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RBP16 is a multifunctional gene regulatory protein
involved in editing and stabilization of specific
mitochondrial mRNAs in Trypanosoma brucei

MICHEL PELLETIER and LAURIE K. READ
Department of Microbiology and Witebsky Center for Microbial Pathogenesis and Immunology, State University of New York–Buffalo School
of Medicine, Buffalo, New York 14214, USA

ABSTRACT

RBP16 is a Trypanosoma brucei mitochondrial RNA-binding protein that associates with guide RNAs (gRNAs), mRNAs, and
ribosomal RNAs. Based on its inclusion in the multifunctional Y-box protein family and its ability to bind multiple RNA classes,
we hypothesized that RBP16 plays a role in diverse aspects of mitochondrial gene regulation. To gain insight into RBP16
function, we generated cells expressing less than 10% of wild-type RBP16 levels by tetracycline-regulated RNA interference
(RNAi). Poisoned primer extension analyses revealed that edited, but not unedited, CYb mRNA is reduced by ∼98% in
tetracycline-induced RBP16 RNAi cells, suggesting that RBP16 is critical for CYb RNA editing. The down-regulation of CYb
editing in RBP16 RNAi transfectants apparently entails a defect in gRNA utilization, as gCYb[560] abundance is similar in
uninduced and induced cells. We observed a surprising degree of specificity regarding the ability of RBP16 to modulate editing,
as editing of mRNAs other than CYb is not significantly affected upon RBP16 disruption. However, the abundance of the never
edited mitochondrial RNAs COI and ND4 is reduced by 70%–80% in RBP16 RNAi transfectants, indicating an additional role
for RBP16 in the stabilization of these mRNAs. Analysis of RNAs bound to RBP16 immunoprecipitated from wild-type cells
reveals that RBP16 is associated with multiple gRNA sequence classes in vivo, including those whose abundance and usage
appear unaffected by RBP16 disruption. Overall, our results indicate that RBP16 is an accessory factor that regulates the editing
and stability of specific populations of mitochondrial mRNAs.

Keywords: RNA editing; RNA stability; Y-box protein; mitochondrial gene expression

INTRODUCTION

Kinetoplastid organisms possess an unusual mitochondrial

genome composed of two types of circular DNA molecules,

maxicircles and minicircles, catenated into a large network

(Shapiro and Englund 1995). In the parasitic kinetoplastid,

Trypanosoma brucei, it has been shown that both maxicir-

cle and minicircle genes are transcribed polycistronically

(Feagin et al. 1985; Michellotti et al. 1992; Read et al. 1992;

Koslowsky and Yahampath 1997; Grams et al. 2000). De-

spite the polycistronic mode of transcription, however, the

abundance of mature monocistronic mRNAs often varies

dramatically between the mammalian bloodstream and in-

sect (procyclic) life cycle stages of the parasite. Thus, post-

transcriptional RNA processing events play a crucial role in

gene regulation in trypanosome mitochondria. There are

several points at which this regulation may be effected. For

example, cleavage of polycistronic RNA precursors can

regulate mature mRNA levels because, in many cases, over-

lapping gene organization precludes the production of both

monocistronic mRNAs from a single dicistronic precursor

(Read et al. 1992; Koslowsky and Yahampath 1997).

mRNAs are modified by the addition of 3� poly(A) tails,

which are often present in two separate populations of ∼20
and ∼200 nt (Bhat et al. 1992). Although the precise func-

tions of the different length poly(A) tails is not known, their

relative ratios for a given mRNA often vary in a life cycle

stage-dependent manner, suggesting a role in developmen-

tal gene control (Bhat et al. 1992; Read et al. 1994). RNA

editing, which involves the precise insertion and deletion of

uridine residues into RNAs, is absolutely required to create

translatable open reading frames in the majority of mito-

chondrial mRNAs (for review, see Estévez and Simpson

1999; Madison-Antenucci et al. 2002; Stuart and Panigrahi

2002). Because the levels of many edited RNAs differ dra-

matically in different life cycle stages (for review, see Seiwert

1995), it appears that editing is also developmentally modu-

lated. Finally, regulation of RNA stability is likely to feature
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prominently in the control of mitochondrial gene expres-

sion. For example, the differential accumulation of rRNAs

(Michelotti et al. 1992) and never edited mRNAs (mRNAs

that do not require RNA editing for maturation; Bhat et al.

1992) in procyclic versus bloodstream life cycle stages can

only be explained by differential RNA stability. Although it

is clear that multiple RNA processing events are critical in

the control of gene expression in trypanosome mitochon-

dria, the mechanisms by which any of these processes are

regulated remain largely unknown.

