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ABSTRACT

RBP16 is a guide RNA (gRNA)-binding protein that
was shown through immunoprecipitation experi-
ments to interact with ~30% of total gRNAs in
Trypanosoma brucei mitochondria. To gain insight
into the biochemical function of RBP16, we used
affinity chromatography and immunoprecipitation to
identify RBP16 protein binding partners. By these
methods, RBP16 does not appear to stably interact
with the core editing machinery. However, fraction-
ation of mitochondrial extracts on MBP-RBP16
affinity columns consistently isolated proteins of 12,
16, 18 and 22 kDa that were absent from MBP control
columns. We describe here our analysis of one
RBP16-associated protein, p22. The predicted p22
protein has significant sequence similarity to a
family of multimeric, acidic proteins that includes
human p32 and Saccharomyces cerevisiae mam33p.
Glutaraldehyde crosslinking of recombinant p22
identified homo-multimeric forms of the protein,
further substantiating its homology to p32. We
confirmed the p22-RBP16 interaction and demon-
strated that the two proteins bind each other directly
by ELISA utilizing recombinant p22 and RBP16. p32
family members have been reported to modulate viral
and cellular pre-mRNA splicing, in some cases by
perturbing interaction of their binding partners with
RNA. To determine whether p22 similarly affects the
gRNA binding properties of RBP16, we titrated
recombinant p22 into UV crosslinking assays. These
experiments revealed that p22 significantly stimu-
lates the gRNA binding capacity of RBP16. Thus, p22
has the potential to be a regulatory factor in T.brucei
mitochondrial gene expression by modulating the
RNA binding properties of RBP16.

INTRODUCTION

The expression of most mitochondrial genes in Trypanosoma
brucei requires a remarkable process termed RNA editing
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(reviewed in 1,2). Editing involves the remodeling of
pre-mRNAs through the site-specific insertion and deletion of
uridine residues to create mature mRNAs. This process is
catalyzed by a series of enzymes that are associated in a ribo-
nucleoprotein complex (3,4). Within the editing complex, the
genetic information for uridine insertion and deletion is trans-
ferred from small trans-acting RNAs called guide RNAs
(gRNAs) to mRNAs through base pairing interactions (5).
Thus, the efficiency of editing relies on the ordered assembly
of pre-mRNA, gRNA and protein molecules involved in
catalysis and/or regulation of the process. By analogy to other
RNA processing events, it is also presumed that accessory
factors that are not components of the core editing complex
regulate the specificity, accuracy and/or efficiency of the
process. One mechanism by which proteins are likely to
regulate RNA editing is through associations with gRNA, as
gRNA is an essential element in the reaction. For example,
accessory factors may promote association of gRNAs with the
editing machinery by positioning, unwinding, annealing or
stabilizing gRNAs or gRNA-mRNA interactions. It is also
probable that gRNA-binding proteins regulate gRNA usage or
stability. Furthermore, these processes are likely to be modu-
lated in response to physiological conditions and develop-
mental stage (6,7).

We have previously described a gRNA-binding protein
from T.brucei mitochondria that we called RBP16 (for
RNA-binding protein of 16 kDa) (8). RBP16 was isolated
based upon its affinity for poly(U) and its ability to be UV
crosslinked to synthetic gRNA in vitro. UV crosslinking
competition assays demonstrated that RBP16 can bind to
different gRNA molecules. RBP16 gRNA binding is mediated
largely through the oligo(U) tail, a non-encoded element at the
gRNA 3’-end (9), although contacts between RBP16 and the
encoded portion of the gRNA function to stabilize the inter-
action (10). We demonstrated the native interaction between
RBP16 and non-encoded (U) extensions on gRNA and rRNA
3’-ends by immunoprecipitation (8) and in organello labeling
experiments (11). The RBP16 protein contains a cold shock
domain (CSD) at its N-terminus, placing RBP16 as a member
of the eukaryotic Y-box protein family (12). The C-terminus of
RBP16 is rich in arginine and glycine, reminiscent of the RGG
RNA-binding motif (13). Taken together, the presence of the
CSD and the RNA binding properties of RBP16 suggest a role
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for the protein in gene expression, and likely in RNA editing.
However, the precise function(s) of RBP16 in T.brucei mito-
chondria and the significance of RBP16 gRNA binding have not
been determined. Thus, the identification of RBP16-associated
polypeptides and enzyme activities may direct future studies
regarding the role of RBP16 in trypanosome biology. In the
studies presented here, RBP16 affinity chromatography and
immunoprecipitation experiments were used to investigate a
potential physical interaction between RBP16 and editing-
related proteins. In addition, novel RBP16-associated proteins
were isolated from mitochondrial lysates via interaction with
a maltose-binding protein (MBP)-RBP16 fusion protein
covalently bound to an agarose matrix. We describe here the
isolation and characterization of a 22 kDa RBP16-associated
protein (p22). p22 displays significant homology to a family of
proteins, including human p32, which was first identified as a
component of the ASF/SF2 pre-mRNA splicing factor (14).
We show that p22 significantly stimulates the RBP16-gRNA
interaction. Thus, p22 has the potential to be a regulatory factor
in T.brucei mitochondrial gene expression through modulation
of the RNA binding properties of RBP16.

MATERIALS AND METHODS

Cell culture, mitochondrial vesicle isolation and
mitochondrial extract preparation

Procyclic form T.brucei brucei clone IsTaR1 stock EATRO
164 was grown as described (15). Bloodstream form T.brucei
strain 427 (provided by George Cross) was cultured in HMI-9
medium according to a published protocol (16). Mitochondrial
vesicles from procyclic form parasites were isolated and stored
according to the method of Harris et al. (17).

