e d  b y  i n c u b a t i o n  o n  i c e  w i t h  T r i t o n  X - i o o  f o r  3 0  m i n  a n d  

t h e  c l a r i f i e d  l y s a t e  w a s  s e p a r a t e d  b y  S D S - 1 2 .5 %  P A G E . T h e  b l o t  

w a s  p r o b e d  w i t h  e i t h e r  a n t i - H 3 K 3 6  ( A b e a m ® ,  a b 9 0 5 0 )  (a  k i n d  g i f t  

f r o m  D r . A l a s t a i r  F l e m i n g )  o r  a n t i - P f C Y P i g B  a s  a  l o a d i n g  c o n t r o l .

O verall it ap p ears tha t PfFKB?35 does n o t act as a h istone chaper­

one iin d er the cond itions em ployed  b u t does ap p ea r to p lay  a role in 

the m ethy lation  of H3K36 by it's  PPIase activity.

4.3.3 Investigation of RA P i-im m unophilin  interaction

4.3.3.1 Confocal immunofluorescence microscopic analysis o f locations of 

R A P i and PfC YPigB

As m entioned , confocal im m unofluorescence m icroscopy is u sually  

u sed  to confirm  a p ro te in -p ro te in  in teraction  is possib le by show ing  

that the p ro te in s being  s tu d ied  are p resen t in the sam e subcellu lar 

com partm ent. P rev ious d ata  from  G avigan et al have show n  tha t Pf- 

CYP19B is m ostly  located  in the cy toplasm  [65], w hile M oreno et al 

d em o n stra ted  tha t P fR A Pi exhibits the characteristic b ip u n cta te  s ta in ­

ing of a rh o p try  p ro te in  in m atu re  m erozoites [115]. We concluded  

that a ttem p tin g  to show  co-location w ould  be Lmreasonable based  on 

the in form ation  abou t each p ro te in 's  location in the cell, b u t we hy-



4-3 R E S U L T S 105

pothesised that PfCYPigB might be involved in chaperoning PfRAPi 

during transport to its ultimate location and so instead undertook 

work to study the effect of cyclosporin A, non-calcineurin targeting 

immunophilin-ligands and two non-immunophilin ligands (as nega­

tive controls) on PfRAPi location.

Immuno-staining schizonts for RAPi under normal conditions re­

sulted in the bi-punctate staining characteristic of rhoptry proteins, 

while PfCYPigB was seen located in the cytoplasm as expected (Fig­

ure 23, Control). After 14-16 h of incubation with CsA at 5X IC50 

we demonstrate that the characteristic bipunctate staining of PfRAPi 

was disrupted and RAPi and PfCYPigB were seen to co-locate (Fig­

ure 23, 5XIC50 CsA). The disruption was still evident at the IC50 and 

somewhat evident at o.2x IC50 and 0.04X IC50 while the characteristic 

bipunctate staining for RAPi was restored after reduction below this 

concentration. At all concentrations tested there is no evidence of an 

effect on the location of PfCYPigB.

In order to exclude the possibility that this effect was due to cal- 

cineurin inhibition by the drug/cyclophilin complex we tested the ef­

fects of the non-calcineurin binding immunophilin-ligands [MeVal]"*- 

cyclosporin and BC-556 on RAPi. These ligands were both able to 

disrupt RAPi location in schizonts at similar relative concentrations 

to CsA, i.e 5x IC50 (Figure 24) and IC50 (not shown). Also tested were 

the classic antimalarial drugs chloroquine and artemisinin, but these 

ligands had no effect on RAPi location after 14-16 h at 5X IC50 (Fig­

ure 24). Taken together these results suggested that the disruption of 

proper RAPi location was not associated in a non-specific way with 

parasite damage or growth inhibition but was likely mediated by in­

terference with the action of one or more cyclophilins.
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DAPI Alexa 4 8 8  Alexa 5 4 6
(Nuclear stain) (PfRAPl)  (PfCYP19B)

S u p e r im p o s e

Control

5x lC
CsA

IC5 0  CsA

0 .2x  1C 
CsA

0.04X 1C 
CsA

0.008X 
IC5 0  CsA

F igure  23; C onfocal im m unofluo rescence m icroscopy of P. falciparum  sch- 
izon ts trea ted  w ith  decreasing  concen tra tions of cyclosporin  
A. S h izon ts w ere s ta in ed  w ith  D API (nuclear), A lexatluor-488 
(P fR A Pl) an d  A lexafluor-546 (PfCYPigB).



4-3 R E S U L T S  1 0 7

DAPI Alexa 4 8 8  Alexa 546
(Nuclear stain) (PfRAPl) (PfCYP19B)

Superim pose

Control

Art 
5xIC50

CQ 
5x IC50

NV556  
5xIC50

[MeVAL]4-CS 
5x IC50

F igure  24: C onfocal im m unofluo rescence m icroscopy of P. falciparum  sch- 
izon ts trea ted  w ith  artem isin in , ch lo roqu ine , [MeVal]'*-Cs an d  BC- 
556. S h izon ts w ere sta ined  w ith  DAPI (nuclear), A lexafluor-488 
(PfR A Pl) a n d  A lexafluor-546 (PfCYPiQB).
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It is well characterised  that NV556 b inds to o ther cyclophilins, h o w ­

ever the ability of this ligand  to b in d  to P lasm odium  cyclophilins was 

unproven. In o rd e r to assess ligand  b ind ing  to PfCYPigB we utilised  

the therm al stability  sh ift assay described  in section 2.7.7. This tech­

n ique is d iscussed  in  m ore detail in section 5.3, briefly an  increase in 

the peak  of the first derivative of the m elting  curve indicates b in d ­

ing of a ligand  to  a p ro tein . U tilising this technique w e d em onstra ted  

clearly that NV356 is able to b in d  to recom binant PfCYPigB (Figure

2 5 )-

4.3.3.2 Effect of imnmnophilin ligands on invasion of eiythrocytes by mero- 

zoites

To test w h e th e r the effect on  R A Pi tran sp o rt was m ed iated  (i) d i­

rectly by the action o f cyclophilin ligands on  som e in teraction  in the 

rh op try  betw een cyclophilins and  R A P i, p erh ap s causing  it to b e ­

com e p rem atu re ly  exported  from  the rh o p try  once in place, or (ii) 

on earlier events in the erythrocytic cycle such as tran sp o rt of R A Pi 

to the rhoptry , w e also  assessed the effect of the ligands u sed  in the 

im m unofluorescence assay on the ability  of the parasite  to invade e ry ­

throcytes. It is w ell k now n  tha t R A Pi is critical for the invasive ability  

of m erozoites an d  th is assay (Section 2.2.5) w as a relatively crude w ay 

to  assess this process. It canno t d ifferentiate betw een effects on m ero- 

zoite release from  schizonts, m erozoite  v iability  and  invasion itself 

b u t it served well en o u g h  o u r p u rp o ses  to show  an effect by  an  in ­

h ib ito r on the relative n u m b er of new ly  infected ery th rocy tes resulte- 

ing  from  treated  parasites versLis from  an u n trea ted  control. The assay 

relies on  the ability  to generate  h ig h -purity  sch izont cu ltu res at h igh  

parasitaem ia by m agnetic selection. H igher sch izont n u m b ers  rela­

tive to  trophozo ites (w hich are also p u lled  o u t by m agnetic  selection.
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but with lower affinity) were assured by over-loading the magnetic 

column with high-parasitaemia cultures to out-compete the binding 

of trophozoites with more schizonts. Schizonts were then incubated 

with whatever ligand was being tested at the desired concentration 

for ~2 h, washed to remove the ligand and introduced to fresh ery­

throcytes. The number of rings in the resulting culture was counted 

14-16 h later and any reduction in this parasitaemia compared to a 

control was judged an effect on "invasion".

As shown in figure 25 the effect of these cyclophilin ligands on inva­

sion was minimal. This supported our hypothesis that they are acting 

on cyclophilins at some point in the erythrocytic cycle before RAPi is 

already in place in the rhoptry. As a whole these data indicate that in­

hibition of cyclophilins in early to mid stages of the erythrocytic cycle 

has an effect on the parasite's ability to transport RAPi to its ultimate 

location in the rhoptry, and potentially indicate a role for cyclophilins 

in one or more of the transport pathways of rhoptry proteins.



1 1 0 E X P E R I M E N T A L  A N A L Y S I S  OF P U T A T I V E  P R O T E I N - I M M U N O P H I L I N  I N T E R A C T I O N S

□
F irs t derivative of melting c u rv es
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F ig u r e  25: B in d in g  o f  N V 5 5 6  to  P fC Y P ig B  &  E f fe c t  o f  v a r io u s  l i g a n d s  o n  
m e r o z o i t e  in v a s io n  o f  e r y t h r o c y t e s .  (A )  B in d in g  o f  N V 5 5 6  to  P f-  

C Y P 1 9 B  w a s  a s s e s s e d  b y  t h e r m a l  s t a b i l i t y  s h i f t  a s s a y . B in d in g  is  

in d ic a t e d  b y  a n  in c r e a s e  in  t h e  p e a k  o f  t h e  f ir s t  d e r iv a t iv e  o f  th e  
m e l t in g  c u r v e s  o f  a p r o t e in  in  th e  p r e s e n c e  o f  a  l ig a n d .  (B ) T h e  

c y c lo p h i l in  l i g a n d s  C s A , [M e V a l]4 -C s  a n d  B C -5 5 6  a n d  t h e  a n t i-  

m a la r ia l  d r u g  c h lo r o q u in e  (C Q ) w e r e  in c u b a te d  fo r  2  h  w i t h  s c h -  
i z o n t s  p u r i f i e d  b y  m a g n e t ic  s e le c t io n  f o l lo w e d  b y  w a s h in g  a n d  

m ix in g  w it h  f r e s h  e r y t h r o c y t e s .  T h e  p a r a s i t a e m ia  1 4 - 1 6  h  la te r  

w a s  a s s e s s e d  b y  c o u n t in g  r in g s  in  g ie m s a - s t a in e d  b lo o d  s m e a r s  
m ic r o s c o p ic a l ly  a n d  e x p r e s s e d  a s  a  p e r c e n t a g e  o f  a  c o n t r o l  c u l ­
t u r e  in c u b a te d  w i t h  a v e h ic l e  o n ly  c o n tr o l .

4.4 D I S C U S S I O N

The experimental work detailed in this chapter consist of the inves­

tigation of three potential immnnophilin-protein interactions raised 

by the co-IP and yeast-2-hybrid analyses performed in the previous 

chapter.

We demonstrated by co-immimoprecipitation from whole parasite 

lysates that PfCYPigB was specifically able to interact with PfHspyo 

in  v itro . This has important implications in our understanding of 

the chaperone machinery in P. fa lc ip a ru m . PfHsp/o and PfHsp90 are 

known to interact in the parasite, and are apparently involved in a
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h ig h  m olecu lar w eight chaperone m ach inery  com plex im d er no rm al 

ery th rocy tic  grow th  conditions [16]. In o ther o rganism s this m ach in­

e ry  consists of H spgo, CYP40, FKBP52 (or FKBP51), and  an  add itional 

p23 p ro te in  com ponent, assem bly  of w hich is m ediated  by  H spyo in 

association  w ith  accessory chaperones an d  co-chaperones H sp40, H ip 

an d  H o p  [133, 32, 123]. This com plex is in tim ately  involved in correct 

fo ld ing  of certain  nascent po lypep tides, the m ost s tu d ied  of w hich  is 

the  g lucocorticoid  receptor. The H spgo chaperone cycle is th o u g h t to 

p ro g ress  as follows: an  im m atu re , incom pletely  fo lded  p ro te in  is first 

b o u n d  by H sp70 and  its cochaperone Hsp40. These assem bly chaper­

ones then  form  an  in term ediate  com plex consisting  of Hspyo, H sp40, 

H op , the incom pletely fo lded  p ro te in  and  the H spgo dim er. The final 

com plex  is stabilised  by PPIases and  P23 b in d in g  to specific recogni­

tion  sites on the H spgo dim er, followed by catalysis of p ro te in  folding, 

release of the folded p ro te in  and  d isassociation of H spgo from  the rest 

o f the com plex com ponents [97].

We hypo thesise  tha t in Plasmodium the m ajor com ponen ts of an 

an a lag o u s com plex w ould  be  H spgo, PfCYPigB, p erh ap s PfFKBP35 

an d  PfP23 an d  their assem bly is m ed iated  by PfHsp70-I, DnaJ (pu­

tative H sp4o), P fH ip and  PfH op. Recent w ork  by o u r lab has show n 

th a t inh ib ition  of PfH sp70 h as an  antim alaria l effect (W. Shaw, im pub- 

lished  data , [38]). W hile there  is a tendency  in  science to infer p ro te in  

fim ction, in teractions and  processes from  d a ta  available in o th er or­

gan ism s, it is im p o rtan t to confirm  them  experim entally. Sim ply in­

ferring  th a t an  in teraction  occurs m ay lead one to m iss o u t m ajor 

d ifferences in host-parasite  biology, for exam ple if one w ere to infer 

th a t FK B P-calcineurin in teraction  requires the presence of FK506 in 

all o rgan ism s, one w ould  m iss the fact that th is in teraction  ap p ears  to 

take place w ith o u t the d ru g  in the parasite  (d iscussed in m ore detail
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in thie next chapter). In all, the w ork detailed  in this and  the p rev ious 

chap te r su p p o rts  b u t does no t prove the involvem ent of P. falciparum  

im m im ophilins in the H spgo chaperone cycle and  m achinery.

We next d em o n stra ted  tha t PfFKBP35 specifically in teracts w ith  P. 

falciparum  h istones by far W estern blotting. This is a relatively crude 

m eth o d  for d e term in in g  tha t tw o p ro teins interact, b u t the position  

of the b an d s  on the b lo t ind icated  tha t the recom binan t PfFKBD-Hise 

used  as the p robe in  the experim ent in teracts p red o m in an tly  w ith  

PfH2B and  PfH3 (-13.1 and  -15.5  kDa respectively). This agrees ex­

cellently  w ith  the d a ta  generated  by Y2H analysis in chap te r 3 w hich 

show ed an  in teraction  betw een the sam e proteins. The in teraction  

w ith  PfH3 is su p p o rted  in the lite ra tu re  by evidence tha t the yeast 

FKBP Fpr4p acts as a PPIase on residues P30 and  P38 on  h istone 

H3 in S. cerevisiae, b u t a review  of the available lite ra tu re  reveals no 

evidence for a d irect in teraction  betw een FKBPs an d  H2B in any  o r­

ganism .

