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bstract

In Trypanosoma brucei, transcription by RNA polymerase II accounts for the expression of the spliced leader (SL) RNA and most protein coding
RNAs. To understand the regulation of RNA polymerase II transcription in these parasites, we have purified a transcriptionally active enzyme

hrough affinity chromatography of its essential subunit, RPB4. The enzyme preparation is active in both promoter-independent and promoter-
ependent in vitro transcription assays. Importantly, the enzyme is sensitive to �-amanitin inhibition, a hallmark of eukaryotic RNA polymerase
I enzymes. Using mass spectrometric analysis we have identified the previously unobserved RPB12 subunit of T. brucei RNA polymerase II.

bRPB12 contains a conserved CX2CX10–15CX2C zinc binding motif that is characteristic of other eukaryotic RPB12 polypeptides. We also

dentified seven proteins that associate with T. brucei RNA polymerase II. While both bioinformatics and biochemical analysis have focused on
he subunit structure of trypanosome RNA polymerases, this is the first study that reveals a functional RNA polymerase II enzyme.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Parasites in the genus Trypanosoma have complex life
ycles that require differential protein expression. Protein-
oding mRNAs are synthesized, processed, translated and recy-
led in stage-specific ways as parasites thrive in diverse environ-
ents. A unifying characteristic of all trypanosome mRNAs is a

′ end leader sequence, called the spliced leader (SL), which pro-
ides a hypermethylated cap (cap 4) to mRNAs. Addition of this
L enables long polycistronic pre-mRNAs to be resolved into
unctional mRNAs having individual fates. In trypanosomes,
he SL RNA genes and most of the protein coding genes, except
hose for the variant surface glycoprotein and the procyclins,
re transcribed by an �-amanitin sensitive RNA polymerase II
RNA pol II) enzyme.

Our knowledge of RNA pol II transcription in trypanosomes

s based almost exclusively on the transcription of the SL RNA
ene. Along with RNA pol II, SL RNA gene transcription in
rypanosoma brucei requires additional polypeptides. tTBP (or

∗ Corresponding author. Tel.: +1 973 972 4483x2 4406; fax: +1 973 972 3644.
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RF4), which is a protein closely related to the eukaryotic TATA-
inding protein (TBP), transcription factor (TF) IIB [1,2] and the
rypanosome version of the small nuclear RNA activating protein
omplex (tSNAPc) [3–5]. The tSNAP proteins were originally
dentified in the insect trypanosomatid Leptomonas seymouri as
o-fractionating polypeptides that bound tightly to the L. sey-
ouri SL RNA gene promoter.
Although RNA pol II transcribes the vast majority of the pro-

ein coding genes, very little is known about how this enzyme
nitiates and elongates polycistronic mRNAs. As pre-mRNA
tart sites are partially defined [6] in only one member of the
ri-Tryp parasite family (T. brucei, Trypanosoma cruzi and
eishmania major), it is critical to understand how RNA pol II is
ecruited to trypanosome chromosomes and accomplishes pre-
RNA initiation, elongation, termination and co-transcriptional

rans-splicing [7].
The transcriptional paradigm for eukaryotes is that gen-

ral transcription factors, gene-specific proteins and sequence-
pecific DNA elements work together to modify chromatin struc-

ure and recruit the transcriptional machinery to chromosomes.
NA pol II is positioned on the DNA in a preinitiation complex

hat undergoes a conformational change, allowing the template
trand of the DNA to sit within the active site cleft of the enzyme

mailto:bellofat@umdnj.edu
dx.doi.org/10.1016/j.molbiopara.2006.08.002
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reviewed in Ref. [8]). Transcription initiates with the synthe-
is of the first phosphodiester bond within the new RNA chain.
he enzyme likely is released from the promoter region of the
NA after numerous short ‘abortive’ RNAs are produced, and

he polymerase begins to productively initiate longer transcripts.
roteins that affect the switch from abortive to productive RNA
ynthesis, as well as factors involved in the process of elonga-
ion, splicing and termination of the RNA chains all appear to
nteract either directly or indirectly with the enzyme. The spe-
ific region of polymerase that recruits these myriad factors is
he carboxyl terminal region of the largest subunit of RNA pol II
reviewed in Refs. [9,10]). Eukaryotic RNA pol II enzymes are
omposed of 12 polypeptides, designated RPB1-12. The largest
olypeptide, RPB1, is a 220 kDa protein that contains seven
omains (A–G), each of which are reminiscent of bacterial RNA
olymerase subunit β′ (rpoC), and an RNA pol II-specific car-
oxyl terminus, termed the carboxyl-terminal domain (CTD)
11]. The CTD, as defined in yeast and mammals, is a heptapep-
ide sequence (YSPTSPS), tandemly repeated numerous times
26–52 repeats). The Ser2 and Ser5 positions are phosphory-
ated in coordination with the status of RNA pol II during RNA
ynthesis [8].

