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ABSTRACT

Despite being recognized as an important organelle in the secretory pathway, not many

aspects of endoplasmic reticulum (ER) protein import are understood in Trypanosoma brucei,

the causative agent of human African trypanosomiasis (HAT). Movement of proteins into the ER

requires a signal sequence and a Sec61p translocation pore. We have developed a cell-free

system using T. brucei microsomes (TbRM) and variant surface glycoprotein (VSG) as our

model substrate. TbRM could import full-length proteins post-translationally in a parasite-

cytosol dependent fashion. Purified Hsp70 (Ssa1p) could replace parasite cytosol in assisting

protein translocation into TbRM, suggesting a role of molecular chaperones in protein

translocation into ER of trypanosomes. Protein import into TbRM was signal peptide dependent.

Further, model proteins from Escherichia coli, Saccharomyces cerevisiae and Bos taurus were

not imported into TbRM. Conversely, many trypanosomatid proteins were not imported into

canine microsomes. Since signal peptides are selectively recognized by specific translocation

machineries, we hypothesize that signal peptides have ‘co-evolved” with their translocons.



We used the in vitro system to identify protein translocation blockers (PTBs), compounds

that inhibit parasite protein import into TbRM. PTBs (MAL3-101, equisetin and CJ-21, 058)

were trypanocidal, with IC50 (the concentration at which fifty percent of parasites are killed) of;

125 nM (MAL3-101), 3.3 µM (equisetin) and 7 µM (CJ-21, 058). PTBs did not affect viability

of a model mammalian cell. Therefore, we have i) identified ER protein translocation machinery,

as a drug target in T. brucei, and ii) discovered trypanocidal compounds that may act on import

of proteins into the parasite ER.

Signal sequences have three conserved regions; an amino-terminal (n-region), a

hydrophobic (h-region), and a carboxy-terminal (c-region). Although the hydrophobic core is

important for efficient import/export of proteins, functional characteristics of h-regions are

poorly understood. A bioinformatics analysis led to the discovery of highly conserved peptide

motifs in h-region of signal sequences in eukaryotes (h. sapiens, S.  cerevisiae, T. brucei), and

prokaryotes (E. coli, B. subtilis). Peptide motifs in h-regions may significantly contribute to

signal sequence activity. Finally, amino acids in h-region of signal sequences are not randomly

selected. On the contrary, selection and distribution of amino acids in h-regions is highly specific

to, and varies across species.

INDEX WORDS: Endoplasmic Reticulum, Human African Trypanosomiasis, Protein

translocation blockers, Trypanosoma brucei,  T. brucei microsomes, Variant surface glycoprotein
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CHAPTER 1

INTRODUCTION



2

1. Trypanosoma brucei

1.1: Introduction

 Trypanosoma brucei is a vector borne parasite, which is responsible for causing human African

trypanosomiasis (HAT) in humans and Nagana in cattles [1]. T. brucei are transmitted by the tsetse fly

(Glossina spp.) [1]. Two sub-species of Trypanosoma brucei cause different forms of HAT. T. b.

gambiense, found in central, west, and some parts of east Africa, causes chronic infection. T. b.

rhodesiense, found in southern and east Africa causes acute infection [1, 2].

1.2: Life Cycle

 The life cycle of T. brucei alternates between the human host and tsetse fly. T. brucei enters the

blood-stream of human hosts via the bite of tsetse flies. At the site of the bite, a chancre is formed. The

parasites propagate via blood vessels and lymphatics from the site of infection, leading to generalized

parasitemia. They invade various organs, and eventually cross the blood brain barrier to invade the brain

[3, 4]. Cattle and other wild mammals act as reservoir hosts [5].  Tsetse flies acquire parasites by feeding

on reservoir hosts, or human host. In the human host, the parasites (blood stream form) occur in various

stages of differentiation; long slender (dividing), short stumpy (non-dividing), and intermediate forms [6].

Upon ingestion by the tsetse fly, the short stumpy form develops into a procyclic form that migrates to

salivary glands and develops into an epimastigote form. The infective stage in T. brucei is the metacyclic

form which develops from epimastigotes [5].

1.3: Antigenic Variation

 T. brucei have evolved a higbhly effective defense mechanism to evade the host immune

response. Called “antigenic variation” this phenomenon is brought about by variant surface glycoproteins

(VSG), which are major surface proteins of the bloodstream form of the parasite. Approximately 107

variant surface glycoprotein (VSG) molecules are present on the T. brucei surface [7, 8]. A small sub-

population of these parasites expresses an antigenically distinct VSG, thereby escaping the host immune
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response. This small fraction of parasites then divide, making the destruction of entire population of

parasites difficult for the host immune system [9-11].

2. Human African Trypanosomiasis (HAT)

2.1: Introduction and Epidemiology

 Human African Trypanosomiasis (HAT) is a tropical vector-borne parasitic disease caused by

Trypanosoma brucei that are transmitted to humans by the bite of tsetse flies (glossina) [12]. According

to World Health Organization (WHO), HAT is an emerging epidemic, affecting 36 countries in sub-

Saharan Africa [13]. The disease is endemic in 23 countries (including Angola, the Democratic Republic

of Congo (DRC), Sudan and Central African Republic). HAT threatens an estimated 60 million people

annually [13]. Approximately 300,000-500,000 people are currently infected with the parasite although

only 45, 000 cases are reported each year [13].

2.2: Disease Manifestations

 During its first stage (hemolymphatic stage, where the parasites travel in the blood and lymphatic

system of the host), HAT is marked by fever, swollen lymph nodes, itching, and rash. Other symptoms

include malaise, headache, increased heart rate, weight loss and swelling) [3, 4]. Stage II (central nervous

system stage) disease starts with breach of the blood brain barrier by the parasites, invasion of central

nervous system (CNS), and abnormalities in cerebrospinal fluid (CSF) [3, 4].

The clinical manifestations of stage II include: confusion, poor co-ordination, and disturbance in

sleep cycle (hence the term “sleeping sickness”). Other symptoms include listlessness, loss of

spontaneous speech, and involuntary movements in the extremities. Death results due to severe

neurological impairment [3, 4]. CNS involvement is prominent with T. b. gambiense infection. T. b.

rhodesiense infection takes an acute route, with symptoms appearing in quick succession, often making

stage distinction unclear.
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2.3: Treatment of Human African Trypanosomiasis

 The WHO currently approves only four drugs for treatment of HAT [14-16] (Table 1). The

current approach to HAT treatment is stage specific, and is based on involvement of central nervous

system (CNS), making accurate diagnosis critical for disease management [2]. T. b. rhodesiense poses a

greater challenge to treatment due to the rapid course of progression of the disease. Death could occur in

few weeks after infection. On the other hand, T. b. gambiense infection is chronic, taking several months

for progression of disease. Stage II treatment is more difficult, and has numerous limitations. The drugs

that are currently recommended by WHO are listed in Table 1 [14-16].

3. Drug Discovery

3.1: Need for New Drugs against T. brucei

 Currently approved drugs for HAT have severe limitations due to toxicity and development of

therapeutic resistance [16, 17]. Administration of these drugs is often difficult, and course of treatment is

long (Table 1). Patients may encounter severe, and sometimes life threatening complications involving

the cardiovascular, renal and central nervous systems (Table 1) [16]. Secondary prevention in the form of

vaccination against T. brucei does not currently exist [2]. Many studies have been undertaken for

development of vaccine but are not encouraging this far, due to antigenic variation exhibited by these

parasites [18]. Inexpensive drugs, which are (i) easy to administer, (ii) less toxic to patients and (iii)

highly effective, are needed to control the disease [19].

3.2: Newer Drugs under Consideration

 Two drugs have recently entered phase IIA/IIB trials. They are DB289 [2,5-bis(4-

amidinophenyl)furan-bis-O-methylamidoxime] [20], and megazol [2-amino-5-(1-methyl-5-nitro-2-

imidazolyl)-1,3,4-thiadiazole] [2]. These compounds were chosen for clinical trials due to (i) high

bioavailability, (ii) easy administration (oral), and (iii) tolerance amongst patients.
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4. Protein Translocation into Endoplasmic Reticulum

The classical secretory pathway in eukaryotes consists of endoplasmic reticulum (ER), Golgi

complex (cis, medial, trans), lysosomes, endosomes, scretory vesicles and plasma membrane [21].

Regardless of their final destination, ER serves as the gateway of many of secretory proteins [22-24].

Additionally, ER serves as an organelle for multitude of functions, including  signal peptide cleavage, N-

glycosylation and protein folding [25-27].

Protein translocation into the ER can occur co-translationally [28, 29] (please refer to section 6

for a detailed description), or post-translationally [30] (Please refer to section 7 for detailed description).

During co-translational translocation, polypeptides are targeted to the ER prior to completion of its

translation and release from the ribosome [28, 29]. On the other hand, in post-translational translocation,

the nascent protein is released from the ribosome, kept in an import-competent state by cytosolic

chaperones, which then targets the polypeptide to the membrane [30].

In either case, protein translocation across membranes occur in three broad steps: i) Recognition

of amino-terminal signal peptide of the polypeptide, ii) interaction of signal peptide with translocation

pore (translocon) on the membrane, and iii) actual translocation of polypeptide across the translocon.

5. Signal Peptides

5.1: Introduction

Signal peptides are amino-terminal targeting sequences that direct protein import into the endoplasmic

reticulum (ER) of eukaryotes (e.g., humans, Saccharomyces cerevisiae) [25, 26]. In Gram-negative

bacteria (e.g. Escherichia. coli), they direct export of proteins from inner bacterial membrane to the

periplasmic space [31]. In Gram-positive bacteria (e.g. Bacillus. subtilis), they direct export of proteins

into the external milieu [31].
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5.2: Signal Peptide Recognition

 Signal peptide recognition is the first step in protein translocation in eukaryotes and in prokaryotes.

Signal peptides are recognized by (i) SRP (co-translational ER import) [30, 32], (ii) Ssa1p (post-

translational ER import) or, (iii) SecA (E. coli post-translational targeting).

5.3: Properties of Signal Sequences

 Signal peptides lack conserved sequences, but exhibit a general tri-partite organization consisting

of: (i) a positively charged amino terminal n-region, (ii) a hydrophobic core, and (iii) a polar C-terminal

region [33-35]. Species-specific variations in signal sequences have been documented, but the

significance of these variations has still not been elucidated. Differences exist across species in terms of

the length, charge, and amino acid composition of each sub-region (n, h, c) [36].

Eukaryotic signal sequences are ~18-20 amino acids long. The n-region of eukaryotic signal

sequences is short (~1-5 amino acids), and carries a charge of +2. The h-region of eukaryotic signal

sequences are ~ 7-15 amino acids long, are highly hydrophobic, and have higher leucine content than

prokaryotes (reviewed in [36-38]). The c-region is ~ 5 amino acids long and follow "-3 to -1 rule"

(recognition site for signal peptidase) for cleavage (A-x-A).

E. coli  signal sequences are ~ 22-25 amino acids long [39]. The n-region is ~ 7 residues long and

carries a net charge of +2 [39]. The h-region and c-region contain ~ 12 and 6 amino acids respectively

[36, 37]. The c region (~ 6 amino acids) follows "-3, -1 rule". B. subtilis signal peptides are longer than

those in E. coli (reviewed in [36, 37]): n-region (of 7-12 amino acids) carries a net charge of +2 to +7

(reviewed in [36-38]). B. subtillis h-region is ~ 15 amino acids in length. B. subtillis also follows "-3, -1

rule" for the c-region. B. subtillis c-region are longer (~8 amino acids).
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Very little primary sequence homology is seen in signal peptides across biological systems. Even

within the same biological system, search of signal sequence homology has been futile (reviewed in [36-

38]). However, the biological significance of the observed species-specific differences in signal sequences

have not been appreciated, probably because signal sequences are sometimes interchangeable across

species. Signal peptides have been documented to drive protein import into the ER of other species [40].

For example, α-mating factor from S. cerevisiae, and β-lactamase from E. coli are imported into canine

microsomes [40].

Recent studies have shown that signal sequences may not always be universally interchangeable.

For example, proteins with Leishmania signal sequence do not drive import into ER when transfected in

insect Sf9 cells [41]. Similarly a T. cruzi signal sequence could not direct protein import in the ER of

murine Vero cells [42]. We observed that a group of trypanosomatid signal sequences do not direct import

into canine microsomes [43]. Hence, signal peptides seem to be specifically recognized by translocon.

5. 4: Role of Hydrophobicity in Signal Peptide Function

The hydrophobic core of the signal sequences is considered important for signal peptide function

[44]. The choice of either a co-translational or post-translational pathway for protein import into the ER

depends on the hydrophobicity of the signal peptide [44]. Peak hydrophobicity of the h-region has been

used successfully to identify signal sequences from many organisms. Kyte-Doolittle hydopathy plots have

been used to predict hydrophobicity of signal peptides [45]. In general, higher hydrophobicity of signal

peptide favors co-translational translocation. Less hydrophobic signal peptides utilize post-translational

translocation [44].
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6. Co-translational Protein Translocation into ER of Eukaryotes

Co-translational ER protein import occurs in mammalian and yeast cells. The pathway utilizes: i)

a signal peptide; ii) signal recognition particle; and iii) a translocation pore in the ER membrane [28, 46].

Factors involved in mammalian and S. cerevisiae ER translocation are listed in Table 2.

6.1: Signal Recognition Particle

 Co-translational targeting of protein into ER is signal recognition particle (SRP) dependent

(reviewed in [28]). SRP was discovered in mammalian cells [47, 48]. The mammalian SRP components

are 9p, 14p, 19p, 54p, 68p, 72p and a 7SL RNA [28, 49]. The yeast SRP components (Srp68p, Srp72p,

Srp65p, Srp54p, Srp21p, Srp14p, and scR1 RNA) are homologous to their mammalian counterparts

(Table 2) [30, 32, 50]. M-domain of SRP54p recognizes and binds the signal peptide of a nascent

polypeptide, as it emerges from the ribosome [51]. Apart from the signal peptide, SRP interacts directly

with the ribosome [51], causing "transient delay" in translocation (elongation arrest) [52-54]. The “Alu”

domain (SRP9 and SRP14 and 7SL RNA) is required for elongation arrest [54]. Finally, SRP interacts

with SRP receptor (SR) located on the ER membrane.

6.2: SRP Receptor

 The polypeptide emerging out of the ribosome (ribosome nascent chain or RNC) is recognized by

SRP, and targeted to the ER membrane via interaction of the SRP and SRP receptor (SR). SR is an ER

membrane bound heterodimeric receptor of SRP [55]. In mammalian cells, SR consists of the 69 kDa

protein SRa [56] and the 30 kDa SRβ. SRα (a GTPase) is a peripheral membrane protein that associates

with integral membrane protein SRb. The GTPase activity of SRa is required for the stable formation of

the SR complex [57]. The yeast SRα /Src101p [50] and SRβ /Src102p [50] are homologous to the

mammalian SR components (Table 2). Src101p is not essential for cell survival [50]. Src102p binds to

Src101p, which anchors the complex to ER membrane. Interaction of targeting complex (RNC-SRP) with
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the SR at the ER membrane is GTP dependent. Upon GTP binding, transfer of the signal peptide from

SRP54 to the Sec61a ensues. Resulting GTP hydrolysis triggers dissociation of SRP-SR complex and the

polypeptide synthesis resumes [58, 59].

6.3: Translocon

 The Sec61 complex forms the core of the protein translocation channel, i.e. translocon [60]. The

mammalian Sec61 complex consists of Sec61α, Sec61β, and Sec61γ [61]. S. cerevisiae homologs of

Sec61 complex are: Sec61p [62], Sbh1p [63] and Sss1p [64] respectively. The ribosome binds to Sec61p

tightly, allowing the polypeptide to enter the translocon [65, 66]. If there is successful interaction between

signal peptide and Sec61p, the translocon is “gated” and the polypeptide enters the ER lumen [66]. After

elongation arrest, protein synthesis resumes [67].

6.4: Steps During Co-translational Protein Import into ER

Co-translational translocation of polypeptides into ER occurs in four stages. First, the polypeptide

emerges from the ribosome, its amino terminal signal sequence is recognized by SRP [51]. Second, the

ribosome nascent chain complex is targeted to the ER. The targeting is mediated by interaction between i)

SRP and SRP receptor [58, 59], and ii) Ribosome and Sec61α [66]. Third, the signal sequence is then

transferred to the translocon [65, 66]. Finally, successful recognition of signal sequence by Sec61α results

in “gating of translocation pore” and transfer of polypeptide to the ER lumen ensues [65, 66].

7. Post-translational Protein Import into ER of S.cerevisiae

An important basis for distinction between the co-translational and post-translational pathway is

the SRP utilization. Existence of a SRP independent pathway was first discovered in yeast [30]. The co-

translational pathway is SRP-dependent, while the post-translational pathway is SRP-independent. In
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yeast, SRP is not essential for survival in yeast [30, 50] clearly indicating the existence of both pathways.

Major factors of post-translational translocation in S.cerevisiae are listed in Table 3.

7.1: Translocon

 Posttranslational translocation of secretory proteins occurs via a heptameric complex consisting

of the Sec61 and Sec62/63 sub-complexes [68, 69]. The yeast Sec61 complex components are Sec61p,

Sbh1p and Sss1p [64]. Sec62/63 sub complex consists of Sec62p, Sec63p, Sec71p and Sec72p [62, 70] .

Sec61 complex serves as the protein conducting channel for both co-translational and post-translational

protein import into yeast ER (Reviewed in [71]).

Components of the Sec62/63 sub complex are Sec62p, Sec63p, Sec71p and Sec72p. While both

Sec62p and Sec63p are essential (reviewed in [72]), Sec71p and Sec72p are not essential for cell growth

[70, 73] in yeast. Sec62/63 sub-complex is extensively involved in post-translational translocation. The

Sec61complex alone is sufficient for co-translational translocation. The Sec61complex along with the

Sec62/63 sub-complex forms the heptameric complex [62, 70], which is needed for post-translational

translocation.

The signal sequence binds to the Sec61p component of the translocon in a BiP, and ATP

independent fashion. This initial binding directs the polypeptide to the translocation channel. Signal

sequence also binds to the Sec62p component of Sec62/63 sub-complex in one single signal recognition

step [74].

7.2: Cytosolic Chaperones

 Cytsolic molecular chaperones are responsible for keeping the protein in an “import competent”

properly folded state [75]. Luminal chaperones are responsible for assisting import of the proteins into the

ER. The molecular chaperones (both cytosolic and luminal) belong to the 70 kDa class of heat shock
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proteins (Hsp70) and are essentially ATPases [76]. The yeast cytosolic Hsp70 include Ssa1-4 set of

proteins [77]. Hsp70 chaperones (e.g. Ssa1p) and their Hsp40 co-chaperones (e.g. Ydj1p) play an

important role in protein translocation into the yeast ER. The Hsp40 class of proteins regulate ATPase

activity of Hsp70 chaperones [78]. In addition, Kar2p (ER luminal ATPase) is also essential for

posttranslational translocation [63].

7.3: ER Luminal Chaperones

The luminal Hsp70 class chaperone is Kar2p (yeast)/ BiP (mammalian homolog of Kar2p) [48,

79], and its homolog namely Lhs1p. kar2p/BiP plays an important role in aiding the translocation of the

preprotein into ER lumen. When the peptide emerges at the luminal side of the translocon, several BiP

molecules bind to the translocating polypeptide. As a result, the peptide can no longer diffuse backwards

in the channel, eventually resulting in completed translocation. The binding of BiP requires an interaction

between BiP and the luminal J-domain of Sec63p [80, 81]. The Sec63p J-domain binds to ATP-bound

BiP, and stimulates ATP hydrolysis resulting in ADP-bound BiP. This enables BiP to bind to the

translocating polypeptide with higher affinity. BiP binds to mature part of the protein emerging from the

translocon [82]. The Sec63p - BiP interaction is transient, and the J-domain- induced ATP hydrolysis

does not require a peptide [82]. It is suggested that apart from acting as a ratchet, BiP may also actively

pull the peptide [82]. BiP molecules dissociate from the translocated peptide upon nucleotide exchange

thus liberating the polypeptide to the ER lumen, and rendering BiP ready for a new cycle of J-domain

activation [82].