The w ork to investigate w he ther PfFKBP35 w as able to  act as a 

h istone chaperone analagous to FKBPs in  S. pomhe an d  S. cerevisiae 

led us to the conclusion tha t PfFKBP35 d o esn 't possess this ability 

u n d e r the conditions em ployed. This is n o t inconsisten t w ith  the liter- 

ah ire , since the orig inal researchers observed  tha t h istone chaperone 

action is in d ep en d en t of the PPIase d om ain  an d  instead  relies on  an 

ac id ic /a c id ic /b as ic  d o m ain  [91] w hich PfFKBP35 does n o t possess.

There is ev idence th a t nuclear FKBPs w ith o u t this d o m ain  are able 

to  act on  h istones, b u t this is an  ind irec t action m ed ia ted  th ro u g h  

a secondary  p ro te in  (N elson CJ, poster. Functions of N uclear FKBP 

pro teins, conference on  C yclophilins an d  o ther Foldases, Halle, Sept 

2013).
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Positive resu lts cam e from  o u r investigation of the levels of H3K36 

m ethy lation  in asynchronous parasites in culture. We know  that yeast 

FKBPs act on  h istones by regvilating m ethy lation  of H3K36, a m ethy ­

lation  w hich is also p resen t in P. falciparum, and  tha t inh ib ition  of 

the PPIase activity  by rapam ycin  induces an  increase in the levels of 

H3K36 m ethy la tion  [119]. Parasites incubated  w ith  FK506, to inhibit 

the PPIase activity  of PfFKBP35, d em onstra ted  a dose d ep en d en t 

increase in the level of H3K36 m etliylation. A  recent s tu d y  d em o n ­

s tra ted  tha t m ethy lation  of H3K36 by the p ro te in  PfSETvs is im por­

tan t in silencing var genes and  m ay have an  im p o rtan t role in  v iru ­

lence [83]. Follow u p  w ork  on the type of m ethy lation  regu la ted  by 

PfFKBP35 and  the effect of the m ethy lation  state  regu lated  by the 

p ro te in  will be of g reat interest.

F inally  we vm dertook an investigation in to  the p u ta tiv e  in teraction 

betw een the rh o p try  p ro te in  R A Pi and  the cyclophiln  PfCYPigB. C ur­

ren tly  there is only  lim ited u n d e rs tan d in g  of how  rhop tries form  and  

how  pro te ins are tran sp o rted  to  these structures. We hypo thesised  

th a t since PfCYPigB is an  ab im d an t chaperone, it m ay poten tially  

be involved in chaperon ing  R A Pi d u rin g  tran sp o rt to its u ltim ate 

location. The au th o rs  of a recent review  in to  Plasmodium  rh o p try  p ro ­

teins h j^ o th e s ise d  a m odel for p ro tein  so rting  in  w hich  p ro te ins d es­

tined  for the rhop tries are co-translationally  in serted  th ro u g h  Sec6i 

at the  endop lasm ic re ticu lum  (ER) via their signal sequence and  traf­

ficked to the Golgi in CO PII-coated vesicles. A t the G olgi rhop try - 

associated  m em brane an tigen  (RAMA) aggregates w ith  o th er rh o p ­

try  bulb  cargo, such as R A P i, and  is tran sp o rted  to  the rh o p try  by 

b u d d in g  off in to  clathrin-coated vesicles [40]. Plasmodium  cyclophilins 

m ay be involved at any  n u m b er of po in ts  along  this m odelled  p a th ­

way. PfCYPigB has a cleavable signal p ep tid e  w hich  ap p ears  to be
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cleaved during the erythrocytic stage [65] but for which a function 

remains unclear perhaps it is involved during one or more of these 

rhoptry trafficking pathways.

We analysed sub-cellular location of RAPi and PfCYPigB under 

normal culture conditions and in the presence of cyclophilin-ligand 

antimalarials as well as non-cyclophilin antimalarials. We reproduced 

clearly the bi-punctate staining characteristic of rhoptry proteins ob­

served by Moreno e t  al. (2001) [115] as exhibited by RAPi imder 

normal culture conditions. We also demonstrated for the first time 

that in late schizont stages of P. fa lc ip a ru m  in culture, PfCYPigB is 

clearly located in the cytosol of the developing merozoite, following 

on from work by Gavigan et al. (2003) [65] which demonstrated that 

PfCYPigB was cytosolic in the trophozoite stage of the parasite. In 

the presence of the cyclophilin-binding ligand CsA we demonstrated 

that the characteristic bi-punctate staining of RAPi was disrupted in 

a concentration dependent manner, that RAPi appeared to co-locate 

with PfCYPigB to some extent in the treated cells. With decreasing 

concentrations of CsA, the disruption of RAPi location was lessened 

and that at very low concentrations of CsA (<0.04 x IC50) there was 

no evidence of disruption. In order to decide whether this effect was 

mediated through the action of calcineurin or was as a direct effect 

of the inhibition of the cyclophilin we also assessed the ability of the 

non-calcineurin binding, cyclophilin ligands [MeVal]'*-Cs and BC-556 

to disrupt the location of RAPi. Both of these compounds showed a 

similar effect on RAPi location at similar concentrations to CsA (rel­

ative to their IC50). Finally in order to determine whether this was 

just a general antimalarial effect we tested the classic antimalarial 

compoimds artemisinin and chloroquine, neither of which disrupted 

RAPi location. Ovir hypothesis therefore is that RAPi location is de-
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pendent on the action of one or more of the parasite 's cyclophilins, 

m ost likely PfCYPigA or PfCYPigB since they are the major CsA 

binding cyclophilins.

To test w hether this effect was directly on some interaction in the 

rhoptry between cyclophilins and RAPi we also assessed the effect 

of the inhibitors used in the immunofluorescence assay on the abil­

ity of the parasite to invade erythrocytes. We saw very little effect 

on the invasive ability of merozoites, especially when com pared to 

chloroquine, which is not thought to act particularly on merozoites. 

From this we concluded that the effect of these inhibitors, and most 

likely the cycIophilin-RAPi interaction occur before the events which 

culm inate in location of RAPi in the rhoptry.

The data presented in this chapter (i) served to confirm in vitro the 

interaction between PfCYPigB and Hspyo, lending credence to the 

inferral of a Hspgo based chaperone m achinery/cycle in the parasite 

from other organisms; (ii) showed a possible new role for PfFKBP35 in 

the regulation of histone m ethylation, and (iii) dem onstrated a poten­

tial role of P. falciparum  cyclphilins in chaperoning RAPi, and possibly 

other proteins to the rhoptry.
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I N V E S T I G A T I O N  O F  A N O V E L  

P F F K B P 3 5 - C A L C I N E U R I N  I N T E R A C T I O N

5.1 I N T R O D U C T I O N

FKBP's are n am ed  for their ability  to b in d  FK506. B inding the d ru g  

leads to form ation  of a com plex w hich b in d s to calc ineurin  in h u ­

m an T-cells, p reven ting  the d ep h o sp h o ry la tio n  of the cytosolic sub- 

im it of nuclear factor of activated  T-cells (NF-AT). Phospho-N F-A T 

is then  u nab le  to translocate to the nucleus and  initiate T-cell acti­

vation. This is classic descrip tion  the im m unosuppressive  action of 

FK506. However, recently  it w as d e term in ed  tha t the FK5o6-binding 

pro tein  of P. falciparum  is able to in teract w ith  and  inh ib it calcineurin  

(both m am m alian  [113] and  parasite  [90]) in an  FK 5o6-independent 

m anner. Indeed , ad d itio n  of FK506 to an  assay m easu ring  calcineurin  

p h o sp h atase  activity  inh ibition  by PfFKBP35 h ad  no  m easurab le  ef­

fect in the tw o in d ep en d en t stud ies of M onaghan  & Bell (2005) [113], 

and  K um ar et al. (2005) [90] thovigh ano th er g ro u p  of investigators 

d id  observe FK506 d ependence u n d e r their experim ental conditions 

[178]. The Plasmodium  FKBP is a m u lti-dom ain  p ro tein , consisting of 

a FKBD, th ree te tra tricopep tide  dom ains and  a p u ta tive  calm odulin  

b in d in g  site (figure 7). P revious w ork  in  o u r lab ind icated  tha t the 

FKBD was responsib le  for the p ro te in 's  ability  to b ind  calcineurin  

[113]. Obviovisly from  a d ru g  discovery p o in t of v iew  this is interest-

1 1 7
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ing  as any difference betw een  host an d  parasite  m olecular biology 

m igh t be an  attractive d ru g  target.

This chap ter describes the w ork u n d ertak en  by in vitro and  in silico 

m ethods to e lucidate  the n a tu re  of the d ifference betw een  the P. falci­

parum  FKBP and  o ther FKBPs, such as the m ajor h u m an  one hFK B Piz, 

tha t causes this u n u su a l interaction. In paralle l to this w as the a ttem pt 

to confirm  that the FK 5o6-independent PfFK BP35-calcineurin in ter­

action occurs in vivo (i.e. ii  ̂ in tact parasites) by a n u m b er of p ro tein - 

crosslinking techniques. The p u rp o se  of the latter s tu d y  w as to in ­

dicate that this is n o t just an  in vitro artefact b u t is physiologically  

re levant to the parasite .

5.2 M E T H O D O L O G Y

M aterials and  m ethods used  in this chap te r are described  in detail in 

chap te r 2. Briefly, 3D m odelling  of the PfFKBP35 p ro te in  w as im der- 

taken using  the MODELLER softw are from  Salilab (UCSF, San F ran­

cisco, USA, w w w .salilab .org) and  v isualised  usin g  UCSF's C him era 

softw are (p lato .cg l.ucsf.edu /ch im era). C loning an d  p ro te in  purifica­

tion w ere p erfo rm ed  by s tan d ard  m ethods. Functional an d  ligand- 

b in d in g  assessm ent by PPIase, therm al stability  shift an d  p h o sp h a tase  

assays w ere p erfo rm ed  as p e r prev iously  p u b lished  m eth o d s o r m an ­

u fac tu re r 's  instructions w ith  m inor m odifications w here  appropria te . 

C onstruction  of pM al-ANFKBD-His6 w as perfo rm ed  by A nais Roche 

u n d e r  the a u th o r 's  superv ision .
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5 . 3  R ES U L T S

5.3.1 3D M o d e llin g  o f  P fF K B P ^^-ca lc in eu r in  com plex

Three dimensional modelling was undertaken to investigate in  sil­

ica possible structural differences between the FK5o6-independent 

PfFKBP35-calcineurin interaction and the FK5o6-dependent interac­

tion between hI‘KBPi2 and calcineurin and to generate a model of 

the complete PfFKBP35 protein. Using the existing crystal structure 

of the hPKBPi2 [72] as a template and subsequently the NMR so­

lution structure of P. fa lc ip a ru m  FK5o6-binding domain (FKBD) [86], 

homology models were generated of FKBD both from amino-acid 

sequence and from overlap of the Kang et al. (2008) [86] NMR so­

lution structure (2VN1) using the MODELLER and CHIMERA pro­

grammes. More than 50 iterative models were generated for each and 

the best model was selected using its Discrete Optimised Protein En­

ergy (DOPE) score. These models were then docked with the human 

calcineurin structure (iTCO) from the Griffith et al. (1995) [72] using 

CHIMERA'S docking protocol. The model resulting from docking of 

the FKBD homology model to calcineurin is shown in figure 26 A ,  

and the model generated by docking the NMR solution structure of 

the FKBD-FK506 complex to human calcineurin is shown in figure 

26 B. Using the existing solution NMR structure of the FKBD and the 

X-ray diffraction stmcture crystal struchire of the TPR domain [4], a 

composite model of PfFKBP35 was also developed using 50 iterative 

generations and the best model was selected by DOPE score (model 

not shown).

This 3D model highlights two interesting structural differences. The 

first is a possible role for the 15-AA N-terminal extension in the Plus-
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modium  FKBP's in teraction  w ith  calcinevirin (blue region in Fig. 26). 

The second difference is the loss of an  a-helix on the com posite su r­

face that directly  contacts calcineurin. In o ther m odels generated  by 

this m ethod , we observed  that the "loop" s tru c tu re  (green in Fig. 26) 

tu rn s  over to occupy p a rt of the FK506 b in d in g  pocket in the FKBD. 

It is possible tha t the loss of s tru c tu re  is as a resu lt of the m odelling  

conditions since the helix is p resen t in the 2VN1 NM R so lu tion  struc­

tu re  of the FKBD com plexed w ith  FK506, b u t it is also possib le that 

b in d in g  of FK506 induces a conform ational change in the p ro te in  and  

causes the a lpha helix to form . In term s of sequence sim ilarity, this 

N -term inal extension is the m ost obvious difference betw een the P. 

falciparum  FKBP35 and  the h u m an  FKBP12 (Figure 27). As a resu lt 

of these investigations we decided  to a ttem pt to m ake a trunca tion  

to the PfFKBD w hich  rem oves the 15 am ino  acid N -term inal ex ten­

sion and  to assess w hether this w as the causative agent of the FK506- 

in d ep en d en t in teraction  w ith  calcineurin.