Cleared mitochondrial extracts used for affinity chromato-
graphy were prepared as follows. Isolated mitochondria
(0.5-1.0 x 10" cell equivalents) were centrifuged for 15 min at
4°C and resuspended in 900 ul/10'° cell equivalents of sonica-
tion buffer (25 mM HEPES pH 8.0, 10 mM MgOAc, 50 mM
KCI, 1 mM CHAPS, 0.5 mM DTT). Mitochondrial vesicles
were sonicated three times for 30 s, supplemented with 10%
glycerol and centrifuged at 100 000 g for 1 h at 4°C. The
resulting supernatant was used for affinity chromatography.
The protein concentration of supernatants, as determined using
the Bio-Rad protein assay with BSA as the standard, was typi-
cally in the range 2.0-2.5 mg/ml.

Nucleic acid preparation

Constructs encoding the gRNAs gA6[14] and gCYb[558],
with 17 and 15 nt oligo(U) tails, respectively, were previously
described (18). RNAs were synthesized in vitro using an
Ambion T7 Maxiscript kit and purified by gel electrophoresis
on 6% acrylamide—7 M urea.

Total cellular RNA was isolated from procyclic and blood-
stream form cells using the method of Chomszyski and Sacchi
(19). Genomic DNA was isolated from procyclic form cells as
described (20).

Southern blot, northern blot and semi-quantitative PCR

For Southern analysis T.brucei genomic DNA (7 pg) was
digested with either EcoRI, BamH]I, Sall or Kpnl. Digested DNA
was electrophoresed on a 0.7% agarose gel and transferred to
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nylon membrane. A radioactive 552 nt DNA probe was gener-
ated by PCR amplification of the 5’-portion of the p22 cDNA
sequence using primers E-SL22 (5-GCGAATTCGCTAT-
TATTAGAACAGTTTCTG-3") and p22-a (5-CGGGATC-
CCGCATTGTTGATCACAAACTCGCC-3"). Hybridization
conditions were as described (21).

For northern analysis, 10 pg total procyclic form RNA was
electrophoresed on a 1.5% formaldehyde—agarose gel and
transferred to nylon membrane. The same DNA probe as used
for Southern analysis was hybridized to p22 RNA using previ-
ously described conditions (21).

For semi-quantitative PCR (22), cDNA was synthesized
from 2.6 ug total procyclic or bloodstream form RNA using
primer RXS-dT (5-GAGAATTCTCGAGGTCGACTTTT-
TTTTTTTTTTTTT-3’). Each cDNA sample was then serially
diluted 1:10, 1:100 and 1:1000. For PCR amplification of a por-
tion of the p22 cDNA, 1 pl of undiluted or diluted cDNA was
used as template with primers p22-Nco (5-CATGCCATGGT-
ATCGGACCAACGACTTTC-3’) and p22-F (5-CGGAAT-
TCCTTACGAAACAAATTTGTTAATGCTGCTC-3"). As a
positive control for a developmentally regulated RNA, ATPase
subunit 9 cDNA (23) was amplified using primers ATP9rev
(5-ATAGGCCGATAGCTTCCGTG-3’) and E-SL22 (see
above). Amplified products were resolved on 1.5% agarose
gels and visualized by ethidium bromide staining. For figure
preparation, photographs of ethidium bromide stained gels
were analyzed on a BioRad GS-700 Imaging Densitometer
using Molecular Analyst v.1.5 software (Bio-Rad). The con-
trast on scanned images was inverted.

Protein expression and purification

A MBP-RBP16 fusion was produced as previously described
(8). A MBP control protein was also expressed from the pMal-
C2 plasmid (New England Biolabs) and purified by amylose
affinity chromatography. His-tagged RBP16 was produced as
follows. The mature full-length RBP16 open reading frame
(ORF) was PCR amplified from a pBluescript plasmid
containing the entire ORF using primers Tb16K5exp3 (5'-
GCGAATTCCATATGAACAAGGGTAAGGTGATATCG-

3) and RBPI16-3%exphisl (5-CCGCTCGAGAAAGT-
CATCGCTGAAGCTCTG-3"). The reaction products were
digested and ligated into the Ndel/Xhol site of pET-2la
(Novagen) and transformed into Escherichia coli strain
BL21(DE3)pLysS: S (Novagen). Expression in bacteria gener-
ated a fusion protein with a C-terminal 6xHis tag sequence.
Cells were grown at 37°C to an optical density of 0.6 at 600 nm
and induced with 0.1 mM isopropyl-B-D-thiogalactopyrano-
side (IPTG). Cells were collected by centrifugation for 10 min
at 5000 g 2.5 h after addition of IPTG. Cells were weighed and
resuspended in 3 ml of lysis buffer (10 mM Tris pH 6.8,
300 mM NaCl, 10 mM imidazole, 10% glycerol, 0.1% Na
deoxycholate, 0.01% NP40, 10 mM MgCl,, 1 mM PMSF,
10 uM leupeptin, 0.06 mg/ml lysozyme and 0.06 mg/ml
DNase) per gram cells and sonicated. The supernatant fraction
was collected after centrifugation at 12 000 g for 20 min at
4°C. A final concentration of 0.05% polyethylenimine was
added and the supernatant was rocked for 20 min at 4°C. The
suspension was then centrifuged at 12 000 g for 10 min at 4°C.
A one-twentieth volume of ProBond resin (Invitrogen), pre-
equilibrated with wash buffer (10 mM Tris pH 6.8, 300 mM
NaCl, 30 mM imidazole), was added and the mixture was
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rocked for 1 h at 4°C. The resin was poured into a column and
washed with at least 20 bed vol wash buffer. The recombinant
His-tagged protein was eluted from the column in buffer
containing 250 mM imidazole, 10 mM Tris pH 6.8, and
300 mM NacCl.