8. Protein Translocation into the ER in T. brucei

8.1: Secretory Pathway in Trypanosomatids

Despite understanding the significance of the secretory pathway, not much is known about ER

protein translocation in trypanosomatids. Markers have revealed the presence of nuclear ER and cortical

ER (which is the continuation of nuclear ER) [83] . Many markers for T. brucei ER, our orgenelle of
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interest, have been identified (e.g., Bip and calreticulin) [84, 85]. The ER can account for as much as 60%

of internal membranes in dividing populations of parasites [86].  Proteins synthesized in rough

endoplasmic reticulum are transported to the Golgi network via transitional ER [87]. Proteins are

exported from the Golgi to the flagellar pocket through vesicular, and cisternal transport [88]. Lysosomal

proteins are exported either directly from Golgi, or indirectly after being routed from flagellar pocket via

endosomes [89, 90].

Cell surface proteins are critical for parasite survival in trypanosomatids (T.  brucei, T. cruzi and

Leishmania spp.). Some important proteins that are transported to their destination by secretory pathway

in T. brucei include:  GPI anchored proteins like variant surface glycoprotein (VSG) [10], transferrin

receptors, [91, 92], and GP63 [93]. Many Leishmania spp. proteins that are targeted across ER include:

GPI anchored proteins (e.g., GP63 [94] PSA-1 [95], and PPG [96]); membrane proteins (e.g., amastin

[97], 3' and 5' nucleotidase [98]), and secreted proteins (e.g., acid phosphatase [99]) reach the surface via

ER. T. cruzi  surface proteins include:  (e.g., mucins [100], amastin, and trans sialidase family of proteins

[101]), and membrane proteins (e.g., like Gp72 [102]).  

8.2: Protein Translocation in T. brucei

 Trypanosome signal sequences maintain a tripartite structure. Signal sequences in T. brucei have

three sub-regions; an amino-terminal (n-region), a hydrophobic core (h-region) and a carboxy-terminal

region (c-region) [43]. Little is known about ER protein import in T. brucei. Recently, the effect of RNA

interference (RNAi) of SRP54 was studied in T. brucei. Under Srp54 depletion, all the proteins studied

were translocated into the ER lumen and properly processed [103]. It was suggested that an “alternative

pathway” (i.e, SRP-independent) pathway exists for protein translocation into T. brucei ER [103]. From

these studies, one would surmise that T. brucei may utilize post-translational translocation for protein

import into the ER.
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Signal peptides from one species may function with the translocation machinery of another. For

example, prepro α-factor (α-MF) from the yeast S. cerevisiae and, β-lactamase (β-lac) from E. coli can be

imported into canine microsomes [40]. Surprisingly, several Trypanosomatid proteins from Leishmania

(e.g., GP63) and T. brucei (e.g., VSG117, MVAT7, BiP) cannot lead protein import into canine

microsomes.

During the course of this study, we plan to understand the mechanism of ER protein translocation

in T. brucei. We also plan to elucidate the function of the signal sequence in protein import into T. brucei

ER. We also wish to have a better understanding of the contributions of the n and h sub-regions of the T.

brucei signal peptide to its activity.
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Table 1: Current Drug Treatment for Human African Trypanosomiasis

Drug Species Indication Mechanism of Action Limitations

Pentamidine T.b. gambiense Stage I Inhibits transporter
mediated adenosine
uptake

Hypoglycemia,
hypotension

Suramin T.b. gambiense,
T.b. rhodesiense

Stage I Inhibits receptor
mediated LDL uptake.
Inhibits glycolytic
enzymes

Anaphylactic
shock, renal
failure

Melarsoprol Tb gambiense,
T.b. rhodesiense

Stage II Targets thiol
containing enzymes of
T. brucei

Reactive
encephalopatic
syndrome,
Increasing
treatment
failure

Eflornitine T.b. gambiense Stage II Irreversible inhibitor
of ornithine
decarboxylase

Pancytopenia,
convulsions

Nifurtimox T.b. gambiense Stage II Generation of free
radicals which are
detrimental to parasite

Not registered
for HAT yet
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Table 2: Factors Assisting Co-translational Import in Vertebrates and their S. cerevisiae homologs

Factors Mammalian Components S. cerevisiae Homologs

Translocon Sec61p (α, β, γ) Sec61p, Sbh1p, Sss1p

SRP 9p, 14p, 19p, 54p, 68p, 72p 68p, 72p, 65p, 54p, 21p, 14p

SRP RNA 7SL RNA scR1 RNA

SRP receptor SRa, SRb Src101, Src102
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   Table 3: Factors Assisting Post-translational  Import in S. cerevisiae

Factors S. cerevisiae

Translocon Sec61p, Sbh1p, Sss1p

Other membrane proteins 68, 72, 65, 54, 21, 14

Cytosolic chaperones Ssa1-4p

Cytosolic co-chaperones Ydj1p

Luminal chaperones Kar2p
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LIST OF ABBREVIATIONS

 α-MF, α -mating factor; CfRM, canine microsomes; CHX, cycloheximide; GPI,

glycosylphosphatidylinositol; NP-40, nonidet P-40; PK, proteinase K; PMSF, phenylmethyl-

sulfonylfluoride; RNC, ribosome nascent chain; RRL, rabbit reticulocyte lysate; SDS-PAGE, sodium

dodecyl sulfate-polyacrylamide gel electrophoresis; TbRM, T. brucei microsomes; VSG, variant surface

glycoprotein.
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ABSTRACT

Movement of proteins into the endoplasmic reticulum (ER) is an important stage in the biogenesis

of several organelles in the secretory pathway. Signal peptides and a Sec61p protein translocon are

essential for co-translational and post-translational import of proteins into the ER. In trypanosomes, many

aspects of the pathways and factors important for protein import into the ER are not understood. Although

it is widely held that signal sequences are universally interchangeable between species, several proteins

from Trypanosoma brucei, causative agent of human African trypanosomiasis, could not be imported into

canine ER microsomes. To explore mechanisms underlying this import defect, the interactions of a

variant surface glycoprotein (VSG_117) signal peptide with canine microsomes were examined: the

trypanosome signal peptide was not recognized by the canine Sec61p translocon. Thus, the ER translocon

is a major determinant of species-specificity in signal peptide activity. In order to perform further studies

of trypanosome ER protein import, we have developed a cell-free system using T. brucei microsomes. T.

brucei microsomes (TbRM) imported proteins post-translationally. Cytosol from the parasite was

required for translocation of VSGs into TbRM. Hsp70 chaperones that are stimulated by J-domain co-

chaperones are important for import of proteins into TbRM. Signal peptides from other species (e.g.,

Escherichia coli, Saccharomyces cerevisiae, Leishmania major and Bos taurus) could not direct import of

proteins into TbRM. ER translocons appear to have coevolved with signal peptides from the same

species.
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INTRODUCTION

Cell surface proteins of Trypanosoma brucei play important roles as signaling receptors, nutrient

transporters and virulence factors. Movement of these proteins to the plasma membrane typically involves

import into the endoplasmic reticulum (ER). An N-terminal signal sequence (reviewed in [1, 2]) and a

translocon composed of Sec61p (α, , β, , γ) [3-5] are essential for protein translocation into the ER. Both

co-translational and post-translational pathways are used for import of protein into the ER.

For co-translational translocation, a signal peptide binds to signal recognition particle (SRP) to

form a “targeting complex” (reviewed in [6]) that “docks” on the ER membrane [7] where the nascent

polypeptide chain is transferred from SRP to Sec61p [8]. “Gating” of the Sec61p pore occurs when it

recognizes a functional signal peptide [9-11].

Post-translational import of proteins into the ER is documented in Saccharomyces cerevisiae

(reviewed in [12, 13]). (In Escherichia coli post-translational export of proteins across the luminal

membrane is extensively documented (reviewed in [14].) Unique factors needed for post-translational

translocation include the membrane proteins Sec62p, Sec71p, and Sec72p [15- 18], and molecular

chaperones Ssa1p (Hsc70) and Ydj1p (Hsp40) [19-22]. Whereas Sec61p is the translocon for post-

translational protein import [23-25], SRP is not required for post-translational translocation [3, 21, 26-28].

The composition and internal organization of signal peptides differs among species [29,30].

However, the biological significance of the observation remained elusive, since signal sequences from

one species can sometimes operate with the ER translocation machinery of another [31, 32]. Recent

studies indicate that signal peptides from one species may not work well with the translocation system

from another species [33-36], in accordance with the variation in signal sequence composition between
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different organisms [29, 37-39]. Similarly, the Sec61p translocon is not functionally interchangeable

between related yeasts [40, 41].

Signal peptides are important for entry into the secretory system [42]. SRP54p (the 54 kDa

protein component of the SRP complex) is dispensable for import of several proteins into the ER of T.

brucei [43]. In a canine microsomal system, several signal peptides from T. brucei failed to direct ER

import of trypanosome proteins. Replacement of the signal sequence of a variant surface glycoprotein

(VSG_117) with that from yeast α-mating factor (α-MF) led to import of the T. brucei protein [35]. Thus,

the trypanosome signal peptide is incompatible with the vertebrate ER protein import machinery.

In vivo evidence confirm these in vitro observations. First, attempts to secrete recombinant

Leishmania gp63 from insect Sf9 cells failed. When the trypanosomatid signal sequence was replaced

with a baculovirus signal peptide gp63 was secreted [44]. Second, when gp82 from Trypanosoma cruzi

was expressed in murine Vero cells the protein was not targeted to the plasma membrane where it is found

in the parasite. Replacement of the T. cruzi signal peptide with a signal sequence from influenza virus

hemagglutinin targeted gp82 to the plasma membrane of Vero cells [34]. Thus, both in vitro and in vivo,

trypanosomatid signal peptides seem to be incompatible with translocation systems from other species.

In order to elucidate the biochemical basis of the species-specificity in signal sequence utilization

between the canine translocon and T. brucei signal peptides, we have studied the interactions between a

trypanosome signal peptide and the canine ER translocon. VSG_117 nascent chain is targeted to canine

ER, but fails to interact productively with canine Sec61p. This data reveals the ER translocon as a

species-specificity factor in protein import into the organelle.
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Little work has been performed on trypanosome ER protein translocation, despite the obvious

importance of the pathway for localizing virulence factors and signaling receptors to the plasma

membrane of the parasite. For example, the properties of signal peptides have not been studied directly,

and the pathways used for protein import into the ER have not been completely characterized. Initiatives

to address some of these issues will be advanced rapidly if an in vitro system was available to study some

of the mechanistic steps, due the exquisite level of control that investigators can apply to such a cell-free

system. (See [25, 45] for reviews of such efforts as applied to yeast and canine ER protein translocation.)

Since canine pancreas microsomes that are widely used to study mechanisms of polypeptide import failed

to import T. brucei proteins [35], we have developed a cell-free system that imports proteins from the

trypanosome.

In studies with T. brucei microsomes (TbRM), several unexpected properties of the ER protein

import have been discovered. TbRM imported VSGs post-translationally, providing only the second

example, after S. cerevisiae [3, 46], of post-translational ER protein import in a eukaryote. A signal

peptide was required, as anticipated, for import of proteins into TbRM. Short polypeptides (i.e., less than

114 amino acids long) could be imported efficiently into TbRM from a rabbit reticulocyte lysate. For

longer proteins (250 amino acids and longer), cytosol from T. brucei was required for import into TbRM.

Surprisingly, proteins from other species could not be imported into TbRM. Apparently, signal peptides

from T. brucei have coevolved with the ER translocon such that only the parasite proteins are imported

into TbRM.

MATERIALS AND METHODS

DNA Templates for RNA Synthesis In Vitro

The DNA substrate for synthesis of VSG_11786, VSG_117114, VSG_117260 and VSG_117500 was

pVSG_117 (kindly provided by Dr. Jay Bangs, University of Wisconsin, Madison). The templates were
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generated by PCR using the forward primer ccctaatacgactcactatagggaggagggtttttaccatggactgccata

caaaggag which contains a T7 promoter (italicized), and a translation enhancer (underlined) [47]. The first

21 nucleotides of VSG_117 coding sequence are in in regular style font. The forward primer for

VSG_117500_SP and VSG_117500_SP was ccctaatacgactcactatagggaggagggtttttaccatggccacactgagaa

aggttgc. It contained nucleotides 51-57 of the coding region (regular font). Other features are similar to

those mentioned for the previous forward primer. The reverse primer for VSG_11786 was cgaa

caacgaaggggttcttatagtgcgtagattcgtagcttcgtttc; a HinfI site (in bold) and nucleotides 78-86 of the coding

region of VSG_117 (normal font) are shown. The reverse primer for VSG_117114 was tcactgaat

gctttcgagtgctttttgtcgcattagggc. It contained a XmnI site (in bold) and nucleotides 106- 113 of the coding

region (regular font). The reverse primer for VSG_117260 was catcatcatcgaaagtttcaagccgatggt. The primer

contained nucleotides 254-260 of the coding region (regular font). The reverse primer for VSG_117500

was catcatcatttcctaaaaaagcaaggc. It contained nucleotides 516-525 of the coding region (regular font).

The substrate for synthesis of VSG_MVAT7 was plasmid SL/3 (gift from J. Donelson, Univ. of Iowa).

The forward primer for the reaction was ccctaatacgactcactatagggaggagggtttttaccatgtcaacaagagtccaacaa. It

contained a T7 promoter (italicized), a translational enhancer (underlined), and the first 21 nucleotides of

VSG_MVAT7 coding sequence (in regular font).

The DNA amplification products were purified using “Wizard PCR preps” (Promega), extracted

with phenol/chloroform/isoamyl alcohol, ethanol precipitated, and quantitated by OD260 absorbance. The

substrate for synthesis of a ribosome-nascent chain (RNC) containing 86 amino acids from preprolactin

(pPL86) was produced by PvuII linearization of pGEM2pPLwt [15] (provided by Dr. Tom Rapoport,

Harvard Univ.). Full-length pPL was obtained by PstI linearization of pGEM2pPLwt. α-mating factor

and β-lactamase mRNA’s were obtained from Promega (as part of a canine microsome kit).
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Transcription Reactions

Two approaches were used to produce RNAs in vitro. In the first method, two µg of DNA

template was added to a reaction containing 1 mM each ribonucleoside triphosphates, 5 mM

dithiothreitol, 50 units T7 polymerase (Gibco BRL), 40 mM Tris-HCl (pH 8.0), 8 mM MgCl2, 2 mM

spermidine, 125 mM NaCl, and 40 units RNAsin (Promega). Reactions were carried out for 1 h at 37°C,

and products purified as described [48]. In the second method for RNA synthesis, one µg of DNA

template was transcribed using the AmpliscribeTM T7 Kit (Epicentre Technologies). One µl (1 MBU) of

RNAse free DNAse I was added to the reaction which was incubated for 15 min at 37°C. The mixture

was centrifuged at 14,000 x g (15 min, 4°C), and the pellet was washed with 70% ethanol. Purified RNA

was resuspended in 40 µl RNAse free T10E1. RNA concentration was determined by UV absorbance.

Protein Synthesis In Vitro

One µg of RNA was translated in a reaction containing 10 µl of rabbit reticulocyte lysate

(Promega), 1 mM methionine/cysteine-free amino acid mixture (Promega), and 15 µCi [35S] redivue

Promix (Amersham Bioscience) in a total volume of 20 µl.

Co-translational Protein Import Into Canine Microsomes

One µg of RNA was translated in the presence of 4 µl canine pancreas microsomes (Promega, 1

U/µl) for 90 min at 30°C. This reaction mixture was aliquoted into three equal portions and treated with

one of the following; (i) 120 µg/ml protease K; (ii) 120 µg/ml protease K and Triton-X-100 (1%); (iii)

control buffer (250 mM sucrose, 150 mM KOAc, 5 mM Mg(OAc)2, 1 mM DTT (SRB)) on ice for 1 h.

Phenylmethylsulfonylfluoride (PMSF) (20 mM final) was added to stop the reaction. Samples were

precipitated with an equal volume of cold (4°C) saturated (NH4)2SO4 and resolved by SDS-PAGE (10%

total acrylamide, 3% crosslinker in a Tricine-HCl system) [49]. Radioactive polypeptides were visualized

by fluorography.
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Binding of Ribosome-Nascent Chains (RNC) to Canine Microsomes

Targeting of RNCs to microsomes was determined by a membrane floatation assay [50] with

minor modifications. Briefly, 30 µl translation reactions were adjusted to 2.1 M sucrose with

330 µl of 2.3 M sucrose in RBB (50 mM HEPES-KOH (pH 7.4), 150 mM KOAc, 5 mM Mg(OAc)2, and

2 mM DTT). Samples were overlaid with an equal volume (360 µl) of 1.9 M sucrose in RBB. Equal

volumes (360 µl) of sucrose-free RBB were placed on top, and the cushions centrifuged for 2 h at

186,000 x g (4°C) (Beckman TLA 100.3 rotor). After centrifugations, samples were immediately frozen

in liquid nitrogen. Using a razor blade and hammer, the frozen tubes were sectioned into top and bottom

fractions of approximately 540 µl each. Frozen fractions were transferred to pre-labeled microcentrifuge

tubes, thawed, precipitated with an equal volume of saturated (NH4)2SO4, and analyzed as described

above.

Microsome Protection of Nascent Chains from Protease K Digestion

Translation reactions (see above) performed in presence or absence of canine microsomes were

divided into several equal fractions. When indicated, samples were digested with protease K (120 µg/ml)

for 1 h on ice. Proteins were separated by SDS-PAGE. Radioactive polypeptides were detected by

fluorography using pre-flashed Hyperfilm-MP (Kodak) at –80°C. Quantitation of fluorographs was by

laser scanning densitometry with an IS-1000 Digital Imaging System (Alpha Innotech, CA).

Preparation of T. brucei Microsomes (TbRM)

A pellet of 2 x 109 blood stream form T. brucei was washed and resuspended in 1 ml of

homogenization buffer (HB) (250 mM sucrose, 50 mM KOAc, 1 mM EDTA, 1 mM DTT). Cells were

lysed with twenty strokes of a tight-fitting pestle in a Dounce homogenizer. The mixture was first

centrifuged (2000 x g, 10 min, 4°C) to pellet particulate material including unlysed trypanosomes. The

resulting supernatant was centrifuged at 12,000 x g (20 min, 4°C) to pellet rough microsomes (TbRM)

that was resuspended in 40 µl RM buffer (RMB) (250 mM sucrose, 50 mM HEPES-KOH, pH 7.6, 50
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mM potassium acetate, 1 mM DTT, 5 µg/ml leupeptin). An aliquot of the pellet was diluted 50-fold in

0.1% SDS and absorbance (OD280) determined. Stock TbRM was diluted with RM buffer to OD280 of 50

(1µl of this TbRM suspension has one equivalent of microsomes). Aliquots were frozen in liquid

nitrogen, and stored at –80°C.

Preparation of Cytosol from T. brucei

Supernatant obtained during preparation of TbRM (see above) was centrifuged at 65,000 x g (60

min, 4°C, Beckman TLA 100.3 rotor). The supernatant obtained was concentrated twenty-fold by

ultrafiltration using a Centricon-10 filter (Amicon). The retentate was retrieved, an aliquot was diluted 50-

fold with 0.1% SDS, and the OD280 obtained. One equivalent of cytosol has OD280 of 50. Aliquots were

quick-frozen in liquid nitrogen, and stored at -80° C.

Protein Import Into T. brucei Microsomes (TbRM)

Two µg of RNA encoding a truncated substrate (e.g., VSG_11786) was translated in 40 µl of a

reaction containing 20 µl rabbit reticulocyte lysate, 60 µM amino acids (-Met, -Cys), 2.4 µCi

[35S]promix. The reaction was incubated at 37°C for 15 min. Cycloheximide (50 µg/ml, final

concentration) was used to stop further translation. The reaction was aliquoted into two portions. To one

aliquot T. brucei microsomes (TbRM) (1 equivalent) was added, and to the other portion an equal volume

of RM buffer added. The reactions were incubated at 37°C for 45 min. Each of reactions was divided into

three portions of 10 µl and treated with one of the following: (i) RM buffer; (ii) 300 µg/ml protease K;

(iii) NP-40 (2%, final concentration) followed by protease K (300 µg /ml, final concentration), on ice for

1 hour. PMSF (20 mM final concentration) was added to stop proteolysis. Samples were precipitated with

an equal volume of cold ammonium sulphate (saturated) and resolved by SDS–PAGE (4% total

acrylamide, 3% cross linker in tricene-HCl system) [47]. The gels were dried and visualized with a

phosphorimager (Molecular Imager FX, (BioRad). Data bands were quantitated with QuantityOne

software (BioRad), and graphs plotted with Canvas 9.0 (Deneba). To import full-length proteins into
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TbRM, a modification was made to the scheme described (above) for import of truncated proteins. Two

µg of RNA was translated in 40 µl mixture containing 20 µl rabbit reticulocyte lysate, 60 µM amino acids

(-Met, -Cys), 2.4 µCi [35S]promix. Cytosol from T. brucei (1.5 equivalents) was added 20 min into the

translation reaction, which was then incubated at 37°C for further 40 min. Cycloheximide (50 µg/ml, final

concentration) was used to stop further translation. The mixture was then divided into two equal portions.