Figure 26: 3D m odelling of PfFKBD. A. 3D model generated using MODELLER and CHIMERA show ing PfFKBP's FKBD region docked w ith 
hum an calcineurin. B. hFKBPi2-FK5o6-caldneurin crystal structure [86]. Side chains form ing hydrogen bonds are show n in m odel 
B and hydrogen bonds are show n by dotted lines. Red -  Calcineurin subunit A. Cyan -  Calcineurin subunit B. Purple -  part of 
PfFKBD (A) /  FKBP12 (ribbons) and FK506 (sticks) (B). Blue -  FKBD N-term inal extension. Green -  loop structure of PfFKBP35 that 
differs in  conform ation from the hom ologous region in hFKBPi2.
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hFi'2E12 ----------------------------I S — E3DC-RIFE K R 3C 'IY I3K L E -Z 'S K K F r'S S R : 42
E f F S : ' 1 ^ITE2EFE:<’,i:L IA :':-y .nKTILtCK:-:-E3£EKIE:-<KSHrvT.^^'^/3iaEST3g,TDSSF: 60

*  * it *  *  *  * *  * * * *  it

hFK3E12 61RHKEFKF!'L3K2EVIR3KEE3'/A2My/3QRAKLTISEDyAY3AT3HE3IIFEHATL\T:'V120
Ef FK3D 43 Rir.T:FKrHLE23r,T;K3rtDIC’.'SSKRK!iEKCr,TlIESMy3Y3'E3C3ESIE3H?,T.LFEI 103
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Figure 27: Sequence alignment of human FKBP12 with PfFKBD. The red 
box indicates 15 AA N-terminal extension. Identical residues are 
indicated with an asterisk, a colon indicates conservation between 
groups of strongly similar properties and a full stop indicates 
conservation between groups of weakly similar properties.

5.3.2 Construction and purification o f ANFKBD

We successfully constructed  a recom binan t gene for the FK5o6-binding 

d om ain  lacking the N -term inal 15 am ino  acids in the pM al-c2x vec­

tor p lasm id  and  carry ing  a C -term inal hexa-h istid ine tag (Figure 28). 

This w ork w as p erfo rm ed  by A nais Roche u n d e r the a u th o r 's  su p e r­

vision. This p lasm id  contained  an  N -term inal M BP-fusion p ro te in  

w hich  could  be cleaved follow ing nickel-chelate affinity chrom atog­

raphy. In o u r experience FKBD expressed  in  E. coli w ith o u t th is MBP 

tag  is insoluble. The MBP tag  p erh ap s  assists in correct fo ld ing  and  

the FKBD is soluble and  fim ctional follow ing enzym atic  cleavage. We 

successfully expressed  the m odified  FKBD in E. coli an d  pu rified  the 

p ro te in  by successive nickel chelate affinity chrom atography, cleav­

age, an d  a final nickel-chelate ch rom atography  (Figure 29). T hough 

purifica tion  of the p ro te in  w as successful the p u rity  of the p ro te in  

w as very  difficult to  get to a level sufficient for p ro te in  based  assays. 

As show n in figure 30 FKBD-Hise pu rified  by s tan d ard  m ethods and 

concen trated  ~35x w as significantly  m ore p u re  than  ANFKBD-Hise 

pu rified  in  the sam e m anner, and  op tim isation  a ttem pts im proved
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the quality very little. We hypothesise that removal of those 15 amino 

acids from the N-terminus moves the two proteins (MBP and FKBD) 

much closer together and restricts access of the enzyme to the cleav­

age site. This in turn leads to more uncleaved protein purified in 

the eluate. In view of this problem it was determined that the vm- 

cleaved MBP-ANFKBD-His6 would be used in further protein-based 

assays. This should present little problem since Monaghan et al. (2005) 

[113] demonstrated the FK506 independent interaction between cal- 

cineurin and PfFKB?35 using MBP-FKBD-Hise in their experiments. 

Obviously we would have preferred to use the cleaved protein as it 

is perhaps slightly more convincing in terms of its physiological rele­

vance but in this case it was not possible.

Marker 1 2  3

2 036 

1 636 

1 018

517

398
344
298

Figure 2 8 ; Analysis of pMal-ANFKBD-Hisg plasmid construct. Plasmid iso­
lated from transformant colonies was subjected to digestion with 
B arn H l  and X h a l ,  run through a 1%  agarose gel and stained with 
ethidium bromide. Molecular weight marker sizes are in bp. Lane 
1. -0.2 pg unligated pMal-c2x plasmid. Lane 2. -0.2 \ ig  pMal- 
C2X ligated with ANFKBD-HiS(3 PCR product. Lane 3. ~ 2  pg 
ANFKBD-Hise PCR product. Blue arrow: band at > 6800 bp corre­
sponding to pMal-c2x. Red arrow: band at -360 bp corresponding 
to ANFKBD-His6 PCR product.
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MBP-ANFKBD-His,

MBP-ANFKBD-His.

16

ANFKBD-His,

Figure 29; A. SDS-12.5% PAGE analysis of expression  of pM al-A N FK B D - 
His6 in  E. coli an d  cleavage of th e  M BP-tag. L ane 1. M olecular 
w eigh t m arker; m asses are in  kD a. E qual vo lum es of lysates of E. 
coli tran sfo rm ed  w ith  pM al-A N FK B D -H isg w ere loaded  (Lane 2, 
p re-in d u ctio n ; L ane 3, p o s t-in d u c tio n  w ith  0.35 m M  IPTG). Cells 
lysed by p assag e  th ro u g h  a French P ress w ere  cen trifuged  and  
equal v o lu m es of clarified lysa te  (Lane 4) an d  in so lub le  pelle t 
(Lane 5) w ere loaded . C larified  lysate  w as d ilu ted  -1 :5  an d  a p ­
p lied  to  a n ickel chela te  co lum n  (Lane 6, sam p le  app lied ). The 
flow -th rough  w as checked to  en su re  b in d in g  of M BP-ANFKBD- 
HiSft (Lane 7). M BP-ANFKBD-Hisg w as e lu ted  w ith  200 m M  im ­
id azo le  (Lane 8). B. The e lu a te  w as d ia ly sed  o v ern ig h t a t 4 °C 
ag a in st 5 1 M C AC -o an d  6.25 m g of reco m b in an t p ro te in  w ere 
cleaved by incubation  a t 22 °C w ith  factor Xa for 27 h. This w as 
d ilu ted  -1 :7  in  M CAC-o a n d  re-ap p lied  to  a n ickel che la te  col­
u m n  (Lane 1, sam ple  app lied ). The flow th ro u g h  w as checked 
to  en su re  b in d in g  of ANFK BD-His^ (Lane 2), w ashes w ere p e r­
fo rm ed  w ith  75 m M  im idazo le  to  rem ove loosely b o im d  MBP 
(lane 3) an d  A N FK BD -H is6 w as e lu ted  w ith  500 m M  im idazo le  
(Lane 4).
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Figure 30: Purity comparison of FKBD-His6 and ANFKBD-His^ by elec­
trophoretic separation on SDS 12.5%-PAGE. (Lane 1) Molecular 
weight marker; sizes in kDa. (Lane 2) ~ 5 pg total protein from 
nickel chelate FKBD-His^ purification. (Lane 3) ~ 5 pg total pro­
tein from nickel chelate ANFKBD-His^ purification. The arrows 
on the right hand side indicate the position of bands of interest.

5.3.3 Functional assessment o f ANFKBD

5.3.3.1 Thermal stability shift assay ofFKBD and A'NFKBD

This assay (Section 2.7.7) is based  on  the ability  of a fluorescent dye 

to b in d  to exposed  hydrophobic  regions in an  u n fo lded  pro tein . De- 

n a tu ra tio n  by increasing tem p era tu re  leads to the p ro te in  vmfolding 

and  the hydrophob ic  regions becom ing exposed  resu lting  in the dye 

b ind ing  and  an increase in fluorescence. By this m eth o d  it is possi­

ble to assess the quality  of a p ro te in  p rep ara tio n  and  to give som e 

indication  of w he ther a p ro te in  is fo lded  [44].



1 2 6 I N V E S T I G A T I O N  O F  A N O V E L  P F F K B P 3 5 - C A L C I N E U R I N  I N T E R A C T I O N

Eleven buffers w ere tested to find the conditions in w hich  the FKBDs 

w ould  give the best m elting  curves: these buffers are detailed  in sec­

tion 2.7.7. F igure 31 show s the resu lts of the buffer selection. Panel A 

and  B are rep ro d u ced  from  C row ther et al. (2010) [44] to ind icate  m elt 

curves represen ta tive of enzym e p rep ara tio n  quality  for the re ad e r 's  

benefit. As can be seen in panels  C an d  D bo th  MBP-FKBD-Hise and  

M BP-ANFKBD-Hise h ad  curves indicative of h igher quality  p re p a ra ­

tions in  m ost of the buffers tested. From  these buffers we selected 

buffer 4 (100 m M  sod ium  citrate, p H  5.5) for use  in fu rth e r therm al 

m elt experim ents. It is im p o rtan t to no te  tha t in these g rap h s it is no t 

the heigh t of the curve (w hich is m easu red  in arb itra ry  flviourescence 

im its), b u t ra ther the shape of the curve w hich is indicative of the en ­

zym e p rep ara tio n 's  quality: low fluorescence at low er tem peratu res 

lead ing  to a well defined peak  w hich re tu rn s  to low fluorescence as 

tem p era tu re  increases.

T herm al m elt can also be used  to assess w he ther a p ro te in  b inds 

to a ligand by a m eth o d  know n as therm al stability  shift. In essence, 

if a p ro te in  o r enzym e b in d s to a ligand  tha t p ro te in  m ay becom e 

m ore stable and  therefore m ore resistan t to denatviration by hea ting  

resu lting  in a shift in  the m elting  tem p era tu re  of the pro tein . The 

m elting  tem p era tu re  can be de term ined  by find ing  the p o in t of in ­

flection (by first derivative) of the curve, w hich is the p o in t a t w hich 

the p ro te in  becom es com pletely  un fo ld ed  and  fluorescence sta rts  to 

decrease dvie to  p ro te in  aggregation. Once again  it is im p o rtan t to 

no te  th a t it is n o t the heigh t of the curve, b u t the p o in t a t w hich 

the curve peaks that is the im p o rtan t d a tu m  in this experim ent. As 

seen in figure 32 the m elting  tem p era tu re  of bo th  MBP-FKBD-His6 

and  MBP-ANFKBD-Hisg w ere the sam e, 57.9 °C, ind icating  th a t re­

m oval of the N -term inal 15-am ino acid extension h ad  no  effect on
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Figure 31; Therm al m e lt assay o f M BP-FKBD -H iss and M B P -A N FK B D - 
Hisft. A & B  are reproduced fro m  C row the r et al. (2010) [44] fo r 
the reader's benefit to  ind ica te  m e lt curves representative o f 
g lycera ldehyde-3-phosphate dehydrogenase prepara tion  quality. 
A lso  ind ica ted  on these graphs are the effects o f dena tu ring  the 
enzymes by heat o r SDS on the resu lting  the rm a l m e lt curve. The 
low er tw o  panels show the the rm a l m e lt curves o f C. 1 p M  MBP- 
FKBD-H is6 and D . 1 p M  M B P -A N FK BD -H isg  in  11 bu ffe rs (Sec­
tion  2.7.7) to  id e n tify  the o p tim u m  bu ffe r fo r fu rth e r experim en­
ta tion.
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the thermal profile of the protein. This is in keeping with data from 

3D homology modelling in which the N-terminal extension appeared 

to be quite disordered and didn 't possess secondary structure. We 

also confirmed that MBP-FKBD-Hisg possessed FK5o6-binding abil­

ity, demonstrated by the shift in melting temperature from 57.9 °C 

to 59.7 °C (figure 32, panel B). Interestingly MBP-ANFKBD-Hisg ap­

peared to be unable to bind FK506 at the same concentration (figure 

32, panel C) according to tliis method. This could mean one of two 

things: either the 15 amino acid extension is somehow involved in the 

ability of the protein to bind FK506, or (in spite of the indication from 

these thermal melt experiments that MBP-ANFKBD-Hise appeared to 

possess a folded profile similar to that of the untrimcated protein) it 

did not possess the correct secondary structure. If, in the second case, 

ANFKBD-His6 was imfolded, perhaps the signal from unfolding mal­

tose binding protein masks that of the unstructured ANFKBD-His^. 

We believe the second possibility not to be the case since an unfolded 

protein should give a high fluorescence reading starting at low tem­

peratures as its hydrophobic residues are exposed and boimd to the 

flourescent substrate, and we saw no evidence of this. In order to 

investigate this further we performed the thermal stability shift as­

say using rapamycin (RAP), another FKBP ligand. Once again MBP- 

ANFKBD-HiSfe appeared unable to bind the ligand tested (figure 32, 

panel D). Also tested was the effect of increasing concentration of 

both FK506 and RAP at 5, 25,125 and 625 pM on MBP-ANFKBD-His6 

(data not shown). Once again no shift in melting point was observed, 

suggesting that there was not just a reduced affinity for FK506 and 

RAP but a complete loss of ligand binding ability.
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( 8 -c —  M B P -F K B D -H 1S6  I------
\  —  M B P -F K B D -H is 6  + F K 5 0 6

57 9 -c — M BP-DNFKBD-His6
ft -  M BP-DNFKBD-His6  + 1 mM FK506

Temperaturl

-  MBP-FKBD-His6
-  MBP-FKBD-His6 + Rap-  M BP-DNFKBD -H 1S6  

57.9-c.. MBP-DNFKBD-HIS6  ♦  1 mM RAP

Temperature

Figure 32: Thermal stability shift assay, showing A. 1 pM MBP-ANFKBD- 
His6(red) and 1 pM MBP-ANFKBD-Hisewith 1 pM FK506 (green). 
B. 1 pM MBP-FKBD-His6(red) and 1 pM MBP-FKBD-Hisewith 1 
pM FK506 (green). C. 1 pM MBP-ANFKBD-His6(red) and 1 pM 
MBP-ANFKBD-His^with 1 pM rapamycin (green). D. 1 pM MBP- 
FKBD-HiSfilred) and 1 pM MBP-FKBD-Hisgwith 1 pM rapamycin 
(green).
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5.3.3.2 PPIase activity ofFKBD and ANFKBD

Next, the recom binan t p ro te in  w as assayed in o rd e r to d eterm ine 

w h e th e r it re ta ined  the characteristic pep tidy l-p ro ly l cis-trans isom erase 

(PPIase) activity. This assay is based  on m easu ring  the isom erisation 

of a p ep tidy l-p ro ly l bo n d  in an  artificial te trap ep tid e  substrate . The 

substra te , N -succinyl-A la-Leu-Pro-Phe-p-nitroaniline, is linked at the 

C -term inus to the chrom agen  pora-nitroaniline (f)-NA), w hich is cleav- 

able from  the p ep tid e  by the action of D(-chymotrypsin if the Leu-Pro 

bo n d  is in the trans conform ation. The am oim t of free p -N A  in so lu­

tion can then  be m easu red  spectropho tom etrically  by absorbance at 

390 nm . The PPIase activity  of an  enzym e ad d ed  to this assay can be 

d e term in ed  by m easu ring  the change in the ra te  of the release p -N A  

com pared  to an  enzym e free control.