One potential gene regulatory factor in T. brucei mito-

chondria is the RNA-binding protein RBP16. RBP16 was

initially identified as a mitochondrial protein capable of

binding the guide RNAs (gRNAs) that specify uridine in-

sertion and deletion during RNA editing (Hayman and

Read 1999). In vitro, RBP16 binds to different gRNA se-

quence classes primarily through their nonencoded oli-

go(U) tails (Hayman and Read 1999; Pelletier et al. 2000).

Subsequent immunoprecipitation experiments showed that

RBP16 is associated with approximately 30% of total mito-

chondrial gRNAs in vivo (Hayman and Read 1999), and

that it can be cross-linked to metabolically labeled oligo(U)

tails in intact mitochondria (Militello et al. 2000). The in

vitro and in vivo association of RBP16 with gRNAs strongly

suggests a role for this protein in RNA editing. A purified

complex, the editosome, that consists of between 7 and 20

major proteins depending on the purification procedure

(Rusché et al. 1997; Madison-Antenucci et al. 1998; Pani-

grani et al. 2001), can catalyze one round of RNA editing in

vitro. RBP16 is apparently not a stable component of even

the most complex editosome preparations (Stuart et al.

2002). Thus, RBP16 is not required for RNA editing, and

any role it may play in the RNA editing process is likely to

be regulatory. In addition to its gRNA binding capacity, we

subsequently demonstrated that RBP16 is associated with

rRNAs in vivo and can bind mRNA in vitro with a similar

affinity as gRNAs (Hayman and Read 1999; Pelletier et al.

2000). These results suggest additional potential regulatory

functions for RBP16.

RBP16 is a member of the conserved Y-box protein fam-

ily, as defined by the presence of the evolutionarily con-

served cold shock domain (Hayman and Read 1999). Y-box

proteins comprise a family of DNA- and RNA-binding pro-

teins that are involved in numerous and diverse biological

processes (for review, see Graumann and Marahiel 1998).

Members of this family have been shown to regulate gene

expression at transcriptional (Mertens et al. 1997; Norman

et al. 2001; Safak et al. 2002), posttranscriptional (Grosset et

al. 2000; Evdokimova et al. 2001; Stickeler et al. 2001), and

translational levels (Sommerville and Ladomery 1996;

Evdokimova et al. 1998; Pisarev et al. 2002). In some cases,

Y-box proteins have been reported to act through the pro-

motion of DNA and RNA annealing (Skabkin et al. 2001) or

by acting as RNA chaperones to destabilize secondary struc-

tures (Jiang et al. 1997; Bae et al. 2000). Interestingly, a

single member of the Y-box family can regulate multiple

processes. For example, the best-studied Y-box protein,

YB-1 (p50), modulates transcription (Mertens et al. 1997;

Norman et al. 2001; Safak et al. 2002), pre-mRNA splicing

(Stickeler et al. 2001), mRNA stability (Chen et al. 2000;

Evdokimova et al. 2001), and translation (Sommerville and

Ladomery 1996, Evdokimova et al. 1998; Pisarev et al.

2002). Furthermore, YB-1 acts as a gene-specific transcrip-

tional transactivator or repressor (Matsumoto and Wollfe

1998), and can even have opposite effects on the same pro-

moter depending on cell type (Mertens et al. 1997). Trans-

lation is also regulated either positively or negatively by

YB-1, depending on its concentration in vitro or in vivo.

For instance, when the ratio of YB-1 to mRNA is low, a

characteristic of polysomal mRNPs, YB-1 stimulates protein

synthesis. Conversely, at increasing YB-1 to mRNA ratios,

the protein gradually inhibits and eventually abolishes

translation (Evdokimova et al. 1998; Pisarev et al. 2002).

Based on inclusion of RBP16 in the multifunctional Y-

box protein family and its ability to bind multiple mito-

chondrial RNA classes, we hypothesized that RBP16 has

diverse functions in the regulation of mitochondrial gene

expression in T. brucei (Hayman and Read 1999). In this

article, we disrupted RBP16 expression using RNA interfer-

ence (RNAi) to address the role of this protein in vivo. We

demonstrate that RBP16 is essential for growth of procyclic

stage T. brucei. Analysis of RNA editing in cells disrupted

for RBP16 revealed a specificity that was surprising in light

of the broad gRNA binding properties of the protein. We

observed a specific and dramatic decrease in the accumu-

lation of edited apocytochrome b (CYb) RNA that precisely

paralleled RBP16 levels, and a corresponding increase in

unedited CYb mRNA. Down-regulation of CYb RNA edit-

ing was not a consequence of specific gRNA depletion. Fur-

ther, analysis of RBP16-associated RNAs in wild-type T.

brucei showed that multiple gRNA sequence classes are

bound to RBP16 in vivo, and thus, the restricted effect of

the protein on RNA editing is also not a consequence of

binding to a specific subset of gRNAs. Together, these re-

sults suggest that the down-regulation of CYb RNA editing

in RBP16 RNAi cells results from a defect in gRNA utiliza-

tion. In addition to its role in RNA editing, RBP16 also

functions in the regulation of mRNA stability, as demon-

strated by the significant decrease in the abundance of two

never edited mRNAs in RBP16 RNAi cells. Overall, our

results indicate that RBP16 is an accessory factor involved in

regulating multiple mitochondrial gene regulatory processes

in T. brucei.