Over a decade ago, T. brucei RPB1 (TbRPB1) was cloned
ased on its similarity to other eukaryotic RPB1 polypeptides
nd shown to exist in two closely related non-allelic forms. The
. brucei proteins are strikingly different from their yeast and
ammalian orthologs in that they lacked a tandemly repeated

eptapeptide sequence following their highly conserved A–G
omains [12,13]. Recent completion of genome sequences for
he Tri-Tryp organisms predicts that T. brucei RNA pol II likely
ossess the 12 subunits, characteristic of eukaryotic RNA pol II
nzymes [14]. However, conformation of this prediction as well
s RNA pol II transcriptional analysis in trypanosomes requires
iochemical studies.

In this report, we describe the purification of a T. brucei RNA
ol II that transcribes DNA in both a promoter-independent and
romoter-specific fashion. This enzyme activity is inhibited by
-amanitin, the hallmark of RNA pol II. We also identify seven
roteins that co-purify with T. brucei RNA pol II and may be
mportant for its function in these parasites.

. Materials and methods

.1. Trypanosome cell lines, transfection and plasmid
onstructions

Procyclic (tsetse midgut form) parasites of the wild-type
. brucei Lister 427 strain were cultured and transfected as
escribed previously [15]. One of the two RPB4 alleles was
nocked out by inserting a PCR-generated DNA sequence con-
isting of the NEO marker (Neomycin resistance gene) flanked
n one end by a 610 bp fragment and on the other end by a
40 bp fragment, consisting of the upstream and downstream

egions, respectively, that surround the RPB4 open reading
rame. Linear DNA (5 �g) was gel-purified and transfected
nto wild-type procyclic T. brucei cells. Transformants were
elected with 15 �g/ml G418. To replace the second RPB4 allele

r
a
d
s
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ith a tandem affinity (TAP)-tagged gene copy, the RPB4 open
eading frame was PCR amplified from T. brucei strain 427
enomic DNA and fused with an in-frame carboxyl terminal
AP-tagged ORF. These sequences were inserted into a BLE
phleomycin resistance gene)-containing cassette consisting of
he aldolase (ALD) 3′ UTR, followed by the actin (ACT) 5′
TR and BLE marker, and followed by the RPB4 540 bp down-

tream region. Linear DNA (5 �g) was used for transfection;
hleomycin and neomycin resistant parasites were selected with
.5 �g/ml phleomycin and 15 �g/ml G418. These parasites are
eferred to as TbRPB4-tagged cells.

.2. Extract preparation and protein purification

Nuclear extracts were prepared from TbRPB4-tagged cells.
riefly, 2 × 1010 cells (from a 2 l culture) were harvested and
ashed once with wash buffer (20 mM Tris–HCl, 7.4, 100 mM
aCl, 3 mM MgCl2) and once with TX buffer (10 mM HEPES,
H 7.9, 20 mM potassium glutamate (Kglu), 150 mM sucrose,
.5 mM MgCl2, 1 mM EDTA, 2.5 mM DTT, 1 �M each of pep-
tatin, leupeptin and phenylmethylsulfonyl fluoride). Cells were
ysed in TX buffer in a 7 ml glass homogenizer with type A
estle by vigorously douncing for 10–15 min. Nuclei were col-
ected by centrifugation (4000 × g, 40 min), resuspended in TX
uffer and extracted by adding saturated (4.1 M at 4 ◦C) ammo-
ium sulfate ((NH4)2SO4) drop-wise to final concentration of
0%, while stirring for 20 min. The resulting extract was cleared
y ultracentrifugation (100,000 × g, 45 min). Proteins from the
larified extract were precipitated using 0.33 g/ml (NH4)2SO4;
aOH (0.01 mmol/10 g salt) was added to maintain pH. Pre-

ipitated protein was collected by centrifugation (15,000 × g,
0 min), resuspended in 1.2 ml of TX buffer and dialyzed against
X buffer containing 150 mM Kglu (TX-150). Dialyzate was
leared by centrifugation (10,000 × g, 10 min) and frozen on
ry ice-ethanol.

The TAP-tagged protein purification protocol was adapted
rom [16]. Extract was bound to a 1 ml IgG-agarose column and
ashed extensively with TX-150 buffer. Bound proteins were

eleased from the column by tobacco etch virus (TEV) protease
igestion and subsequently loaded onto a 1 ml Calmodulin-
garose column. Bound proteins were eluted with 2 mM EGTA
n three 0.5 ml fractions. Purified protein was used in tran-
cription reactions, either directly or after concentration using a
entriconTM 10 (Millipore) filtration unit.