To one aliquot, RM buffer (1.5 µl) was added whereas the other portion received TbRM (1 equivalent, in

1.5 µl of RM). The reactions were then incubated at 37°C for 1 h, after which protease protection assays

were performed as described earlier.

RESULTS

Detection of Trypanosome VSG_117-RNC on Canine ER Microsomes

Based on the fact that signal sequences are recognized twice during co-translational protein

import into the canine endoplasmic reticulum [51, 52], failure of canine microsomes to import T. brucei

proteins [35] may be explained by two hypotheses. First, it is conceivable that reticulocyte ribosomes that

are translating T. brucei proteins fail to dock at the ER. Second, trypanosome signal sequences may bind

to the ER but fail to execute a posttargeting event, for example, “gate” the canine Sec61p translocon. The

second model is used for rejection defective preprolactin signal peptides that are targeted to the ER [51].

To evaluate the contributions of each of the above pathways to the failure of trypanosome signal

sequences to direct import of proteins into canine microsomes, we first tested whether ribosome-nascent-

chains (RNCs) containing a trypanosome VSG_117 signal peptide (VSG_ 117-RNC) could be targeted to

canine ER microsomes. Preprolactin RNC (pPL-RNC) was studied as a positive control [51]. VSG_117

and pPL-RNCs were produced in a rabbit reticulocyte lysate in the absence or presence of canine

microsomes. The RNCs were floated through a sucrose cushion [50], allowing free RNCs to sediment to

the bottom, while membrane-bound RNCs floated at the top of the sucrose cushion.



37

In the absence of canine microsomes, almost all the signal for both pPL and VSG_117- RNCs

was recovered from the bottom fraction of the sucrose cushion (Fig. 1, compare lanes 1 & 2). When

microsomes were present during translation, 30% of pPL-RNC floated in the top fraction of the cushion

(Fig. 1A, compare lanes 3 & 4). Under similar conditions, 15% of VSG_117-RNC is membrane-bound

(Fig. 1B, compare lanes 3 & 4). Therefore, the relative targeting efficiency of VSG_117 RNC is 50% that

of pPL-RNC. We conclude that VSG_117-RNC is targeted to the canine ER. Additionally, sufficient

VSG _117 RNC is detected on the ER that import of VSG would have been detected if it had taken place,

because the microsomal import assay (in our hands) detects 5% import of a substrate. Nevertheless,

inefficient targeting of the trypanosome RNC to the ER probably makes a contribution to poor

translocation competence of the protein [35].

Interactions of a Trypanosome Nascent Chain With The Canine ER Translocon

Since VSG_117 RNC was detected on canine microsomes, we determined whether the signal

peptide interacted productively with the canine Sec61p translocon. When a signal peptide engages Sec61p

effectively, a “tight seal” is formed between the ribosome and the ER membrane, which precludes

digestion of the NC by exogenous protease K [53]. Hence, sequestration of a NC into a “protease-

protected environment” indicates that, signal peptide is recognized by Sec61p [8, 51, 53]. In fact, purified

Sec61p in liposomes protects a signal peptide within a targeting complex from protease digestion [54,

55].

To determine the susceptibility of the NCs to protease K, VSG_117 and pPL-RNCs were

produced in presence or absence of canine microsomes and treated with protease K. In the absence of

microsomes, most of pPL-NC is degraded by protease K (Fig. 2A, compare lanes 1&2). When two

equivalents of microsomes are added, 60% of pPL-NC is protected from the protease (Fig. 2A, compare

lanes 3 & 4). With four equivalents of microsomes, 100% of the pPL nascent-chain is protected (Fig. 2A
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compare lanes 5 & 6). These observations indicate that canine Sec61p recognizes pPL signal peptide, as

reported by other investigators [56].

Protease susceptibility of VSG-NC differed markedly from that observed with pPL-NC. Full-

length VSG_117-NC is completely degraded by protease K in the absence of microsomes (Fig. 2B,

compare lanes 1&2). When two equivalents of microsomes was introduced into the translation reaction,

only 1% (Fig. 2B and Fig. 2C) of the full-length nascent-chain is protected from protease. On addition of

four equivalents of microsomes 5.8% protection of full-lenth VSG-NC was achieved (Fig. 2B lanes 5-6;

Fig. 2C). Efficiency of the ribosome•ER-membrane interaction triggered by VSG-NC, as judged by the

proportion of NC that is protected by two equivalents of microsomes, is approximately 60-fold less than

that of pPL-NC (Fig. 2C). The simplest interpretation of the data (above) is that canine Sec61p cannot

recognize the trypanosome signal sequence efficiently. Therefore, defective Sec61p•signal peptide

interactions contribute significantly to inability of canine microsomes to import trypanosome proteins.

Cell-Free Protein Import by T. brucei Microsomes (TbRM)

We have a long-term interest in learning the pathways and mechanisms used by secretory proteins

to cross the ER membrane in T. brucei. Those studies will be advanced rapidly by availability of an in

vitro microsomal system with which mechanistic studies can be performed. Herein, we report the

establishment of a cell-free system using T. brucei microsomes (TbRM) that imports trypanosome

proteins. Truncated VSG_117 with 86 amino acids (i.e. VSG_11786) was used as the initial substrate to

establish the system, with the reasoning that the requirements for microsomal import of a truncated

protein could be less stringent than those of a full-length polypeptide.

Standard assays to test microsomal ER protein import include (i) proteinase protection of

translocated cargo, and (ii) loss of protease protection after detergent permeabilization of ER membranes
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[53]. Detergent treatment of microsomes creates pores in the membranes that allows protease to access

and digest imported proteins [14].

VSG_11786 mRNA was translated in rabbit reticulocyte lysate followed by addition of

cycloheximide to terminate further protein synthesis. TbRM was added post-translationally for import of

VSG_11786, and reaction mixtures treated with proteinase K. Finally, protease digestion of VSG_11786 in

presence of detergent and TbRM was performed. (See Fig. 3A for an outline of the experimental scheme.)

In the absence of TbRM, VSG_11786 was degraded efficiently by proteinase K (Fig. 3B, lane 2).

TbRM protected VSG_11786 from proteinase K digestion (Fig. 3B, lane 4). Following detergent

permeabilization of TbRM, proteinase K digested VSG_11786 (Fig. 3B, lane 5). From these studies, we

conclude that VSG_11786 is imported into TbRM. Notably, protein import was post-translational, since

TbRM was added after the translation had been terminated with cycloheximide. Attempts at co-

translational TbRM import system were not successful, because TbRM inhibited synthesis of protein by

the reticulocyte lysate.

Effect of Polypeptide Length on Import into TbRM

Our success at importing a truncated substrate (i.e., VSG_11786) into TbRM, encouraged us to

use longer polypeptides of length 114 (VSG_117114), 260 (VSG_117260) and 500 (VSG_117500) as

substrates for import into TbRM. For this study, VSG_11786 was used as a control to normalize import

efficiency of the different polypeptides. mRNAs for VSGs of varying length were translated in rabbit

reticulocyte lysate followed by addition of cycloheximide to stop polypeptide synthesis, after which

TbRM was added for import of the proteins. (See Fig. 4A for outline of procedures.)

Without TbRM, VSG_117114 was degraded by proteinase K (Fig. 4B, lane 2). TbRM protected

VSG_117114 from proteinase K digestion (Fig. 4B, lane 4). Unexpectedly, VSG_11786 and VSG_117114
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were imported into TbRM with varying efficiency. Whereas eighty five percent of VSG_11786 was

imported (Fig. 4F), only forty percent of VSG_117114 was translocated into TbRM (Fig. 4F). Longer

substrates,that is VSG_117260 and VSG_117500, were degraded by proteinase K in the absence (Fig. 4D &

E, lane 2) or presence of TbRM (Fig. 4D & E, lane 4). Therefore, neither VSG_117260 nor VSG_117500 is

imported into TbRM (Fig. 4F).

In conclusion, for a set of proteins containing the same signal peptide, length of the polypeptide

affects import efficiency into TbRM. Shorter polypeptides like VSG_11786 (Fig. 3) and VSG_117114 (Fig.

4B) are efficiently imported into TbRM. Longer polypeptides, VSG_117260 (Fig. 4D) & VSG_117500 (Fig.

4E) are not imported into the parasite microsomes.

Cytosol from T. brucei Stimulates Protein Import Into ER Microsomes

Post-translational import of proteins into the ER requires cytosolic chaperones Ssa1p (Hsc70),

Ydj1p (Hsp40) in yeast [20-22, 57]. In E. coli SecB is a general chaperone for protein export across the

inner membrane [58-60]. Molecular chaperones enable full-length proteins to maintain an “import-

competent” conformation that is necessary for translocation into the ER (reviewed in [12, 61]). Based on

these considerations, we suspected that longer VSGs failed at import into TbRM (Fig. 4D & E) because

of the absence of molecular chaperones.

In order to test this hypothesis, we prepared cytosol from T. brucei and evaluated its effect on

translocation of VSG_117260 and VSG_117500 neither of which could be imported into TbRM in the

absence of cytosol (Fig. 4D and Fig. 4E). Without TbRM, VSG_117260 was degraded by proteinase K

(Fig. 5B, lanes 2 and 6). TbRM alone did not protect VSG_117260 from proteinase K digestion (Fig. 5B,

lane 2). However, cytosol from T. brucei together with TbRM protected VSG_117260 from proteinase K

digestion (Fig. 5B, lane 8).



41

We conclude that T. brucei cytosol is required for VSG_117260 import into TbRM. VSG_117500

was also studied as a substrate for import into TbRM (see Fig. 5A for outline of protocols). In the absence

of TbRM, VSG_117500 was degraded by proteinase K (Fig. 5C, lane 2). Further, TbRM failed to protect

VSG_117500 from protease K cleavage (Fig. 5C, lane 2). Cytosol and TbRM when added together

protected VSG_117500 from protease K (Fig. 5C, lane 5). Detergent permeabilization of TbRM allowed

proteinase K to digest VSG_117500 in presence of TbRM and cytosol (Fig. 5C, lane 6), indicating that

protease-protected VSG_117500 was imported into TbRM.

We conclude that T. brucei cytosol is necessary for import of full-length VSG_117 into TbRM. It

was important to determine whether TbRM could import other full-length trypanosome proteins beside

VSG_117500. For this purpose, translocation of VSG_MVAT7 was studied following the approaches

summarized for VSG_117500 (see Fig. 5A). In absence of TbRM, VSG_MVAT7 was degraded by

proteinase K (Fig. 5D, lane 2). Addition of cytosol and TbRM led to protection of VSG_MVAT7 from

protease K (Fig. 5D, lane 4). However, in presence of detergent, proteinase K degraded VSG_MVAT7

that was protected in by TbRM and cytosol. We conclude that full-length VSG_MVAT7 is imported into

TbRM. These data imply that T. brucei cytosol allows post-translational import of full-length proteins to

TbRM.

Signal Peptide Dependence of Protein Import into TbRM

A signal peptide directs import of protein into the ER (reviewed in [62]). To test whether a signal

sequence was important for translocation of protein into TbRM, we first deleted the signal peptide from

VSG_11786 coding sequence to obtain VSG_11786_SP whose mRNA was translated and import of the

protein into TbRM studied as outlined for the other proteins earlier. In the absence of TbRM,

VSG_11786_SP was cleaved by protease K (Fig. 6B, lane 2). TbRM could not protect VSG_11786_SP

from digestion by proteinase K. Therefore, VSG_11786_SP is not imported by TbRM.



42

We next tested whether a signal peptide was essential for import of full-length VSG_117 into

TbRM. For this objective, we deleted the signal peptide from full-length VSG_117 to obtain

VSG_117500_SP coding sequence, which was translated in a reticulocyte lysate. Without TbRM,

VSG_117500_SP was degraded by proteinase K (Fig. 6C, lane 2). TbRM and T. brucei cytosol could not

protect VSG_117500_SP from proteinase K (Fig. 6C, lane 4). These data indicate that VSG_117500_SP is

not imported into TbRM even in the presence of T. brucei cytosol. In conclusion, signal peptide is

essential for protein import into TbRM.

Specificity of TbRM for Signal Peptides

It is widely held that signal sequences are interchangeable between different species. Curiously,

several proteins from the trypanosomatids T. brucei and Leishmania major cannot be imported into

canine microsomes [35], indicating that a vertebrate translocation system may not recognize trypanosome

signal sequences (Fig. 1 & Fig. 2B). Given this background, we wanted to learn whether (or not) TbRM

exhibited any specificity for signal sequences that did not originate from trypanosomes: Test proteins

included E. coli β-lactamase, S. cerevisiae α-mating factor, bovine preprolactin, and Leismania major

gp63.

All polypeptides were translated in rabbit reticulocyte lysate in presence of T. brucei cytosol (Fig.

7B-E, lanes 1-4). TbRM was added post-translationally (Fig. 7B-E, lanes 3-4) and translated products

were treated with proteinase K (Fig. 7B-E, lanes 2, 4). Unlike the T. brucei proteins, all polypeptides

studied were degraded by proteinase K in absence of (Fig. 7B-E, lane 2) or presence of TbRM and T.

brucei cytosol (Fig. 7B-E, lane 4). Therefore, none of the polypeptides from other species was

translocated into TbRM.
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An Inhibitor of Hsp70 ATPase Blocks Protein Import into TbRM

Post-translational ER protein translocation in S. cerevisiae is independent of SRP [6, 28] but

requires cytosolic chaperones Ssa1p (Hsp70) and the co-chaperone Ydj1p (Hsp40) [21, 57, 63]. Since

protein import into TbRM is post-translational, and dependent on cytosol from the parasite, we

considered a possibility that a trypanosome Hsp70 or SRP in cytosol is the factor that stimulates protein

import into TbRM. It seems unlikely that SRP is the stimulatory factor because SRP is not needed for

post-translational protein import into the ER [61, 64]. Further, SRP is not needed for translocation of

several proteins into the ER of T. brucei [43]. On the other hand there is no evidence that chaperones

participate in protein import into the ER of a trypanosome.

We have used a pharmacological approach to explore whether (or not) an Hsp70 is important for

import of proteins into T. brucei ER. MAL3-101 is a small molecule inhibitor of yeast Hsp70 ATPase

[44]. In addition, the compound inhibits post-translational import of prepro alpha-factor into microsomes

of S. cerevisiae. Based on these considerations, we reasoned that MAL3-101 could inhibit protein import

into TbRM if a T. brucei Hsp70 was important in the process.

To determine whether MAL3-101 affected protein import into TbRM, T. brucei cytosol was pre-

incubated with MAL3-101 or an equal volume of DMSO (diluent for MAL3-101). VSG_117500 mRNA

was translated in a reticulocyte lysate in presence of T. brucei cytosol. TbRM was added post-

translationally, and the mixture treated with proteinase K (see Fig. 8A for flow chart of procedures). With

DMSO in the reaction, TbRM imported approximately 80% of VSG_117500, as measured by protection

from proteinase K digestion (Fig. 8B, compare lanes 1, 2). MAL3-101 inhibited translocation of

VSG_117500 into TbRM (by 85%) (Fig. 8B, lanes 3, 4). We conclude that an Hsp70 chaperone in T.

brucei is important for protein import into TbRM.
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Finally, we draw attention to the fact that none of the proteins imported by TbRM was processed

by N-glycosylation, because the molecular weight of the protease-protected VSGs was not different from

the size of the protein synthesized in the absence of TbRM (compare lanes 1 and 3 in Fig. 8, for example).

Absence of glycosylation does not mean that TbRM failed to import the proteins, because N-

glycosylation is catalyzed by oligosaccharyltransferase (OST) [65] whereas import of proteins into TbRM

depends on a Sec61p [5]. Clearly, TbRM is deficient in OST activity. However, our TbRM import assays

meet the “gold standard” for demonstrating movement of a protein into a membrane vesicle (or

organelle): (i) protease protection of the imported protein, and (ii) protease digestion of the protected

substrate when detergent is added to solubilize microsomes [53, 66].

DISCUSSION

Properties of Cell-free Protein Import Into T. brucei ER

Endoplasmic reticulum is an important gateway for proteins, including signaling receptors and

nutrient transporters, that reside within or traffick through the secretory pathway. Proteins with N-

terminal ER signal peptides may be targeted to the ER co-translationally by SRP (reviewed in [67]).

Alternatively, molecular chaperones Hsp70 (Ssa1p) and Hsp40 (Ydj1p) aid translocation of proteins into

the ER [19, 21, 27, 63] (reviewed in [2]). (Proteins that lack an N-terminal signal peptide may also be

targeted by SRP to the ER post-translationally without being imported by Sec61p complex [68]. Both co-

translational and post-translational pathways utilize a Sec61 protein translocation pore at the ER

membrane, and a luminal Hsp70 (BiP/Kar2p)/J-domain cochaperone (Sec63p) [4, 5, 18, 69-71]. In

trypanosomes, a signal peptide is important for secretion of a model reporter protein [42]. However, SRP

is dispensable for protein entry into the secretory pathway [43], leading authors of that study to propose

the existence of an “alternative pathway” for protein entry into T. brucei ER.
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T. brucei microsomes import proteins postranslationally (Fig. 1 & Fig. 3) in a signal sequence

dependent manner (Fig. 6B & C). Full-length proteins require cytosol for translocation into TbRM (Fig.

5). MAL3-101 an inhibitor of J-domain stimulated Hsp70 ATPase blocked import of VSG_117500 into

TbRM (Fig. 8), consistent with participation of T. brucei homologs of Hsp70 (i.e., Ssa1p and BiP (Kar2p)

and J-domain co-chaperones (e.g., Ydj1p or Sec63p) in ER protein import. Genetic studies are needed to

complement the proposed the roles of cytosolic and luminal Hsp70/Hsp40 chaperones in protein import

into the parasite ER. The properties of ER protein translocation are strikingly different from those of the

vertebrate host. Vertebrates do not import full-length proteins post-translationally [31], and there is no

evidence that cytosolic chaperones are important for movement of proteins into the ER lumen.

Properties of protein import into TbRM are reminiscent of observations made with yeast

microsomes. Yeast can import proteins post-translationally [26, 28, 72]. A soluble factor stimulated

import of of α-mating factor into microsomes [73] and was later identified as an Hsp70 (Ssa1p) [19, 21,

63] which interacts specifically with the J-domain protein Hsp40 (Ydj1p to facilitate ER protein import

[21, 57, 74]. Apart from S. cerevisiae, T. brucei is the only other eukaryote in which post-translational ER

protein import has been demonstrated, to our knowledge.

Hydrophobicities of Signal Peptides Do Not Correlate with Import Competence

Signal sequences have three sub-regions; an N-terminal (n-region), a hydrophobic core (h-region)

and a C-terminal region (c-region) reviewed in [39, 62]. In several cases, high hydrophobicity correlates

with robust signal sequence activity both in vivo and in vitro [75, 76]. Since several proteins failed at

import into TbRM (Fig. 7), we investigated the possibility that hydrophobicity of unimported proteins

differed from those of that were imported into TbRM. Kyte-Dolittle hydropathy scale [77] was used to

determine peak hydrophobicity of signal sequences (Fig. 9, solid bars).



46

Signal sequences from yeast α-mating factor (peak hydrophobicity 2.7), bovine preprolactin

(peak hydrophobicity 2.5), E. coli β-lactamase (peak hydrophobicity 2.01) and L. major GP63 (peak

hydrophobicity 2.8) are as hydrophobic as the signal peptide of VSG_117 (peak hydropohobicity 1.8)

(Fig. 9). Based on hydrophobicity alone, α-mating factor, preprolactin, and β-lactamase, and Gp63 signal

peptides should direct translocation into TbRM, because VSG_117 which has lower peak hydrophobicity

was imported into TbRM.