RESULTS

RBP16 is essential for growth in T. brucei
procyclic forms

To assess the functions of RBP16, we first generated stable

T. brucei cultures in which RBP16 expression was down-
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regulated by RNAi (Wang et al. 2000). A 345-bp fragment

of the RBP16 coding region corresponding to nt 77–422

from the start codon was cloned into pZJM between op-

posing tetracycline-regulated T7 promoters. The linearized

vector was transfected into T. brucei strain 29-13, which

harbors integrated genes encoding T7 RNA polymerase and

tetracycline repressor protein (Wirtz et al. 1999). Cells in

which the RBP16 RNAi plasmid had integrated into the

nontranscribed rDNA spacer were selected by addition of

phleomycin to the growth medium. Several phleomycin-

resistant cultures were obtained, of which one was further

characterized in detail. Western blot analysis showed that

induction of RBP16 RNAi resulted in a decrease in RBP16

protein levels to 6%–10% of the levels in uninduced cells on

days 4–8 following addition of tetracycline (1 µg/mL) to the

medium (Fig. 1A). The level of a control protein, PABPI

(Hotchkiss et al. 1999), did not change following tetracy-

cline induction, indicating that the RNAi event was specific

to RBP16 (Fig. 1A). After 10 d of tetracycline induction,

RBP16 protein returned to almost its preinduction level.

Escape from RNAi has been previously observed in T. bru-

cei, although the mechanism is unknown (Drozdz et al.

2002). Next, we evaluated the effect of RBP16 disruption on

cell growth. Although tetracycline-induced cells grew nor-

mally for the first two days, growth gradually slowed, and

the cells eventually stopped growing 4 d after induction

(Fig. 1B). Uninduced cells grew similarly to the parental

strain, and the decreased growth rate observed upon tetra-

cycline induction was specific to cells harboring the RBP16

RNAi construct, as tetracycline addition had no effect on

growth of the parental strain (Fig. 1B). Consistent with the

increase in RBP16 protein on day 10, the cell growth rate

returned to normal after 12 d (data not shown). A similar

growth defect was observed in two additional RBP16 RNAi

cultures that were examined after tetracycline induction.

Together, these experiments indicate that RBP16 is an es-

sential protein for the growth of procyclic form T. brucei.

Effect of RBP16 disruption on RNA editing

Previous experiments showed that RBP16 binds different

gRNA sequence classes in vitro (Hayman and Read 1999)

and is associated with a substantial fraction of the mito-

chondrial gRNA population in vivo (Hayman and Read

1999; Militello et al. 2000; see also Fig. 7A below). The

association of RBP16 with gRNAs strongly suggests that this

protein plays a role in the regulation of RNA editing. To

assess the effect of RBP16 disruption on RNA editing, we

performed a poisoned primer extension assay that allowed

us to quantify unedited and edited versions of the same

mRNA simultaneously (Missel et al. 1997). Steady-state

RNA isolated from uninduced cells and cells whose RBP16

expression had been disrupted by tetracycline induction

were compared over multiple days postinduction. We ini-

tially analyzed apocytochrome b (CYb)RNA, which is ex-

clusively edited in procyclic form trypanosomes (Feagin et

al. 1987). As shown in Figure 2A, the

abundance of edited CYb RNA is dra-

matically decreased in tetracycline-in-

duced cells compared to uninduced cells.

Quantification of the percent of CYb

RNA that was edited in induced versus

uninduced cells revealed a 92%–98% de-

crease in the percent edited RNA on days

4–8 following tetracycline induction (Fig.

2B). A similar decrease in edited CYb

RNA levels was also observed when ana-

lyzed by PCR using primers flanking the

edited region (data not shown). Strik-

ingly, the abundance of edited CYb

mRNA precisely paralleled that of RBP16

protein levels (cf. Figs. 2 and 1A), de-

creasing on day 4 and increasing again on

day 10 postinduction. This indicates that

the effect on the abundance of edited

CYb transcripts can be specifically attrib-

uted to RBP16 disruption. Coincident

with the decrease in edited CYb mRNA,

the amount of unedited CYb RNA in in-

duced RBP16 RNAi cells increased be-

tween 22 and 37% on days 4 to 8 postin-

duction (Fig. 2A). Because an average of

28% of the total CYb RNA population

FIGURE 1. RBP16 is essential for T. brucei procyclic form cell growth. (A) Western blot
analysis of total cell protein from RBP16 RNAi transfectants uninduced or induced with
tetracycline for the number of days indicated. Protein from 5 × 105 cells was separated by 15%
SDS-PAGE, transferred to nitrocellulose, and probed with anti-RBP16 or anti-PABPI anti-
bodies. (B) Growth of procyclic form T. brucei RBP16 RNAi cells (circles) and 29-13 parental
cells (squares), either uninduced (closed symbols) or induced with tetracycline (open sym-
bols). Growth curves were obtained by plotting the cell densities as the product of the cell
density and the total dilution.
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was edited in uninduced cells during this same time period,