.3. In-gel digestion and mass spectrometry analysis

The protein mixture was separated by SDS-PAGE and stained
y Sypro RubyTM dye (Molecular probes). The bands were
xcised and washed with 30% acetonitrile (ACN) in 50 mM
mmonium bicarbonate. The proteins were digested using
5 ng/�l of trypsin for 2 h on a robotic platform (TECAN).
he resulting peptides were extracted with 30 �l of 1% trifluo-
oacetic acid (TFA), desalted using a C18 Ziptip and injected onto
75 �m × 150 mm capillary PepMap C18 column (Dionex), gra-
ient eluted into a Q-TOFTM API tandem mass spectrometer
ystem (Waters Corp) through a nano electrospray interface for
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ata-dependant MS/MS analysis. Protein identification was per-
ormed by searching the MS/MS spectra against the translated T.
rucei protein sequence database using a local MASCOT search
ngine (V.1.9). Proteins resolved into peptides recognizable with
onfidence interval (CI) values no less than 95% were consid-
red to be identified.

.4. Promoter-independent and promoter-dependent in
itro transcription assays

To prepare (dC)n-tailed templates, pUC19 DNA was
estricted with NdeI and the resulting 3′ ends were extended
ith Terminal Transferase (TdT; NEB) in the presence of 50 �M
CTP. This (dC)n-tailed DNA was further digested with PstI
hich resulted in the generation of two DNA templates of
433 bp and 253 bp. Promoter independent transcription assays
17] were performed on these (dC)n-tailed templates using TAP-
urified RNA pol II in 25 �l reaction volume containing 10 mM
EPES, pH 7.9, 3% PEG, 50 mM Kglu, 2.5 mM MgCl2, 1 mM
TT, 1 �M leupeptin, 20 mM creatine phosphate, 0.48 mg/ml

reatine kinase, 2 units porcine RNase inhibitor, 2.5 mM ATP,
.8 mM GTP, 0.13 �M [�-32P] CTP and 0.13 �M [�-32P] UTP.
eactions were performed at 28 ◦C for 10 min and chased with a
ix of 1 mM CTP and UTP for 30 min. The resulting RNAs were

eparated on a denaturing 6% polyacrylamide gel and detected
y PhosphorImagerTM analysis.

SL RNA transcription was performed as previously described
nd was programmed with pJP10 DNA [4]. Transcripts were
etected by primer extension using a 32P (5′ end)-labeled
ligonucleotide primer that hybridized to the 20 nt RNA tag.

.5. Immunodepletions and antibodies

Protein A-sepharose was used for mock-depletion of RNA
ol II from nuclear extract prepared from TbRPB4-tagged cells.
gG-agarose was used to deplete RNA pol II enzyme. A 200 �l of
uclear extract (1 mg protein) was incubated with either 100 �l
f protein A-sepharose or IgG-agarose in TX buffer containing
00 mM Kglu for two incubations (gentle mixing was at 4 ◦C for
h total). Protein from the depleted extracts (50 �g) was used

or each transcription assay.
TbRPB1 antibody was generated from recombinant pro-

ein that contained the carboxyl terminal domain (amino acids
480–1765) produced as a maltose binding protein (MBP)
usion (using the pMAL-c2X plasmid, New England Biolabs,
everly, MA). Recombinant protein was expressed and puri-
ed per the manufacturer’s instructions. Antibodies were raised

n rabbits at Lampire Biological Laboratories (Pipersville, PA).
nti-TBP antibody is a rabbit polyclonal antibody [4].

.6. RPB12 cDNA analysis

The amino terminus of TbRPB12 protein was determined

xperimentally using random hexameric oligonucleotides and
everse transcriptase to generate cDNA from total RNA prepared
rom T. brucei. Specific cDNAs were amplified by PCR using a
rimer set contain the sense strand of the SL (5′-CTATTATTA-
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w
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AACAGTTTCTGTAC-3′) and the antisense strand of
bRPB12 open reading frame (5′-GTTCCTCATCCTCCAA-
GATCC-3′). The resulting ∼140 bp amplified DNA was
irectly sequenced using the antisense strand primer.

.7. Protein alignments

Multiple alignments of the RPB4 and RPB12 proteins
rom T. brucei, T. cruzi, L. major, S. cerevisiae and H. sapi-
ns were performed using ClustalW. Alignments were refined
anually and visualized using GeneDoc (http://www.psc.edu/

iomed/genedoc).

. Results

.1. Purification of T. brucei RNA polymerase II

To characterize T. brucei RNA pol II, we sought to purify
he enzyme by affinity tagging a small subunit of the pro-
ein. Eukaryotic RNA pol II consists of 12 subunits, designated
PB1-12. Among the 12 subunits, RPB1, RPB2, RPB3 and
PB11 are unique to RNA pol II but have counterparts in both
NA pol I and III. Five subunits are shared among all three
olymerases. Three subunits, RPB4, RPB7 and RPB9, are spe-
ific for RNA pol II. The highly conserved RPB4 subunit of
ukaryotic RNA pol II enzymes has been affinity tagged in sev-
ral systems without adversely effecting cell growth [18,19].
herefore, we used homology searches to identify the T. brucei
omolog of RPB4 and deduced that TbRPB4 is present in a sin-
le locus on chromosome 3. This homology was confirmed by
erforming a BLAST search of the non-redundant Swiss–Prot
atabase with the T. brucei protein. A multiple sequence align-
ent of TbRPB4 and its Tri-Tryp homologs as well as human

nd S. cerevisiae RPB4 homologs are shown in Fig. 1. Although
he primary sequence similarity of the Tri-Tryp RPB4 homologs
nd their human and yeast counterparts differ, a secondary struc-
ure prediction shows the presence of six helices (helices 1–6) in
bRPB4, which align structurally with that of human, and yeast
PB4.