The PPIase activity  is d e term in ed  by the shape of the curve. The 

steeper the curve is the closer to t = o, the m ore activ ity  the p ro te in  

has. B ackgroim d conversion is assessed and  sub trac ted  from  ra te  con­

stan ts in  the presence of enzym e. We pu rified  FKBD-His^ (M onaghan 

& Bell, 2005) [113] an d  assessed PPIase activity  at 250 nM . It is clear 

from  the resu lting  curve FKBD-His6 h as  PPIase activity  (Figure 33, A), 

and  th a t it is s trongly  inh ib ited  in the presence of the ligands FK506 

and  Rap. C onversely ANFKBD-Hise at 250 nM  h ad  n o  discern ib le  d if­

ference in slope com pared  to  the b ackground  (da ta  n o t show n). The 

concentration  w as subsequen tly  increased to 5 pM  an d  d id  ap p ea r to 

have a slight difference in slope com pared  to  b ackground  (F igure 33, 

B) b u t the effect of FK506 an d  Rap is n o t ap p a ren t from  just the shape 

of the curve.

A fter analysis of the curves, the d a ta  w ere transfo rm ed  m ath em ati­

cally in o rd e r to  generate  the ra te  constan ts for PPIase activity  of each



5-3 RESULTS 131

s
I

—  250 nM FKBD
—  250 nM FKBD + 5 nM FK506
—  250 nM FKBD + 5 mM Rap

0 S 10 IS 20 2S

§
JS
<

—  5 wM DNFKBD
—  5 uM DNFKBD + 5 mM FK506
—  5 mM DNFKBD 5 tiM Rap

0 5 15 20 2510
Tima (sec)

Figure 33: PPIase activity of FKBD-His^ (FKBD) and ANFKBD-His^ 
(DNFKBD). FKBD and DNFKBD were used in the assay at 250 
nM and 5 pM respectively, either on their own or in the presence 
of 5 pM FK506 or Rap. Representative curves show increase in 
absorbance over time.

enzyme, as shown in figure 34. According to these data, FKBD-Hise at 

250 nM has a rate constant of 0.08432 + 0.00982 s '’ . ANFKBD-Hise by 

contrast has no discernible rate constant above background (data not 

shown). Indeed, we needed to raise the concentration of ANFKBD- 

His6 to 5 pM  before a rate concentration was apparent: this vahie 

was 0.0121 ± 0.00085 Iri term s of the effect of FK506 and Rap on 

ANFKBD-Hisg, we observed that Rap had no statistically significant 

effect but FK506 did. Though the rate constants in each case were very 

close (0.0035 ± 0.00035 s ’ for FK506 in the presence of and 0.00815 ± 

0.003055 s ’ in its absence) and it is not easy to draw  convincing con­

clusions from these data. W hat is clear though is that the N-termial 

truncation has a very significant effect on the PPIase activity of the 

FKBD, reducing it by ~200 fold.

5-3-3-3 Phosphatase inhibition assay of binding to calcineurin hi/ FKBD 

and ANFKBD

The ProFluor® Ser/T hr PPase Assay m easures purified se rine /th re­

onine protein phosphatase activity. The assay begins with a stan-
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Figure 34: Rate constants of the PPIase activity of FKBD-Hisg and  ANFKBD- 
Hisg. The rate constants for FKBD and ANFKBD, in the presence 
or absence of ligands, were determ ined by calculating the natu ­
ral logarithm  of the rem aining substrate Ô y the form ula (Amax- 
A39o)/o.oi33 = cis rem aining [in pM]) vs. time and taking the 
slope of the resulting curve.
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dard phosphatase reaction performed in the reaction buffer with the 

provided phosphorylated bisamide rhodamine 110 peptide substrate 

(S/T PPase R iio  Substrate) and Control AMC Substrate that serves 

as a control for compounds that may inhibit the protease. In this con­

figuration, both the S/T  PPase R iio  Substrate and Control AMC Sub­

strate are nonfluorescent. Following the phosphatase reaction, adding 

a protease solution simultaneously stops the phosphatase reaction 

and completely digests the dephosphorylated S /T  PPase R iio  Sub­

strate and the Control AMC Substrate, producing highly fluorescent 

rhodamine 110 and AMC. Phosphorylated S /T  PPase R iio  Substrate, 

however, is resistant to protease digestion and remains nonfluores­

cent. Thus, the R iio  fluorescence intensity measured in the assay is 

correlated with phosphatase activity in the presence of active pro­

tease, and the AMC fluorescence intensity is an indication of protease 

activity. A compoimd that only inhibits the phosphatase will decrease 

the R iio  fluorescent signal as will a compound that only inhibits the 

protease. In this way the assay distinguishes between phosphatase 

inhibition and protease-inhibition.

As shown in figure 35, recombinant ANFKBD had a much reduced 

ability to inhibit the phosphatase activity of calcineurin at the concen­

trations tested regardless of the presence of FK506. There is no statis­

tically significant difference between calcineurin on its own or in the 

presence of 1 pM MBP-ANFKBD-Hise or 1 pM MBP-ANFKBD-His6+ 

1 pM FK506. We were also able to replicate the results of Monaghan et 

al (2005) showing -50% inhibition of calcineurin by MBP-FKBD-Hisg. 

This inhibition of calcineurin by MBP-FKBD-His^ was statistically sig­

nificant.

Overall the results of the experiments in this section indicate that 

the tnmcated form of FKBD appears to be folded, is unable to bind
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FK506 and Rap, possesses very little PPIase activity, and is unable to 

inhibit the phosphatase activity of calcineurin.

ns P > 0 .0 5

Figure 35: Inhibition of calcineurin phosphatase activity by FKBD and 
ANFKBD. Activity of calcineurin was measured by the fluores­
cence of a rhodamine-conjugated peptide substrate that, upon de­
phosphorylation by calcineurin, is digested by a protease, releas­
ing highly fluorescent rhodamine. The fluorescence attributable 
to 40 nM calcineurin was set as ioo%. The effects of various pro­
teins an d /o r drugs on the activity of calcineurin were assessed. 
Bars show the SEM of three or more replicate experiments. To 
ensure that reduced fluorescence was not due to inhibition of the 
protease, a control peptide whose fluorescence is independent of 
phosphorylated state was incorporated into each reaction. No in­
hibition of protease occurred (data not shown).

5.3.4 Stu dies o f  PfF K B P^^-calcineurin interaction in in tact parasites

In v ivo  crosslinking is a powerful tool for investigating protein-protein 

interactions. We attempted two methodologies to crosslink PfFKBP35 

to calcineurin. The first, photo-crosslinking, used a photoactivatable 

amino acid derivative, photo-levicine, which contains a diazirine ring 

for ultraviolet (UV) photo-crosslinking of proteins. Photoactivation
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of the d iazirine  ring  creates a reactive carbine in term ed ia te  that irre­

versibly crosslinks p ro teins that closely in teract w ith  each other. P ara­

sites grow n in levicine-free m ed ium  su p p lem en ted  w ith  photo-leucine 

shou ld  incorporate  it in to  new ly  syn thesised  p ro teins and  this shou ld  

allow in vivo crosslinking. The second, chem ical-crosslinking, used  

the chem ical-crosslinking reagen t d isuccin im idyl suberate  (DSS). DSS 

is a noncleavable and  m em brane perm eab le crosslinker th a t contains 

an  am ine-reactive N -hydroxysucciiiim ide (NHS) ester at each en d  of 

an  8-carbon spacer arm . N H S esters react w ith  p rim ary  am ines at 

p H  7-9  to form  stable am ide bonds, along  w ith  release of the N- 

hydroxysuccin im ide leaving group . P roteins generally  have several 

p rim ary  am ines in the side chain of lysine (K) residues and  the N- 

term inus of each p o ly p ep tid e  tha t are available as targets for NHS- 

ester crosslinking reagents.

5.3.4.1 Photo-crosslinking analysis o f PfFKBP^^-calcineurin interaction

In o rd e r to confirm  tha t PfFKBP35 in teracts w ith  calcineurin  in an 

FK506 in d ep en d en t m an n er in in tact Plasmodium  cells, parasites w ere 

grow n in leucine free cu ltu re  m ed iu m  w hich  h ad  been su pp lem en ted  

w ith  e ither 4 m M  L-leucLne (Fig. 36, A) o r 4 m M  photo-leucine (Fig. 

36, B) for approx im ate ly  6 generations (3-5 days d ep en d in g  on initial 

parasitaem ia). As show n in Fig. 36, those parasites  grow n in p h o to ­

leucine show ed com plete loss of viability  w hen  com pared  to  those 

grow n in cu ltu re  m ed ium  su p p lem en ted  w ith  L-leucine. This is in 

contrast to m am m alian  cells; a w id e  varie ty  of cell lines (including 

HeLa, H epG 2, 239T and  others) have been  successfvilly g row n  in 4 

mM  photo-leucine [152]. Total loss of g row th  w as ev iden t after a very 

sho rt perio d  of tim e. This leads to  the conclusion tha t photo-leucine 

is unsu itab le  for use w ith  P. falciparum  in ery throcyte culture.
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Figure 36: Giemsa stained smear of erythrocytic P. fa lc iparu m  culture treated 
with L-leucine or photo-leucine. White arrows indicate erythro­
cytes. A. Parasites grown for 6 generations in leucine free culture 
nnedium, supplemented with 4 mM L-leucine. Arrows indicate 
stained parasites (black = trophozoite, red = ring stage) B. Par­
asites grown for 6 generations in leucine free culture medium, 
supplemented with 4 mM photo-leucine.

5.3.4.2 Chemical crosslinking

We attem p ted  chem ical-crosslinking by a n u m b er of m ethods. First, 

crosslinking in cu lture, then  crosslinking after lysis of ery throcytes 

b u t before parasite  harvesting , then  on in tact parasites after h arv est­

ing. In all cases, w here it w as possib le to analyse sam ples by SDS- 

PAGE and  W estern b lo tting  (in the second case large scale crosslink­

ing of haem oglobin  from  ery throcytes rendered  sam ples unuseable), 

there w as no  evidence of p ro tein  crosslinking. A t the tim e these exper­

im ents w ere p erfo rm ed  the anti-PfFKBP35 an tibody  had  n o t yet been 

p ro d u ced  so W estern blo ts w ere perfo rm ed  u sing  anti-PfC Y PigB  as 

a proof-of-concept, the in ten tion  being  to op tim ise crosslinking using  

the an tib o d y  available and  subsequen tly  repeat the experim ent w hen  

anti-PfFKBP35 w as p roduced . We quickly cam e to the conclusion that 

DSS does no t ap p ea r to crosslink p ro te ins in P. falciparum  tm d er the 

conditions tested. W hether this is because of differences in  the p a r­

asite m em brane that ren d er it im perm eab le o r that the conditions 

tested  w eren 't su itab le  for crosslinking (though they w ere the condi-
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tions described in the literature and in protocols for protein crosslink­

ing in other cell types) is unclear. Figure 37 is representative of the 

Western blots from in vivo chemical crosslinking experiments. We also 

tested DSS crosslinking in parasite lysates, in which case it did appear 

that DSS was able to crosslink proteins. Unfortunately the crosslink­

ing appeared to be total in a very short am ount of time, rendering 

m uch of the protein unable to enter the SDS polyacrylam ide gel (Fig­

ure 38). From these results we concluded that while DSS does appear 

to effectively crosslink parasite proteins when they are in solution, it 

seems to be unable to perform  the same fimction on parasite proteins 

in the cell, perhaps because the parasite m em brane is impermeable 

to the com pound.

1 2  3 4

F ig u r e  37: T r e a tm e n t  o f  s a p o n in  h a r v e s t e d  p a r a s i t e s  w i t h  d i s u c c in im id y l  

s u b e r a t e .  S a p o n in  h a r v e s t e d  p a r a s i t e s  w e r e  in c u b a t e d  w i t h  t h e  

c h e m ic a l  c r o s s l in k e r  D S S  fo r  1 m in ,  q u e n c h e d  w i t h  2 5 0  m M  T r is-  

H C l p H  8 .0  fo r  2 0  m in  b e f o r e  b e i n g  ly s e d  b y  in c u b a t io n  w i t h  0 .5%  

( v / v )  T r ito n  X - i o o  o n  ic e  fo r  3 0  m in  a n d  a n a ly s e d  b y  S D S -1 2 .5 %  
P A G E  a n d  W e s te r n  b lo t  w i t h  a n t i - P fC Y P ig B . L a n e  1. 5 m M  D S S . 

L a n e  2 . 1 m M  D S S . L a n e  3 . 0 .2  m M  D S S . L a n e  4 . 0 .0 5  m M  D S S . 
M o le c u la r  w e ig h t  i s  in d ic a t e d  o n  th e  le f t  in  k D a .
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Figure 38: Treatment of saponin harvested parasites, lysed and subsequently 
incubated with the chemical crosslinker DSS. Saponin harvested 
parasites were lysed by incubation with 0.5% (v/v) Triton X-ioo 
on ice for 30 min, incubated with the 0.5 mM DSS for 1 min, 
quenched with 250 mM Tris-HCl pH 8.0 for 20 min before be­
ing analysed by SDS 12.5% PAGE and Western blot with anti- 
PfCYPigB. Lane 1. 2 min incubation. Lane 2. 4 min incubation. 
Lane 3. 6 min incubation. Lane 4. 8 min incubation. Lane 5. 10 
min incubation. Lane 6. 12 min incubation. Molecular weight is 
indicated on the left in kDa.