For expression of p22 as a MBP—p22 fusion, the mature p22
ORF was PCR amplified from genomic DNA using p22-Nde
(5’-GGAATTCCATATGGTATCGGACCAACGACTTTCT-
GAAGCC-3") and p22-F (see above). The resulting product
was digested with Ndel and EcoRI and ligated into pMalC2.
Expression and purification of MBP—p22 was done using a
standard protocol (24). The amylose affinity purified fusion
protein was treated with 2% Factor Xa (New England Biolabs)
for 2 h at room temperature in amylose column buffer (24)
containing 1 mM CaCl, to remove the MBP moiety. The
released p22 was further purified by anion exchange chromato-
graphy as follows. Factor Xa-cleaved MBP—p22 was dialyzed
overnight into buffer A (20 mM Tris pH 8.0, 25 mM KCI) and
loaded onto a Q-Sepharose (Amersham Pharmacia) column
equilibrated in buffer A. The column was washed with 10 bed
vol buffer A containing 100 mM KClI and bound proteins were
eluted with a step gradient of 300—500 mM KCl in buffer A.

The purity and integrity of expressed proteins was examined
by Coomassie staining of 12.5% SDS-PAGE gels. Protein
concentrations were determined using the Bio-Rad protein
assay with BSA standards.

RBP16 affinity chromatography

Purified MBP-RBP16 and MBP control proteins were
dialyzed against 30 mM HEPES pH 8.0. For each experiment,
4-6 mg protein was coupled to 0.5 ml of Affigel-10 matrix
(Bio-Rad) by the following protocol. Affigel-10 (0.5 ml) was
washed five times with 10 ml of cold distilled water in each of
two 15 ml conical tubes. MBP or MBP-RBP16 ligands were
added to the gel matrix in 30 mM HEPES pH 8.0, at a concen-
tration of 1 mg/ml. Coupling was performed overnight at 4°C
with gentle rocking. Supernatants were removed and unbound
protein was measured using the Bio-Rad protein assay.
Coupling efficiencies were generally between 80 and 90%.
Unreacted groups on the Affigel-10 matrix were blocked by
incubation in 100 mM ethanolamine pH 8.0, for 1 h at 4°C.
Coupled matrices were washed twice with 30 mM HEPES
pH 8.0, once with elution buffer (25 mM HEPES pH 8.0,
10 mM MgOAc, 10% glycerol, 1 mM CHAPS, 0.5 mM DTT)
containing 1 M KCI and twice with elution buffer containing
200 mM KCl. All washes were performed with 10 ml of buffer.
Cleared mitochondrial extracts were incubated with
MBP-coupled Affigel-10 matrix for 1 h at 4°C with rocking.
The mixture was poured into a 1 ml column and the flow-
through collected. Flow-through from the MBP column was
then incubated with the MBP-RBP16 affinity column. Both
MBP and MBP-RBP16 columns were washed with 10 ml of
elution buffer containing 200 mM KCI, and bound proteins
were sequentially eluted with 1 ml each of elution buffers
containing 500 mM KCI and 1% SDS. In some experiments,
bound proteins were released with elution buffer containing
300 mM KCI prior to the 500 mM KCI elution. After each
elution, columns were washed with an additional 10 ml of
buffer. All solutions were stored at 4°C prior to use and all
steps were performed at 4°C. Protein profiles were analyzed by
silver staining of SDS-PAGE gels. In some cases, proteins

were concentrated using Centricon-10 (Amicon) prior to
SDS—PAGE analysis.

Antibodies and immunoprecipitation experiments

Antibodies directed against MBP-RBP16 and MBP—p22 were
produced and affinity purified at Bethyl Laboratories (Mont-
gomery, TX). Pre-immune IgG was purified from pre-immune
serum using protein A-Sepharose. Affinity purified anti-
RBP16 antibodies and pre-immune IgG were crosslinked with
dimethylpimelimidate to protein A—Sepharose and immuno-
precipitations performed using a standard protocol (25).
Immunoprecipitates were electrophoresed on 12.5% SDS—
PAGE gels, transferred to Nytran (Schleicher & Schuell) and
analyzed by western blotting with antibodies directed against
gBP21 (provided by Uli Goringer) (26), TBRGG1 (provided
by Ettiene Pays) (27) and REAP-1 (provided by Steve Hajduk)
(28). Total mitochondrial extracts were analyzed as a positive
control.

In a separate set of experiments, immunoprecipitates were
analyzed for the presence of gRNA-binding proteins by UV
crosslinking and for the presence of terminal uridylyl trans-
ferase (TUTase) activity as described below. These experi-
ments were performed using anti-MBP-RBP16 antibodies
prepared by the SUNY at Buffalo Monoclonal Antibody
Center (8).

Enzyme activity and UV crosslinking assays

Adenylation, TUTase and RNase assays were performed
essentially as described (3). UV crosslinking of RBP16 affinity
column fractions or immunoprecipitates to radiolabeled
gCYDb[558] was done as described (18).

In experiments designed to determine the effect of p22 on
RBP16—gRNA interactions, RBP16 was UV crosslinked to
in vitro transcribed, [*2P]UTP-labeled gA6[14] gRNA as
described (18), using 1 uM His-RBP16. Reactions were
performed either in the absence of additional proteins or in the
presence of increasing amounts of p22 or the similarly charged
protein, glucose oxidase (GOd; Sigma) (29). Assuming that
p22 is trimeric (see below), 0.3-, 1-, 2-, 3- and 4-fold molar
excesses of p22 or GOd were used. Crosslinked proteins were
resolved on 15% tricine gels, dried and autoradiographed.
Non-saturated autoradiographs were analyzed by densitometry
using Multianalyst v.1.1 (Bio-Rad).