it appears that unedited CYb RNA accumulated in tetracy-

cline-induced RNAi cells approximately in proportion to

the reduction in edited CYb RNA. The corresponding de-

creases in edited CYb RNA and increases in unedited CYb

RNA in cells depleted for RBP16 strongly suggest that

RBP16 plays a critical role in CYb RNA editing. We cannot

rule out, however, that RBP16 is additionally involved in

specifically modulating the stability of edited CYb mRNA.

We next examined the degree of editing of additional

mitochondrial RNAs to determine the range of RBP16

function. We used poisoned primer extension to determine

the levels of unedited and edited cytochrome oxidase II

(COII) RNA, which, like CYb, is solely edited in the pro-

cyclic stage. We also analyzed RNAs that are constitutively

edited in both life cycle stages: ATPase subunit 6 (A6),

cytochrome oxidase III (COIII), mitochondrial unidentified

reading frame 2 (MURF2), and the 5� domain of NADH

dehydrogenase subunit 7 (ND7). Editing of the ribosomal

protein S12 (RPS12) mRNA, which is preferentially edited

in the bloodstream form, was also analyzed by poisoned

primer extension. Although slight decreases in the levels of

some edited RNAs were observed upon tetracycline induc-

tion, in no case were the effects as significant as those ob-

served for CYb, nor did decreases in edited RNA abundance

generally parallel RBP16 protein levels (Fig. 3 and data not

shown).

Because poisoned primer extension only permits analysis

of editing at a limited number of sites downstream from the

primer (upstream relative to the mRNA), we utilized PCR

to examine whether the effects of RBP16 disruption might

be reflected in the overall extent of editing of a given RNA.

That is, does RBP16 disruption affect the processivity of

editing along an RNA? Primers that anneal to the 5� and 3�
never edited regions of either COIII or RPS12 mRNAs were

used to amplify unedited, partially edited, and fully edited

RNAs from uninduced and induced cells (Schnaufer et al.

2001). The products were analyzed by agarose gel electro-

phoresis and EtBr staining. Neither the fraction of each of

these RNAs that is edited nor the extent of editing within

the RNA population changed significantly upon RBP16 dis-

ruption (data not shown). Thus, we conclude that RBP16

acts in a specific fashion to modulate the levels of edited

CYb mRNA.

The unexpected specificity of RBP16 prompted us to ask

whether the action of RBP16 disruption on edited CYb

RNA levels was a consequence of altered CYb gRNA abun-

dance. Toward this aim, we carried out RT-PCR quantifi-

cation of gCYb[560], the gRNA that initiates the editing of

CYb (Riley et al. 1995). Semi-quantitative RT-PCR analysis

showed that gCYb[560] is present at comparable levels in

uninduced cells and tetracycline-induced cells (Fig. 4A).

Thus, RBP16 does not function by modulating steady-state

levels of gCYb[560], and the reduced abundance of edited

CYb mRNA is not a consequence of reduced gRNA levels.

Quantification of another gRNA, gA6[14], also revealed

that the abundance of this gRNA was not altered upon

RBP16 disruption (Fig. 4B). These data demonstrate that

RBP16 does not play a role in the regulation of gRNA

stability, and suggest a more likely role in regulation of

gRNA utilization.

Role of RBP16 in RNA stability

To address whether RBP16 regulates the stability of mito-

chondrial RNAs, we next determined whether RBP16 dis-

FIGURE 2. Decrease in the abundance of edited CYb mRNA upon RBP16 disruption in T. brucei procyclic forms. (A) Poisoned primer extension
analysis of CYb unedited (CYb UE) and edited (CYb E) mRNA levels. Primer extensions were performed using 10 µg total RNA isolated from
cells grown in the absence (uninduced) or presence (induced) of tetracycline for up to 10 d. (B) Quantification of the percent edited CYb
(represented as the amount of edited CYb/total CYb in tet-induced cells vs. uninduced cells) over a period of 10 d postinduction.
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ruption altered the levels of mitochondrially encoded RNAs