5.4 D I S C U S S I O N

The primary aim of the research described in this chapter was to in­

vestigate the nature of the FK5o6-independent interaction between 

PfFKBP35 and calcineurin reported in the literature. There is some 

disagreement on whether this interaction with calcineurin occurs at 

all [113, 90, 86]. As mentioned in the introduction (section 5.1) two 

groups have demonstrated that PfFKBP35 and calcineurin interact in 

an FK506 independent manner [113, 90], while another group demon-
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strated that they require FK506 to interact [86]. This disagreement 

may be due to differences in the methodology. For example the Ku­

mar et al. (2005) study used recombinant P. fa lc ip a ru m  calcineurin, the 

Monaghan & Bell (2005) study used calcineurin purified from bovine 

brain and Kang et al. (2008) used recombinant human calcineurin. 

Monaghan & Bell (2005) recombinantly expressed PfFKBP35 tagged 

at the N-terminus with MBP and at the C-terminus with His6, Kumar 

ct al. (2005) used recombinant N-terminally Hisg tagged PfFKBP35 

and Kang et al. (2008) recombinantly expressed only the FKBP with 

no tag. All three studies also used different concentrations from one- 

another of FKBP, calcineurin and FK506 as well as different ratios 

between them in their assays.

Initially we studied the interaction between the two proteins in  silico  

by constructing a homology model based on available crystal struc­

tures of FKBPs from other organisms in complex with calcineurin. 

By this method we were able to point out two major differences be­

tween P. fa lc ip a ru m  FKBD and hFKBPi2. The first is the presence of 

an N-terminal 15 amino acid extension, which appears to be in a posi­

tion to interact with the B-subunit of calcineurin according to our 3D 

model. The second is the loss of secondary structure of an alpha-helix 

near the active site of the protein. We hjq^othesised that since the N- 

terminal extension was such a major difference between the FKBPs it 

may play a role in this novel interaction (also data from our 3D homol­

ogy modelling indicated that this region was particularly disordered, 

in that it fell into no particular conformation). We were successfully 

able to construct a recombinant protein which lacked this extension.

Cleavage of the purified protein from its maltose-binding protein 

tag proved to be difficult. It appeared that due to the truncation 

the enzymatic cleavage was far less efficient than in the fvill-length
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protein . This led to tw o problem s. The first w as con tam ination  of 

the final p ro d u c t by uncleaved p ro te in  and  the second w as th a t due  

to increased incubation  tim e there w as a very  significant increase 

in p ro te in  b reakdow n. Since the FK 5o6-independent in teraction  was 

how ever show n w ith  MBP-FKBD-Hise [113] we decided  tha t sh idy- 

ing MBP-ANFKBD-His6 w ould  still p rov ide  relevant results. In ter­

estingly  M BP-ANFKBD-Hise no  longer possessed  the ability  to b ind  

the well know n FKBP ligands FK506 an d  rapam ycin  accord ing  to 

the therm al stability  shift experim ents. We then  investigated  w he ther 

the tru n ca ted  p ro te in  re ta ined  PPIase activity, and  d em o n stra ted  that 

M BP-ANFKBD-Hise d id  have cis-trans isom erase activity  b u t ap p ro x ­

im ately 200 fold lower than  the activity  of the u n tru n ca ted  protein . 

Two possible conclusions could  be d raw n  from  these data , either 

that the trim cation  ren d ered  the recom binant p ro te in  u nab le  to fold 

correctly  o r tha t the N -term inal dom ain  w as som ehow  involved in 

enzym atic activity  an d  ligand binding . N either of these conclusions 

seem s likely, since the trunca ted  p ro te in  re ta ins PPIase activity  (albeit 

significantly  reduced) an d  FKBP's from  o th er species lacking the N- 

term inal ex tension still have activity, as well as the experim ents that 

d em o n stra ted  th a t the trvmcated p ro te in  retains a 'n o rm a l' therm al 

m elt profile. We then  p roceeded  to investigate w h e th e r th is trvmcated 

recom binan t p ro te in  w as able to in teract w ith  calcineurin  in  the m an ­

n e r described  for the u n tru n ca ted  FKBD by M onaghan  & Bell (2005) 

[113]. The basis for th is investigation  is tha t the presence of an  in ­

teracting  p ro te in  in so lu tion  in terferes w ith  ca lc ineurin 's  ability  to 

d ep h o sp h o ry la te  a substrate. We saw the sam e resu lt d em o n stra ted  

previously, tha t MBP-FKBD-His^ inh ib ited  d ep h o sp h o ry la tio n  of the 

R i io  substra te  by approx im ately  50%, in  the au th o r 's  op in ion  this 

d a tu m  con tribu tes to the confidence tha t the FK506 in d ep en d en t in-
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teraction is indeed a valid observation, by eliminating one of the dif­

ferences (purified bovine vs. recombinant human calcineurin) as the 

source in the different results observed by the three research groups. 

MBP-ANFKBD-Hise appeared to be unable to inhibit dephosphoryla­

tion in the same manner, but if this effect were ~200 fold reduced, as 

was the PPIase activity, we would be unable to detect it.

These data are difficult to interpret. It seems unlikely that this rel­

atively disordered 15-amiiio acid extension could have such an effect 

on the FKBD bvit it is clear that this is the case. The protein is likely 

folded, since the thermal melt profile is characteristic of a folded pro­

tein, so the question that then arises is: is it folded correctly? The 

answer to this question is unclear. The apparent lack of the ability of 

the protein to bind FK506 and Rap in the thermal stability shift would 

tend to indicate that ANFKBD-His6 does not possess the correct sec­

ondary structure (though 200 fold reduced FK506 and Rap binding 

would be imdetectable), but then again it does possess at least some 

PPIase activity for which correct secondary strvicture is absolutely re­

quired. Perhaps what has occurred is that removing the N-terminal 

extension has a significant effect on the protein's ability to sponta­

neously adopt the correct secondary structure but a small subset (say 

1 in 200) of ANFKBD-Hise units do manage to fold correctly. This 

would lead to the observed decrease in PPIase ability, and also to the 

apparent lack of ligand binding (since the fluourescent signal from 

incorrectly folded ANFKBD-Hisg would mask the shift in fluorescent 

signal of the folded protein due to the relative abundance of each). 

In light of this it is difficult to draw conclusions based on the phos­

phatase inhibition assay. If we could conclusively say that the protein 

was correctly folded but lacked PPIase and ligand binding activity 

then it would be easy to conclude that the N-terminal extension plays



I N V E S T I G A T I O N  OF A N O V E L  P F F K B r 3 5 - C A L C I N E U R I N  I N T E R A C T I O N

a major role in these effects and in the ability to bind calcineurin inde­

pendently of the presence of FK506. But since we cannot say that the 

truncated protein is definitely folded correctly we cannot say whether 

or not the FKBP-calcineurin interaction is affected at all from the data 

presented herein. In the author's opinion incorrect protein folding is 

an imlikely explanation for the results presented herein, due to the 

observation that the truncated and wild type FKBD possess the same 

thermal melt profile. One would expect an altered secondary struc­

ture to have an effect on both the profile and the melting temperature 

of the protein and there is no sign of this occuring, nor can protein 

aggregation explain the results observed adequately since an aggre­

gated FKBD would similarly affect the melt profile and melting tem­

perature.

One further possibility which should be considered is that the P. 

fa lciparu m  possesses two significant amino acid substitutions. Substi­

tution of the hydrophobic doublet (GlySg/Ilego) from hFKBPi2 to 

a hydrophilic doublet (GluioS/Seriog) in PfFKBP35. This region is 

exceptionally conserved in the FKBP family, occurring within a re­

gion where two loops that interconnect 3-strands cross each other -  

a highly unusual topological feature that, prior to the determination 

of the structure of FKBP domains, was thought to be prohibited in 

anti-parallel 3-sheets due to difficulties in packing side chains effi­

ciently [136]. In the wild type protein these substitutions may change 

the active site of PfFKBP35 sufficiently to prohibit FK506 and Rap 

binding and greatly reduce PPIase activity and calcineurin inhibitory 

activity, but the N-terminal extension performs some allosteric fvmc- 

tion which changes the conformation of the active site sufficiently 

to restore these properties. If this case is true then the N-terminal 

extension could be considered of major importance for the activity
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of PfFKBP35 desp ite  seem ing relatively d isordered . This hypo thesis 

seem s like it w ould  be relatively expensive in term s of fitness, as syn ­

thesising  a 2-kDa extension m u st surely  be m ore costly to the parasite  

than  sim ply  m u ta tin g  tw o p ro te in  coding  sequences from  G lu /S e r  to 

G ly /Ile . Perhaps the N -term inal extension encodes som e novel signal 

seqvience that is requ ired  for its correct tran sp o rt to perfo rm  som e im ­

p o rtan t function in the life cycle an d  this p roh ib its these m utations. 

F u rther w ork  m ay e lucidate  w he ther the N -term inal extension has 

an  effect on  the p ro te in 's  ability  to fold correctly, or it is involved in 

a ltering  the active site in som e way. Particu larly  it w ould  be in ter­

esting  to revert G lu io S /S e rio g  to G ly i0 8 /Ile i0 9  in concert w ith  the 

N -term inal trunca tion  to see w ha t effect that has on  PPIase activity 

and  calcineurin  inhibition.

In parallel w ith  the d iscussed  in vitro w ork was the a ttem p t to 

d em onstra te  the in teraction in vivo by several p ro tein-crosslinking 

techniques. Unfortvinately it appears that P. falciparum  is particu larly  

intractible to s tu d y  by these m ethods. There is som e evidence th a t the 

parasite  keeps PfFKBP35 an d  calcineurin  in separate  p arts  of the cell 

d u rin g  its life cycle [90], (PfFKBP35 in the nucleus and  calcineurin  in 

the cytoplasm ). This m ay be because of the ability  of PfFKBP35 to in­

hibit calcineurin , and  p erh ap s the parasite  needs to ap p ro p ria te  host 

FKBPs for cytoplasm ic use. Still, because of the defin ite d ifference be­

tw een the p arasite  FKBP and  m ost o th er FKBPs, PfFKBP35 rem ains 

an  attractive d ru g  target.
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This study has investigated the protein-protein interactome of the 

major immunophilins PfCYPigA, PfCYPi9B and PfFKBP35 of P. fa l­

c iparum  with a view to understanding better the mechanism of an- 

timalarial action of the immunosuppressive ligands CsA and FK506 

and the cellular functions of these immunophilins. In addition this 

study investigated the basis of the FK5o6-independent PfFKBP35- 

calcineurin interaction previously reported [113]. The work has en­

compassed studies with intact parasites, parasite extracts and recom­

binant parasite proteins and has added to the understanding of the 

biological roles of these proteins during the parasite erythrocyte life 

cycle.

6.1 T H E  I N T E R A C T I O N  N E T W O R K  O F  P A R A S I T E  I M M U N O P H I L I N S

The molecular characteristics of PfCYPigA, PfCYPigB and PfFKBP35 

were well established before this study began [113, 63]. All three im- 

mimophilins were known to possess PPIase activity, which was inhib­

ited by CsA and FK506 in the cases of CYPs and FKBPs respectively, 

and they were also known to possess molecular chaperone activity in 

assays with model substrates. PfFKBP35 was known to interact with 

PfHspgo via its TPR domain in  vitro . No other data were available to 

indicate which parasite proteins these immunophilins interact with

1 4 5
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or what the molecular target or targets of CsA, FK506 and their non­

immunosuppressive derivatives were.

The work performed in this study illustrated for the first time a 

number of putative immvmophilin-protein interactions. These interac­

tions were identified by two methodologies, co-IP and Y2H. We have 

demonstrated that co-IP specifically and reproducibly pulls down 

a number of protein bands and identified a large cohort of puta­

tive immunophilin-protein interactions, 161 PfCYPigA interacting, 

eleven PfCYPigB interacting, and 113 PfFKBP35 interacting proteins. 

Many of these interactions overlapped between immunophilin targets 

and we were able to generate an interaction map consisting of 211 

unique protein identifications not counting the immunophilins them­

selves. In addition to these data we identified 11 putative PfFKBP35 

interacting proteins by Y2H analysis, which were also included in the 

interaction map.

These interactions can be broadly grouped in two ways, firstly into 

singly, doubly and triply interacting proteins and secondly into 10 

categories based on each protein's GO annotation. By grouping the 

putative interacting partners in this way we were able to generate 

an interaction map (Figure 16) which provided an excellent way to 

visvialise these interaction data.

We have highlighted a number of interactions which we believe 

to be important to the biology of the parasite, for which there are 

strong supporting data from other organisms, or for which we have 

an indication of interaction from two sources. Specifically we believe 

all three immunophilins interact with large portions of P. fa lc ip a ru m 's  

heat shock machinery; all co-IPs pulled down Hspgo and fovir Hsp70 

isoforms (Hsp70, Hsp70-2, Hsp70-3 and Hsp70-x). PfFKBP35 pulled 

down a putative Hspgo and a putative DnaJ (Hsp40) protein, though
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w ith  low p ep tid e  coverage; DnaJ w as also ind icated  as a p u ta tive  in­

teraction by o u r Y2H study. PfCYPigA  p u lled  dow n  H sp6o w ith  21 

p ep tid es  identified  by m ass spectrom etry  covering 41% of the p ro ­

tein. A dditionally  bo th  PfCY PigA  and  PfFKBP35 pu lled  dow n  an­

o ther H sp /o  isoform  (Hsp70-z) and  H sp 7 0 /H sp 9 0  organ ising  p ro ­

tein. We believe these to be im p o rtan t p u ta tiv e  in teractions because 

of analagous in teractions in o ther organism s such as the stero id  re ­

cep tor com plex in  hu m an s [134], as well as the general im portance of 

hea t shock p ro te ins for parasite  bio logy [1].

We also h igh ligh ted  the pu ta tive  in teraction  of PfFKBP35 w ith  the 

nucleosom e com plex of P. falciparum. O u r Y2H stu d y  ind icated  a p u ­

tative in teraction  betw een PfFKBP35 and  the h istones H2B and  H3. 