Cloning the p22 gene

The p22 protein was eluted from an MBP-RBP16 affinity
column with 300 and 500 mM KCI. The fractions were
combined, concentrated using a Centricon-10 microconcen-
trator and separated on a 12.5% SDS-PAGE gel. Proteins were
transferred to a Pro-Blot membrane (Applied Biosystems) and
the N-terminal sequence obtained from ProSeq Inc. (Boxford,
MA). For the internal peptide sequence, p22 was excised
directly from a 12.5% SDS-PAGE gel. Internal peptide
sequences were obtained through the Harvard Microchemistry
Facility by microcapillary reverse phase HPLC nano-electrospray
tandem mass spectrometry on a Finnigan LCQ quadrupole ion
trap mass spectrometer. Several overlapping p22 peptides
corresponded to the predicted translation of a sheared T.brucei
(strain GUTat 10.1) genomic DNA fragment present in a
library constructed at The Institute for Genomic Research (TIGR)
(accession no. AQ649494). The genomic DNA fragment



contained approximately the 3’-half of the p22 gene, including
the putative stop codon. The 5’-portion of p22 was amplified
from oligo(dT)-primed procyclic cDNA in the following
manner. Oligonucleotides p22-b (5-CGGGATCCCGGCT-
AGTTTTCCGTCATGCCGG-3’) and p22-a (see above) were
prepared corresponding to the p22 genomic DNA fragment
and used in nested PCR in conjunction with an oligonucleotide
corresponding to the splice leader sequence (E-SL22, see
above). The product amplified with p22-b and E-SL22 was
reamplified with E-SL22 and p22-a. The resulting PCR prod-
ucts were inserted into the EcoRl/BamHI site of pBluescriptIl
SK- (Stratagene) and used to transform DHS5o competent
cells (Life Technologies). Two amp' colonies were selected,
the plasmids isolated and nucleotide sequences obtained for
both directions by automated DNA sequencing. Both 5-p22
clones contained identical nucleotide sequences. The 5'-p22
nucleotide sequence was subsequently used for construction of
PCR primers p22-Nde and p22-F (see above). The PCR
product amplified with p22-Nde and p22-F from genomic
DNA represented the exact p22 ORF. The PCR product was
digested with Ndel and BamH]I, filled in with T4 polymerase
(Life Technologies) and phosphorylated with T4 kinase (Life
Technologies). The PCR product was ligated into the EcoRV
site of pBluescriptll SK- subsequent to dephosphorylation of
the digested plasmid with calf intestinal alkaline phosphatase
(Life Technologies). Five resulting clones were sequenced in
both directions to ascertain the complete p22 coding sequence.
p22 homlogs were identified using the Basic Local Alignment
Search Tool (BLAST) to compare the predicted p22 amino
acid sequence to protein sequences in several protein data-
bases. Global protein sequence alignments were generated
using Clustal W (30).

Glutaraldehyde crosslinking assay

Recombinant p22 and His-tagged RBP16 used in glutaralde-
hyde crosslinking assays were expressed and purified as
described above. Recombinant human replication protein A
(RPA) (31) was a generous gift from Jen-Sing Liu and Tom
Melendy. Proteins of interest were incubated for 20 min at
room temperature. Glutaraldehyde was then added to a final
concentration of 0.2% and reactions were incubated for an
additional 10 min at room temperature. SDS—PAGE sample
buffer was added to stop the reactions. Samples were analyzed
by SDS-PAGE on a 12.5% polyacrylamide gel and proteins
were visualized by silver staining.

ELISAs

ELISAs were performed in triplicate and carried out in 96-well
vinyl plates at room temperature. To prepare the immobilized
substrate, wells were coated for 2 h with purified protein
(His-RBP16 or BSA; Sigma) in 50 ul of TBS (50 mM Tris
pH 8.0, 100 mM NaCl). The wells were then washed three
times with TBS-T (TBS with 0.05% v/v Triton X-100) and
blocked with 5% (w/v) dry milk and 2% (v/v) fetal bovine
serum (FBS) in TBS-T for 60 min. After washing three times
with TBS-T, increasing amounts of p22 were added to the
wells in 50 pl of TBS-T supplemented with 1 mM MgCl,,
1 mM CaCl, and 40 U/ml micrococcal nuclease and incubated
for 30 min. After washing three times with TBS-T, the plates
were incubated with affinity purified rabbit polyclonal anti-
body against p22 diluted 1:4000 in TBS-T with 0.5% (w/v) dry
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milk and 1% (v/v) FBS for 60 min. The plates were then
washed five times with TBS-T and incubated with horseradish
peroxidase-conjugated goat anti-rabbit antibody (1:10 000 in
TBS-T) with 0.5% (w/v) dry milk and 1% (v/v) FBS for
60 min. After washing four times with TBS-T and three times
with TBS, the plate wells were incubated with 50 pl of visual-
ization buffer (110 mM sodium acetate pH 5.5) containing the
chromogenic substrate 3,3’,5,5"-tetramethylbenzidine (0.1 mg/ml)
and hydrogen peroxide (0.0075% v/v). After 10 min, the reac-
tion was stopped by addition of 50 pl of 2 M sulfuric acid. The
assays were quantified spectrophotometrically by measuring
absorbance at 450 nm. A negative control well containing only
300 ng BSA was quantified and subtracted from each value.