We conclude that h-region hydrophobicity is not the most important feature of signal peptides

that dictates import of proteins into TbRM. Other investigations have also concluded that high

hydrophobicity per se is not sufficient for a peptide to gate an ER protein pore [33, 35].

Coevolution of Translocons and Signal Sequences

ER signal sequences can function across species lines [31, 32]. Mounting experimental evidence

suggests, however, that signal peptides function uniquely or sometimes more effectively in the species of

origin. Several proteins from the trypanosomatids cannot direct ER protein import in other species [34,

35, 44], and some prokaryote and yeast signal sequences cannot function in vertebrates [33, 75]. These

data are consistent with the knowledge that signal sequences from different species have different

compositions and lengths of the sub-domains (i.e., h-region, c-region and n-region) [29, 30, 38, 39].

Further, the ER receptor for signal peptides (i.e., Sec61p) is not functionally interchangeable between the

yeasts Candida albicans, Yarrowia lipolytica and S. cerevisiae [40, 41].

Our work indicates that ribosome nascent chains bearing T. brucei signal peptides are targeted to

the ER (Fig. 1) but cannot interact effectively with the canine translocon (Fig. 2). A T. brucei signal

sequence only works very efficiently with an ER translocon from a trypanosome. Conversely, T. brucei

microsomes cannot import proteins from several species (Fig. 7). In totality, these data, and the work of
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others cited early, suggest that the Sec61p translocation machinery has coevolved with signal peptides in

the same species.
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FIGURE LEGEND

Figure 1 VSG_117 ribosome nascent chain docks at the canine ER

VSG_11786 and pPL86 mRNA’s were translated in rabbit reticulocyte lysate in the absence or presence of

4 equivalents of canine microsomes (CfRM). Ribosome nascent chains (RNCs) were floated through a

1.2M sucrose cushion, and the top (T) and bottom (B) fractions collected. Proteins were resolved by SDS-

PAGE and visualized by fluorography. Abbreviations used are: VSG, variant surface glycoprotein;

CfRM, canine microsomes; RNC, ribosome nascent chain; SDS-PAGE, sodium dodecyl sulfate-

polyacrylamide gel electrophoresis. pPL RNCs; lanes 1 & 2, RNCs collected from top and bottom

fraction in absence of CfRM; lanes 3 & 4, RNCs collected from top and bottom fraction in presence of

CfRM. VSG_117 RNCs; Lanes 1 & 2, RNCs obtained from top and bottom fraction in absence of CfRM;

lanes 3 & 4, RNCs collected from top and bottom fraction in presence of CfRM.

Figure 2 Interaction of VSG_117 signal peptide with canine translocon

RNCs of pPL and VSG_117 were produced in rabbit reticulocyte lysate in the presence of increasing

concentrations of canine microsomes (CfRM). Thereafter, the RNCs were exposed to proteinase K (120

µg/ml, final concentration). Radiolabeled proteins were detected by fluorography after proteins had been

resolved by SDS-PAGE. (A) pPL RNCs; (B) VSG_117 RNCs. Lane 1, untreated translation product; lane

2, translation product treated with proteinase K; lane 3 & 4, translation products with 2 equivalents of

CfRM without (3) or with (4) proteinase K; lane 5 & 6, translation products with 4 equivalents of CfRM

without (5) or with (6) proteinase K. (C) Quantitation of the data (by laser scanning densitometry) from

panels A and B. Protease protection is scored as a percentage of full-length nascent chain resistant to

proteinase K digestion.
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Figure 3 Cell-free protein Import by T. brucei ER

 (A) Flowchart of protocol for post-translational import of VSG_117 86. Depicted are the various steps

and temperatures at which reactions took place. The translation product for VSG_11786 is presented along

with [14C]methylated protein markers (Amersham). (B) Import of VSG_11786 into TbRM. VSG_11786

mRNA was translated in rabbit reticulocyte lysate for 15 min, and treated with cycloheximide (50 µg/ml,

final concentration). Reaction mixtures were incubated with TbRM (one equivalent) for 45 min (37°C)

followed by proteinase K digestion (300 µg/ml, final concentration) for 60 min (on ice). Proteins were

resolved by SDS-PAGE and detected by phosphorimaging. Lane 1, untreated VSG_11786; lane 2,

VSG_11786 treated with proteinase K; lane 3, VSG_11786 with TbRM; lane 4, VSG_11786 with TbRM

treated with proteinase K; lane 5, VSG_11786 with TbRM permeabilized with 2% NP40 during proteinase

K digestion. Rectangular brackets underneath sets of bars denote those data points that were directly

compare in quantitation. The values are normalized relative to the first lane. Abbreviations: RRL, rabbit

reticulocyte lysate; CHX, cycloheximide; TbRM, T. brucei microsomes; PK, proteinase K; PMSF, phenyl

methyl sulfonyl fluoride; NP-40, nonidet P-40.

Figure 4 Effect of VSG Length on Extent of Import by TbRM

 (A) Outline of Experimental Protocol Used in Analysis of Import of VSG_117 114 Into TbRM. Translation

product for VSG_117114 is presented. (B) VSG_117114. VSG_117114 mRNA was translated in a

reticulocyte lysate for 15 min. After treatment with cycloheximide (50 µg/ml, final concentration),

reaction mixtures were incubated with TbRM (one equivalent) for 45 min (37°C) followed by proteinase

K digestion (300 µg/ml, final concentration) for 60 min (on ice). Proteins were resolved by SDS-PAGE

and detected by phosphorimaging. Lane 1, untreated VSG_117114; lane 2, VSG_117114 treated with

proteinase K; lane 3, VSG_117114 with TbRM; lane 4, VSG_117114 with TbRM treated with proteinase K.

(C) Flowchart of protocol for post-translational import of VSG_117260 & VSG_117500.. Translation

products for VSG_117260 & VSG_117500. are presented. (D) Different mRNAs were translated in rabbit

reticulocyte lysate for 60 min, and treated with cycloheximide (50 µg/ml, final concentration). Reaction
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mixtures were incubated with TbRM (one equivalent) for 60 min at 37°C, and treated with proteinase K

(120 µg/ml, final concentration) for 60 min on ice. Proteins were resolved by SDS-PAGE and

radiolabeled polypeptides were visualized by phosphorimaging. (E) Effect of Protein Length oon Import

into TbRM. Efficiency of protein import into TbRM measured as the percentage of fulllength polypeptide

protected from proteinase K digestion. Quantitation of bands visualized with the phosphorimager were

performed Quantity One software (BioRad). Lanes 1-4: VSG_117260. Lane 1, untreated VSG_117260; lane

2, VSG_117260 treated with proteinase K; lane 3, VSG_117260 with TbRM; lane 4, VSG_117260 with

TbRM treated with proteinase K. Lanes 5 8: VSG_117500. Lane 5, untreated VSG_117500; lane 6,

VSG_117500 treated with proteinase K; lane 7, VSG_117500 with TbRM; lane 8, VSG_117500 with TbRM

treated with proteinase K.

Figure 5 Cell-free system for full-length protein import into ER of T. brucei

(A) Flowchart of Experimental Protocol. (B-D) Different mRNAs encoding VSG_117 were translated in

rabbit reticulocyte lysate (with or without) T. brucei cytosol (1.5 equivalents) for 60 min, and treated with

cycloheximide (50 µg/ml, final concentration). Reaction mixtures were incubated with TbRM (one

equivalent) for 60 min at 37°C, and digested with proteinase K digestion (120 µg/ml, final concentration)

for 60 min on ice. Proteins were resolved by SDS PAGE and detected by phosphorimaging. (B)

VSG_117260. Lanes 1-4 (without cytosol): Lane 1, untreated VSG_117260; lane 2, VSG_117260 digested

with proteinase K; lane 3, VSG_117260 incubated with TbRM; lane 4, VSG_117260 with TbRM & treated

with proteinase K. Lanes 5-8 (with cytosol): Lane 5, untreated VSG_117260; lane 6, VSG_117260 digested

with proteinase K; lane 7, VSG_117260 with TbRM; lane 8, VSG_117260 with TbRM & treated with

proteinase K. (C) VSG_117500. Lanes 1-3 (without TbRM): Lane 1, untreated VSG_117500; lane 2,

VSG_117500 treated with proteinase K; lane 3, VSG_117260 with proteinase K after NP-40

permeabilization of TbRM. Lanes 4-6 (with TbRM): Lane 4, untreated VSG_117500; lane 5, VSG_117500

cleaved with proteinase K; lane 6, VSG_117260 digested with proteinase K after NP- 40 permeabilization

of TbRM. (D) VSG_MVAT7. Lanes 1 & 2 (without TbRM): Lane 1, untreated VSG_MVAT7; lane 2,
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VSG_MVAT7 digested with proteinase K. Lanes 3-5 (with TbRM): Lane 3, untreated VSG_MVAT7;

lane 4, VSG_MVAT7 cleaved with proteinase K; lane 5, VSG_MVAT7 digested with proteinase K

following NP-40 permeabilization of TbRM.

Figure 6 Signal peptide dependence of VSG import into TbRM

(A) Flowcharts of Experimental Protocols used for Testing Import of VSG_11786_SP (without cytosol)

and VSG_117500_SP (with cytosol) by TbRM. The chart depicts various steps and temperatures at which

reactions took place. (B) VSG_11786_SP. mRNA encoding VSG_11786_SP was translated in rabbit

reticulocyte lysate for 15 min, and treated with cycloheximide (50 µg/ml, final concentration). Reaction

mixtures were incubated with TbRM (one equivalent) for 45 minutes at 37°C, and digested with

proteinase K (300 µg/ml, final concentration) for 60 min on ice. Proteins were resolved by SDS-PAGE

and detected by phosphorimaging. The abbreviation SP = signal peptide. Lane 1, untreated

VSG_11786_SP; lane 2, VSG_11786_SP cleaved with proteinase K; lane 3, VSG_11786_SP with TbRM;

lane 4, VSG_11786_SP incubated with TbRM and digested with proteinase K. (C) VSG_117500_SP.

VSG_117500_SP mRNA was translated in a rabbit reticulocyte lysate with T. brucei cytosol (1.5

equivalents) for 60 min, and treated with cycloheximide (50 µg/ml, final concentration). Reaction

mixtures were incubated with TbRM (one equivalent) for 60 min at 37°}C, and digested with proteinase

K (120 µg/ml, final concentration) for 60 min on ice. Proteins were separated by SDS-PAGE and

radiolabeled polypeptides detected by phosphorimaging. Lane 1, untreated VSG_117500_SP; lane 2,

VSG_117500_SP treated with proteinase K; lane 3, VSG_117500_SP with TbRM; lane 4, VSG_117500_SP

with TbRM treated with proteinase K.

Figure 7 Signal peptide specificity of TbRM

(A) Flowchart. The flowchart depicts steps and temperatures at which reactions took place. (B) Import

of Proteins from Different Biological Families into TbRM. Different mRNAs were translated in rabbit

reticulocyte lysate with T. brucei cytosol (1.5 equivalents) for 60 min. Cycloheximide (50 µg/ml, final
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concentration) was added, and reaction mixtures were incubated with TbRM (one equivalent) for 60 min

at 37°C. Proteinase K digestion (120 µg/ml, final concentration; 60 min on ice) was then performed.

Proteins were resolved by SDS-PAGE, and radiolabeled polypeptides visualized by phosphorimaging.

Lane 1, untreated protein; lane 2, protein treated with proteinase K; lane 3, protein with TbRM; lane 4,

protein incubated with TbRM and then treated with proteinase K.

Figure 8 Effect of an Inhibitor of Hsp70 on VSG_117500 Import into TbRM

(A) Protocol Used for Import of VSG_117500. (B) VSG_117500 mRNA was translated in rabbit

reticulocyte lysate with T. brucei cytosol (1.5 equivalents) for 60 min, and treated with Reaction mixtures

were incubated with TbRM (one equivalent) that had been treated or not incubated with MAL3-101 (0.3

µM) or equal volume of DMSO (diluent for MAL3-101). The mixture was incubated for 60 min at 370C

and digested with proteinase K digestion (30 µg/ml, final concentration) for 60 min on ice. Proteins were

resolved by SDS-PAGE and detected by phosphorimaging. Lanes 1 & 2 (TbRM pretreated with DMSO):

Lane 1, untreated VSG_117500 with TbRM; lane 2, VSG_117500 with TbRM & treated with proteinase K.

Lanes 3 & 4 (TbRM pretreated with MAL3-101): Lane 3, VSG_117500 incubated with TbRM; lane 4,

VSG_117500 incubated with TbRM and treated with proteinase K.

Figure 9 Correlation of Signal Sequence Hydrophobicity and Protein Import into TbRM

Efficiency of protein import into TbRM was scored as the proportion of full-length polypeptide protected

from with proteinase K in the presence of TbRM (Data is obtained from Fig. 3 and Fig. 7). Kyte-Dolittle

hydropathy scale was used to calculate peak hydrophobicity of signal peptides using a window of 7 amino

acids.
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CHAPTER 3 

 

“PROTEIN TRANSLOCATION INTO ENDOPLASMIC RETICULUM” AS A TARGET 

FOR ANTI-PARASITE DRUG DISCOVERY: TRYPANOSOMA BRUCEI 1 

 

 

 

 

 

 

1

                                                
1 Patham, B., Davis, C. R., Brodsky, J. L., Wipf, P., and Mensa-Wilmot, K.  
To be submitted to Journal of Biological Chemistry, 05/2005 
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LIST OF ABBREVIATIONS 

CHX, cycloheximide; DMSO, dimethyl sulfoxide; ER, endoplasmic reticulum; HAT, human African 

trypanosomiasis; Hsp, heat shock protein; PK, proteinase K; PMSF, phenylmethyl sulfonylfluoride; PTB, 

protein translocation blocker; RRL, rabbit reticulocyte lysate; SDS-PAGE, sodium dodecyl sulfate-

polyacrylamide gel electrophoresis; TbRM, T. brucei rough microsomes; VSG, variant surface 

glycoprotein 
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ABSTRACT 

 

Caused by Trypanosoma brucei, human African trypanosomiasis (HAT) is an emerging disease 

for which new drugs are needed. Cell surface proteins are important for viability of T.  brucei. Transport 

of the majority of these proteins to the plasma membrane involves transit through the endoplasmic 

reticulum (ER). We recently established a cell-free in vitro system for studying protein import into the ER 

of T. brucei. Protein translocation into T. brucei microsomes (TbRM) was post-translational and 

dependent on parasite cytosol, which could be replaced by purified chaperone Ssa1p from Saccharomyces 

cerevisiae. In the present study, we have used the in vitro system to identify compounds that block import 

of proteins into the T. brucei ER. Protein translocation blockers were then tested for anti-parasite activity. 

MAL3-101, an inhibitor of Hsp40 regulated Hsp70 ATPase, blocked import of variant surface 

glycoprotein (VSG) into TbRM. Two novel inhibitors of TbRM protein import namely, equisetin and CJ-

21,058 were identified. In tests of trypanocidal activity, the concentration at which fifty percent of 

parasites were killed (IC50) are as follows; 125 nM (MAL3-101), 3.3 µM (equisetin) and 7 µM (CJ-

21,058). None of the compounds had a discernible effect on human HeLa cells at concentrations that 

killed T. brucei. We propose that MAL3-101, equisetin, and CJ-21,058 are lead compounds for anti-

trypanosome drug development. These studies establish the trypanosome secretory system as a suitable 

target for drug discovery. 
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INTRODUCTION 

 

Human African trypanosomiasis (HAT) occurs in 36 countries in sub-Saharan Africa and 

threatens an estimated 60 million people [1]. No vaccines are available yet for prevention of infection or 

recurrence of HAT [2]. Drugs currently in use have limitations in the form of toxicity, and increasing 

therapeutic resistance. As a result, new drugs are needed for treatment of HAT [3, 4]. Trypanosoma 

brucei, which causes HAT, survives in the host bloodstream by evading immune response by a process 

termed “ antigenic variation”, which involves periodic switching of surface coat proteins called variant 

surface glycoprotein (VSG) [5, 6]. VSGs enter the secretory pathway via the endoplasmic reticulum (ER) 

en route to the plasma membrane [7]. We have studied VSGs as model substrates to gain insight into 

translocation of proteins into the trypanosome ER [Chapter Two]. In this study, we explore the possibility 

of using small molecules to inhibit protein translocation into the trypanosome ER. Further, the impact of 

small molecules on parasite viability is also investigated. 

  

We recently developed a cell-free system using T. brucei microsomes (TbRM) that imports 

trypanosome proteins post-translationally, in a parasite cytosol-dependent fashion [Chapter Two]. T. 

brucei cytosol could be replaced by purified Ssa1p [8], a molecular chaperone. These data indicate that 

protein translocation into T. brucei ER can be chaperone-mediated. In contrast, import of physiological 

proteins into the ER of mammalian host (of trypanosomes), is essentially co-translational (reviewed in 

[9]). Thus, biochemical differences in ER translocation pathways may exist between a trypanosome and 

its human host.  

 

To exploit the presumed molecular difference between host and parasite ER protein import 

pathways, we first tested for compounds that could inhibit post-translational import of proteins into the 

trypanosome ER. Thereafter, the compounds were tested for trypanocidal activity and toxicity of 

vertebrate cell line. Two natural compounds of fungal origin, namely CJ-21,058 [10] and equisetin [11] 
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blocked import of proteins into TbRM, and exhibited anti-trypanosomal activity. Several compounds 

produced by combinatorial chemistry that inhibit Hsp70-Hsp40 interactions [8] were tested. Of those, 

MAL3-101 blocked protein translocation into TbRM and killed cultured T. brucei at sub-micromolar 

concentrations. These studies indicate that the ER protein import pathway of trypanosomes may be a 

target for identification of lead compounds for discovery of anti-trypanosome drugs. 

 

MATERIALS AND METHODS 

 

Reagents and Chemicals 

Plasmid pVSG_117 [12] was provided by Jay Bangs, University of Wisconsin, Madison. CJ-

21,058 and equisetin were obtained from Pfizer Inc. (New York, New York). Rabbit reticulocyte lysate 

and methionine/cysteine-free amino acid mixture was purchased from Promega (Madison, Wisconsin). 

[35S] Redivue PromixTM was purchased from Amersham Biosciences (Piscataway, New Jersy), etoposide 

from Sigma, (St. Louis, Missouri) and propidium iodide from Invitrogen (Carlsbad, California). 

Ampliscribe T7 In vitro transcription kit was purchased from Epicentre Technologies (Madison, 

Wisconsin).  

 

DNA Templates and RNA Synthesis In vitro 

The DNA substrate for synthesis of VSG_117500 RNA was pVSG_117. A template for in vitro 

transcription was obtained by PCR using the forward primer ccctaatacgactcactatagggaggagggtttttaccat 

ggactgccatacaaaggag, which contains a T7 promoter (italicized), and a translation enhancer (underlined) 

[13]. The first 21 nucleotides of the VSG_117 coding sequence are in regular style font. The reverse 

primer for VSG_117500 is catcatcatttcctaaaaaagcaaggc that contains a termination codon (underlined) and 

nucleotides 516-525 of the coding region (regular font). One µg of DNA template was transcribed using 

the Ampliscribe T7 kit (Epicentre Technologies). RNA was purified and characterized as described 

[Chapter 2].  
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T. brucei Microsomes (TbRM) and Cytosol 

T. brucei microsomes and cytosol were prepared and stored as described previously [Chapter 2].  

 

Protein Synthesis In vitro and Import into TbRM 

One µg of RNA was translated in a reaction containing 10 µl of rabbit reticulocyte lysate 

(Promega), 1 mM methionine/cysteine-free amino acid mixture (Promega), and 15 µCi [35S] redivue 

Promix (Amersham Bioscience) at 37°C for 90 minutes in a total volume of 20 µl. Protein import assays 

using TbRM were performed as described [Chapter 2]. 

 

Cell Culture 

Blood stream form T. brucei CA427 were cultured in HMI-9 medium [14] to a density of 106/ml. 