Co-IP w ith  PfFKBP35 also pu lled  dow n  H2B and  H3, along  w ith  the 

o ther h istones H2A and  H4 and  the nucleosom e assem bly p ro tein  

(NAPS). We believe tha t the d irect in teractions m ay be betw een H2B 

and  H3 and  since these p ro te ins exist as heterod im ers of H 2A -H 2B  

and  H 3-H 4 they pu ll dow n  H2A and H4 by tha t association. These 

in teractions are su p p o rted  in the lite ratu re by evidence tha t nuclear 

FKBPs in S. pombe an d  S. cerevisiae w ere show n to possess h istone 

chaperone activity  [91] and  the nuclear FKBP Fpr4p in S. cerevisiae 

is responsible for regu la ting  m ethy lation  of am ino  acid lysine-36 on 

h istone H3 [119].

The co-IP s tu d y  also ind icated  a p u ta tive  in teraction  betw een all 

three im m unoph ilin s an d  R A P i, as well as betw een PfFKBP35 & Pf- 

CYP19A an d  a n u m b er of o th er rh o p try  proteins. R A Pi is know n to 

be critical for invasion of ery th rocy tes by P. falciparum  m erozoites [41] 

an d  we have h igh ligh ted  this p u ta tive  in teraction  because we believe 

it is w orthy  of fu rth e r investigation  d u e  to this critical role.
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A side from  these h igh ligh ted  in teractions, am ong  the large n u m ­

ber of o th er p u ta tive  in teracting  p artn e rs  w hich w ere identified  from  

the Y2H an d  co-IP stud ies, there w as a significant rep resen ta tion  of 

p ro te in s involved in p ro te in  translation , chaperon ing  an d  digestion. 

From  these da ta  it appears tha t these m ajor P. falciparum  cytosolic 

im m unoph ilin s m ay be involved in a w ide varie ty  of cellu lar fvmc- 

tions in the parasite . Som e of these in teractions m ay be analogous 

to im m im o p h ilin -p ro te in  in teractions iii o th er organism s, like the 

know n role of im m unoph ilin s in cytoskeletal architecture, m olecu­

lar chaperone m achinery, and  nucleosom e assem bly and  m odification 

w hile som e m ay represen t novel im m u n o p h ilin -p ro te in  in teractions 

specific to P. falciparum  o r critical for its life cycle.

6.2 S P E C I F I C  I M M U N O P H I L I N - P R O T E I N  I N T E R A C T I O N S

Follow ing on  from  the stud ies on w hole p arasite  extracts by co-IP and  

w hole genom e analysis by Y2H we u n d erto o k  specific investigation  

of som e of the pu ta tive  in teractions ind icated  in these screens. We 

investigated  three in particu lar; H sp /o -P fC Y P igB , PfC Y Pi9B -R A Pi 

and  PfFKBP35-histones. The resu lts from  these investigations have 

con tribu ted  to o u r know ledge of the roles of im m unoph ilin s in the 

parasite .

We d em o n stra ted  tha t PfCYPigB is specifically p u lled  d o w n  by 

H sp /o  in co-IP experim ents aga inst w hole parasite  lysate in vitro. 

These da ta  lend  confidence to the inferral th a t P. falciparum  possesses 

a chaperone com plex sim ilar to the h igh  m olecular w eight ch ap er­

one m ach inery  know n to exist in o ther organism s. This m achinery, 

consisting of im m unophilins, H spgo and  p23 along  w ith  accessory
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proteins Hsp/o, Hsp40, Hip and Hop, appears to be present in most 

eukaryotes. It is not surprising that P. fa lc ip a ru m  also possesses a sim­

ilar machinery, whose role is closely involved in chaperoning correct 

protein folding. In other organisms different immunophilins are asso­

ciated with this complex depending on the substrate which is chaper­

oned, for example FKBP51/52 are associated with the complex dur­

ing steroid receptor assembly, while cyclophilin D is associated dur­

ing oestrogen receptor chaperoning [63]. This may explain in part 

why the parasite requires a large repertoire of immunophilins.

Experiments on live parasites indicated a potential role for para­

site cyclophilins, specifically those that bind CsA and its derivatives 

which don't possess immimsuppressive activity, in the process of 

RAPi chaperoning at some point between protein synthesis and its 

final location in the rhoptry body. When analysed by immvmoflu- 

orescent microscopy with antibodies directed against it, RAPi ex­

hibits a characteristic bi-punctate staining in parasite schizonts, in­

dicative of location in the rhoptry body [115]. We demonstrated by 

immimofluorescent confocal microscopy that when parasites were 

grown in the presence of the cyclophilin ligands CsA, BC-556 and 

[MeValJ^-Cs RAPi did not exhibit the characteristic bi-punctate ap­

pearance but instead appeared to locate in the cytosol of immahire 

merozoites within the schizont. There was no effect of ligand treat­

ment on PfCYPigB location. Experimentation consisting of short treat­

ment of parasite schizonts with same ligands indicated that they have 

little effect on merozoite invasion, consistent with the hypothesis that 

the action of these ligands occurs at some point before arrival of RAPi 

at the rhoptry.

Work investigating the interaction between histones and PfFKBP35 

confirmed in vitro an interaction between recombinant FKBP and pu-
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rified P. falciparum  histones. We d em o n stra ted  th a t recom binant Pf- 

FKBD b o u n d  to purified  h istones im m obilised  on PVDF m em brane 

by far-W estern b lo t an d  ap p eared  to b in d  w ith  h ig h er affinity to 

b an d s  co rresponding  to the m olecular w eight of PfH2B and  PfH3- 

This experim ent ap p eared  to  agree excellently w ith  the d a ta  gener­

a ted  by Y2H. F urther research shed  light into the roles tha t these in ter­

actions play in the parasite 's  g row th  and  survival. O u r initial h y p o th ­

esis w as that PfFKBP35 acts as a h istone chaperone since it is know n 

to have p ro te in  chaperone action an d  yeast nuclear FKBPs are know n 

to be h istone chaperones. This hypo thesis rem ains unconfirm ed , and 

is perh ap s un likely  since PfFKBP lacks the a c id /a c id /b a s e  dom ains 

w hich ap p ear to be requ ired  for h istone chaperone action. O u r inves­

tigation in to  the effect of FK506 trea tm en t on the m ethy la tion  state 

of H3K36 d em o n stra ted  th a t parasites treated  w ith  FK506 have in­

creased H3K36 m ethylation. In S. cerevisiae H3K36 m ethy lation  is reg­

u la ted  by the PPIase activity  of the FKBP Fpr4p, and  inh ib ition  of 

this p ro tein  leads to increased H3K36 m ethylation. It ap p eared  that 

PfFKBP35 is also involved in regu la tion  of H3K36 m ethy la tion  by its 

PPIase activity.

6 . 3  T H E  P F F K B P 3 5 - C A L C I N E U R I N  I N T E R A C T I O N

We also investigated  the ap p a ren t in teraction  betw een PfFKBP35 and  

calcineurin  th a t takes place regard less of the presence of FK506. U n­

dertak ing  a com plete investigation , beg inn ing  w ith  3D m odelling , 

p rog ressing  to gene truncation  and  p ro te in  expression  to in vitro p ro ­

tein  assays we assessed the role of a m ajor s tru c tu ra l difference in  this 

interaction.
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We determined that PfFKBP35 possessed a 15-amino acid N-terminal 

extension and 3D modelling suggested that this extension may play 

a role in the protein's interaction with calcineurin. We proceeded to 

truncate this gene and subclone the trimcated gene into an expres­

sion vector, from which we were able to express and purify an MBP 

tagged form of the truncated protein. Unfortunately this form of the 

protein didn't possess characteristic activities of the wild-type protein. 

The protein was unable to bind to the classic FKBP ligands FK506 and 

Rap, and appeared to possess greatly reduced PPIase activity. In spite 

of the fact that the protein appeared to be folded by thermal melt as­

say, we were unable to determine whether it was correctly folded and 

so were imable to deduce whether these losses were dvie to loss of 

correct fold or loss of the N-terminal extension. The truncated pro­

tein was unable to inhibit the phosphatase activity of calcineurin, but 

once again we were unable to determine whether this was due to loss 

of correct fold or loss of the N-terminal extension per se.

It is possible that the N-terminal extension is asserting some al- 

losteric effect on the PPIase active site of the protein and that remov­

ing the extension disrupts both PPIase activity and ligand binding 

and that this effect is independent from the protein's ability to bind 

calcineurin. It is also possible that removing the extension eliminates 

the protein's ability to bind to calcineurin independently of the pres­

ence of FK506. It is difficult to discriminate between these possibilities 

with confidence since we are unable to determine whether the protein 

is correctly folded. One way to detemine this would be to be to assess 

the chaperone activity of the truncated protein, as chaperone activity 

of FKBPs is independent of PPIase activity and if the protein main­

tains the same level of chaperone activity as full length protein we 

could say with more confidence that the protein was folded correctly.
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Finally w e a ttem p ted  to detect by various in vivo crosslinking m eth ­

o ds w h e th e r this in teraction  occurs in intact parasites. U nfortunately  

P. falciparum  ap p eared  to be particu larly  in tractab le to s tu d y  by these 

m ethods.

6.4 F I N A L  P E R S P E C T I V E S  A N D  F U T U R E  D I R E C T I O N S

There is m uch  tha t rem ains unk n o w n  abou t the roles of im m unophilins 

in  P. falciparum. Before the o u tse t of this study, w ith o u t the ability  to 

easily  knock o u t or knock dow n  the p ro teins ind iv idua lly  an d  as a 

g ro u p  and  observ ing  the resu lting  p h en o ty p e  w e w ere left hav ing  to 

infer function  from  organism s in w hich this is possib le in o rd e r to d e ­

term ine the possib le roles im m im ophilins p lay  in the parasite . With 

the results from  o u r co-IP experim ents and  o u r Y2H screen we have 

been  able to generate  an  in teraction  m ap  w hich  p rov ides an  excellent 

bo d y  of ev idence no t only to su p p o rt these inferrals b u t also as a 

s ta rting  p o in t for fu rth e r research.

O u r ow n follow u p  w ork  confirm ed a n u m b er of these inferrals, 

nam ely  im m unoph ilin  in teractions w ith  H sp70 and  histones. We were 

also able to d em o n stra te  a po ten tia l novel role for im m unoph ilin s in 

parasite  biology, tha t of chaperon ing  R A Pi. As a bo d y  of w ork  we 

have p rov ided  new  insigh ts in to  the fim ction of im m im oph ilin s in 

the parasite . It has becom e increasingly clear th a t the an tim alaria l ac­

tiv ity  of CsA, FK506 an d  their n o n -im m unosuppressive  derivatives 

m ay n o t be just on  one specific im m u n o p h ilin -p ro te in  in teraction  b u t 

ra th e r be a m ore general d isru p tio n  of a varie ty  of chaperone and  

pro te in  folding functions. This w ou ld  tend  to agree w ith  the fact that 

these d ru g s seem  to be  m ost active against the m ost m etabolically
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active erythrocytic stages of the parasite, nam ely trophozoites [114]. 

W hat is apparent is that im m unophilins play an im portant role in the 

parasite and that despite evidence from yeast that they are not essen­

tial for growth vmder laboratory conditions, that may not hold to be 

true in P. falciparum.

The field of m alaria research is progressing rapidly, in particular in 

the area of identifying new targets, and discovering lead coupounds 

tliat could be used for antimalarial therapy. There is no doubt that 

these and potentially other im m im ophilins have potential as chem other­

apeutic targets. The studies of this thesis have added to the under­

standing of the biological fimction of P. falciparum  im m im ophilins and 

have identified at least one novel potential function. The next steps 

after this work are research into immvmophilin interactions in vivo, 

but unfortunately the parasite is difficult to m anipulate genetically 

and doesn 't possess siRNA m achinery to allow knockdown interfer­

ence. Hopefully these obstacles can be overcome and we can begin to 

further clarify the functions of these proteins in P. falciparum.
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Table 4: Gene_IDs of double and triple interacting partners.

D o u b le  I n te r a c t io n s

P fC Y P i9 B -P fF K B P 3 5

P F 3D 7_1246200
------------------------ ----

P fC Y P ig B -P fC Y P ig A

P F 3 D 7 _ 0 5 1 i 800
--------- -- - -

P fC Y P i9 A -P fF K B P 3 5

P F 3 D 7 _ o8 18200 P F 3D 7_ i 347500 P F 3 D 7 _ 0 8 i 2400 P F 3 D 7 _ 1 4 o8 ioi

P F 3 D 7 _ i  105400 P F 3 D 7 _ i 010700 P F 3 D 7 _ i 324900 P F 3 D 7 _ i 40780 i

P F 3 D 7 _ o627500 P F 3 D 7 _ 1 4 5 1 io o P F 3D 7_144620 o P F 3 D 7 _ 1 3 6 i 90<

P F 3 D 7 _ i i 30200 P F 3 D 7 _ i 222300 P F 3 D 7 _ 1 3 1 i 8oo P F 3 D 7 _ o82790<

P F 3 D 7 _ i o 296oo P F 3 D 7 _ i o i 5900 P F 3D 7_093030 o P F 3 D 7 _ o62120'

P F 3 D 7 _ i 008900 P F 3D 7_1468700 P F 3 D 7 _ 1 4 i 6500 P F 3 D 7 _ o6268oi

P F 3 D 7 _ 1 2 2 3 1 oo P F 3D 7_ 14448oo P F 3 D 7 _ o6 o88oo P F 3 D 7 _ i o i i 8o(

P F 3D 7_1226300 P F 3 D 7 _ 1 4 6 2 8 oo P F 3 D 7 _ i  129100 P F 3 D 7 _ o8 2 6 7 0 i

P F 3 D 7 _ 0 7 2 i i 00 P F 3 D 7 _ 0 7 o88 oo P F 3D 7_1343000 P F 3 D 7 _ 0 5 0 i 60h

P F 3 D 7 _ i i 04400 P F 3 D 7 _ o624000 P F 3D 7_092250 o P F 3D 7_092220 k

P F 3 D 7 _ i  115700 P F 3 D 7 _ i  105100 P F 3 D 7 _ i  120100 P F 3 D 7 _ i i 2900<

P F 3 D 7 _ i i i 5300 P F 3 D 7_1434300 P F 3 D 7_1407900 P F 3 D 7_ i 4399q

P F 3 D 7 _ i  115400 P F 3 D 7 _ i o i 2400 P F 3 D 7 _ 1 4 o8ooo
i

T r ip le  I n te r a c t io n s

P F 3 D 7 _ 0 7 o8400 P F 3D 7_0917900 P F 3D 7_1357100

P F 3 D 7 _ o8 18900 P F 3 D 7 _ i  134000 P F 3D 7_1410400

P F 3 D 7 _ o831700 P F 3 D 7 _ i 3 5 / ooo



Table 5: Full list of co-IP partners and their mass spectrometric results.