that do not require RNA editing for maturation (never ed-

ited RNAs). We analyzed the levels of cytochrome oxidase I

(COI) and NADH dehydrogenase subunit 4 (ND4) mRNAs

by poisoned primer extension in RBP16 RNAi transfectants

either uninduced or induced with tetracycline. Both COI

and ND4 mRNA levels were altered with a profile that

approximated the levels of RBP16 protein (cf. Figs. 5 and

1A). COI mRNA was reduced in induced versus uninduced

cells by greater than 40% on day 4 postinduction, and was

maximally reduced by 65% on day 8. Importantly, COI

mRNA levels greatly increased on day 10, paralleling RBP16

protein levels. Likewise, ND4 mRNA was reduced by ap-

proximately 80% following tetracycline induction, but in-

creased again at day 10. Comparison of Figure 5 with Figure

3A demonstrates that the down-regulation of COI and ND4

mRNAs on days 4–8 postinduction is a consequence of

RBP16 depletion, and not due to differences in RNA recov-

ery between these samples. Thus, RBP16 affects the abun-

dance of never edited RNAs, thereby indicating an addi-

tional role for the protein, namely in the regulation of mi-

tochondrial mRNA stability.

RBP16 is constitutively expressed

The results of the poisoned primer extension analyses clearly

indicated that RBP16 acts in a specific fashion to regulate the

abundance of edited CYb mRNA, as well

as that of the never edited COI and ND4

mRNAs. As mentioned above, the CYb

transcript is exclusively edited in procyclic

form parasites (Feagin et al. 1987). In ad-

dition, COI mRNA is more abundant in

procyclic form than bloodstream form

trypanosomes (Jasmer et al. 1985). These

results suggest that RBP16 might be up-

regulated in procyclic form T. brucei. To

determine whether RBP16 expression is

developmentally regulated during the try-

panosome life cycle, we performed West-

ern blot analyses of total procyclic and

bloodstream form parasite extracts. As

shown in Figure 6, RBP16 protein levels

are similar in the two life cycle stages, in-

dicating that RBP16 is constitutively ex-

pressed throughout the T. brucei life cycle.

Thus, if RBP16 participates in the devel-

opmental regulation of specific mRNA

levels, its effect is not merely a conse-

quence of its concentration, but may be

attributed to RBP16-associated regulatory

proteins (Hayman et al. 2001) and/or

posttranslational modifications of RBP16

(Pelletier et al. 2001).

RBP16 is associated with multiple gRNAs in vivo

We next asked whether the specific effect of RBP16 disrup-

tion on the CYb RNA editing is due to preferential binding

of CYb gRNAs. To identify gRNAs that are associated with

RBP16 in vivo, we immunoprecipitated RBP16 from wild-

type procyclic form mitochondria. Guanylyl transferase la-

beling of total gRNAs in bound and unbound fractions

confirmed that RBP16 is associated with approximately

30% of total mitochondrial gRNAs as previously reported

(Hayman and Read 1999; Fig. 7A). We tested for the pres-

ence of specific gRNAs in the bound and unbound fractions

by Northern blot analysis. We found that 13.8% of total of

gCYb[558] is RBP16-associated after correction for the sig-

nal obtained with preimmune serum (Fig. 7B). However,

gCYb[558] was not specifically bound to RBP16; a similar

fraction of gCR6[100] was also RBP16-associated (Fig. 7B).

Thus, RBP16 binds in vivo to gRNAs specifying editing of

RNAs that are both affected and unaffected by RBP16 dis-

ruption. This is not entirely unexpected, as the primary

binding determinant for RBP16 binding is the oligo(U) tail

that is present on all gRNAs (Hayman and Read 1999; Pel-

letier et al. 2000). These results indicate that RBP16 does

not manifest its specific regulation of edited CYb mRNA

abundance by virtue of binding a restricted subset of

gRNAs. Because less than 30% of each of the gRNAs exam-

ined here were RBP16-associated, these results additionally

FIGURE 3. Poisoned primer extension analysis of A6 (A), COII (B), and MURF2 (C) RNA
editing in RBP16 RNAi cells. Primer extensions were performed using 5–10 µg total RNA
isolated from cells grown in the absence (uninduced) or presence (induced) of tetracycline for
10 d. The percent edited RNA (represented as the amount of edited RNA/total RNA in
tetracycline-induced cells vs. uninduced cells) is shown over a period of 10 d postinduction.
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suggest that gRNAs other than those analyzed here are ei-

ther more abundant or have a greater percentage of their

total population bound to RBP16.