We generated a stably transfected cell line in which one
llelic copy of TbRPB4 was deleted and the second allele was
agged to encode a TAP-tagged fusion protein. Generation of this
ransgenic cell line was verified by several analytical PCR and

estern blot analyses of total protein (data not shown). These
ransfected parasites, referred to as TbRPB4-tagged T. brucei
rocyclic cells, were used for biochemical purification of T. bru-
ei RNA pol II. A two-step affinity purification scheme, which
as been used with previous success in our laboratory, was used
o purify the enzyme. Nuclei were enriched by centrifugation,
roteins were extracted from the DNA using high salt, and two
equential affinity matrices were used to enrich for polypeptides
ssociated with TAP-tagged TbRPB4. The protein purification
cheme and aliquots from each purification step are shown in

ig. 2A and B. An initial indication that our purification scheme
ielded RNA pol II was provided when the largest subunit of the
nzyme, TbRPB1, co-fractionated with TbRPB4, as detected by
estern blot analysis (Fig. 2C).

http://www.psc.edu/biomed/genedoc
http://www.psc.edu/biomed/genedoc
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Fig. 1. Multiple sequence alignment of trypanosome RPB4 and homologs in other eukarya. A protein sequence alignment shows the similarity of Trypanosoma brucei
RPB4 (Tb, Tb927.3.5270) with homologs from T. cruzi (Tc, Tc00.1047053508409.280), Leishmania major (Lm, LmjF29.0400), Homo sapiens (Hs, NP 002687)
and Saccharomyces cerevisiae (Sc, CAA41112). Black shading signifies high conservation, gray shading with white lettering signifies 80% conservation, and gray
s g Clu
a 4]. Th
t

I
P
w
b

m

T
R

S
p

R
R
R
R
R

R

R
R
R
R

R

R

P
l
C
P

hading with black letters signifies 60% conservation. Alignment was done usin
re helices H1–H6, as observed in the crystal structure of the human enzyme [3
he sequences with a drawn helix.

To characterize the subunit composition of T. brucei RNA pol

I, each of the 15 polypeptides observed in a silver-stained SDS-
AGE gel (Fig. 2B, second of the two ‘EGTA elutions’ lanes)
ere visualized using Sypro RubyTM staining and analyzed
y mass spectrometry. As expected, the 30 kDa- and 220 kDa-

A
o
t
o

able 1
NA polymerase II in T. brucei

ubunits of RNA
olymerase II

Subunit molecular
mass (kDa)

GeneDB
systematic name

Ami

PB1 197.0 Tb927.4.5020 1765
PB2 134.5 Tb927.4.3810 1190
PB3 37.7 Tb927.3.5500 337
PB4 18.2 Tb927.3.5270 162
PB5 25.2 Tb10.389.0110 219

PB6
16.1 Tb927.4.3510 144
14.4 Tb11.03.0935 131

PB7 21.2 Tb11.01.6090 190
PB8 16.3 Tb11.02.5790 149
PB9 15.4 Tb11.02.5180 133
PB10a 9.5 Tb927.3.1250 84

PB11
14.7 Tb11.57.0004 132
14.8 Tb11.01.0625 134

BP12 (see Fig. 3) 9.1 Tb927.1.1170b 82

roteins in bold were identified directly by protein purification followed by mass sp
isted in the order that reflects greater to lesser percent identity with human and yeas
AA86971; CAA41112; CAA85113; P20435; P34087; P20436; CAA96774122; CA
30876; NP 002685; NP 002687; BAA07406; NP 068809; P62487; CAB92189; NP
a This protein associates with RNA pol I; another RPB10 paralog may associate w
b Current GeneDB annotation for Tb927.1.1170 is an 18.4 kDa protein.
stalW and manually adjusted for optimal comparison. The boxed amino acids
e corresponding H1–H6 helices in the trypanosome proteins are shown above

igrating bands are the TbRPB4 and TbRPB1 polypeptides.

dditional polypeptides that are easily recognized homologs
f known eukaryotic RNA pol II subunits were also identified;
hus TbRPB2, 3, 5, 7 and 9 are associated with TbRPB4. Each
f the biochemically identified RNA pol II subunits observed

no acid length Percent identity/similarity to

Sc Hs

Identity Similarity Identity Similarity

34.7 34.2 37.5 33.1
44.5 30.5 46.7 29.0
17.5 33.5 23.1 30.0
22.2 40.0 11.7 28.4
33.8 32.0 31.1 34.2