G ene_ID PEAKS Score 

(%)

Coverage (%) No. of 
Peptides

D escrip tion

PfCY PigA

U nsorted

PF3D7_0934500 97-3 12 3 vacuolar ATP synthase subun it e, putative

PF3D7_1311900 99.1 12 7 vacuolar ATP synthase subun it a (vapA)

PF3D7_093030o 99.2 30 64 m erozoite surface protein  1 (M SPi)

PF3D7_14283oo 98.3 7 3 proliferation-associated protein  2g4, putative

PF3D7_04196oo 99 16 6 ran  b ind ing  protein  1, putative

PF3D7_1335ioo 99.1 17 7 m erozoite surface protein  7 (MSP7)

PF3D7_0703500 98.6 I 3 erythrocyte m em brane-associated antigen

U nknow n  Function

PF3D7_ 145730o 98.3 5 4 conserved Plasmodium protein, unknow n function

PF3D7_i 2441cx) 98 1 1 conserved Plasmodium protein, unknow n function

PF3D7_o8 i i 400 97.1 3 3 conserved Plasmodium protein, unknow n function

PF3D7_072iio o 96.9 8 2 conserved Plasmodium protein, unknow n function

PF3D7_n04400 98.1 6 3 conserved protein, unknow n funcHon



PF3D7_14279 ’̂o 97-5 9

Protein Folding

PF3D7_io i56oo 99.2 41

PF3D7_08i 8900 99.2 42

PP3D7_0917900 99.2 34

PF3D7_i i 34(xx) 99.2 15

PF3D7_07o88oo 99.2 14

PF3D7_o831700 99.2 16

PF3D7_07o8400 99.2 22

PF'3D7_14343oo 99 15

PF3D7_o827900 99.2 26

PF3D7_i 1322a) 99.2 34

PF3D7_i 247400 99.2 31

PF3D7_i  333000 97.6 7

PF3D7_o6o8700 99.2 17

PF3D7_i  128100 97 8

PF3D7_O32030o 99.2 23

00

conserved protein, unknown function

21 heat shock protein 60 (Hsp6o)

30 heat shock protein 70 (I Isp7o)

23 heat shock protein 70 (Hsp70-2)

10 heat shock protein 70 (Hsp70-3)

11 heat shock protein 70 (Hsp70-z)

12 heat shock protein 70, putative (Hsp70-x)

17 heat shock protein 90 (Hsp9o)

9 Hsp7o/Hsp9<) organizing protein (HOP)

17 protein disulfide isomerase (PDI8)

20 TCP-1/cpn6o chaperonin family, putative

12 FK5o6-binding protein (FKBP)-type peptidyl-prolyl
isomerase (FKBP35)

2 20 kDa chaperonin (CPN20)

9 chaperone, putative

2 cochaperone prefoldin complex subunit, putative

15 T-complex protein 1 epsilon subunit, putative

A
P

P
E

N
D

IX



PI'3D7_i  229500 99.2 30

PF3D7_021400o 99.2 22

PF3D7_03o68oo 99.2 20

PF3D7_ 13578oo 99.2 35

PF3D7_03o820o 99.1 12

PF3D7_i  222300 99 4

Proteolysis

PF3D7_o8o38oo 99.2 35

PF3D7_03 12300 98.8 16

PF’3D7_i  129200 99 13

PF3D7_09i2900 98.9 12

PF3D7_i  030500 98.1 7

PF3D7_i  466300 97-7 2

PF3D7_0205900 96.7 3

PF3D7_031700o 99 20

PF3D7_i  338100 99.1 11

PF3D7_o6o8500 99 20

PF3D7_0727400 99.1 25

PF3D7_o8o750o 99.1 35

20 T-complex protein  1 , gam m a subunit, putative

1 4 T-complex protein  i ,  putative

11 T-complex protein  beta subunit, putative

16 T C P -i/cpn6o  chaperonin  family, putative

7 T C P-1/cpn6o chaperonin  family, putative

3 endoplasm in  hom olog precursor, putative 

ners and their m ass spectrom etric results.

12 20S proteasom e beta subun it

4 26S proteasom e regulatory  subun it S14, putative

6 26S proteasom e regulatory  subunit, putative

4 26S proteasom e regulatory  subunit, putative

4 26S proteasom e regulatory  subunit, putative

3 26S proteasom e regulatory  subunit, putative

3 proteasom e 26S regulatory  subunit, putative

6 proteasom e com ponent C8, putative

6 proteasom e regulatory  subunit, putative

6 proteasom e subun it alpha type 2, putative

7 proteasom e subun it alpha type 5, putative

9 proteasom e subun it alpha, putative

Ln

A
P

P
E

N
D

IX



PF3D7_05i 8300 99.1 23

PF3D7_1328ioo 99.1 15
PP3D7_1011400 99 17
PP3D7_ i353900 99.2 2 7

PP3D7_i 353800 98.8 1 4

PP3D7_i 474800 98.9 2 4

PP3D7_04i8200 99 11

PF3D7_1454400 99.1 8

PP3D7_i446200 99.2 2 4

PF3D7_131i 8oo 99.1 6

5igestive Vacuole

PP3D7_i407900 99.2 16

PF3D7_i 4o8ooo 99 10

PF3D7_14o8ioo 99.2 26

PF3D7_14078oo 99.1 13
PF3D7_i i i 57oo 98.4 5
PP3D7_ i i i 5300 98.3 5
PP3D7_i 115400 99.2 16

7 proteasome subunit beta type i, putative

6 proteasome subunit beta type 7 precursor, putative

5 proteasome subunit beta type-5

6 proteasome subunit, putative

4 proteasome subunit, putative

5 proteosome subunit alpha type i, putative

5 golgi organization and biogenesis factor, putative

7 aminopeptidase P (APP)

15 M17 leucyl aminopeptidase (LAP)

9 Mi-family alanyl am inopeptidase (MiAAP)

6 plasmepsin I (PMI)

4 plasmepsin 11

13 plasmepsin III,histo-aspartic protease (HAP)

5 plasmepsin IV (PM4)

3 cysteine proteinase falcipain 2a

3 cysteine proteinase falcipain 2b (FP2B)

10 cysteine proteinase falcipain 3

X
ia

N
H
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Translation

PF3D7_1447000 98.7 12

PF3D7_i  105400 98.5 10

PF3D7_05170oo 99.1 32

PF3D7_ioo400o 99 20

PF3D7_I431700 99.1 30

PF3D7_13412oo 98.8 24

PF3D7_146o700 95.2 15

PF3D7_I323ioo 98.6 12

PF3D7_i 424400 99.1 16

PF3D7_i 130200 99,2 41

PF3D7_02i i 8oo 99 8

PF3D7_oio2900 99 5

PF3D7_13501oo 98.7 6

PF3D7_i 034900 99.2 9

PF3D7_1468700 99.1 15

PF3D7_i 212700 99.1 6

4 40S ribosomal protein S2, putative

3 40S ribosomal protein S4, putative

6 60S ribosomal protein L12, putative

5 60S ribosomal protein L13, putative

5 60S ribosomal protein L14, putative

5 60S ribosomal protein L18, putative

3 60S ribosomal protein L27, putative

3 60S ribosomal protein L6, putative

5 60S ribosomal protein L7-3, putative

16 60S ribosomal protein Po

5 asparagine-tRNA ligase, putative

3 aspartyl-tRNA synthetase

3 lysine-tRNA ligase, putative

9 methionine-tRNA ligase, putative

7 eukaryotic initiation factor 4A (eIF4A)

10 eukaryotic translation initiation factor 3 subunit 10,
putative

ON

A
P

P
E

N
D

IX



PF3D7_09i 8300 98.5 9

PF3D7_i  206200 99.1 4

PF3D7_02I2300 98.9 7

PF3D7_i  357000 99.2 34

PF3D7_ i357ioo 99.2 34

PF3D7_i  338300 99,1 20

PF3D7_14511oo 99.2 15

PF3D7_o6o7000 98.2 3

PF3D7_i  442300 99.1 14

PF3D7_o6 i 2ioo 98.7 5

PF3l>7_0528200 98.6 6

R hoptry

PF3D7_09294CX) 99.2 13

PF3D7_0905400 99.2 9

PF3D7_i 252ioo 97-9 2

PF3D7_i i i 6ooo 97-7 1

PF3D7_i 4 io 400 99 9

PF3l^_05oi6oo 98.5 6

ON
N)

3 eukaryotic translation  initiation factor 3 subun it 5, putative

5 eukaryotic translation initiation factor 3 subun it 8, putative

3 pep tide  chain release factor subun it 1, putative

16 elongation factor i-a lpha

16 elongation factor 1-alpha

10 elongation factor i-gain ina, putative

13 elongation factor 2

3 translation initiation factor IF-2, putative

7 tRNA b inding  protein, putative

4 eukaryotic translation  initiation factor 3 subun it L, putative

4 eukaryotic translation  initiation factor 3, subun it 6, putative

20 high m olecular w eight rhop try  protein  2 (RhopI l2)

8 high m olecular w eight rhop try  protein  3 (RhopI 13)

4 rhop try  neck protein  3 (RON3)

1 rhop try  neck protein  4 (RON4)

8 rhoptry-assiK iated protein 1 (RA Pi)

3 rhoptry-associated protein 2 (RAP2)

A
P

P
E

N
D

IX



Biosynthetic/M etabolic
Processes

Glycolysis

PF3D7_io i590o 99.2 45
PF3D7_1439900 99.2 37
PF3l37_ i4628oo 99.2 37
PF3D7_i 436ooo 99.1 12

PF3D7_0915400 99.2 11

PF3D7_14448oo 99.2 44
PF31)7_o62400o 99.2 3 2

PF3D7_i 324900 99.2 3 8

PF3D7_0922500 99.2 37
PF3D7_i 120100 99.2 45
PF3l57_o6268oo 99.2 2 9

Biosynthetic

PF3D7_i 366500 96.8 11

PF3D7_i 3o82oo 95 0

PF3D7_09226oo 99.1 12

PF3D7_051i 8oo 98.7 7
PF3D7_i 124600 99.2 22

22 enolase (ENO)

9 triosephosphate isomerase (TIM)

15 glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

7 glucose-6-phosphate isomerase (GPI)

16 6-phosphofructokinase (PFK9)

26 fructose-bisphosphate aldolase

16 hexokinase (HK)

19 L-lactate dehydrogenase (LDH)

18 phosphoglycerate kinase (PGK)

14 phosphoglycerate mutase, putative (PGMi)

18 pyruvate kinase (PyrK)

1 nucleoside diphosphate kinase (NDK)

1 carbamoyl phosphate synthetase (cpsSll)

6 glutamine synthetase, putative

4 myo-inositol i-phosphate synthase, putative

13 ethanolamine kinase, putative

ON
U J

A
P

P
E

N
D

IX



PF3D7_i 343000 99.2 38

PF3D7_io296ck) 99 12

PF3D7_o6212oo 99.2 49
PF3D7_092220o 99.2 24
PF3Dy_i 129000 99.2 22

PF3D7_o627500 99.2 71

PF3D7_i  239600 99 13
M etabolic

PF3D7_o6278oo 98.7 3
PF3D7_i 008900 96.6 8

PF3D7_o8o20oo 99 4
PF3D7_i 4i 6500 99 11

PF3D7_i  235600 98.4 7
PF3D7_1226300 98.7 11

PF3D7_0513300 98.8 17
PF3D7_0520900 99.2 11

PF3D7_o6o88oo 99.2 37

PF3D7_i 454700 98,7 7

O n

II phosphixjthanolamine N-methyltransferase (PMT)

5 adenosine deaminase, putative

25 pyridoxine biosynthesis protein PDXi (PDXi)

11 S-adenosylmethiorune synthetase (SAMS)

8 spermidine synthase (SpdSyn)

17 4-methyl-5(B-hydroxyethyl)-thiazol monophosphate 
biosynthesis enzyme

4 hydroxyethyhhiazole kinase, putative

3 acetyl-CoA synthetase, putative

3 adenylate kinase (AKi)

4 glutamate dehydrogenase, putative (CDHc)

5 NADP-specific glutamate dehydrogenase (GDHa)

3 serine hydroxymethyltransferase (SI IMT)

3 cof-like hydrolase, had-superfamily, subfamily iib

5 purine nucleoside phosphorylase (PNP)

5 S-adenosyl-L-homocysteine hydrolase (SAHH)

17 ornithine aminotransferase (OAT)

4 6-phosphogluconate dehydrogenase, decarboxylating.
putative
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IX



PF3D7- 08i 49 x̂)

PF3D7_o8 i 66oo

97.2

98.2
7

2

Nucleic Acid Binding

PF3D7_i io 51cx) 95.6 14

PP3l>7_0705400 95.3 2

PF3D7_13475(X) 99.1 18

PF3D7_i 2266oo 98.6 8

PF3D7_i 36i 900 99.2 31

PP3D7_0209800 97.6 2

PP3D7_i302i00 96.1 8

PF3D7_i o i i 8oo 99.2 9

P1'3U7_09o6ooo 95.5 i

O ther Protein 
Transport/M odification

PF3D7_O91470o 97.5 4

PF3D7_0302900 98.1 3

PF3D7_i 352500 98.7 15

1

2

Fe-siiperoxide dismutase (FeSC')D) 

ClpB protein, putative (ClpBi)

2 histone H2B (H2B)

3 minchromosome maintenance (MCM) complex subunit,
putative (MCM7)

7 DNA/RNA-binding protein Alba 4 (ALBA4)

3 proliferating cell nuclear antigen 2 (PCNA2)

8 proliferating cell nuclear antigen (PCNA)

1 ATP-dependent RNA helicase UAP56 (UAP56)

2 gamete antigen 27/25 (Pfg27)