DISCUSSION

In this report, we demonstrate that the mitochondrial RNA

binding protein RBP16 is essential for growth in procyclic

form T. brucei. Tetracycline-induced RBP16 RNAi resulted

in a dramatic reduction in RBP16 protein expression, which

was accompanied by a cessation of growth. RBP16 disrup-

tion also lead to a massive down-regulation of edited CYb

mRNA, as well as substantial decreases in the levels of the

never edited mRNAs, COI and ND4. After 10 d of tetracy-

cline induction, RBP16 protein returned to almost prein-

duction levels as did the abundance of edited CYb, COI,

and ND4 RNAs, providing further evidence that RBP16

functions to regulate the levels of these specific RNAs. Fol-

lowing the reestablishment of the complete procyclic form

mitochondrial RNA population, cell growth returned to

normal. These results demonstrate that RBP16 plays a criti-

cal role in regulating the expression of a subset of mito-

chondrial genes in T. brucei, and that accurate expression of

these genes is required for cell growth.

RBP16 disruption leads to a very dramatic decrease in the

accumulation of edited CYb mRNA. The corresponding

increase in unedited CYb RNA strongly suggests that editing

of CYb RNA is compromised when RBP16 levels are re-

duced. Because gCYb[560], the gRNA that initiates editing

of CYb RNA, is present at comparable levels in uninduced

cells and tetracycline-induced cells, we conclude that the

down-regulation of CYb mRNA editing observed in RBP16

RNAi cells is likely a result of reduced gRNA utilization.

Although the biochemical mechanism of RBP16 action is

unknown, we can envision scenarios by which RBP16 could

regulate the utilization of gRNAs during editing based on

the reported functions of some Y-box proteins and the

known properties of gRNAs and gRNA–mRNA interactions

during editing. For example, some bacterial Y-box proteins

function as RNA chaperones, destabilizing RNA secondary

structures at low temperature, and thereby facilitating

translation and antitermination (Jiang et al. 1997; Bae et al.

2000). In a similar fashion, RBP16 may unfold the charac-

teristic two stem-loop gRNA secondary structure (Schmid

et al. 1995), thus permitting a favorable interaction with

pre-mRNA, other gRNA-binding proteins, or proteins of

the editosome. The mammalian YB-1 protein has been

shown to promote RNA–RNA annealing, suggesting that

RBP16 could also function in this capacity. Müller et al.

(2001) demonstrated that the gRNA-binding protein gBP21

facilitates annealing between the 5� anchor portion of

gRNAs and the region downstream of the editing site in

mRNAs. It is conceivable that RBP16 could similarly facili-

tate the association between the gRNA oligo(U) tail and the

mRNA region just upstream of the editing site (Leung and

Koslowsky 1999). Determining whether RBP16 possesses

either RNA chaperone or RNA annealing activities will be

the subject of future experiments.

The effect of RBP16 disruption on edited RNA abun-

dance was specific to CYb; the levels of other edited RNAs

were not significantly affected. This apparent specificity of

RBP16 action was surprising. Because RBP16 binds mul-

tiple RNA classes with relatively low specificity (Hayman

and Read 1999; Pelletier et al. 2000), a more global effect of

RBP16 disruption on the levels of several RNAs might have

been expected. One potential explanation for the specificity

of RBP16 action is that editing of other RNAs is normally

facilitated by RBP16, but that editing of CYb requires a

greater amount of RBP16 than does editing of other

mRNAs. RBP16 is a relatively abundant mitochondrial pro-

tein (Hayman and Read 1999), and so the 6%–10% of wild-

type RBP16 levels present in RBP16 RNAi cells may still be

sufficient for most RNAs, but insufficient to achieve correct

editing of CYb RNA. Alternatively, whereas editing of CYb

RNA may strictly depend on RBP16, other mitochondrial

proteins may be able to compensate for the loss of RBP16 in

regulating editing of other RNAs in the RBP16 RNAi trans-

fectants. One candidate is the mitochondrial oligo(U)-bind-

ing protein TBRGG1, which was identified by UV cross-

linking of gRNA, and has been shown to colocalize with an

in vitro RNA editing activity (Vanhamme et al. 1998). An-

other interesting possibility is that RBP16 specificity is dic-

tated by RBP16-gRNA ratios. In the case of the mammalian

YB-1 protein, a low YB-1 to mRNA ratio, a feature of poly-

FIGURE 4. Quantification of gCYb[560] (A) and gA6[14] (B) gRNAs
by RT-PCR in RBP16 RNAi cells. RNA isolated from cells grown in the
absence (uninduced) or presence (induced) of tetracycline for 6 d was
used to synthesize cDNA using primers complementary to the en-
coded 3� region of the gRNA. cDNA was diluted as indicated and the
abundance of gRNAs was determined by RT-PCR using gRNA-specific
primers.
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somal mRNPs, leads to a stimulation of protein synthesis.

Conversely, at increasing YB-1 to mRNA ratios, the protein

gradually inhibits and eventually abolishes translation

(Evdokimova et al. 1998; Pisarev et al. 2002). Although the

abundance of most mitochondrial mRNAs and gRNAs has

not been characterized, it is feasible that regulation of ed-

iting by RBP16 is achieved by a similar mechanism. Finally,

RBP16 may engage in specific protein–protein interactions.