50.0 22.2 43.0 28.4
22.9 33.5 19.0 32.8
25.3 37.9 22.6 43.2
26.1 44.9 30.2 44.2
21.8 38.3 27.8 34.6
45.2 23.8 44.0 25.0

28.0 36.3 31.0 35.6
21.6 39.5 26.8 37.3
10.0 16.8 6.8 13.0

ectrometry in this paper. The two highly related T. brucei RPB11 proteins are
t RPB11 orthologs. S. cerevisiae (Sc) RPB1–12 are: NP 010141; CAA99357;
A99425; CAA99004; YHR143W-A. H. sapiens (Hs) RPB1–12 are: POLRA2;
006224; NP 066951; NP 006225; NP 005025.

ith RNA pol II [22].
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Fig. 2. Composition of T. brucei RNA polymerase II and associated proteins.
(A) Purification scheme of tandem affinity tagged (TAP)-RPB4 and associated
proteins. (B) Protein fractions from nuclear extract (lane ‘Nuc. extract’), IgG
chromatography flow through (lane ‘IgG FT’), TEV protease-dependent elu-
tion (lane ‘TEV elution’), Calmodulin-affinity chromatography flow through
(lane ‘Calmod FT’), Ca2+-dependent washes (lanes ‘Calmod washes’) and two
sequential fractions from EGTA elution (lane ‘EGTA elutions’). The second
fraction, shown in the right most lane is referred to as the RNA pol II-fraction
in Figs. 4 and 5. Polypeptide markers are MagicMarkTM (Invitrogen) and are
labeled on the left side of the silver-stained SDS-10% polyacrylamide gel. RNA
pol II subunits and RNA pol II-associated proteins identified by LC-ESI–MS/MS
(Q-TOFTM) (see Tables 1 and 2) are labeled. RNA pol II-associated proteins are
numbered A1–A7; from slowest to fastest electrophoretic migration on SDS-
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AGE. Two asterisks indicate unidentified proteins. (C) Western blot analysis
hows the co-purification of TbRPB 1 with TbRPB4 through all chromatographic
teps. The lanes in this panel correspond directly to those in (B).

n the purification using affinity tagged TbRPB4 is described in

able 1.

SDS-PAGE analysis of our RNA pol II purification, followed
y mass spectrometric analysis of fast-migrating proteins, iden-
ified the T. brucei ortholog of RPB12 (Fig. 2). An ortholog of

t
s
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PB12 (also known as ABC10�), a small polypeptide shared by
ll three RNA polymerases, was not detected in initial Tri-Tryp
atabase and protein analyses [20,21], underscoring its high
equence divergence from other eukaryotic homologs. How-
ver, a subsequent in silico study, followed by cDNA analysis
dentified the T. brucei RPB12 polypeptide [14,22]. The protein
hown in Fig. 3 shares an invariant CX2CX10–15CX2C zinc bind-
ng motif, followed by a positively charged C-terminus region
onserved in all eukaryotic versions of ABC10�. An alignment
f the Tri-Tryp orthologs of RPB12 with the human and yeast
olypeptides were shown in Fig. 3A. Table 1 shows the identi-
ies and similarities among TbRPB12 and its S. cerevisiae and
uman orthologs. Although TbRPB12 migrates at about 10 kDa
n SDS-PAGE gels (see Fig. 2B), the GeneDB annotation indi-
ates an 18.4 kDa polypeptide. To resolve this apparent anomaly,
e mapped the 5′ UTR and start codon of TbRPB12 by cDNA

nalysis. Fig. 3B shows the experimentally determined 5′ end
f the TbRPB12 cDNA. We conclude that TbRPB12 is 9.1 kDa
rotein (82 amino acids), and not 18.4 kDa (161 amino acids)
s annotated in GeneDB. Recently published cDNA analysis by
nother group also proposes that TbRPB12 is an 82 amino acid
rotein [22].

.2. Transcriptional activity of purified T. brucei RNA
olymerase II

To probe the function of T. brucei RNA pol II, we per-
ormed in vitro transcription studies. Specially, we determined
f the proteins that co-fractionated with TAP-tagged TbRPB4
hrough the EGTA elution step (shown in Fig. 2) possessed
NA polymerase activity. Promoter-independent transcription
as assayed on (dC)n-tailed templates, on which enzyme loads
n the single stranded poly (dC)n tail and then transcribes the
ouble stranded region of the template until it ‘runs off’ the end
f the molecule. The templates used in our assays are drawn in
ig. 4A. Transcription from the shorter template was expected

o yield a short 253 nt RNA. Accumulation of full-length, ‘run
ff’ transcripts produced from the longer template would yield a
433 nt RNA and measure the processivity of the input enzyme.
ig. 4B shows that the purified RNA pol II is enzymatically
ctive and polymerizes rNTPs into RNA chains that are 253 nt
nd 2433 nt long (lanes 2 and 3). Increasing amount of enzyme
ielded increased amounts of RNA products, as expected. We
lso observed an intermediate size transcript, denoted as ‘pause’,
hich is possibly due to premature pausing of the polymerase on

he DNA. As expected for a functional RNA pol II enzyme, �-
manitin abrogated enzyme activity, as observed by a decrease
n ‘run-off’ RNA products in the presence of titrated amounts
f the inhibitor (compare lane 2 with lanes 4–6).