Cells were diluted to 104/ml, and hundred microlitres transferred to 96-well plates with or without 

addition of test compounds at stated concentrations. In controls, DMSO, the solvent for the compounds, 

was added. All experiments were performed in triplicates. Cells were counted at the end of 24 or 48 hours 

using a hemocytometer, and the data graphed. HeLa cell line was maintained in RPMI-1640 

supplemented with 10% bovine serum, 100 U/ml penicillin/streptomycin, and 2 mM L-glutamine at 37°C 

in 5% CO2 (Maselli et al., 2002). Cells were plated at 1 x 104 cells per well (96 well plate) with or without 

addition of test compounds. At the end of 24 hours, 1 x 105 cells per well were analyzed by flow 

cytometry (Dakocytomation CyAn). 

 

HeLa Cell Viability Assay 

Propidium iodide exclusion (reviewed in Steff et al., 2001; Ilic et al., 1998; da Costa et al., 1999) 

was used to determine HeLa cell viability. Adherent cells were rinsed with 1X phosphate buffered saline 

(PBS), trypsinized (37°C for 5 min), pelleted (2,000 g, 2 min) and resuspended in 1X PBS (500 µl) 

containing propidium iodide (1 µg/ ml), DAPI [4'-6-Diamidino-2-phenylindole] (5 µg / ml) and analyzed 

by flow cytometry on a Dakocytomation CyAn without gating.  Single fluorophore controls were 
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acquired prior to the collection of the experimental data. Etoposide stock (2mM) was dissolved in DMSO, 

and diluted in RPMI 1640 to concentrations of 30 µM and 100 µM immediately before use. 

 

RESULTS 

 

Effect of MAL3-101 and MAL3-51 on Protein Translocation into TbRM 

We have established a cell-free protein import system using T. brucei microsomes (TbRM) that 

appears to be specific for T. brucei ER signal peptides [Chapter 2]. Translocation of full-length proteins 

into TbRM is post-translational and requires parasite cytosol that can be replaced by purified molecular 

chaperone (Hsp70) [Chapter 2]. MAL3-101 is an inhibitor of intrinsic Hsp70 as well as J-domain 

stimulated Hsp70 in S. cerevisiae [8]. MAL3-101 also blocked in vitro import of pre-pro α mating-factor 

into S. cerevisiae microsomes [8]. MAL3-101 (0.3 µM) inhibited import of VSG_117500 into TbRM (Fig. 

1B, compare lanes 3 and 4) [Chapter 2]. The results were encouraging, therefore we decided to test the 

effect of other small molecule modulators of Hsp70 ATPase activity on VSG_117500 import into TbRM. 

MAL3-51 and MAL3-90 are inhibitors of intrinsic HSP70 ATPase that do not affect J-domain stimulated 

ATPase activity of Hsp70 [8].  

 

To determine whether MAL3-51 affected VSG_117500 import into TbRM, MAL3-51 (500 µM) 

was preincubated with T. brucei cytosol, which was added to an in vitro translocation reaction, in place of 

untreated cytosol (for outline of protocol, see Fig. 1A). Proteinase K treatment was performed to evaluate 

import of VSG_117500 into TbRM (see Fig. 1A). In absence of any inhibitor, TbRM imported 

approximately 80% of VSG_117500, as measured by protection from proteinase K digestion (Fig. 1B, 

compare lanes 1& 2). In the presence of MAL3-51, 75% of VSG_117500 was imported into TbRM (Fig. 

1B, compare lanes 5 and 6). Similarly, in presence of MAL3-90 (500 µM), 70% of VSG_117500 was 
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imported into TbRM (data not shown). Therefore, while MAL3-101 efficiently inhibited protein 

translocation into TbRM, MAL3-51 and MAL3-90 failed to do so. 

 

Equisetin and CJ-21,058 Block Protein Translocation into TbRM 

Post-translational protein translocation could be i) SecA mediated (e.g., E. coli) [15, 16], or ii) 

Ssa1p mediated (e.g., S. cerevisiae). At the time CJ-21,058 was tested, we had established that proteins 

were imported into TbRM post-translationally, in a parasite-cytosol dependent manner. CJ-21,058 

(isolated from the soil fungus CL47745 [10]) was reported to have an antibacterial activity, that was 

attributed, in part, to its SecA inhibitory activity [10]. SecA mediates post-translational protein 

translocation in prokaryote system. Also, since some trypanosomatid (e.g., Leishmania) signal peptides 

resemble that of prokaryotes, it is possible that they utilize similar translocation machinery.  We tested the 

effect of CJ21,058 on VSG_117500 import into TbRM. A protocol outlined earlier was used (see Fig. 1A). 

CJ-21,058 (20 µM) inhibited the translocation of VSG_117500 into TbRM by 65% (Fig. 1B, compare 

lanes 7 and 8).  

 

Equisetin, an analog of CJ-21,058, is produced by the soil fungus Fusarium heterosporum [11] 

(Fig. 4B). Since CJ-21,058 blocked protein translocation into TbRM, we tested if equisetin had similar 

effects. Equisetin (25 µM) inhibited the translocation of VSG_117500 into TbRM by 95% (Fig. 1B, 

compare lanes 9 and 10). Hence, both CJ-21,058 and equisetin block protein translocation into TbRM. 

 

Trypanocidal Effect of Protein Translocation Blockers (PTBs)  

Several important proteins in T. brucei enter the secretory pathway via the ER [17]: Blocking the 

movement of proteins into ER would prevent them from reaching their final destination, which in turn 

may affect parasite survival. Therefore, compounds that block protein translocation into TbRM (PTBs) in 

vitro were tested for trypanocidal activity. In control studies, DMSO (solvent for all compounds tested) 

had no effect on growth of the parasite. MAL3-101 killed T. brucei in dose-dependent fashion (Fig. 2A). 
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Fifty percent of parasites were killed at 125 nM (IC50), and one hundred percent of parasites were killed at 

500 nM (IC100). MAL3-51 did not show trypanocidal activity at concentrations as high as 5 mM (Fig. 

2B). Similarly, MAL3-90 did not kill T. brucei at 3 mM (data not shown). Equisetin possessed 

trypanocidal activity (IC50 = 3.3 µM, and IC100 = 26 µM) (Fig. 2C). CJ-21,058 also had trypanocidal 

action (IC50 = 7 µM, and IC100 = 20 µM) (Fig. 2D).  

 

Anti-trypanosome Compounds do not Kill a Model Mammalian Cell 

A good anti-pathogen agent should have minimal effect on the host during the course of its 

administration. Therefore, trypanocidal compounds were tested on human HeLa cells using the 

concentrations that killed one hundred percent T. brucei (IC100). Addition of MAL3-51, MAL3-101 and 

MAL3-90 (up to 1 � M) did not change HeLa cell viability (data not shown). CJ-21,058 (20 µM) and 

equisetin (26 µM) did not affect HeLa cells. Using a cell viability assay based on propidium iodide 

exclusion (Steff et al., 2001, Ilic et al., 1998, da Costa et al., 1999), no statistically significant difference 

was detected between drug-treated cells when compared to control HeLa cells (Fig. 3). In contrast, 

etoposide, a topoisomerase II inhibitor, produced significant cell death (Fig. 3). 
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DISCUSSION 

 

Trypanosome Secretory Pathway as a Target for Drug Discovery 

Cell surface proteins are critical for parasite survival in trypanosomatids (T. brucei, Trypanosoma 

cruzi and Leishmania species). Some important proteins that are transported to their destination by the 

secretory pathway in T. brucei include VSG [18], transferrin receptors [17] and GP63 [19]. 

Approximately 107 VSG molecules are present on cell surface contribute to antigenic variation of 

bloodstream form T. brucei [18]. Recently, RNAi of a VSG in bloodstream form resulted in cell cycle 

arrest and inhibition of cell growth in vitro [20]. We are offering evidence in our study, that inhibiting 

translocation of proteins into the ER is detrimental to physiology of the parasite, thus making molecular 

participants in ER protein translocation a target for discovery of drugs against T. brucei. 

 

In vertebrates, protein import into ER is essentially co-translational and SRP-dependent [21]. On 

the contrary, many T. brucei proteins are capable of translocation across ER in SRP independent fashion 

[22]. We have shown earlier that T. brucei VSG_117 and VSG MVAT7 can be imported into TbRM post-

translationally, in a signal peptide and chaperone (Ssa1p [8]) dependent fashion [Chapter Two]. Hence, 

both in vitro and in vivo data suggests the presence of post-translational protein translocation into ER of 

T. brucei. These biochemical differences (listed in Table 1) could be exploited to search for targets in 

parasite ER translocation pathway.  

 

Protein Translocation Inhibitors (PTBs) as Effective Trypanocidal Compounds 

Hsp70 (Ssa1p) molecular chaperones keep proteins in import competent state for translocation 

into cellular organelles [23]. Hsp70 class of proteins contains three domains namely, i) ATPase, ii) 

peptide binding, and iii) helical lid domain [24-27]. Helical lid domain shields the peptide-binding 

domain until ATP is bound to n-terminal ATPase domain. Upon binding of ATP, peptide-binding domain 

is uncovered, allowing proteins (that are targeted to the membrane) to bind it. ATP hydrolysis follows, 
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and it causes conformational changes in the chaperone, and pre-protein gets tightly bound to Hsp70 by 

closure of the helical lid domain [28]. Hsp40 class of proteins (e.g., Ydj1p) assist chaperone activity of 

Hsp70. J-domain of Hsp40 class of proteins interact with ATPase domain of Hsp70 and stimulates its 

ATPase activity [29]. 

 

A known Hsp70 modulator, 15 deoxyspergualin was used as a seed to search the Developmental 

Therapeutics program database for DSG related compounds [8, 30]. The authors found NSC 630668-R/1 

(also called R/1), which bore some structural similarity to 15-DSG [30]. R/1 inhibits endogenous as well 

as Hsp40 stimulated Hsp70 activity [8]. R/1 also inhibits post-translational translocation into S. 

cerevesiae ER-derived microsomes [8, 30]. Further, combinatorial chemistry was used to design 

structural analogs of R/1 and the compounds were designated as MAL3 group of compounds [8]. Of the 

31 compounds so synthesized, MAL3-101 and MAL3-39 also inhibited the Hsp40 mediated Hsp70 

activity [8]. Interestingly, MAL3-101 inhibits post-translational translocation of α-mating factor into 

yeast microsomes [8]. Structure–activity relationship of MAL3 group of compounds on S. cerevisiae or T. 

brucei is yet to be elucidated [8].  However, R/1 acts by mimicking the peptide substrate and also by 

stimulating the homopolymerization of Hsp70 [30]. 

 

We studied the effect of small molecule modulators of Hsp70 on protein import into TbRM. 

MAL3-101 (R/1 analog) (structure in Fig. 4A), an inhibitor of J-domain stimulated Hsp70 ATPase [8],  

blocked import of VSG_117500 into TbRM (Fig. 1, lanes 3 and 4) [Chapter 2]. As previously noted, Ssa1p 

from S. cerevisiae could replace T.brucei cytosol in post-translational translocation of proteins into TbRM 

[Chapter 2]. These two pieces of information put together, led us to infer that T. brucei homologs of 

Hsp70 (i.e., Ssa1p) and Hsp40 (e.g., Ydj1p) play an important role in ER protein import in the parasite. 

Encouraged by these results, we studied other MAL-3 class of compounds (MAL3-51 and MAL3-90), 

that acted by inhibiting intrinsic Hsp70 ATPase activity [8]. Surprisingly, neither of the compounds 

blocked protein translocation into TbRM. Next, MAL3 class of compounds were tested for their ability to 
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kill cultured T. brucei (Figure 2). Of the three MAL3 compounds that we studied, MAL3-101 was active 

against T. brucei at sub-micromolar concentration (Fig. 2B) while having minimal toxicity on a 

mammalian cell line (Fig 3). The IC50 of MAL3-101 is comparable to that of currently used drugs against 

HAT (IC50 of suramin is 1.4-2.3 µM, pentamidine is 0.3 nM) [31]. MAL3-51 and MAL3-90 did not kill T. 

brucei even at millimolar concentrations. The difference in results between MAL3-51 (or MAL3-90) and 

MAL3-101 suggest that J-domain stimulated activity of a T. brucei Hsp70 is important for translocation 

of protein into TbRM. The data suggests that Hsp40 co-chaperones may be very important for post-

translational protein import in T. brucei. 

 

In last twenty years, ~49-62% of new chemical entities (NCE) that became lead compounds in 

industry were either natural products, their analogs or inspired from natural products [32, 33]. Equisetin 

and CJ-21,058 belong to acyl tetramic acid (pyrrolidine-2,4-dione) family of compounds (Structure in 

Fig. 4B) [34]. The biological activity of these compounds have been attributed to tetrameric acid, which is 

found in many natural compounds with proven antibiotic, antifungal and antiviral properties. Equisetin is 

produced by the fungus Fusarium heterosporum [11] while its analog, CJ-21, 058, is isolated from the 

fungus CL47745 [10].  

 

Both equisetin and CJ-21,058 inhibit import of proteins into T. brucei ER (Fig. 1), are effective as 

anti-trypanosomal compounds (Fig. 2), and not toxic to HeLa cells (Fig. 3). IC50 of equisetin (3.3 µM) 

and CJ-21,058 (7 µM) is comparable to IC50  of drugs that are currently used (IC50 of suramin is 1.4-2.3 

µM, pentamidine is 0.3 nM) [31]. Equisetin is presently being evaluated for treatment of HIV (human 

immunodeficiency virus) infection (Reviewed in [35]). Hence, "piggy-backing" the drug for anti-

trypanosomal activity would be feasible [36] since limited funds are available for HAT research. Further, 

equisetin has been chemically synthesized [34], possibly making it easier for mass production if the need 

arises.  
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Finally, the concentration at which the compounds (MAL3-101, equisetin, and CJ-21, 058) 

exhibited trypanocidal effect (IC100) was used to test their protein translocation blocking effect on TbRM 

(Table 2). Interestingly enough, we found that trypanocidal concentration and protein translocation 

blocking concentration of these compounds were similar. Also, MAL3-51 and MAL3-90, which did not 

show protein translocation blocking effect, did not kill T. brucei at concentrations up to 2 mM. This leads 

us to hypothesize that MAL3-101, equisetin, and CJ-21, 058 might be trypanocidal due to their effect on 

post-translcational protein translocation. 

 

We propose that further studies i) other R/1 analogs, and, ii) equisetin derivatives (natural and 

synthetic) would prove valuable in our continued efforts to finding new lead compounds against T. 

brucei. 
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FIGURE LEGEND 

 

Fig. 1. Effect of Protein Translocation Inhibitors on TbRM 

(A) Protocol Used for Import of VSG_117500. (B) VSG_117500 mRNA was translated in rabbit 

reticulocyte lysate with 1.5 equivalents T. brucei cytosol  {pretreated with MAL3-101 (0.3 µM), MAL3-

51 (1 �M),  CJ21, 058 (20 µM) or equisetin (50 µM)} for 60 min. The reaction mixtures were treated with 

cycloheximide (50 µg/ml, final concentration) and incubated with TbRM (one equivalent). The mixture 

was incubated for 60 min at 370C and digested with proteinase K digestion (30 µg/ml, final concentration) 

for 60 min on ice. Proteins were resolved by SDS-PAGE and detected by phosphorimaging. Lanes 1 & 2 

(TbRM pretreated with DMSO): Lane 1, untreated VSG_117500 with TbRM; lane 2, VSG_117500 

incubated with TbRM & treated with proteinase K. Lanes 3 & 4 (TbRM pretreated with MAL3-101): 

Lane 3, VSG_117500 incubated with TbRM; lane 4, VSG_117500 incubated with TbRM and then treated 

with proteinase K. Lanes 5 & 6  (TbRM pretreated with MAL3-51): Lane 5, VSG_117500 incubated with 

TbRM; lane 6, VSG_117500 incubated with TbRM and then treated with proteinase K. Lanes 7 & 8 

(TbRM pretreated with CJ-21,058): Lane 7, VSG_117500 incubated with TbRM; lane 8, VSG_117500 

incubated with TbRM and then treated with proteinase K. Lanes 9 & 10 (TbRM pretreated with 

equisetin): Lane 9, VSG_117500 incubated with TbRM; lane 10, VSG_117500 incubated with TbRM and 

then treated with proteinase K. 

 

Figure 2: Trypanocidal Effect of Protein translocation Blockers (PTBs)  

Blood stream form T. brucei CA427 were grown in HMI-9 media to the cell density of 106. The cells 

were then transferred to 96 well plates with the addition of different concentrations of MAL3-101, 

MAL3-51, CJ-21,058 or equisetin. In controls, DMSO was added. Cell density was calculated at the end 

of 24 hours, and the graph was plotted. 
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Figure 3: Anti-trypanosome Compounds do not Kill a Model Mammalian Cell 

Adherent HeLa cells (treated with DMSO, MAL3-101, MAL3-51, CJ-21,058 or equisetin) were 

subject to viability assay, using propidium iodide (1 µg/ ml), DAPI [4'-6-Diamidino-2-phenylindole] (5 

� g / ml) and analyzed by flow cytometry on a Dakocytomation CyAn without gating.  Single fluorophore 

controls were acquired prior to the collection of the experimental data. Etoposide stock (2 mM) was 

dissolved in DMSO, and diluted in RPMI 1640 to concentrations of 30 � M and 100 �M  immediately 

before use. 

 

Figure 4: Chemical Structures of MAL3-101, CJ-21,058 or Equisetin 

Chemical structures of the compounds were drawn using CS ChemDraw Ultra. 

A) MAL3-101, B) MAL3-51, C) CJ-21,058 and equisetin  

 

Table 1: Components of ER Protein Translocation Machinery in Host and Parasite 

A list of requirements for ER protein translocation for vertebrate and T. brucei are compared 
 
 

Table 2: Comparing the Concentration of Compounds for Protein Translocation Blocking Effect 

with IC100 
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Table 1: Requirements for Protein Translocation into the ER 
 
 

Requirements Vertebrates T. brucei 
Signal Peptide Dependent Dependent 
SRP Dependent Independent 
SR Dependent Not tested 
Hsp70 Independent Dependent 
Hsp40 Independent Implicated 
Sec61 Different 
Signal Peptide Motifs Different 
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Table 2: Comparing the Concentration of Compounds for Protein Translocation Blocking Effect 

with IC100 

 
Compounds Concentration for PTB Effect IC100 
DMSO - - 
MAL3-101 300 nM 250 nM 
MAL3-51 - Not effective up to 2 mM 
MAL3-90 - Not effective up to 2 mM 
CJ-21,058 20 µM 20 µM 
Equisetin 25 µM 26 µM 

 
 



CHAPTER 4

ENDOPLASMIC RETICULUM SIGNAL PEPTIDES CONTAIN CONSERVED

PEPTIDE MOTIFS THAT ARE SPECIES SPECIFIC 1

1

                                                  
1 Patham, B., and Mensa-Wilmot, K.
To be submitted to Journal of Biological Chemistry, 05/2005
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LIST OF ABBREVIATIONS

CHX, cycloheximide; DMSO, dimethyl sulfoxide; ER, endoplasmic reticulum; FC: fixed component; FC-

1, fixed component in position 1; FC-2, fixed component in position 2; FC-3, fixed component in position

3; FC-4, fixed component in position 4; LR, linker region; LR1, linker region between FC-1 and FC-2;

LR2, linker region between FC-2 and FC-3; LR3, linker region between FC-3 and FC-4; LRmin, minimum

number of amino acids in linker region; LRmax, maximum number of amino acids in linker region; PK,

proteinase K; PMSF, phenylmethyl sulfonylfluoride; RRL, rabbit reticulocyte lysate; SDS-PAGE, sodium

dodecyl sulfate-polyacrylamide gel electrophoresis; TbRM, T. brucei rough microsomes; VSG, variant

surface glycoprotein.
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ABSTRACT

Signal peptides that direct protein import into the endoplasmic reticulum (ER) in eukaryotes and

across the inner membrane of bacteria, have three conserved regions; an amino-terminal n-region, a

hydrophobic h-region, and a carboxy-terminal c-region. Although the hydrophobic core is essential for

efficient import/export of proteins through the appropriate translocons, the functional characteristics of

the h-region is poorly understood. A bioinformatics approach was adopted to provide information of any

existing patterns in the h-region of signal sequences. Analysis of the h-region of Homo sapiens,

Saccharomyces cerevisiae, Trypanosoma brucei, Escherichia coli, and Bacillus subtilis signal sequences

identified distinct peptide motifs in 75-90% of the h-regions. In a comparison of the peptide motifs,

variation was found in: i) amino acid composition of motifs, ii) distance between amino acids that form

the motif (i.e., linker regions), and iii) length of the motif. The N-terminal 50 amino acids of human and

E. coli cytosolic proteins failed to reveal conserved peptide motifs. The analysis revealed that the

selection or distribution of amino acids in the h-region is not random as previously thought. On the

contrary, we observed that the peptide motifs in the h-region of signal sequences; (i) have a well-defined

organization of select hydrophobic amino acids, (ii) are highly conserved within a species. The

physiological relevance of the motifs was investigated, using a trypanosome ER protein translocation

system. Variant surface glycoprotein (VSG_117)) was imported into T. brucei microsomes (TbRM),

when an unmutated h-region (which contains two overlapping motifs i.e., L6S7L8L9Y10A11, where

L6S7L8L9 and L8L9Y10A11 have L8L9 in common) was used. Although a signal peptide is essential for

protein import into the ER, not much is known about the contribution of each sub-region to signal peptide

activity. Deletion of the n-region of VSG_117 signal peptide  (ΔN-VSG_117500) did not affect import into

TbRM. Mutants of VSG_117 h-region, in which the trypanosome tri-peptide motifs were disrupted

without significantly altering the hydrophobicity, (e.g., V8V9 and F8F9) of the signal peptide, failed to

promote protein import into TbRM. This observation suggests that conserved peptide motifs in h region:
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i) are important for signal peptide activity and, ii) do not tolerate changes in the amino acid sequence that

substitute conserved hydrophobic amino acids for other hydrophobic amino acids.