11 QFi 22 antigen

2 RNB-like protein, putative

2 transporter, putative

3 exportin 1, putative

4 thioredoxin-related protein, putative

ON
Ln

A
P

P
E

N
D

IX



PF3D7_o8o22oo 98.5 12

PF3D7_io2i 6oo 96.9 8

PF3D7_i 127000 98.3 8

PF3D7_i 438900 98 7

PF3D7_o8i820o 99.2 58

PF3D7_072o8oo 96.4 8

PF3D7_o826700 98.9 11

PF3D7_08i 2400 98.1 4

PF3D7_0524000 99.2 6

PF3D7_05i 6700 98.2 2

PF3D7_i 225800 98.7 3

PF3D7_i 010700 98.3 15

PF3D7_i 346ioo 98.1 5

PF3D7_i 4568oo 98.7 4

PF3D7_i 012400 99.1 25

PF3D7_i 223ioo 99 10

PF3D7_i  129100 99 10

PF3D7_i 127600 97.6 6

4 i-cys peroxiredoxin (i-cyspxn)

2 deoxyribose-phosphate aldolase, putative

3 protein phosphatase, putative

2 thioredoxin peroxidase 1 (Trx-Pxi)

15 14“3“3 protein, putative

2 Hami-like protein, putative

3 receptor for activated c kinase (RACK)

2 karyopherin alpha (KARalpha)

7 karyopherin beta (KASbeta)

2 ubiquitin carboxyl-terminal hydrolase 2, putative

3 ubiquitin-activating enzyme ei, putative (Ubai)

3 dolichyl-phosphate-mannose protein mannosyltransferase,
putative

2 Sec6i alpha subunit, PfSec6i (SEC61)

4 V-type H( )-translocating pyrophosphatase, putative

9 hypoxanthine-guanine phosphoribosyltransferase (HGPRT)

5 cAMP-dependent protein kinase regulatory subunit (PKAr)

5 parasitophorous vacuolar protein 1 (PVi)

2 CRAL/TRIO domain-containing protein, putative

166 
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IX



PfCYPigB

B iosynthetic Processes

PF3D7_05i i 80<5 

P ro tein  Folding

98.7 2 1 m yo-inositol i-phospha te  synthase, putative

PF3D7_07o840(5 99.2 13 9 heat shock protein 90 (I Isp9o)

PF3D7_o8 18900 99.2 3 0 19 heat shock protein  70 (Hsp7o)

PF3D7_o831700 99 6 4 heat shock protein  70, putative (Hsp70-x)

PF3D7_0917900 99.2 31 17 heat shcKk protein  70 (Hsp70-2)

PF’3D7_i  134000 99.2 26 1 3 heat shock protein  70 (HSP70-3)

PF3D7_i  115600 98.5 26 4 peptidyl-prolyl cis-trans isom erase (CYP19B)

S tructure

PF3l)7_i 246200 99.1 18 5 actin 1 (A CTi)

T ranslation

PF3D7_1357000 99.2 19 8 elongation factor i-a lpha

PF3D7_i 357ioo 99.2 19 8 elongation factor i-a lpha

A
P

P
E

N
D

IX



ON
0 0

Rhoptry

PF3D7_14io400 99 6 4 rhoptry-associated protein 1 (RAPi)

PfFKBP35

Unsorted

PF3D7_06i 9400 99.1 8 7 ceil division cycle protein 48 homologue, putative

PF3D7_I4711oo 977 7 2 exported protein 2 (EXP2)

PF3D7_i 229400 99,1 53 6 macrophage migration inhibitory factor (MIF)

PF3D7_09303oo 96 2 3 merozoite surface protein 1 (MSPi)

PF3D7_i 129100 98.4 6 3 parasitophorous vacuolar protein 1 (PVi)

PF3D7_i o i i8oo 99.1 6 6 QF122 antigen

PF3D7_05i i 000 95-9 12 3 translationally controlled tum or protein homolog, putative

PF3E>7_i 140100 97.8 14 2 vacuolar ATP synthase subunit f, putative

Unknown Function

PF3D7_0721ioo 98.9 16 3 conserved Plasmodium protein, unknown function

PF3D7_1459400 98.6 8 3 conserved Plasmodium protein, unknown fimction

PF3D7_i 104400 99.2 19 9 conserved protein, unknown function

A
P

P
E
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D

IX



PI-3D7_i  333400 99.1 2 4

Protein Folding

PF3D7_o8i 8900 99.2 24

PF3D7_09I79CX) 99.2 42

PF3D7_h 3400o 99.2 23

PF3D7_07o88oo 95.1 2

PF3D7_o831700 99.2 9

PF3D7_07o840o 99.2 18

PF3D7_i i i 82oo 97 1

PF3D7_14343oo 97.6 5

PF3D7_147320o 98.2 3

PI'3D7_i 222300 98.5 5

PF3D7_i 24740o 99.2 60

PF3D7_03220oo 99 22

PF3l37_i 115600 98.3 14

Proteolysis

5 conserved protein, unknown function

17 heat shock protein 70 (I Isp7o)

33 heat shock protein 70 (Hsp70-2)

16 heat shock protein 70 (HSP70-3)

2 heat shock protein 70 (Hsp70-z)

7 heat shock protein 70, putative (Hsp70-x)

13 heat shock protein 90 (Hsp9o)

1 heat shock protein 90, putative

3 Hsp70/Hsp90 organizing protein (HOP)

2 DnaJ protein, putative

5 endoplasmin homolog precursor, putative

37 FK5o6-binding protein (FKBP)-type peptidyl-prolyl
isomerase (FKBP35)

4 peptidyl-prolyl cis-trans isomerase (CYP19A)

3 peptidyl-prolyl cis-trans isomerase (CYP19B)

O '
■sD

A
P

P
E

N
D

IX



PF3D7-144^200 99.1 8 4 M17 leucyl aminopeptidase (LAP)

PF3D7_13i i 8oo 98.8 3 4 Mi-family alanyl aminopeptidase (MiAAP)

Digestive Vacuole

PF3D7_i 115700 99.1 13 7 cysteine proteinase falcipain 2a

PF3D7_i i i 5300 99.1 13 7 cysteine proteinase falcipain 2b (FP2B)

PF3D7_i i i 5400 98.8 7 4 cysteine proteinase falcipain 3

PF3D7_140790o 99.2 24 9 plasmepsin I (PMI)

PF3D7_14o8ooo 99.2 25 9 plasmepsin 11

PF3D7_14o8ioo 99.2 16 10 plasmepsin IlI,histo-aspartic protease (I lAP)

PF3D7_14078oo 99.1 12 5 plasmepsin IV (PM4)

Translation

PF3D7_07I970o 98.3 23 4 40S ribosomal protein Sio, putative

PF3D7_i 358800 98.5 16 6 40S ribosomal protein S13, putative

PF3D7_05 16200 99.2 40 7 40S ribosomal protein S14, putative

PF3D7_03i 6800 99.1 38 6 40S ribosomal protein Si 5A, putative

PF3D7_o8i 390o 99 30 4 40S ribosomal protein Si 6, putative

PF3D7_i 242700 97.2 15 2 40S ribosomal protein Si 7, putative

PF3D7_05 19400 98.7 23 3 40S ribosomal protein S24, putative



PF3D7_io 268oo 99 23

PF3D7_i 465900 98.4 14

PF3D7_i  105400 99,2 52

PF3D7_i 302800 99,1 17

PF3D7_14o86oo 98.6 19

PF3D7_o821700 98.1 14

PF3D7_i 365900 99.1 34

PF3D7_1424100 98.9 10

PF3D7_i i 30200 99.2 21

PF3D7_1468700 99.2 24

PF3D7_135700o 99.2 43

PF3D7_i 357ioo 99.2 43

PF3D7_i 45iioo  99.2 8

Rhoptry

PF3D7_ i 410400

PF3D 7_05o i 6oo

99.2

98.3

8

7

7 40S ribosomal protein S2B, putative

3 40S ribosomal protein S3, putative

19 40S ribosomal protein S4, putative

7 40S ribosomal protein S7, putative

3 40S ribosomal protein S8e, putative

2 60S ribosomal protein L22, putative

4 60S ribosomal protein L40/UBI, putative

3 60S ribosomal protein L5, putative

6 60S ribosomal protein Po

10 eukaryotic initiation factor 4A (eIF4A)

22 elongation factor i-alpha

22 elongation factor i-alpha

7 elongation factor 2

7 rhoptry-associated protein 1 (RAPi)

3 rhoptry-associated protein 2 (RAP2)

A
P

P
E

N
D

IX



Biosynthetic/M etabolic
Processes

Glycolysis

PF3D7_i 015900 99.2 52
PF3D7_14448oo 99.2 26

PF3D7_14628oo 99.2 44

PF3D7_o624(xx) 99.2 15
PF3D7_i 32490o 99.2 38

PF3D7_0922500 99.2 25
PF3D7_i 120100 99.2 42
PF3D7_i 439900 99.2 47
PF3D7_o6268oo 99.2 13

Biosynthetic

PF3D7_o627500 99.1 33

PF3D7_i 029600 99.2 19
PF3D7_i  343000 99.2 37
PF3D7_o6212oo 99 18

PF3D7_09222oo 99.2 23
PF3D7_i i 290cx) 98.1 10

w

24 enolase (ENO)

11 fructose-bisphosphate aldolase

18 glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

6 hexokinase (HK)

14 L-lactate dehydrogenase (LDH)

10 phosphoglycerate kinase (PGK)

12 phosphoglycerate mutase, putative (PGMi)

12 triosephosphate isomerase (TIM)

7 pyruvate kinase (PyrK)

5 4-methyl-5(B-hydroxyethyl)-thiazol monophosphate
biosynthesis enzyme

9 adenosine deaminase, putative

11 phosphoethanolamine N-methyltransferase (PMT

5 pyridoxine biosynthesis protein PDXi (PDXi)

9 S-adenosylmethionine synthetase (SAMS)

3 spermidine synthase (SpdSyn)

A
P

P
E

N
D

IX



Metabolic

P1'3D7_05251oo 99 7

PF3D7_ioo8900 99.2 48

PF3D7_i 226300 99.2 29

PF3D7_i033400 9 5 1 7
PF3D7_i4i6500 98.2 7
PF3D7_o6o88oo 99.2 29

Nucleic Acid Binding

PF3D7_o82320o 99.2 28

PF3D7_o6o51oo 98.9 5
PF3D7_08i 4200 98.6 11

PF3D7_i 346300 95 9
PF3D7_10o6200 99 45
PF3D7_i 347500 99.1 17
PF3D7_08i 7900 98.7 3 6

PF3D7_o6i 78oo 98.9 3 2

PF3D7_0320900 98.6 16

PP3l>7_ii05ioo 99.2 57
PF3D7_071400o 95.6 0

4 acyl-CoA synthetase (ACSio)

n  adenylate kinase (AKi)

8 cof-like hydrolase, had-superfamily, subfamily iib

2 haloacid dehalogenase-like hydrolase, putative

3 NADP-specific glutamate dehydrogenase (GDIIa)

12 ornithine aminotransferase (OAT)

8 RNA binding protein, putative

4 RNA binding protein, putative

3 DNA/RNA-binding protein Alba i (ALBAi)

2 DNA/RNA-binding protein Alba 2 (ALBA2)

5 DNA/RNA-binding protein Alba 3 (ALBA3)

6 DNA/RNA-binding protein Alba 4 (ALBA4)

4 high mobility group protein (HMGB2)

5 histone II2A (H2A)

3 histone H2A variant, putative (H2A.Z)

8 histone H2B (H2B)

o histone H2B variant, putative (H2Bv)

A
P

P
E
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D

IX



PF3 D 7_o6 io 4 0 0 96.2 5

PF3 D 7_o6 i 7 9 0 o 96.2 5

PF3D7_i 105000 98.9 39

PF3 D 7_0 9 1 9 0 oo 99 1 4

PF3D7_i 361900 99,2 25

PF3D7_i 224300 99.1 7

O ther Protein
nsport/M odification

PF3 D 7_0 8 i 8 2 0 0 99.2 29

PF'3D7_1419300 99.1 22

PF3D7_i 2 i i 8oo 99.1 11

PF3I>7_i 223100 99.1 12

PF3D 7_ io io 7 0 0 9 8 .9 24

PF3D7_i 134800 97.6 5

PF3 D 7_ i i i 7 7 0 0 98.9 19

PF3 D 7_ i 0 1 2 4 0 0 99.2 33

PF3 D 7_0 8 i 2 4 0 0 99.1 8

PF3 l>7_o6 2 i 8oo 97-9 1 4

1 histone (I {3)

1 histone H3 variant, putative (H3.3)

4 histone H4 (H4)

4 nucleosome assembly protein (NAPS)

8 proliferating cell nuclear antigen (PCNA)

5 polyadenylate-binding protein, putative (PABP)

8 14-3-3 protein, putative

4 glutathione S-transferase (GST)

4 polyubiquitin (PfpUB)

6 cAMP-dependent protein kinase regulatory subunit (PKAr)

4 dolichyl-phosphate-mannose protein mannosyltransferase,
putative

3 coatomer delta subunit, putative

4 GTP-binding nuclear protein ran/tC4 (RAN)

9 hypoxanthine-guanine phosphoribosyltransferase (HGPRT)

4 karyopherin alpha (KARalpha)

2 nascent polypeptide associated complex alpha chain,
putative

A
P

P
E

N
D

IX



PF3D7_o827900 99.2 32
PF3D7_i 242800 95-5 5
PF3D7_o826700 99.1 21

PF3D7_04i 68oo 99 2 4

PF3D7_io273oo 98.6 8

Structure

PF3D7_1246200 97-7 6

PF3D7_o5O340O 96.3 30

PF3D7_0903700 98.9 11

PF3D7_i (X)870o 99.1 10

18 protein disulfide isomerase (PDI8)

2 rab specific GDP dissociation inhibitor (rabGDI)

7 receptor for activated c kinase (RACK)

4 small GTP-binding protein sari (SARi)

4 peroxiredoxin (nPrx)

2

2

4

4

actin I (ACTi) 

actin-depolymerizing factor 1 (ADFi) 

alpha tubulin i 

tubulin beta chain

A
P
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E
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D

IX
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