RESULTS
RBP16 affinity chromatography

One approach to discerning RBP16 function is the identifica-
tion of its protein binding partners. To isolate polypeptides that
associate with RBP16, MBP-RBP16 was covalently bound to
agarose beads using the Affigel-10 matrix. Mitochondrial
extracts were initially applied to a MBP column both to
visualize non-specific protein binding and to pre-clear mito-
chondrial extracts of non-specifically binding proteins. The
flow-through from the MBP column was subsequently loaded
onto a MBP-RBP16 column. Interacting proteins were eluted
from both the MBP and MBP-RBP16 columns with increasing
concentrations of KCI and, finally, with 1% SDS. The proteins
were separated by SDS-PAGE and protein profiles were
analyzed by silver staining. Representative experiments are
shown in Figure 1. A protein with an apparent molecular
weight of 22 kDa, that we termed p22, was consistently present
in the 300 and 500 mM KCl fractions of the MBP-RBP16
column (Fig. 1A). This protein was absent from MBP control
column fractions. The interaction between RBP16 and p22 was
not dependent upon RNA, as micrococcal nuclease treatment
of mitochondrial extracts did not abrogate p22 binding
(not shown). Upon concentration of affinity column eluates,
substantial non-specific protein binding to the MBP-RBP16
column was observed in the higher molecular mass ranges, as
determined by comparison to eluates from the MBP control
column (Fig. 1B). This precluded identification of specific
RBP16-interacting proteins in this region of the gel. However,
three additional, less abundant proteins of ~12, ~16 and ~18 kDa
(bracket in Fig. 1B) that specifically bound to the RBP16
column were detected.

Analysis of affinity column eluates for editing-associated
activities and proteins

To assess whether RBP16 forms a stable association with the
editing machinery, we analyzed MBP-RBP16 affinity column
eluates for the presence of enzymes that co-purify with RNA
editing activity (3,4). TUTase, protein adenylation (as an
indicator of RNA ligase) and RNase activity were present only
in the flow-through fractions, demonstrating that these factors
do not physically associate with RBP16 by this method and
that p22 does not possess any of these activities. The lack of an
interaction between RBP16 and TUTase was verified by
immunoprecipitation experiments (data not shown). Further-
more, the titration of anti-RBP16 antibodies into unfractionated
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Figure 1. Isolation of RBP16-associated proteins by affinity chromatography. (A) S100 extract of T.brucei mitochondria was first incubated with MBP—Affigel-10
matrix. The flow-through from this column was then incubated with MBP-RBP16 bound to Affigel-10 beads. After washing, bound proteins were eluted from both
columns with 300 and 500 mM KClI and, finally, 1% SDS. Eluted fractions were separated by SDS—PAGE and visualized by silver staining. Stds, molecular mass
markers; T, total mitochondrial S100 extract; 300, 300 mM KCl eluate; 500, 500 mM KCl eluate; SDS, 1% SDS eluate. The major RBP16-interacting protein, p22,
is indicated by an arrow. The less abundant bands between 50 and 60 kDa represent MBP-RBP16 that leached out of the column. (B) Affinity chromatography was
performed as described in (A), except that the 300 mM KCI elution was omitted and samples were concentrated using a Centricon-10 prior to electrophoresis and
silver staining. Asterisks indicate MBP and MBP—RBP16. p22 is indicated by an arrow. The less abundant RBP16-interacting proteins p12, p16 and p18 are indi-

cated with a bracket.

mitochondrial extracts had no effect on TUTase activity
(data not shown). RBP16 immunoprecipitates and affinity
column fractions were also analyzed by western blotting for
the presence of the gRNA-binding proteins gBP21 (26) and
TBRGGI (27), as well as the RNA editing-associated protein
REAP-1 (28), using the respective antibodies donated
generously by other laboratories. None of these proteins were
detected in either affinity column eluates or RBP16 immuno-
precipitates. In addition, no gRNA-binding proteins were
detected in MBP-RBPI16 affinity column fractions or in
RBP16 immunoprecipitates by UV crosslinking to radio-
labeled in vitro transcribed gRNA. Taken together, these data
do not support a stable physical interaction between RBP16
and the RNA editing machinery.

Cloning and analysis of the p22 gene

The major RBP16-interacting protein, p22, was purified by
MBP-RBP16 affinity chromatography and N-terminal and
internal peptide sequences were obtained. The N-terminal
sequence begins with a valine (Fig. 2), suggesting that p22 is
transported into the mitochondria via a cleaved signal peptide.
The internal peptide sequence was also obtained and several
overlapping internal peptides matched the predicted translation
of a T.brucei genomic fragment from a library constructed at
TIGR (AQ649494). The genomic fragment contained approxi-
mately the 3’-half of the p22 ORF, including the predicted
stop codon. The 5’-segment was amplified from total
oligo(dT)-primed procyclic form cDNA using oligonucleotide
primers constructed from the genomic sequence in conjunction
with a primer corresponding to the 5" spliced leader sequence.
Subsequently, the entire p22 ORF was amplified from
genomic DNA using primers corresponding to the extreme
ends of the ORF. The p22 ORF contains three methionine
codons upstream of the N-terminal valine of the mature
protein. Translation initiation at the first methionine residue
would result in a cleaved mitochondrial import sequence of
46 amino acids. The N-terminal sequence of the predicted p22
pre-protein exhibits significant homology to the mitochondrial

import sequence of several other kinetoplastid proteins (32)
and the p22 protein is predicted by the MitoProt II algorithm
(33) to be mitochondrially localized. The p22 cDNA possesses
a 66 nt 5’-untranslated region (UTR), excluding the spliced
leader sequence. The 3’-UTR sequence was not determined.
The p22 ORF contains 681 nt and encodes a 227 amino acid
pre-protein. The mature p22 protein beginning with Val47
contains 181 amino acids and has a calculated molecular
weight of 20.5 kDa and a pl of 4.5. The p22 nucleotide and
amino acid sequences have been deposited in the GenBank
database under accession no. AF376060.