101

INTRODUCTION

Signal peptides, together with a membrane translocon direct protein import into the endoplasmic

reticulum (ER) (reviewed in [1-3]). Signal sequences are composed of three regions: (i) a positively

charged n-region; (ii) a hydrophobic core; and (iii) a polar C-terminal region (reviewed in [4, 5]). In

Gram-negative bacteria, (e.g. E. coli) signal sequences are required for export of proteins from the inner

bacterial membrane to the periplasmic space (reviewed in [6, 7]), whereas in Gram-positive bacteria (e.g.

B. subtilis) they direct secretion of protein into the external environment.

Signal peptides lack conserved primary sequence. Furthermore, in different organisms, variations

exist in the length, charge and amino acid composition of each region (n, h, c) of signal peptides [8]. E.

coli signal sequences are ~ 22-25 amino acids long [9]. The n-region is ~ 7 residues long and carries a net

charge of +2 [10]. The h-region and c-region contain ~ 12 and 6 amino acids respectively [3, 8]. B .

subtilis signal peptides are longer than those in E. coli (reviewed in [3, 8]): the n-region (of 7-12 amino

acids) carries a net charge of +2- to - +7 (reviewed in [3, 8, 11]), and the h-region is ~ 15 amino acids in

length. Leucine content of the h-region between the two types of eubacteria is similar, but B. subtilis has a

much lower alanine content than E. coli. Eukaryotic signal sequences are generally slightly shorter (~ 18-

20 residues) than prokaryotic sequences (~ 24-31 residues). The h-region of eukaryotic signal sequences

has a higher leucine content than prokaryotes (reviewed in [3, 8, 11]).

For the purposes of directing entry into the ER, the h-region is often regarded as the most

important of the three sub-regions of a signal sequence ([12-14]). It is also very well known that h-region

of the signal peptide is essential for a functional signal sequence [15]. Many studies correlating

hydrophobicity of the h-region to efficiency of signal sequence function have been documented [16]. In

general, highly hydrophobic sequences direct co-translational import, while less hydrophobic sequences

tend to drive post-translational import [16, 17].
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Signal sequences from one species may not be functional in other species. A number of

trypanosome signal sequences (e.g., T. brucei VSG117, MVAT7, Bip, and Leishmania GP63) can not

facilitate protein import into canine microsomes [18]. Conversely, several proteins across species did not

get imported into T. brucei microsomes (TbRM) (e.g., preProlactin, β-lactamase, α-mating factor)

[Chapter Two]. The hydrophobicity profiles of signal peptides of all proteins were comparable, implying

that incompatibility of signal peptide and translocon is not due to reduced hydrophobicity alone ([18],

Chapter II]). Results from in vivo studies are consistent with the in vitro observations. For example,

proteins with Leishmania signal sequence do not direct secretion in insect Sf9 cells [19]. Similarly a T.

cruzi signal sequence could not direct protein import at the ER of murine Vero cells [20].

Several studies indicate that hydrophobicity of the h-region may not be the only factor

determining efficiency of import. To garner further information about the h-region that may be important

for signal peptide function; and explain species specificity, bioinformatic analysis of h-regions were

performed. In this paper, we report the discovery of peptide motifs in the h-region of eukaryotic (humans,

S. cerevisiae, T. brucei) as well as prokaryotic (E. coli and B. subtils) signal peptides. Our analysis

revealed the presence of conserved tri-peptide motifs in the h-region of signal sequences for each species

studied: human sequences also possessed tetra-peptide patterns. The h-region peptide motifs are highly

conserved within a species and are seen in ~75-90% of signal sequences in all species we studied.

Furthermore, disruption of peptide motifs in a trypanosome signal sequence (VSG_117) results in

abolition of signal peptide activity. This strongly suggests that peptide motifs contribute to signal peptide

function. The results show conclusively that signal peptides are not composed of random amino acids.

The hydrophobicity of signal peptide is not sufficient to drive protein import [16].
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MATERIALS AND METHODS

Sources Signal Sequences

H. sapiens  and E. coli signal peptides were obtained from Signal 3P server

[http://www.cbs.dtu.dk/services/SignalP/] [21, 22]. Protein sequences of B. subtilis were obtained from a

paper by Tjalsma, H et al., (Microbiol Mol Biol Rev, 2000. 64(3): p. 515-47) [23]. S. cerevisiae and T.

brucei signal peptides were obtained from geneDB [www.genedb.org] [24]. Signal sequences chosen

from GeneDB were documented to i) have a signal peptide, or ii) enter the secretory pathway. T. brucei

VSG protein sequences were obtained from a VSG database (www.vsgdb.org).

Bioinformatic Analysis

H-regions of the signal peptides were predicted with PSORTII [http://psort.nibb.ac.jp/form2.html

[25]. H-region were analyzed using PRATT [http://www.ebi.ac.uk/pratt/] [26] with the following

parameters: C% (50); PL (50); PN (50); PX (5); FN (5); FL (2); FP (20); E (3) (C%, minimum percentage

of sequences to match; PL, maximum pattern length; PN, maximum number of pattern symbols; PX,

maximum number of consecutive x's; FN, maximum number of flexible spacers; FL, maximum

flexibility; FP, maximum flexibility product; E, search greediness) [26].

PRATT Terminology

Peptide motifs are described by:  i) amino acid composition of fixed components (FC), and ii)

linker regions (LR) (Fig. 1). Each linker region can be represented either by a single (fixed) or multiple

(flexible) amino acids [26].

Pattern Description and Terminology

The following abbreviations and parameters will be used to describe the patterns. FC, fixed

component; FC-1, fixed component in position 1; FC-2, fixed component in position 2; FC-3, fixed

component in position 3; FC-4, fixed component in position 4; LR, linker region; LR1, linker region
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between FC-1 and FC-2; LR2, linker region between FC-2 and FC-3; LR3, linker region between FC-3

and FC-4; LRmin, minimum number of amino acids in linker region; LRmax, maximum number of amino

acids in linker region.

Each fixed component can be represented either by a single (identity component) or multiple

(ambiguous component) amino acids (Please refer to Fig. 1 for illustration of PRATT terminology). The

terminology can be explained with the zinc-finger pattern as an example, which is written as C-x(2,4)-C-

x(3)-[LIVMFYWC]-x(8)-H-x(3,5)-H  [26]. A motif is comprised of fixed components that are joined by

linker regions. Fixed component (FC) (in bold) may be either an identity component (bold and

italicized) when occupied by a single amino acid (e.g., C, or H), or ambiguous component (within

square brackets) when occupied by a subset of amino acids (e.g., L, V, I, M, F, Y, W or C). In the

aforementioned example, FC-1 (occupied by C), FC-3 (occupied by C), FC-4 (occupied by H) and FC-5

(occupied by H) are identity components, whereas FC-2 is an ambiguous component, because it could be

occupied by L, I, V, M, F, Y, W, or C.

Linker region  (LR) (highlighted) separates two fixed components. For example, LR-1 is linker

region between FC-1 and FC-2, while LR-2 is the spacer between FC-2 and FC-3, and so on. Linker

regions affect the length of peptide motif, for example, linker region x(2,4) can accommodate a minimum

of 2 amino acids (LRmin) and a maximum of 4 amino acids (LRmax) so, LRmin =2 and LRmax = 4. Linker

region x(3) accommodates exactly 3 amino acids and in this case LRmin = LRmax =3.

Minimim peptide motif length is calculated by adding the total number of amino acids in fixed

positions to the minimum number of amino acids that could be accommodated in all the linker regions

(LRmin). For the pattern C-x(2,4)-C-x(3)-[LIVMFYWC]-x(8)-H-x(3,5)-H, the minimum length of the

motif is 21 [5 (number of fixed components) + 2 (LR1min) + 3 (LR2min) + 8 (LR3min) + 3 (LR4min)]. The

maximum peptide motif length is calculated by adding number of total number of amino acids in fixed
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positions to the maximum number of amino acids that could be accommodated in all the linker regions

(LRmax). In the example of C-x(2,4)-C-x(3)-[LIVMFYWC]-x(8)-H-x(3,5)-H, the maximum length of the

motif is 25 consisting of [5 (fixed components) + 4 (LR1max) + 3 (LR2max) + 8 (LR3max) + 5 (LR4max)].

RESULTS

Conserved Motifs in the h-region of Human Signal Peptides

Signal sequences have three sub-regions; an amino-terminal n-region, a hydrophobic h-region,

and a carboxy-terminal c-region (reviewed in [27, 28]). The h-region of the signal peptide is essential for

a functional signal sequence [15]. However, alignment of sequences has failed to produce a conserved

peptide motif. Furthermore, it is believed that amino acids in signal sequences are randomly chosen and

distributed [35].

To determine whether conserved sequence motifs were present in h-regions, two hundred h-

regions were analyzed using PRATT (http://www.ebi.ac.uk/pratt/) [26], that extracts conserved patterns in

a set of sequences supplied to it [26]. Three high scoring (i.e., patterns that are most commonly

represented in the dataset) tetra-peptide patterns were discovered (Table 1A) that could be merged into

two “unified motifs” (see Table 1A). Remarkably, seventy-five percent of human signal peptides

contained at least one tetra-peptide motif.

The characteristic features of human h-region tetra-peptide motifs can be described under three

sub-headings.  A) Amino acid composition: i) FC-1 = L, ii) FC-2 = L/ A/ V/ G/ P/ I (in that order of

frequency), iii) FC-3 = L, and iv) FC-4 = L. B) Linker region: minimum number of amino acids in linker

region one (LR1min) = 1, maximum number of amino acids in linker region one (LR1max) = 2; LR2min = 0,

LR2max = 1; LR3min = 0, LR3max = 2. C) Peptide motif length: the maximum length of a tetra-peptide

pattern is 8 amino acids, while the minimum length is 5 amino acids (for terminology and calculations,
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refer to our section on PRATT Terminology). PRATT alignment showing the tetra-peptide motif of the

human h-region is shown in Table 1B.

Remaining twenty five percent of sequences examined reveal tri-peptide motifs (Table 1C). The

characteristic features of human tri-peptide motifs are as follows:  A) Amino acid composition: i) FC-1 =

L, ii) FC-2 = L/ A/ V (in that order of frequency), iii) FC-3 = L. B) Linker region: LR1min = 0, LR1max =5;

LR2min = 0, LR2max = 4. We conclude that patterns in the h-region of human ER signal peptides are highly

conserved.

Conserved Peptide Motifs in the h-region of S. cerevisiae Signal Peptides

The h-regions of over hundred S. cerevisiae signal peptides were analyzed using PRATT

(http://www.ebi.ac.uk/pratt/) [26] to determine the existence of conserved amino acid patterns. Ten high

scoring tri-peptide patterns were discovered (Table 2A) that could be merged into five “unified motifs”

(see Table 2A). Approximately ninety percent of S. cerevisiae signal peptides contained at least one tri-

peptide pattern.

General properties of the conserved S. cerevisiae tri-peptide motifs are as follows: A) Amino acid

composition: i) FC-1 = L, ii) FC-2 = L/ S, and iii) FC-3 = L/ A/ V/ G/ I (in that order of frequency). B)

Linker region: LR1min = 0, LR1max = 5; LR2min = 0, LR2max = 4. C) Peptide motif length: longest tri-

peptide motif is 10 amino acids, while shortest is 4 amino acids. We infer that the h-region of S.

cerevisiae ER signal peptides contain highly conserved tri-peptide motifs.
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Peptide Motifs in the h-region of T. brucei Signal Peptides

Signal sequences are essential for protein translocation in trypanosomes [11]. Trypanosomatid

signal sequences have a tri-partite organization (n, h and c region) [29]. However, important

characteristics of signal sequences in trypanosomatids have not been studied in depth.

The h-regions of fifty T. brucei signal sequences were analyzed using PRATT

(http://www.ebi.ac.uk/pratt/) [26] in search of conserved amino acid patterns. Thirteen high scoring tri-

peptide patterns were discovered, which were merged into eight unified motifs (Table 3A).

Approximately eighty five percent of T. brucei signal peptides contained at least one tri-peptide motif.

General features of conserved T. brucei motifs are as follows: A) Amino acid composition: i) FC-

1= L, V. ii) FC-2 = L, and iii) FC-3 = L/ A/ V/ P/ I (in that order of frequency). B) Linker region: LR1min

= 0, LR3max = 2; LR2min = 0, LR2max = 3. C) Peptide motif length: longest tri-peptide motif could be 8

amino acids, while the shortest could be 3 amino acids. PRATT alignment of the h-region of 16 protein

sequences is shown in Table 3B. We conclude that amino acid patterns in the h-region of T. brucei ER

signal peptides are highly conserved.

Two novel features observed in T. brucei motifs include: i) the presence of A or V apart from L in

FC-1 is allowed, ii) valine as an identity component in FC-1 (~40% sequences) making it unique to T.

brucei (see Table 3, motif number 12). In all other species, valine is always found as an ambiguous

component.

Peptide Motifs in the h-region of T. brucei Variant Surface Glycoproteins (VSG)

Variant surface glycoproteins (VSG) are major surface proteins (~107 / cell) expressed by blood

stream T. brucei. H-regions of twenty-five VSGs (www.vsgdb.org) were analyzed as described earlier.

Five high scoring tri-peptide motifs were found, that could be merged into two “unified motifs” (see
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Table 4A). Ninety five percent of VSG signal peptides contained at least one tri-peptide motif. Properties

of conserved tri-peptide motifs are as follows: A) Amino acid composition: i) L or A in FC-1, ii) L or A in

FC-2 and iii) L in FC-3. B) Linker region: LR1min = 0, LR1max = 2; LR2min = 0, LR2max = 2. PRATT

alignment of the h-region of VSG signal peptides is shown in Table 5B. H-regions of VSG signal

peptides contain conserved peptide motifs.

Conserved Peptide Motifs in the h-region of Prokaryote Signal Peptides

To determine whether conserved sequence motifs were present in the h-regions in prokaryotes,

Gram negative (e.g., E. coli) and Gram positive bacterial (e.g., B. subtilis) signal sequences were studied.

The h-regions of one hundred E. coli (prototype gram negative bacteria) signal sequences were

analyzed using PRATT (http://www.ebi.ac.uk/pratt/) [26] to determine the existence of conserved amino

acid patterns. Eleven high scoring tri-peptide patterns were discovered (Table 5A) that could be merged

into four “unified motifs” (see Table 5A). Approximately, ninety percent of E. coli signal sequences

contained at least one tri-peptide pattern.

Features of E. coli the h-region motifs are as follows: A) Amino acid composition: i) FC-1 = A/

L, ii) FC-2 = A/ L and, iii) FC-3 = A/ L/ V/ G. B) Linker region: LR1min = 0, LR1max = 5; LR2min = 0,

LR2max = 5. C) Peptide motif length: longest tri-peptide pattern is 13 amino acids, while shortest is 4

amino acids. PRATT alignment of the h-region of 20 protein sequences is shown in Table 5B. We

conclude that patterns in the h-region of E. coli signal peptides are highly conserved.

Next, we examined the thes of one hundred B. subtilis (prototype Gram positive bacteria) signal

sequences as described earlier (http://www.ebi.ac.uk/pratt/) [26]. Eighteen high scoring tri-peptide

patterns were discovered (Table 6A) that could be merged into eight  “unified motifs” (see Table 6A).

Over ninety percent of B. subtilis signal sequences contained at least one tri-peptide pattern.
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General features of tri-peptides motifs in the h-region of B. subtilis are as follows: A) Amino acid

composition: i) L in FC-1, ii) A, L, V, G or I in FC-2 and, iii) A, L, V or G in FC-3. B) Linker region:

LR1min = 0, LR1max = 5; LR2min = 0, LR2max = 5. C) Peptide motif length: longest tri-peptide pattern is 13

amino acids, while shortest is 3 amino acids (for terminology and calculations, refer to our section on

PRATT Terminology). PRATT alignment of the h-region of 25 B. subtilis sequences, is shown in Table

6B. We conclude that the h-region of B. subtilis signal peptides contain highly conserved peptide motifs.

Absence of Patterns in Cytosolic Protein Sequences

 To test whether peptide motifs identified by PRATT were specific only to the h-region of signal

peptides, we studied cytosolic proteins from humans and E. coli [21, 22] as controls. Only N-terminal 50

amino acids of cytosolic proteins were used for our analysis, since ER signal sequences are present in that

region of proteins. Applying the same criteria used for analysis of signal peptides, PRATT did not reveal

any common patterns of amino acids in cytosolic proteins.

The n-Region is not Essential for Trypanosome Signal Peptide Function

Signal peptides are essential for ER protein translocation in trypanosomes. [30]. However, no

study has addressed the role of sub-regions of a trypanosome signal peptide in its function. We have

developed a cell-free ER protein import system in T. brucei using T. brucei microsomes (TbRM) and

model protein VSG_117 (Chapter II). VSG_117 is imported into TbRM post-translationally, in a cytosol-

dependent fashion (Chapter II). Further. Signal peptide is essential for import of VSG_117 into TbRM

(Chapter II).  To address this issue, we deleted the n-region of VSG_117500 to create ΔN-VSG 117500.

mRNA of ΔN-VSG_117500 was translated in rabbit reticulocyte lysate. Parasite cytosol and TbRM were

added post-translationally and reaction mixtures were treated with proteinase K. (See Fig. 2A for an

outline of the experimental scheme).
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In the absence of TbRM, ΔN-VSG_117500 was degraded by proteinase K (Fig. 2B, lane 2). TbRM

protected 65% of ΔN-VSG_117500 from proteinase K digestion (Fig. 2B, lane 4). From these data, we

conclude that ΔN-VSG_117500 is imported into TbRM. The result indicates that n-region of T. brucei

signal peptide is not essential for protein translocation into TbRM.

Mutation of a Conserved h-region Motif Abolishes Import of VSG_117 into T. brucei Microsomes

(TbRM)

Of the three sub-regions of a signal peptide, h-region is considered essential for translocation

purposes [16, 17]. Hydrophobicity of the h-region is important for signal peptide activity across species

[16, 17]. It is also believed that amino acids in the h-region are randomly distributed [29]. However, using

computational techniques, we have discovered unique peptide motifs in the h-regions of signal peptides

(Table 1-7). It is not known whether the motifs have biological functions.

To test the hypothesis that h-region motifs are required for signal peptide activity, we generated a

series of mutations in the h-region of the signal peptide of VSG_117. Since we know that the n-region is

not essential for import of VSG_117500 into TbRM (Fig. 2B, lanes 1-4), ΔN-VSG_117500 was used as the

substrate for PCR mutagenesis of the h-region. Numbering of residues in wild type VSG_117 h-region

are as follows: S1T2M3L4T5L6S7L8L9Y10A11I12T13P14. VSG_117 h-region has two overlapping tri-peptide

patterns. (i) L-L-x-[AILV] (S1T2M3L4T5L6S7L8L9Y10A11I12T13P14) (Table 8), and (ii) L-x(2,3)-L-[AILV]

(S1T2M3L4T5L6S7L8L9Y10A11I12T13P14) (residues that satisfy the conserved motifs are in bold lettering)

(Table 8). Two leucines (L8L9) are common to both motifs (S1T2M3L4T5L6S7L8L9Y10A11I12T13P14).