Gene-specific regulatory proteins are known to be of key

importance in regulating mitochondrial gene expression in

yeast. For example, the nuclearly encoded CBP1 protein is

required specifically for the stability of the mitochondrial

cytochrome b mRNA (Weber and Dieckmann 1990). In

addition, most, if not all, Saccharomyces cerevisiae mito-

chondrial transcripts are dependent on transcript-specific

translational activator proteins (Constanzo and Fox 1990;

Rödel 1997; Islas-Osuna et al. 2002). Our ongoing identi-

fication of proteins that interact with RBP16 in T. brucei

mitochondria (Hayman et al. 2001) may yield gCYb-spe-

cific factors.

It is also of interest, in light of the CYb specificity of

RBP16, that CYb is one of only two RNAs whose editing is

exclusively restricted to procyclic form trypanosomes. The

other procyclic-specific edited RNA is COII, the abundance

of which was not altered in RBP16 RNAi cells. However,

editing of COII is very unusual in that the gRNA that directs

COII editing is located at the 3� end of the mRNA itself and

is polyadenylated rather than poly-

uridylated (Koslowsky and Yahampath

1997). Because RBP16-gRNA binding is

mediated largely through the gRNA oli-

go(U) tail (Hayman and Read 1999), in-

teraction of RBP16 with gCOII–COII is

likely to be different than with the other

gRNAs. Thus, in specifically facilitating

CYb editing, RBP16 may be acting as a

procyclic form developmental editing

regulatory factor. This would be consis-

tent with regulation of gRNA utilization

by RBP16, as developmental regulation

of specific editing events, including that

of CYb RNA, has been proposed to take

place at the level of gRNA utilization.

That is, steady-state levels of specific

gRNAs do not vary developmentally in

accordance with the levels of mRNAs

whose editing they specify, and so their

interaction with the editing machinery

and/or pre-mRNA must be regulated in

developmental fashion (Koslowsky et al.

1992; Riley et al. 1995). Although

RBP16 levels do not vary significantly

between procyclic and bloodstream

form T. brucei, developmental specific-

ity could be achieved by interaction

with additional proteins and/or by posttranslational modi-

fication. RBP16 is known to undergo multiple, mutually

exclusive arginine methylation events in procyclic forms

(Pelletier et al. 2001), and these modifications are likely to

influence RBP16 protein–protein interactions (e.g., Bedford

et al. 2000; Zhu et al. 2002). We are currently investigating

whether the pattern of RBP16 methylation varies in a de-

velopmentally regulated manner and whether methylation

affects association of RBP16 with other mitochondrial fac-

tors.

Several other proteins have recently been demonstrated,

through genetic manipulation of trypanosomes, to be re-

quired for proper RNA editing. The majority of these pro-

teins are integral components of the editosome (Stuart et al.

2002), including the Band IV or TBMP52 RNA ligase

FIGURE 5. The never-edited ND4 and COI mRNAs are destabilized upon RBP16 disruption.
Poisoned primer extension analysis of the abundance of COI (A) and ND4 (B) mRNA. Primer
extensions were performed using 10 µg total RNA isolated from cells grown in the absence
(uninduced) or presence (induced) of tetracycline for up to 10 d. The relative RNA levels
(represented as the amount of RNA in induced/uninduced cells) is shown over a period of 10
d postinduction.

FIGURE 6. Western blot analysis of RBP16 protein levels in procyclic
(PF) and bloodstream (BF) form T. brucei. Whole-cell extracts were
prepared as described in Materials and Methods. Either 100 or 200 µg
of PF or BF cell protein was analyzed by Western blot with anti-RBP16
antibodies.
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(Huang et al. 2001; Schanufer et al. 2001), the mHel61p

RNA helicase (Missel et al. 1997), and a protein of unknown

function, TbMP81 (Drozdz et al. 2002). The mitochondrial

3� terminal uridylyl transferase that was shown by Apha-

sizhev et al. (2002) to be required for editing in T. brucei has

not been demonstrated to be an editosome component, but

is thought to be a critical enzymatic constituent of the ed-

iting pathway. In addition to RBP16, other RNA-binding

proteins have also been proposed to

function in RNA editing in T. brucei.

For example, gBP21 binds the encoded

portion of gRNAs with high affinity

(Köller et al. 1997) and possesses gRNA–

mRNA annealing activity (Müller et al.

2001). Bloodstream form T. brucei in

which both gBP21 gene copies were de-

leted demonstrated no growth pheno-

type, although they were unable to dif-

ferentiate into procyclic forms (Lambert

et al. 1999). Editing of A6 and ND7

RNAs was not dramatically or consis-

tently affected in bloodstream form

gBP21 mutants. However, deletion of

gBP21 resulted in a striking decrease in

unedited and never edited RNA levels,

indicating that the protein has a signifi-

cant effect on RNA stability. It will be of

great interest to know the degree to

which RNA editing and stability are af-

fected in T. brucei procyclic forms in

which gBP21 and its homolog gBP25

(Blom et al. 2001) have been disrupted.