To determine p22 gene copy number, T.brucei genomic
DNA was digested with several restriction enzymes and
Southern blot analysis was performed (Fig. 3A). A single
hybridizing band was detected in samples digested with either
EcoRI, BamHI or Sall, which do not cut within the p22
sequence. Two bands were detected when DNA was digested
with Kpnl, for which one site exists within the p22 ORF. These
results indicate that p22 is present in the genome as a single
copy. Northern blot analysis of T.brucei procyclic form RNA
revealed one transcript of ~1500 nt (Fig. 3B). Since the cDNA
sequence containing the spliced leader, 5-UTR and ORF spans
789 nt, this indicates that the p22 transcript possesses a 3’-UTR
of ~700 nt, which is similar in length to 3’-UTRs of other
reported T.brucei RNAs. To determine whether p22 RNA
levels are developmentally regulated during the trypanosome
life cycle, we performed semi-quantitative RT-PCR using
RNA from both procyclic and bloodstream form parasites (22).
As shown in Figure 3C, RNA levels appear similar in the two
life cycle stages, suggesting that p22 is constitutively
expressed. A control PCR reaction amplifying a portion of the
ATPase subunit 9 cDNA (Fig. 3C) demonstrates that the
conditions were sufficient to detect developmental regulation
of RNA levels.

p22 sequence analysis and identification of p22 homologs

A BLAST search of several databases with the predicted p22
amino acid sequence identified a family of proteins with
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Figure 2. p22 is homologous to the p32 family of proteins. Clustal W was used to align the pre-protein sequences of T.brucei p22 (accession no. AF376060),
S.cerevisiae mam33p (accession no. P40513), human p32 (accession no. Q07021) and A.nidulans suAprgAl (accession no. CAB62571). Black boxes indicate
residues identical to those in p22; gray boxes indicate conserved residues. N-terminal amino acids of the mature proteins are indicated by an arrow (p22 V47), an
asterisk (mam33p Q48) and a diamond (p32 L74). The mature N-terminus of suAprgA1 has not been determined.

similarity to p22. The first described member of this family
was human p32 protein, which was identified by its co-
purification with the SR-type splicing factor ASF/SF2 (14).
Since the identification of human p32, homologs of p32 have
been identified in various organisms, including turkey (34),
chicken (35), mouse (36), yeast (37) and the filamentous
fungus Aspergillus nidulans (38). Human p32 protein has been
reported to regulate in vitro pre-mRNA splicing through
modulation of both the RNA binding activity and phosphoryla-
tion status of ASF/SF2 (29). There is also evidence for
involvement of this protein in transcription, nuclear import and
facilitation of protein—protein interactions (see Discussion).
Interestingly, while p32 is clearly present and functional in
both the nucleus and cytosol (29,35,39,40), the bulk of the
protein appears to be mitochondrially localized (37,39.41).
The role of p32 homologs in the mitochondrion has not been
well established, however. A global alignment of the T.brucei
p22 pre-protein and three p32 homologs from human (14),

Saccharomyces cerevisiae (37) and A.nidulans (38) is shown
in Figure 2. Overall, T.brucei p22 is 23% identical and 41%
similar to human p32 and 24% identical and 37% similar to
S.cerevisiae mam33p. All p32 homologs, including T.brucei
p22, share the greatest homology at their C-termini. Indeed,
amino acids 88—181 of the mature T.brucei p22 protein display
35% identity and 61% similarity to the C-terminus of yeast
mam33p. The various homologs of p32 all have pl values in
the range 4-4.5, suggesting that they have similar biochemical
properties.

A crystal structure has recently been solved for human p32
revealing seven adjacent antiparallel B-strands followed by
two C-terminal o-helices (42). The region of highest primary
sequence conservation approximately corresponds to the two
C-terminal o-helices. In addition, the crystal structure reveals
a homo-trimeric structure for p32, and biochemical studies
have observed multimeric forms of the protein (43). Gel
filtration of yeast mam33p indicated that this protein forms
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Figure 3. Analysis of p22 DNA and RNA. (A) Trypanosoma brucei genomic DNA was digested with EcoRI (E), BamHI (B), Sall (S) or Kpnl (K), electrophoresed
on a 0.7% agarose gel and transferred to nylon membrane. The blot was probed with a 3?P-labeled PCR product spanning 552 bp of the p22 gene. Kpnl cuts once
within the p22 sequence; no sites for the other enzymes are present within the p22 gene. The faint upper band in the Sa/l lane is presumably the result of incomplete
digestion by this enzyme. (B) Total procyclic form RNA was analyzed by northern blotting using the probe described in (A). Size markers are indicated in kb on
the left. (C) p22 RNA levels were compared in bloodstream and procyclic form cells by semi-quantitative PCR using serial dilutions of oligo(dT)-primed cDNA.
Semi-quantitative PCR of the ATPase subunit 9 cDNA was included as a positive control to demonstrate that conditions were sufficient for detection of develop-
mental regulation of RNA levels. U, undiluted cDNA; 1:10, 1:100 and 1:1000 indicate the respective cDNA dilutions.

homo-oligomeric complexes comprised of three or four
subunits (37). To further verify that T.brucei p22 is a homolog
of human p32, we analyzed the subunit structure of p22. An
MBP-p22 fusion protein was expressed in E.coli, purified by
amylose affinity chromatography and cleaved with Factor Xa.
The released p22 protein was purified by anion exchange
chromatography on Q-Sepharose and dialyzed into low salt
buffer. Glutaraldehyde was added to a portion of the p22
sample to a final concentration of 0.2% to facilitate protein—
protein crosslinking. The hetero-trimer human RPA (31) was
included as a positive control and RBP16 was included as a
negative control. Untreated and crosslinked proteins were
analyzed by SDS-PAGE as shown in Figure 4. While the
untreated p22 sample revealed only monomeric p22, the
glutaraldehyde crosslinked sample contained p22 molecules of
molecular masses corresponding to monomers, dimers and
trimers. The largest crosslinked band was somewhat indistinct,
suggesting that even higher order multimers may be present.
The propensity of the T.brucei p22 protein to form homo-
oligomers provides further evidence that this protein is a
homolog of human p32 protein.