Mutations of the h-region are depicted in Table 8.

Our first approach was to completely disrupt both motifs by mutating all the fixed components in

the h-region. This was accomplished by changing all the fixed components (i.e., (L6, L8, L9, and A11)
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(S1T2M3L4T5L6S7L8L9Y10A11I12T13P14) to glycine (S1T2M3L4T5G6S7G8G9Y10G11I12T13P14) (Table 8).

mRNA of the resultant mutant (G6G8G9G11-hVSG_117) was translated in presence of rabbit reticulocyte

lysate. T. brucei cytosol and TbRM were added post-translationally, and the VSG was tested for

proteinase K susceptibility (see Fig. 2A for an outline of protocol). In the absence or presence of TbRM,

G6G8G9G11-hVSG_117 was degraded by proteinase K (Fig. 2B, lane 6 and 8). Therefore, G6G8G9G11-hVSG_117

is not imported into TbRM.

We surmise that either i) decreasing the hydrophobicity, or ii) disrupting conserved peptide

motifs in the h-region of VSG_117 blocks signal peptide function. To determine whether it was the

reduction in hydrophobicity of mutant signal peptide (due to replacement of leucine with glycine) led to

decrease in VSG import, it was important to use a new substrate in which disruption of peptide motif did

not reduce hydrophobicity of signal peptide.

To achieve this goal, we disrupted the h-region motifs of VSG_117 by mutating the two leucines

common to both motifs (bold) (S1T2M3L4T5L6S7L8L9Y10A11I12T13P14). L 8L9 (peak hydrophobicity of

leucine is 3.8 [32]) were mutated to three different amino acids of varying hydrophobicities, namely;

glycine (–0.4), valine (4.2) and phenylalanine (2.8) (Kyte-Doolittle hydrophobicity scale [32]).

VSG_117 motif mutant G8G9-hVSG_117 (S1T2M3L4T5L6S7G8G9Y10A11I12T13P14) (Fig. 2C, lanes 3

and 4), mutant F8F9-hVSG_117 (S1T2M3L4T5L6S7F8F9Y10A11I12T13P14) (Fig. 2C, lanes 5 and 6), and mutant

V8V9-hVSG_117 (S1T2M3L4T5L6S7F8F9Y10A11I12T13P14) (Fig. 2C, lanes 7 and 8) were tested for import into

TbRM. The experimental protocol was similar to that used for ΔN-VSG_117500, (Fig. 2C, lanes 1 and 2).

Since all mutant proteins were degraded by proteinase K in presence of T. brucei cytosol and TbRM (Fig.

2), we conclude that mutant G8G9-hVSG_117, mutant F8F9-hVSG_117 or mutant V8V9-hVSG_117 do not get

imported into TbRM (Fig. 2C, lanes 4, 6, 8). Hence, i) peptide motifs are essential for signal peptide
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function in T. brucei, ii) increasing the hydrophobicity cannot compensate for disruption of peptide

motifs.

DISCUSSION

Discovery of Unique Peptide Motifs in the h-region of Signal Peptides

Signal sequences have three sub-regions; an N-terminal (n-region), a hydrophobic stretch (h-

region) and a C-terminal region (c-region) (reviewed in [27, 28]). It is also very well documented that the

h-region of the signal peptide is essential for a functional signal sequence [15]. Many studies correlating

hydrophobicity of h-region to efficiency of signal sequence have been documented. Hydrophobicity of

signal peptides also determines the targeting route of secretory protein [16]. In general, more hydrophobic

sequences direct co-translational import, while less hydrophobic sequences tend to drive post-translational

import [16, 17]. Yet, it is widely believed that "information content" of signal peptides is very low [29].

There is surmounting evidence that hydrophobicity of signal peptides may not be the only factor

deciding signal peptide activity. A group of trypanosome signal peptides (T. brucei VSG117, MVAT7,

Bip, and Leishmania GP63) could not direct import into canine microsomes [18]. Recently, we observed

that signal peptides from other species could not lead import of proteins (preProlactin, β-lactamase, α -

mating factor) into T. brucei microsomes. Hydrophobicity profile [32] of signal peptides of all proteins

(VSG117, MVAT7, GP63, preProlactin, β-lactamase, α--mating factor) were comparable and favored

efficient translocation into microsomes. ([18], Chapter II]).

Hence, we hypothesize that the h-region hydrophobicity, although important, may not be the only

factor determining import of protein into ER. In light of all the given facts, we chose to bioinformatics

approach to analyze the h-regions of signal peptides in various biological systems. In this paper, we report
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the discovery of highly conserved peptide motifs in the h-region of signal peptide across species. Unified

peptide motifs in the h-region of human signal peptides {L-x(0,2)-[AGILPV]-L-x(0,2)-L and L-x(0,5)-

[ALV]-x(0,4)-L} (Table 1), S. cerevisiae signal peptides {L-x(0,1)-L-x(0,4)-L; L-x(4,5)-L-[AGILV]L-

x(0,3)-S-x(0,4)-A; L-x(1,2)-S-[AGILV] ; L-x(0,3)-S-x(0,4)-L} (Table 2), T. brucei {L-x(1,3)-L-x(0,2)-L;

L-x(0,3)-[AILV]-x(0,3)-L; L-x(1,3)-A-[AGILV]; L-L-[AGLV]; A-x(2,3)-L-x-[AGILPV]; V-x(0,1)-L-

x(2)-[AGILV]} (Table. 3), E. coli L-x(0,5)-L-x(0,5)-L; L-x-[AGILV]-x(2)-L; L-x(0,3)-A-x(0,5)-L; L-

x(0,5)-[IV]-x(0,5)-L; L-x(0,2)-A-[AGLV]; L-x(0,1)-L-x(0,5)-A} (Table 5) and B. subtilis {A-x(0,4)-L-

x(0,5)-A; L-x(1,2)-A-[AGILV]; L-x(0,5)-A-x(0,5)-[AL]; L-x(0,5)-L-x(0,5)-A} (Table 6) were identified.

Next, we compared the most commonly occurring “unified motifs” in the h-region signal peptides

across biological systems (Table 9A), as they are most representative (50%-75%) of each data set. This

would allow us to understand the diversity in composition of amino acids in the h-region of different

species that have previously been noted. Our observations are presented in Table 9B. The differences in

peptide motifs across species were clear and distinct.

The first and foremost distinction came in the number of fixed components (amino acids in fixed

positions) that make peptide motifs. Conserved tetra-peptide motifs (4 fixed components) are unique to

human h-regions while all the h-regions (human, S. cerevisiae, T. brucei E. coli and B. subtilis) revealed

the presence of tri-peptide motifs (3 fixed components).

Second, variations exist in amino acid composition of fixed components. When all unified motifs

were compared across species, we observed the following (Table 9A): A) FC-1 =L (all species), A (T.

brucei, E. coli), or V (only T. brucei); B) FC-2= A/L (all species); V (humans, T. brucei, B. subtilis); G

(human, B. subtilis); I (human, T. brucei, B. subtilis); S (only S. cerevisiae); P (only human; C) FC-3= L

(all species); A,V, G (all, except human); I (S. cerevisiae, T. brucei, E. coli); D) FC-4=L (only humans).
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The third distinction involves variations in length of linker region (Table 9B, C): A) In humans,

LR1min=0, LR1max=2; LR2min=0, LR2max=1; LR3min=0, LR3max=2; B) In S. cerevisiae, LR1min=0,

LR1max=5; LR2min=0, LR2max=4; C) In T. brucei, LR1min=0, LR1max=3; LR2min=0, LR2max=3; D) In E. coli

LR1min=0, LR1max=5; LR2min=0, LR2max=5; E) In B. subtilis, LR1min=0, LR1max=5; LR2min=0, LR2max=5

(refer to Table 9). We observed that human sequences have shortest linker regions (maximum of 2 amino

acids), while prokaryotes carried longest (maximum of 5 amino acids). This falls back to the overall

length of the signal peptides. Prokaryotes have the longest the h-region (~ up to 35 amino acids long)

hence manage to have a longer linker region. On the other hand, eukayotic h-regions are short (~18-20

amino acids long), hence they possess relatively short linker region.

It is a popular belief that hydrophobicity of the h-region governs signal peptide activity. If it were

to be so, the order of frequency of appearance amino acids in the h-region of signal peptides should

reflect the peak hydrophobicity of amino acids, as calculated by Kyte-Doolittle hydropathy scale are as

follows [32]; isoleucine(4.5), valine (4.2), leucine (3.8), phenylalanine (2.8), methionine (1.9), and

alanine (1.8), glycine (-0.4) [32]. However, our observations did not support this prediction. Isoleucine

the most hydrophobic amino acid [32], and phenylalanine are conspicuous by their absence as identity

components in all motifs. Even in ambiguous positions, isoleucine and phenylalanine are very rarely

found. Valine, the second most hydrophobic amino acid appears only in the ambiguous position except in

T. brucei. Alanine, the least hydrophobic of the non-polar amino acids is the second most commonly

occurring amino acid in the h-region motifs across species. Interestingly, alanine and methionine have

almost similar hydrophobicities [32], but methionine is not found in the h-region motifs. Finally, leucine,

is the most commonly occurring amino acid in the h-region peptide motifs across biological systems.

We predict that these peptide motifs have a significant influence on the function of signal peptide.

This data clearly reveals that amino acids are neither randomly chosen, nor are they randomly distributed

in the h-region of a signal peptide. To validate our perception, we revisited a particularly interesting work
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in which the invertase signal peptide was replaced by random sequences from human database [29].

Approximately 20% of randomly chosen human sequences were found functional in S. cerevisiae, leading

the authors to conclude that signal sequences are essentially made of randomly distributed amino acids.

Authors document 22 functional sequences, which successfully replaced S. cerevisiae invertase signal

sequence to drive import [29].

We analyzed the “randomly chosen functional sequences” using PRATT and obtained two

unified motifs (Table 7). Not surprisingly, L-x(0,2)-S-x(0,5)-L motif was identified in 60% sequences

(Table 7 and 9). A serine residue flanked by two leucines is a highly conserved peptide motif, which is

unique to S. cerevisiae (Table 2). Next, non-functional sequences were analyzed (Table 7). We did not

obtain any patterns belonging to motifs identified earlier in S. cerevisiae (Table 2). Hence it is no co-

incidence that these “randomly chosen sequences” were either functional, or non functional in yeast. As

the need for validation of our approach increased, we studied the sequences from VSG database

(www.vsgdb.org) (VSGDB).  In theory, the peptide motif(s) from VSGDB should be similar to the ones

discovered in experimentally verified T. brucei signal peptides (Table 3). VSG dataset revealed two

peptide motifs {L-x(0,1)-[AL]-x(0,2)-L and A-x(1,2)-L-x(1,2)-L} (Table 4) which were subsets of

patterns from experimentally validated signal sequences from T. brucei (Table 3).

Although discovered, the significance of highly conserved peptide motifs is not yet completely

unraveled. In order to understand the role of h-region peptide motifs in signal peptide activity, we

disrupted both overlapping tri-peptide motifs (S1T2M3L4T5L6S7L8L9Y10A11I12T13P14) in VSG_117 signal

peptide by converting two overlapping leucine residues (underlined) to two valines (V8V9), two glycines

(G8G9), or two phenylalanines (F8F9),  (Table 8, Fig 2C). The results indicate that (i) disrupting the the h-

region patterns is detrimental to function of signal peptide in T. brucei, and (ii) increasing the

hydrophobicity of the h-region (LL to VV mutation) to compensate for pattern disruption does not work

(Fig 2C, lanes 7 and 8).
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In conclusion, we are reporting the discovery of conserved peptide motifs in the h-region of

signal peptides across species. Our data indicates that hydrophobicity of a signal peptide may not be the

most important factor in driving protein translocation across membrane. Further, unique peptide motifs in

the h-region of signal peptides contribute to signal peptide activity. Last but not the least, amino acids are

precisely positioned to attain maximum efficiency, and their distribution in the h-region of signal peptides

is not random as previously thought [29].
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FIGURE LEGEND

Figure 1: Pattern Description and Terminology

FC: fixed component; FC-1, fixed component in position 1; FC-2, fixed component in position 2; FC-3,

fixed component in position 3; FC-4, fixed component in position 4; LR, linker region; LR1, linker region

between FC-1 and FC-2; LR2, linker region between FC-2 and FC-3; LR3, linker region between FC-3

and FC-4

Table 1: Peptide Motifs in the h-region of Human Signal Peptides

(A) Highest scoring tetra-peptide motifs from PRATT analysis and unified tetra-peptide motifs. (B)

PRATT alignment of the the h-region of human signal sequences. The first 25 hits are shown. (C) Highest

scoring tri-peptide motifs from PRATT analysis and unified tetra-peptide motifs.

Table 2: Peptide Motifs in the h-region of S. cerevisiae Signal Peptides

(A) Highest scoring tri-peptide motifs from PRATT analysis and unified tri-peptide motifs

(B) PRATT alignment of the the h-region of S. cerevisiae signal sequences. The first 25 hits are shown.

Table 3: Peptide Motifs in the h-region of Experimentally Proven T. brucei Signal Peptides

(A) Highest scoring tri-peptide motifs from PRATT analysis and unified tri-peptide motifs

(B) PRATT alignment of the the h-region of T. brucei signal sequences. The first 25 hits are shown.

Table 4: Peptide Motifs in the h-region of VSGDB T. brucei Signal Peptides

(A) Highest scoring tri-peptide patterns from PRATT analysis and unified tri-peptide patterns

(B) PRATT alignment of the the h-region of VSG signal sequences. The first 25 hits are shown.
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Table 5: Peptide Motifs in the h-region of E. coli Signal Peptides

(A) Highest scoring tri-peptide motifs from PRATT analysis and unified tri-peptide motifs

(B) PRATT alignment of the the h-region of E. coli signal sequences. The first 25 hits are shown.

Table 6: Peptide Motifs in the h-region of B. subtilis Signal Peptides

(A) Highest scoring tri-peptide motifs from PRATT analysis and unified tri-peptide motifs

(B) PRATT alignment of the the h-region of B. subtilis signal sequences. The first 25 hits are shown.

Table 7: Peptide Motifs in Random Sequences from Human Genome that were functional in S.

cerevisiae.

(A) Highest scoring tri-peptide motifs from PRATT analysis and unified tri-peptide motifs

(B) PRATT alignment of the “functional sequences”.

Table 8: VSG_117 h-region Mutations

The table enlists various h-region mutations in VSG_117 that were generated for this study.

Figure 2: Effect of Protein Translocation Inhibitors on TbRM

 (A) Protocol Used for Import of proteins. (B and C) . All the mutations are described in Table 8. Different

mRNAs encoding VSG_117 were translated in rabbit reticulocyte lysate with 1.5 equivalents T. brucei

cytosol for 60 min. The reaction mixtures were treated with cycloheximide (50 µg/ml, final

concentration) and incubated with TbRM (one equivalent). The mixture was incubated for 60 min at 370C

and digested with proteinase K digestion (30 µg/ml, final concentration) for 60 min on ice. Proteins were

resolved by SDS-PAGE and detected by phosphorimaging. (B) Lanes 1-4 (ΔN-VSG_117500): Lane 1,

untreated ΔN-VSG_117500; lane 2, ΔN-VSG_117500 treated with proteinase K; lane 3, ΔN-VSG_117500

with TbRM; lane 4, ΔN-VSG_117500 with TbRM treated with proteinase K digestion. Lanes 5-8

(G6G8G9G11-hVSG_117) : Lane 1, untreated G6G8G9G11-hVSG_117; lane 2, G6G8G9G11-hVSG_117 treated with
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proteinase K; lane 3, G6G8G9G11-hVSG_117 with TbRM; lane 4, ΔNgggg-VSG_117500with TbRM treated

with proteinase K digestion. (C) Lanes 1-2 (ΔN-VSG_117500): Lane 1, ΔN-VSG_117500 with TbRM; lane

2, ΔN-VSG_117500 with TbRM treated with proteinase K digestion. Lanes 3-4 (G8G9-hVSG_117): Lane 3,

mutant G8G9-hVSG_117 with TbRM; lane 2, mutant G8G9-hVSG_117 with TbRM treated with proteinase K

digestion. Lanes 5-6 (F8F9-hVSG_117) : Lane 5, mutant F8F9-hVSG_117 with TbRM; lane 6, mutant F8F9-

hVSG_117 with TbRM treated with proteinase K digestion. Lanes 7-8 (V8V9-hVSG_117) : Lane 7, mutant

V8V9-hVSG_117 with TbRM; lane 8, mutant V8V9-hVSG_117 with TbRM treated with proteinase K digestion.

Rectangular brackets underneath sets of bars denote those data points that were directly compared

in quantitation. Abbreviations: RRL, rabbit reticulocyte lysate; CHX, cycloheximide; TbRM, T. brucei

microsomes; PK, proteinase K; PMSF, phenyl methyl sulfonyl fluoride.

Table 9: Comparison of Peptide Motifs Across Species

Comparison of all unified motifs across species. (A) Amino acid composition of most commonly

occurring peptide motif in each species. (C) Linker regions of most commonly occurring peptide motif in

each species. (C) A graph representing all linker regions across species.
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Figure 1:
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TABLE 1:

A.

Tetra-peptide Motif Number of
sequences (*)

Unified Motif

1 L-[AGLV]-x-L-x(0,1)-L 96 (164)

2 L-[AGLV]-L-x(1,2)-L 99 (178)

L-[AGLV]-x(0,1)-L-x(0,2)-L

3 L-x(2)-[AGILPV]-L-x(0,2)-L 96 (160) L-x(2)-[AGILPV]-L-x(0,2)-L

* Combined number of times the pattern occurs in the total sequences they are found

B. L-[AGLV]-x-L-x(0,1)-L

          1A01:        t LLlL-L sgala
    A1AG:    ltvls LLpL-L
    A2HS:        s LVlL-L cla
    A2MG:    slvll LLvL-L p
      A4:     mlpg LAlL-L laa
    ACHB:    mtpga LLmL-L galgp
     ALS:     ggla LAlL-L lswva
    ANGI:     mvmg LGvL-L lvfvl
    ANPA:          LLlL-L llppl
    APA1:    aavlt LAvLfL tgsqa
     APB:       pa LLaL-L alpal
    APC2:    lpalf LVlLvL g
    APC3:    llvva LLaL-L asa
     APD:       vm LLlL-L salag
    B2MG:      sva LAvLaL lslsg
     BAL:       lq LVvLgL tccwa
    BGAL:        I LLlL-L vllll
    C1QB:    ipvlm LLlL-L gli
    C1QC:          LLlL-L lllal
     C1R:        w LLyL-L vpalf
    CA11:          LLlL-L aatal
    CAH4:       ml LAlLaL saa
    CASB:    lilac LVaLaL a
    CC10:    avtlt LVtLaL ccssa
    DRN1:    galla LAaL-L ggavs
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C

Tri-peptide Motif Number of
sequences (*)

Unified Motif

1 L-x-L-L 103 (91)

2 L-L-L 101 (218)

3 L-L-x-L 107 (192)

4 L-x(2)-L-x(1,2)-L 105 (184)

5 L-x(4)-L-x(0,1)-L 100 (155)

6 L-L-x(2,3)-L 109 (213)

7 L-L-x(3,4)-L 105 (177)

8 L-x(3)-L-x(0,1)-L 99 (163)

9 L-x(3,4)-L-x-L 97 (163)

10 L-x-L-x(2,3)-L 115 (195)

11 L-x-L-x(3,4)-L 96 (146)

12 L-x(3,4)-L-L 97 (174)

13 L-x(2)-L-x(2,4)-L 100 (180)

14 L-x(4)-L-x(1,3)-L 100 (143)

15 L-x(4,5)-L-x(1,2)-L 100 (175)

16 L-x(3,4)-L-x(2,3)-L 97 (172)

L-x(0,5)-[L]-x(0,4)-L

17 L-[AL]-x(2)-L 107 (185)

18 L-[AL]-x(3)-L 97 (150)

L-[AL]-x(2,3)-L

19 L-[ALV]-x(4)-L 100 (151) L-[ALV]-x(4)-L

* Combined number of times the pattern occurs in the total sequences they are found
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TABLE 2

A

Tri-peptide Motif Number of
sequences (*)

Unified Motif

1 L-x(0,1)-L-x(0,3)-L 46 (77)

2 L-x(0,1)-L-x(1,4)-L 43 (77) L-x(0,1)-L-x(0,4)-L

3 L-x(4,5)-L-[AGILV] 44 (62) L-x(4,5)-L-[AGILV]

4 L-x(0,2)-S-x(0,3)-A 48 (69)

5 L-x(0,3)-S-x(0,2)-A 43 (66)

6 L-x(1,2)-S-x(0,4)-A 43 (56)

7 L-x(1,3)-S-x(0,3)-A 46 (65)

8 L-x(2,4)-S-x(0,4)-A 43 (69)

L-x(0,4)-S-x(0,4)-A

9 L-x(1,2)-S-[AGILV] 43 (54) L-x(1,2)-S-[AGILV]

10 L-x(0,3)-S-x(0,4)-L 43 (88) L-x(0,3)-S-x(0,4)-L

        * Combined number of times the pattern occurs in the total sequences they are found
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B.