The next set of experiments tested the ability of the puri-
ed RNA pol II enzyme to reconstitute promoter-dependent SL
NA gene transcription in vitro. The SL RNA gene template
sed for transcription reactions is drawn in Fig. 5A. A 20 bp

ag, present 63 nt downstream from the SL RNA transcription
tart (AACU, +1 to +4), enables us to detect correctly initiated,
n vitro transcribed RNAs in the SL RNA promoter-dependent
ranscription assays. T. brucei nuclear extracts, competent for SL
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Fig. 3. Multiple sequence alignment of yeast and human RPB12 subunit of RNA polymerase II assist in the identification of TbRPB12. (A) A 9.1 kDa polypeptide
that co-fractionated with TbRPB4 was identified by Q-TOFTM as Tb927.1.1170 (this GeneDB ORF is annotated as an 18.4 kDa RPB12 protein). This protein has
homologs in all Tri-Tryp organisms (Lm, LmjF20.0490; Tc, Tc00.1047053507949.69) and is identified as the Tri-Tryp ortholog of eukaryotic RPB12 as shown
in this alignment that contains Saccharomyces cerevisiae (Sc, AAB68994) and Homo sapiens (Hs, NP 005025) RPB12 polypeptides. Black shading signifies high
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NA gene transcription [4], were depleted for RNA pol II with
ntibodies that recognized the single TbRPB4 protein expressed
n TAP-tagged TbRPB4 procyclic cells. Significant depletion
f both TbRPB4 and TbRPB1 indicated that RNA pol II was
fficiently removed from the extract (compare Mock and IgG-
epleted Western blot analysis shown in Fig. 5C). As a control
or non-specific protein depletion, we determined that TbTBP,
transcription factor not expected to be tightly associated with
NA pol II, was not immunodepleted (Fig. 5C, bottom panel).
ig. 5B shows that nuclear extracts depleted for RNA pol II
ad reduced transcriptional activity for SL RNA as compared to
ontrols (compare lanes 3 and 13 with lanes 1, 2 and 12). The
epletion was specific for RNA pol II as RNA pol III-transcribed
6 RNA transcription levels were unaltered (compare lanes 12

nd 13). Although the extract was depleted of RNA pol II, addi-
ion of increasing amount of purified RNA pol II failed to restore
ranscription activity (lanes 4 and 5). Since transcription fac-
or TbTFIIB remains associated with RNA pol II in T. brucei
uclear extract [1], we tested whether depletion of RNA pol II
aused a consequent depletion of TbTFIIB. Indeed, addition of
ncreasing amount of RNA pol II along with TbTFIIB signifi-
antly restored (lanes 8 and 9) the transcription activity of the

epleted extract. As controls, we determined that addition of
bTFIIB alone (lanes 6 and 7) and BSA (lanes 10 and 11) did
ot have any effect on the transcription activity. These results
emonstrate that the RNA pol II enzyme present in the EGTA-
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luted fraction from the purification is competent for RNA pol
I-dependent SL RNA transcription.

.3. T. brucei RNA polymerase II-associated proteins

To initiate an investigation of RNA pol II partners, we have
dentified the small number of proteins that co-fractionated with
NA pol II using mass spectrometry. Seven proteins that co-
urified with RNA pol II, designated A1–A7 (A is for ‘asso-
iated’ protein) are defined in Table 2. These proteins are
pecifically associated with RNA pol II, as they were not identi-
ed in several other TAP-tagged protein-based purifications [4]
Milone, J., Utter, C., Bellofatto, V., unpublished data). Two of
he proteins, A1 and A2, clearly resemble known proteins. A1 is
metabolic enzyme, NADH-dependent fumarate reductase [23].
2 protein is a member of the Retrotransposon Hot Spot Pro-

ein subfamily, RHS4 [24]. A3–A7 are undefined proteins, but
3–A5 contain known protein domains. A3 contains an amino-

erminal ubiquitin-domain. Proteins A4 and A5 contain DEAD
ox helicase domains (Pfam domains PF00270 and PF00271),
hich are found in proteins of RNA metabolism, including

ranscription initiation, splicing, processing, and nucleoplasmic

xport of RNA. Two proteins, A6 and A7, are trypanosome-
pecific, as they are not orthologous to any known proteins.
6 is a glutamine-rich protein; glutamine-richness is a feature

ommon to many RNA pol II-associated transcription factors in
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Table 2
T. brucei RNA polymerase II-associated proteins

Associated proteins Molecular mass (kDa) GeneDB systematic name Identification/salient features