Direct interaction of p22 and RBP16

Since p22 was isolated by RBP16 affinity chromatography
from mitochondrial extract, the possibility remained that the
interaction between RBP16 and p22 was indirect. While we
ruled out RNA bridging by micrococcal nuclease treatment of
the mitochondrial extract (see above), we could not exclude the
possibility that the RBP16—p22 interaction was mediated by a
third protein. To determine whether p22 and RBP16 interact
directly, we examined binding of recombinant p22 and recom-
binant RBP16 by ELISA (44; Fig. 5). His-RBP16 or BSA was
used to coat the wells of an ELISA plate and the immobilized
proteins were challenged with increasing amounts of recom-
binant p22. The wells were extensively washed and p22
binding was detected with affinity purified anti-p22 antibody

RPA RBP16 p22
Wa - + = 4+ = +
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= q* .
’ multimers
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4— dimers
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2 — -
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Figure 4. p22 forms homo-oligomers. Bacterially expressed p22 was incubated
either in the absence (-) or presence (+) of 0.2% glutaraldehyde prior to
SDS-PAGE and silver staining. Human RPA is a hetero-trimeric protein
comprised of 14, 32 and 70 kDa subunits, and was included as a positive
control. RBP16 was included as a negative control. Molecular masses are indi-
cated on the left in kilodaltons. The asterisk denotes hetero-trimeric RPA.
Arrows and the bracket indicate p22 monomers, dimers and multimers.
The faint band at 66 kDa in the p22 lane minus glutaraldehyde is uncleaved
MBP-p22.

followed by horseradish peroxidase-conjugated goat anti-
rabbit antibody. After incubation with the chromogenic
substrate  3,3’,5,5'-tetramethylbenzidine and  hydrogen
peroxide, p22 binding was quantified spectrophotometrically
by measuring absorbance at 450 nm. As shown in Figure 5,
binding of p22 to the negative control (BSA) remained at
essentially background levels, whereas binding to RBP16
increased as a function of p22 concentration. These results
confirm the RBP16—p22 interaction that was detected by
affinity chromatography and demonstrate that the p22 and
RBP16 proteins interact directly.
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Figure 5. p22 interacts directly with RBP16. Three hundred nanograms of
either His-RBP16 or BSA was immobilized in triplicate in a 96-well ELISA
plate and challenged with increasing amounts of recombinant p22 for 30 min
as described in Materials and Methods. Interactions were detected with affinity
purified rabbit polyclonal antibody against p22 followed by horseradish
peroxidase-conjugated anti-rabbit antibody. The wells were incubated with a
chromogenic substrate and absorbance was measured at 450 nm. A negative
control well containing only 300 ng BSA was quantified and subtracted from
each value.
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Figure 6. p22 stimulates RBP16—gRNA binding. One micromolar His-RBP16
was incubated with in vitro transcribed gA6[14] gRNA either in the absence of
p22 (lane 2) or presence of increasing molar excesses of p22 (lanes 3—7).
Glucose oxidase (GOd), which possesses a similar charge to p22, was tested as
a control (lanes 8—12). The p22 molar excesses were calculated based on a p22
trimer. Assuming a p22 monomer, the molar excesses of p22 in lanes 3-7
would be 1-, 3-, 6-, 9- and 12-fold. —, gRNA in the absence of any protein.

Stimulation of RBP16 gRNA binding activity by p22

To assess the functional significance of the RBP16—p22 inter-
action, we analyzed whether p22 can modulate the gRNA
binding properties of RBP16. Increasing amounts of bacterially
expressed p22 were titrated into a UV crosslinking assay
containing gA6[14] and His-RBP16 (Fig. 6). p22 significantly
stimulated RBP16—gRNA binding under all conditions tested.
The similarly charged protein GOd had only a slight effect on
the RBP16—-gRNA interaction. At a 0.3-fold molar concentra-
tion of p22 compared to RBP16, p22 stimulated gRNA binding
7.5-fold after correction for the non-specific increase observed
with GOd (Fig. 6, compare lanes 3 and 8). Addition of p22 at
between 1- and 4-fold molar excess over RBP16 stimulated
gRNA binding by 9- to 10-fold over the control (Fig. 6,
compare lanes 4-7 to 9-12). These molar values were calculated
based on the assumption that p22 is primarily trimeric.
However, even assuming monomeric p22, addition of p22
leads to a 7- to 8-fold increase in RBP16—gRNA crosslinking
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after correction for the GOd control (Fig. 6, compare lane 3 to
9 and lane 4 to 11). Thus, in contrast to what has been observed
for the human p22 homolog p32, which abrogates the RNA
interactions of its binding partner (29), we find that p22 signifi-
cantly increases the RNA binding capacity of its protein
binding partner, RBP16.

DISCUSSION

The identification of protein—protein interactions can provide
valuable information relating to the biological function(s) of
the respective proteins. We report here experiments aimed at
identifying protein—protein interactions involving the mito-
chondrial gRNA-binding protein RBP16. Affinity chromato-
graphy of mitochondrial extracts on an MBP-RBP16 matrix
identified four RBP16-interacting proteins of 12, 16, 18 and 22
kDa. We isolated the major RBP16 protein binding partner,
which we term p22, and showed that p22 can dramatically
stimulate the gRNA binding properties of RBP16.