  L-x(0,3)-S-x(0,4)-A

    EUG1: ivsfc LfaSftlA
     CPY: sllcg LglSttlA
    PDI1: swssl LlaSsvfA
    ERP2: vlila LvnSv--A a
    YOS9:  iiya L--S---A isali
    SED1:  lstv Ll-S---A glast
    KEX1: wlgtw LamS---A li
   SEC11: lnvcf LfaS---A ym
  ASP3-1:  slnt LllSlfvA mssg
    ERJ5: lvvlg Lv-SlsyA
    ERJ5: lglvs L--Sy--A
    FET3:  mtna Ll-Si--A vllfs
    PRM4:       Lt-Si--A agvaa
    DAN1: avaaa LvaS---A t
     PAU:       Lt-Si--A agvaa
    AWA1: alalv Ly-Sqs-A lg
    SOP4: fsqiv LllS---A fiyva
    PRB1: ftlga Lg-Sis-A
    CIS3:    va LaaSv--A alsat
    CIS3: asvaa L--S---A tasa
    FRE1:  vlfc LfiSff-A tvqs
    TIP1:  iafv L--S---A iasla
         PGU1: isans LliStlcA faia
    PAU7:       Lt-Si--A agvaa
    PRY2:   vsl LaaS---A svals
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TABLE 3:

A

Tri-peptide Motif Number of
sequences (*)

Unified Motif

1 L-L-x-[AILV] 26 (28) L-L-x-[AILV]

2 L-x(2,3)-L-[AILPV] 26 (34) L-x(2,3)-L-[AILPV]

3 L-x(2,3)-L-x(0,2)-L 22 (30)

4 L-x(1,2)-L-x(0,2)-L 20 (32)

L-x(1,3)-L-x(0,2)-L

5 L-[AILV]-L 21 (29)

6 L-[AILV]-x-L 20 (28)

L-[AILV]-x(0,1)-L

7 L-x(0,2)-A-x(1,3)-L 20 (37)

8 L-x(1,3)-A-x(0,2)-L 20 (38)

9 L-x(0,2)-A-x(0,2)-L 22 (40)

L-x(0,3)-A-x(0,3)-L

10 L-x(1,2)-A-[AILV] 21 (32)

11 L-x(2,3)-A-[AGLV] 20 (26)

L-x(1,3)-A-[AILGV]

12 A-x(2,3)-L-x-[AGILPV] 20 (26) A-x(2,3)-L-x-[AGILPV]

13 V-x(0,1)-L-x(2)-[AGILV] 20 (25) V-x(0,1)-L-x(2)-[AGILV]

                   * Combined number of times the pattern occurs in the total sequences they are found
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B

L-L-x-[AILV]
ESAG4_BRUCEI:   yvmyv LLlL mpypl
ESAG7_BRUCEI:    fwfv LLaL lc
ESAG6:           fwfv LLaL lg
VSG117:         mltls LLyA itp
VSG221:         slian LLtA lvalt
MITAT1.1:           g LLqV vwqpi
ILTAT1.21:        nqg LLvV iaqli
ILTAT1.24:      qtisa LLiL i
ANTAT1.1:        fitq LLvL lvtmt
MVAT4:          vvlvq LLsA q
MVAT7:          atscv LLiI gctny
BARP:           nnlwl LLtV lcta
GP63-1:         yiipc LLgL isc
MVSG4:          tagav LLlA taavl
GPEET2:           sly LLaV llfsa
P67:            savlc LLlA atltl
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TABLE 4:

A

Tri-peptide Motif Number of
sequences (*)

Unified Motif

1 L-A-x(0,1)-L 11(11)

2 L-[AL]-x-L 13 (15)

3 L-L-x(0,2)-L 12 (16)

4 L-x(0,1)-L-x(0,1)-L 11(19)

L-x(0,1)-[AL]-x(0,2)-L

5 A-x(1,2)-L-x(1,2)-L 11(12) A-x(1,2)-L-x(1,2)-L

                 * Combined number of times the pattern occurs in the total sequences they are found

B

L-[AL]-x-L

V002-001-VSG9.0:    avs LLlL alasa
V002-008-VSG.10:      a LAtL tvltt
V002-011-VSG10.0: tltlq LLqL g
V002-015-VSG6:     cygy LAaL tfvvs
V002-015-VSG18:   lgfaq LAtL ivvls
V002-015-VSG61:   lyqml LAiL slist
V002-005-VSG4:       va LLlL lnvaa
V002-005-VSG12:      vq LAvL aatit
V002-005-VSG14Bd: ifacv LAaL q
V002-005-VSG28:       f LLaL slvfg
V002-005-VSG29:    iyiv LLaL falp
V002-005-VSG30:   alcit LAtL ilaav
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TABLE 5:

A

Tri-peptide Motif Number of
sequences (*)

Unified Motif

1 A-x(0,2)-L-x(0,3)-A 56 (96)

2 A-x(2,4)-L-x(0,5)-A 56 (86)

3 A-x(1,3)-L-x(0,5)-A 59 (93)

A-x(0,4)-L-x(0,5)-A

4 L-x(1,2)-A-[AGILV] 57 (80) L-x(1,2)-A-[AGILV]

5 L-x(0,1)-A-x(0,5)-L 60 (92)

6 L-x(1,2)-A-x(0,5)-L 56 (69)

7 L-x(0,1)-A-x(0,5)-A 56 (97)

8 L-x(3,5)-A-x(0,5)-A 56 (101) L-x(0,5)-A-x(0,5)-[AL]

9 L-x(0,1)-L-x(0,5)-A 56 (84)

10 L-x(2,4)-L-x(0,4)-A 57 (99)

11 L-x(3,5)-L-x(0,5)-A 59 (99) L-x(0,5)-L-x(0,5)-A

                * Combined number of times the pattern occurs in the total sequences they are found
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B

         A-x(1,3)-L-x(0,5)-A

            AGP: iaaav AgivLl----A snaqa
    AMPC:  ttlc Al--Lit---A scstf
    ARAF:    al AaigL-----A avmsq
    ARGT:   sil AlslLvglstA
    ASG2: mgfsg Aa--L-----A l
    BLA2: iisll AtlpL-----A V
    BLP2: ayvii Ac--Lsst--A lags
    BTUB:       Asl-Lt----A csvta
      C2:   sll Ai--L-----A vsslv
    CYPH: laama AvfaLs----A lspaa
    DACC: laags AflfLf----A ptaf
    ECOT:  tilp Av--Lf----A afatt
    ELT1: ffill Asp-Ly----A
    ELT3: ffill Asp-Ly----A
    ELT6: yvlft Al--Lssly-A
    ELT7: yvlft Al--Lsslc-A
    FADL: salav Ava-Listq-A
    FAEF:   tmm Aaa-Lvls--A lsiqs
    FANC:   tll Aii-Lggm--A fattn
    FECA: sllpl Ag--Lsfs--A faa
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TABLE 6:

A

Tri-peptide Motif Number of
sequences (*)

Unified Motif

1 L-x(0,1)-L-x(1,4)-L 49 (85)

2 L-x(0,1)-L-x(2,5)-L 47 (77)

3 L-x(0,1)-L-x(0,3)-L 50 (82)

L-x(0,1)-L-x(0,5)-L

4 L-x(3,4)-L-x(0,5)-L 46 (78)

5 L-x(4,5)-L-x(0,5)-L 46 (67)

L-x(3,5)-L-x(0,5)-L

6 L-x-[AGILV]-x(2)-L 45 (59) L-x-[AGILV]-x(2)-L

7 L-x(0,2)-A-x(0,4)-L 45 (74)

8 L-x(0,3)-A-x(0,3)-L 45 (84)

9 L-x(1,3)-A-x(0,5)-L 45 (75)

10 L-x(0,3)-I-x(0,4)-L 46 (90)

11 L-x(0,2)-I-x(0,5)-L 46 (80)

L-x(0,3)-[AI]-x(0,5)-L

12 L-x(0,4)-V-x(0,4)-L 47 (92)

13 L-x(1,5)-V-x(0,4)-L 45 (89) L-x(0,5)-V-x(0,4)-L

14 L-x(1,2)-A-[AGLV] 48 (70)

15 L-x(0,1)-A-[AGLV] 45 (59)

L-x(0,2)-A-[AGLV]

16 L-x(1,3)-A-x(0,5)-A 44 (60) L-x(1,3)-A-x(0,5)-A

17 L-x(0,1)-L-x(0,4)-A 45 (65)

18 L-x(0,1)-L-x(1,5)-A 45 (72) L-x(0,1)-L-x(0,5)-A

                  * Combined number of times the pattern occurs in the total sequences they are found
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B

              L-x(0,5)-L-x(0,5)-L

                        AmyE:      ts L-Lp---L fagfl
          BglS:       v L-Ll---L vtglf
          BglC:   ifitc L-Lit--L ltmgg
          CccA:   plipf L-Liav-L giglt
          CwlD:    wlsf L-LgfiiL lflfk
          DacF:         L-Lst--L ligim
          FilL:    lmii L-Lii--L iviga
          Glpq:       i baLfv--L slgll
          LipB:   afiic LsLi---L svlaa
          LYTC:   ltmcf LgLi---L fvpt
           Mdr:     fvv LgLl---L gilms
          MotB:   pyadi btLl---L alfiv
           Mpr:   ayltv LcLa---L aaavs
          MreC:         LmLl---L lciii
          NprB:      ts LlLag--L ctaaq
          PbpD:   iigwi LlLciipL faft
           Pel:   mlata LfLg---L tpagp
          PenP:   gicvg L-Lc---L sitgf
          PhoB:         L-LpiavL ssiaf
          PhrF:         LlLsc--L alstv
          PhrK:         LvLcvsiL avils
        SpoIID:   svlca LiLlvptL lvipf
          TasA:   vasaa LgLa---L vggg
          TyrA:      ti L-Lag--L gligg
           Vpr:       f L-LvsfvL ffals
          YbbR:     iia L-Lfa--L llyva
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TABLE 7:

A

Tri-peptide Motif Number of
sequences (*)

Unified Motif

1 L-x(0,2)-S-x(0,5)-L 12 (18)

2 L-x(0,3)-S-x(0,4)-L 12 (22)

3 L-x(0,3)-S-x(1,5)-L 12 (22)

L-x(0,3)-S-x(0,5)-L

4 L-x(1,5)-F-x(0,4)-L 12 (22)

5 L-x(0,4)-F-x(0,5)-L 12 (22)

6 L-x(0,5)-F-x(0,4)-L 12 (26) L-x(0,5)-F-x(0,5)-L

* Combined number of times the pattern occurs in the total sequences they are found

B

   L-x(0,3)-S-x(0,4)-L

102:   vqwry Lg--Spqp-L pr
204:   clclh L---S----L pvplp
210:   rkpfl L---S----L wtqql
501:      pr LfycSnts-L cvlql
502:       p Lc--Svp--L fyvsv
503:   ffmnp LqlfSfi--L lktg
601:      pq L---S----L fvphf
801:      pp L---Shrg-L ptsgp
901:   fdllf LvclSi---L hteqn
903:   ppgyi L---Swii-L qshg
1001:  tcfyk L---S----L lehg
1010:  rifsi LflfSnfsfL knnnn
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TABLE 8:

Name Amino Acid Sequence

Wild Type S1T2M3L4T5L6S7L8L9Y10A11I12T13P14

G5G8G9 S1T2M3L4T5G6S7G8G9Y10G11I12T13P14

G8G9 S1T2M3L4T5L6S7G8G9Y10A11I12T13P14

F8F9 S1T2M3L4T5L6S7F8F9Y10A11I12T13P14

Mutant

V8V9 S1T2M3L4T5L6S7V8V9Y10A11I12T13P14
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FIGURE 2:

A

B

+
  -        -        +        +

  -        -        +        +  -        -        +        +
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TABLE 9:

A

Fixed
Component Human S. cerevisiae T. brucei E. coli B. subtilis

FC-1 L L L, A, V A. L L

FC-2 L, A, V, G, I, P S, L A, I, L, V A, L A, G, I, L, V

FC-3 L A, G, I, L, V L, A, V, P, I A, L, V, G, I A, L, V, G,

FC-4 L - - - -

B

Linker
Region Human S. cerevisiae T. brucei E. coli B. subtilis

LR1 0 0-1 1-3 0-1 0-4

LR2 0-1 0-4 0-2 0-2 0-5

LR3 0-2 - - - -
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C



CHAPTER 5

DISCUSSION
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1. Protein Translocation into the Endoplasmic Reticulum in a Trypanosome

The endoplasmic reticulum (ER) acts as a gateway for proteins entering the secretory pathway.

Proteins may be targeted to the endoplasmic reticulum co-translationally [1] or post-translationally [2-4].

Both pathways converge at a protein translocation channel (Sec61) at the ER membrane [5, 6].

Requirements for both pathways are distinct. The co-translational pathway, in vertebrates and yeast, is

dependent on signal recognition particle (SRP) [7]. In contrast, post-translational translocation is carried

out with assistance of molecular chaperones (Hsp70 family e.g., Ssa1p) and cochaperones (Hsp40 family

e.g., Ydj1p) [3, 8-10]. In trypanosomes, the functions of the ER have not been extensively studied. Like

other systems, a signal peptide is essential for trypanosome proteins to enter the ER [11]. Inhibition of

SRP expression in T. brucei did not significantly affect ER protein import, suggesting the existence of a

post-translational pathway [12].

As a part of our study, we established the existence of a post-translational pathway in a

trypanosome by developing a cell-free protein import system using T. brucei microsomes (TbRM) and

model T. brucei protein (variant surface glycoprotein (VSG)). Proteins (e.g., VSG_117) are imported into

TbRM post-translationally in a parasite cytosol-dependent fashion  [Chapter Two]. The signal peptide is

necessary for protein import. T. brucei cytosol could be replaced by purified S. cerevisiae Ssa1p, further

confirming the dependence of protein import on molecular chaperones of the Hsp70 class of proteins.

2. The Secretory Pathway as a Target for anti-Parasite Drug Discovery

Recently, RNA interference of a VSG in bloodstream T. brucei resulted in cell cycle arrest and

inhibition of cell growth in vitro, leading the authors to the propose that parasites with a compromised

VSG coat may be easily eliminated by the host immune system. [13].
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The synthetic compound MAL3-101 inhibits Ssa1p (Hsp70) ATPase activity in vitro in S.

cerevisiae [14]. In T. brucei, MAL3-101 inhibits import of VSG_117 into TbRM [Chapter Three]. Two

other compounds that inhibit protein translocation into TbRM include; equisetin [15], and CJ-21,058 [16]

[Chapter Three]. Both these compounds contain a tetrameric acid as the central ring, which is known to

be biologically active [15-17].

All three protein translocation blockers (PTBs) (MAL3-101, equisetin and CJ-21,058) proved to

be effective trypanocidal agents that had no adverse effect on human HeLa cell viability [Chapter Three].

Structure-activity studies will be needed to ascertain whether the tetrameric ring is needed for the activity

of the compounds against protein translocation into the ER of T. brucei.

We infer from these data that the secretory pathway of trypanosomes is a good target for

discovery of anti-trypanosome compounds. Further studies on i) MAL3 compounds, and ii) equisetin

derivatives, may lead to the discovery of lead compounds against HAT.

3. Identification of Conserved Peptide Motifs in Signal Peptides

Signal sequences have three conserved regions: an N-terminal (n-region); a hydrophobic core (h-

region); and a C-terminal region (c-region) (reviewed in [18, 19]). Hydrophobicity of the h-region is

important for function of a signal sequence [20]. Furthermore, signal sequences with higher

hydrophobicity direct co-translational protein import into the ER, while less hydrophobic h-regions direct

post-translational ER import [21, 22].

Signal peptides are believed to drive protein import into the ER across species [23]. Surprisingly,

trypanosomatid proteins (T. brucei VSG117, MVAT7, BiP, and Leishmania GP63) are not imported into

canine microsomes [24] (Fig. 1A). Conversely, yeast, bacterial and bovine proteins are not imported into
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T. brucei microsomes (Fig. 1B) [Chapter Two]. The specificity of translocons for signal peptides cannot

be explained by hydrophobicity alone; since hydrophobicity of all the signal peptides studied were

comparable (Fig. 2) [Chapter Two].

There is increasing evidence that factors other than the hydrophobicity of the h-region influence

signal peptide function [24]. Sequence alignments have been used to document that signal peptides do not

have conserved sequences. Due to its direct importance in signal sequence function, we chose to focus

strictly on the h-region. Our bioinformatics approach has unearthed highly conserved peptide motifs in

Homo sapiens, T. brucei, E. coli, S. cerevisiae, and B. subtilis h-regions [Chapter Four]. Variations in

peptide motifs across different species were observed in: i) amino acid sequence of motifs, and ii) length

of linker regions that connect the conserved amino acid residues that constitute the motifs [Chapter Four].

We hypothesize that the conserved peptide motifs contribute to signal peptide activity. To test our

hypothesis, we disrupted the conserved peptide motifs in signal sequence of a T. brucei model protein.

Disruption in the motif led to a loss of signal peptide activity in T. brucei, thus validating our hypothesis

[Chapter four].

Understanding T. brucei Signal Peptides and their Role in ER Protein Translocation

Finally, this work has led us to a better understanding of signal peptides in trypanosomes. It was

known earlier that signal peptides are essential in T. brucei for ER protein import.  T. brucei signal

sequences maintain a classical tri-partite structure [24]. Trypanosome signal peptides direct post-

translational protein import into the ER, in cytosol-dependent fashion [Chapter Two]. T. brucei signal

peptides are essential for post-translational protein translocation into ER. Further, T. brucei signal

sequences that efficiently direct protein import into TbRM cannot function in canine microsomes [24].

Since signal peptides are selectively recognized by the translocation machineries, we propose that signal

peptides have “co-evolved” with their translocons [Chapter Two].
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Previous to this study, not much was known about the role of each sub-region of T. brucei signal peptides

in protein translocation into ER. We have now established that the n-region of T. brucei signal peptide is

not essential for protein import into the ER [Chapter Four]. Further, bioinformatic analysis revealed the

presence of “unique peptide motifs” in h-region of signal peptides in T. brucei [Chapter Four]. Mutations

created in the T. brucei h-region that disrupt the conserved peptide motifs therein, abolished VSG_117

import into TbRM [Chapter Four]. Hence the h-region tri-peptide motifs are important in signal sequence

activity in T. brucei.

Concluding Remarks

ER protein translocation in T. brucei can occur: i) post-translationally; ii) is chaperone dependent

(Ssa1p); and iii) needs a functional signal peptide h-region. In our pursuit of drug discovery, we have

found compounds that inhibit ER protein import, which are effective trypanocidal agents (e.g., MAL3-

101, equisetin and CJ-21,058). Finally, we report that h-region of signal sequences from different species

contains unique peptide motifs that may be crucial for their function.
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FIGURE LEGEND

Figure 1: Correlation of Signal Sequence Hydrophobicity and Protein Import into TbRM

(A) Selective Recognition of Signal Peptides by Vertebrate Translocation Machinery.

(B) Selective Recognition of Signal Peptides by T. brucei Translocation Machinery.

Figure 2:  Kyte-Dolittle hydropathy Plots of Signal Sequences

Peak hydrophobicity of signal peptides across species as calculated using the Kyte-Dolittle hydropathy

scale.



150

FIGURE 1:



151

FIGURE 2:
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