A1 123 Tb05.28F8.460 NADH-dependent fumarate reductase
A2 98 Tb927.1.120 Retrotransposon hot spot protein 4
A3 68 Tb11.02.1600 Contains a ubiquitin domain
A4 72 Tb10.61.2130 RNA helicase-like
A5 69 Tb05.45E22.770 RNA helicase-like
A6 49 Tb11.02.4300 Glutamine-rich protein
A7 38 Tb06.26G9.840 Hypothetical protein

Seven proteins, A1–A7, co-fractionated with RNA pol II in TbRPB4-tagged procyclic T. brucei. Proteins were identified by Q-TOFTM tandem mass spectrometry,
in which six peptides (A1 and A2), one peptide (A3), three peptides (A4 and A7), tw
sequences. Although only one peptide sequence was derived from A3, all the major pe
a MASCOT score of 46 (CI value of 99.93%). Thus, A3 is identified with high confid

Fig. 4. Purified T. brucei RNA polymerase II is a functional enzyme that displays
�-amanitin sensitivity. (A) A schematic showing the (dC)n-tailed DNA template
used in transcription run-off assays. ‘Template DNA’ contains a set of double
stranded, (dC)n-tailed molecules, one template is transcribed to yield a 253
nucleotide (nt) RNA, the other is transcribed to yield a 2433 nt RNA. The∼440 nt
RNA is probably generated by premature pausing of RNA pol II. (B) In vitro
transcription ‘run-off’ assays. Transcription activity was measured using 100 ng
(+) and 200 ng (++) of the RNA pol II-fraction (see Fig. 2B). ‘Run-off’ transcripts
are labeled with arrows on the right of the PhosphorImagerTM analysis of the
7 M urea-6% polyacrylamide gel. Ablation of activity was observed with the
addition of 1 �g/ml (lane 4), 10 �g/ml (lane 5) and 100 �g/ml of �-amanitin
(compare lane 2 with lanes 4–6). Percent transcription activity, relative to lane
2, is shown below each lane. Nucleotide length markers are shown to the left of
the gel.
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o peptides (A5), and four peptides (A6) matched to the corresponding protein
aks in the MS/MS spectrum derived either from y-ions or b-ions and produced
ence.

ukaryotic cells [25]. These data provide an important initial cat-
loging of proteins that may function with RNA pol II to achieve
oth SL RNA and pre-mRNA transcription in trypanosomes.

. Discussion

Over a decade ago, sequence comparisons identified an
nusual RPB1 protein in trypanosomes that lacked a heptapep-
ide carboxyl terminal repeat and generated an interest in how
NA pol II-dependent transcription occurs in these parasites

12,13]. Since then, RNA pol II-dependent transcription studies
ave focused on the SL RNA gene promoter, as this is the only
efined trypanosomal RNA pol II promoter. Recently, biochem-
cal studies have begun to reveal the transcription factors that
ecruit the RNA pol II machinery to the SL RNA gene. These
tudies have established that SL RNA gene transcription in T.
rucei requires a set of proteins that include tSNAPc, a TFIIA-
ortholog, a TFIIA�/�-like polypeptide, TbTBP (TRF4) and

bTFIIB [1–5]. The biochemical elucidation of these transcrip-
ion factors has coincided with the completion of the Tri-Tryp
enomes. The powerful tools of bioinformatics, proteomics and
iochemistry now allow us to address RNA pol II function in
rypanosomes.

Towards this aim, T. brucei RNA pol II activity has been
solated from procyclic trypanosomes. Eukaryotic RNA pol II
nzymes contain 12 subunits, RBP1-12 [18,26]. In this study
e have clearly identified trypanosomal orthologs for eight of

hese 12 subunits, RPB1-5, 7, 9, and 12. The biochemical iden-
ification of TbRPB12 was gratifying as this subunit was not
ecognized as such during initial sequence analysis. Our SELDI
ass spectrometry analysis suggests that three additional small

ubunits, RPB 6, 8, and 11 (16 kDa, 16.3 kDa, 14.7 kDa, respec-
ively), are present in our purified TAP-tagged protein prepara-
ion (data not shown). This supports a recent study by Devaux
t al. [21] that detected RPB 6, 8 and 11 in T. brucei RNA poly-
erase II. A small RNA pol II subunit, RPB10, remains difficult

o detect in RNA pol II; however, its counterpart in RNA pol I
as been recently identified [22]
Structural analyses of yeast and human RNA pol II show that
PB4 and RPB7 are a subcomplex and are associated with a 10-