Sequence analysis indicates that p22 is a homolog of the
human p32 (14) and yeast mam33p (37) proteins. p32 family
proteins are acidic, homo-oligomeric proteins, and these proper-
ties are shared by T.brucei p22. Mature p22 contains >20%
glutamic and aspartic acid residues and has an acidic pl of 4.5.
The acidic nature of p22 suggests that it may interact with the
basic RGG domain of RBP16 (8). Similarly, human p32 binds
arginine and glycine-rich motifs of Epstein—Barr virus (EBV)
nuclear antigen-1 (45), and this interaction is specific in that p32
does not bind other arginine-rich proteins (46). Experiments to
delineate the regions of RBP16 that interact with p22 are
underway in our laboratory. We isolated the trypanosome p22
protein from mitochondria and N-terminal sequencing indi-
cates the presence of a cleaved mitochondrial import sequence.
While it is clear that p32 and mam33p are primarily mito-
chondrially localized, their mitochondrial function is
unknown. One study (41) indicated a defect in oxidative phos-
phorylation in yeast lacking mam33p, however, another study
could not reproduce this finding (37). Several studies have also
reported the presence of p32 in extramitochondrial locations
(35,40,43,47). Thus, it is plausible that the intracellular local-
ization of p32 family proteins, including p22, may vary
depending on the physiological state of the cell and external
cellular stimuli. Indeed, the location of p32 was shown to shift
from the mitochondria to the nucleus upon adenovirus infec-
tion of HeLa cells (47). It will be of interest to determine
whether T.brucei p22 is present in subcellular locations other
than in mitochondria.

Human p32 is the best-studied member of the protein family
to which p22 belongs, and multiple functions have been
ascribed to p32. Many of these functions involve interaction
with viral proteins. For example, p32 cooperates with the
human immunodeficiency virus-1 (HIV-1) Tat protein and
EBV EBNA-1 to activate transcription of reporter constructs
containing the appropriate viral sequences (46,48,49). A role
for p32 in EBV DNA replication has also been described (46).
Most intriguing from the standpoint of RBP16—p22 interaction
are the reported functions of p32 in the regulation of RNA
processing. p32 was originally identified by co-purification
with the SR family splicing factor ASF/SF2 (14) and recent
studies have indicated a role for p32 in pre-mRNA splicing
regulation (29,36,50). For example, both p32 and its murine
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homolog (YL2) have been shown to modulate the splicing
inhibitory effect of the HIV-1 Rev protein on HIV-1 pre-
mRNA (36,50). Moreover, in both in vitro and in vivo studies,
p32 inhibited the splicing enhancer and splicing repressor
functions of ASF/SF2 by preventing stable association of ASF/
SF2 with cellular pre-mRNA. p32 also inhibits the phos-
phorylation of ASF/SF2 which, in turn, is expected to perturb
spliceosome formation (29). Functions not involving associ-
ation with nucleic acids have also been attributed to p32. For
example, p32 has been implicated as a compartment-specific
regulator of signal transduction, since it directly inhibits
substrate phosphorylation by the mitochondrially localized
fraction of protein kinase C W (51). Finally, the avian p32
homolog co-localizes with myosin and other cytoskeletal
elements and promotes the assembly of myosin filaments (35).

The multifunctional nature of p32 suggests several possible
implications of the p22-RBP16 interaction in trypanosome
RNA editing. The multimeric structure of p32 and its ability to
bind to a diverse group of molecules suggest that p22 may
function as a protein assembly factor. More specifically, p22
could promote association of RBP16 with kRNA editing
factors and/or other RNA processing proteins by bringing them
into proximity via trimer formation. Similarly, p22 could
promote RNA-RNA interactions during editing by bringing
together multiple RNA-bound RBP16 molecules or by facili-
tating interaction of gRNA-bound RBP16 with pre-mRNA-
binding proteins. p32 has been shown to regulate the phospho-
rylation status of cellular proteins through both substrate and
kinase binding (29,51). While there is no evidence that RBP16
is phosphorylated, we recently demonstrated that RBP16 is
mono-, di- and trimethylated on several arginine residues (52).
MALDI-TOF analysis of native RBP16 indicates that some of
these methylation events are mutually exclusive, suggesting a
regulatory role for RBP16 methylation. By analogy to the role
of p32 in regulating protein phosphorylation, T.brucei p22
could potentially modulate the methylation status of RBP16.

Finally, the ability of p32 to regulate the RNA binding
properties of ASF/SF2 (29) suggested to us that p22 could
similarly regulate the RNA binding affinity and/or specificity
of RBP16. Indeed, we have demonstrated in these studies that
the in vitro association of RBP16 with gRNA is dramatically
stimulated by p22. It will be important for functional studies on
RBP16 to determine what fraction of RBP16 is associated with
p22 in vivo and whether the majority of gRNAs associate with
this fraction. It will also be of interest in the future to determine
whether p22 modulates the RNA binding specificity of
RBP16. The N-terminal cold shock and C-terminal RGG
domains of RBP16 preferentially bind poly(U) and poly(G),
respectively (M.Miller and L.Read, unpublished results). Thus,
by specifically binding one of the two RBP16 domains, p22
could abrogate the RNA binding capacity of that domain and
thereby change the overall RNA binding specificity of RBP16.
Trypanosoma brucei cells disrupted in their expression of p22
are being generated in our laboratory. This will allow us to test
the in vivo effect of p22 on RBP16-RNA interactions and,
ultimately, on mitochondrial gene expression.
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