ubunit core enzyme [27]. The co-fractionation of TbRPB7 with
bRPB4 suggests a similar scenario in trypanosomes. Bioinfor-
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Fig. 5. SL RNA transcription in vitro can be restored with purified T. brucei RNA polymerase II along with TbTFIIB. (A) Schematic showing the wild-type SL
RNA gene promoter and a portion of the transcribed tagged SL RNA used in promoter-dependent transcription assays. (B) In vitro transcription reactions. SL RNA
transcription activity was lost in IgG-depleted extracts (compare lanes 3 and 13 with lanes 1, 2 and 12). Previous studies suggested that TbTFIIB coimmunoprecipitates
with RNA pol II [1]. Restoration of transcription activity was observed when both RNA pol II and TbTFIIB were added together (lanes 8 and 9). Neither RNA
pol II, 50 ng and 100 ng (+ and ++, lanes 4 and 5) nor TbTFIIB, 100 ng and 200 ng (+ and ++, lanes 6 and 7) alone restored activity. Comparable amounts of BSA
(200 ng and 400 ng, lanes 10 and 11) were added as control reactions. The RNA pol III driven U6 RNA transcription activity remains unaffected (compare lane 12
and 13); indicating that only RNA pol II was depleted from the nuclear extracts. Percent SL RNA transcription activity, relative to lane 1, is shown below lanes 2–11.
Percent SL RNA and U6 transcription activity, relative to lane 12, is shown below lane 13. Arrows that flank the PhosphorImagerTM analysis of the 7 M urea-10%
polyacrylamide gel indicate the SL RNA and U6 RNAs as well as nucleotide length markers. (C) Western blot analysis of protein A-sepharose-depleted (mock) and
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pecific depletion of TbRPB4 (detected by IgG antibodies that recognize TAP-
as removed from nuclear extracts.

atic analyses of TbRPB5 and TbRPB6 identified two isoforms
f these proteins, annotated as RPB5 and 5z, and RPB6 and 6z
14]. RPB5z but not RPB5 co-purified with RNA pol I [28]. The
resence of RPB5 in our RNA pol II purification and similar data
rom Devaux et al. [21] indicate that T. brucei RNA pol I and II
ely on different RPB5 isoforms. We cannot predict which iso-

orm of the RPB6 subunit functions as a part of T. brucei RNA
ol II.

In this paper we describe the isolation of an RNA poly-
erase enzyme that contains the predicted subunits of RNA pol
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ntified their cognate proteins in 2 �l, 5 �l and 10 �l aliquots of nuclear extract.
d TbRPB4) and TbRPB1, and retention of TbTBP established that RNA pol II

I and, more importantly, possesses RNA pol II activity. Namely,
his enzyme exhibits �-amanitin sensitivity during transcription
longation on a promoterless template. In addition, this enzyme
lso restores SL RNA synthesis in extracts depleted of RNA pol
I. Our work is significant as it provides a foundation for recon-
tituting the trypanosomal RNA pol II machinery in vitro, which

ay ultimately aid in the understanding RNA pol II-dependent

ene expression.
While cataloging the factors involved in SL RNA gene tran-

cription initiation has begun, the proteins involved in many
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ther trypanosome transcriptional processes remain elusive. In
iochemical studies of human and yeast RNA pol II, a lim-
ted set of associated proteins involved in transcription initia-
ion and elongation co-fractionate with the enzyme [19]. The
o-purification of seven proteins with T. brucei RNA pol II
s an important step toward understanding these processes in
rypanosomes. RNA pol II-associated protein A1 is an NADH-
ependent fumarate reductase. Increasing evidence indicates
direct role of metabolic enzymes in the regulation of gene

xpression. In mammals, the transcription factor Oct-1 coacti-
ator, OCA-S regulates the expression of histone H2B. Inter-
stingly, OCA-S is stimulated by NAD+, likely through its
lyceraldehyde-3-phosphate dehydrogenase subunit [29]. We
redict that the association of NADH-dependent fumarate reduc-
ase with T. brucei RNA pol II links transcriptional regulation
nd redox sensing of the parasite to its environment. RNA pol
I-associated protein A3 contains an amino terminal ubiqui-
in domain. Ubiquitin as well as proteins that contain ubiq-
itin domains function in the regulation of eukaryotic mRNA
ynthesis [30]. Proteins A4 and A5 are DEAD-box helicase
amily members [31]. Helicases function in many aspects of
NA metabolism, including nuclear transcription, processing
nd transport of RNA. Interestingly, an RNA helicase that may
e distinct from the proteins we identified associates with RNA
ol II in the purification performed by Devaux et al. [21]. In addi-
ion, both our work and that of Devaux et al. identified RHS4 as
co-fractionating protein in RNA pol II preparations.

The A6 and A7 RNA pol II-associated proteins are unique
o trypanosomes as they lack homologs in other eukaryotes.
owever, Pfam and ProDom database searches [32,33] indi-

ate modest similarity to proteins involved in DNA binding and
ranscription regulation. As several RNA pol II-associated initi-
tion and elongation factors appear to be absent in the Tri-Tryp
atabases, we speculate that A6 and A7 functionally replace one
r more of these proteins.

In summary, the purification of a trypanosomal RNA poly-
erase II activity in vitro and the identification of seven associ-

ting proteins, A1–A7, lays the groundwork for extending our
nowledge of RNA polymerase II function in these parasites.
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