Another candidate editing factor is the

oligo(U) binding protein, TBRGG1,

which cosediments on glycerol gradients

with in vitro editing activity (Van-

hamme et al. 1998). Finally, the REAP-1

mRNA-binding protein has been pro-

posed to function by recruiting pre-

mRNAs to the editosome (Madison-An-

tenucci et al. 1998; Madison-Antenucci

and Hajduk 2001). To date, there have

not been any genetic studies investigat-

ing the phenotypes of TBRGG1- or

REAP-1-depleted trypanosomes. Thus,

the results presented here place RBP16

as an editing accessory factor, the dis-

ruption of which results in the most

dramatic effect on an editing event yet

reported for any trypanosome editing

accessory factor.

In addition to the effect of RBP16 dis-

ruption on CYb RNA editing, analysis of

the never edited RNAs COI and ND4 in

RBP16 RNAi cells revealed an additional

function for RBP16 in the regulation of mitochondrial

mRNA stability. The Y-box protein YB-1 has been shown to

stabilize the interleukin-2 (IL-2) mRNA by binding to a

specific sequence within the 5� UTR of the mRNA (Chen et

al. 2000). It is believed that YB-1 does not protect the IL-2

mRNA by itself, but rather acts as a docking protein that

recruit a cofactor whose function is to inhibit IL-2 mRNA

decay. Although little is known about mitochondrial mRNA

FIGURE 7. RBP16 is associated with multiple gRNAs in vivo. Mitochondrial extracts from
wild-type procyclic form T. brucei were immunoprecipitated with either preimmune IgGs (pre)
or anti-RBP16 antibodies (�-RBP16). RNA was then isolated from the supernatants (S) and the
pellets (P). (A) Labeling of total mitochondrial gRNAs. Total mitochondrial RNA (T; half of the
starting material) and RNA isolated from preimmune or �-RBP16 supernatants and pellets was
labeled by capping with guanylyl transferase and [�-32P]GTP. Numbers below the figure rep-
resent the percent of the total RNA present in supernatant and pellet of either preimmune or
�-RBP16 samples. (B) Supernatants and pellets obtained from immunoprecipitation were
tested for the presence of specific gRNAs by Northern blot. Numbers below the figures repre-
sent the percent of the total RNA present in supernatant and pellet of either preimmune or
�-RBP16 samples. Net equals the amount of a given RNA present in the �-RBP16 pellet minus
that present in the preimmune pellet. Graphs on the right represent the percent of a given
gRNA present in �-RBP16 supernatant and pellet after correction for values obtained with
preimmune serum.
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turnover mechanisms in trypanosomes, it is possible to

imagine that RBP16 may, by interacting with certain

mRNAs such as COI and ND4, prevent degradation of these

mRNAs on its own, or by recruiting other proteins that then

stabilize the mRNAs and prevent degradation by nucleases.

This could be achieved, for example, by modulation of

mRNA structure by RBP16, allowing the recruitment of

other mitochondrial proteins.

Overall, the results presented here indicate that RBP16 is

a multifunctional protein that influences the editing and

stability of a subset of mitochondrial mRNAs. These studies

reveal a surprising level of specificity regarding RBP16 ac-

tion. The mechanisms by which RBP16 acquires its multi-

functional character and specificity remain to be deter-

mined. Both multifunctionality and specificity presumably

involve interaction with a range of protein-binding part-

ners. RBP16 protein–protein interactions may be further

regulated by methylation of particular arginine residues in

the RBP16 RGG domain (Pelletier et al. 2001). Future ex-

periments will address in detail the molecular interactions

and mechanisms by which RBP16 regulates different facets

of trypanosome mitochondrial gene expression.

MATERIALS AND METHODS

Plasmid constructs

To down-regulate RBP16 expression by RNAi, a 345-bp fragment

of the RBP16 coding region (Hayman and Read 1999) was am-

plified by 30 cycles of PCR from total procyclic form cDNA using

primers RBP16i-5� and RBP16i-3� (see below), which allowed in-

troduction of XhoI and HindIII restrictions sites, respectively. The

PCR product was then ligated into the XhoI and HindIII sites of

pZJM (a generous gift from Dr. Paul T. Englund, Johns Hopkins

School of Medicine; Wang et al. 2000).

DNA oligonucleotides

The following oligodeoxynucleotides (Integrated DNA Technolo-

gies) were used in these studies (added restriction sites are under-

lined). RBP16i-5� (5�-CCGCTCGAGTCTGGACGTGGTTTTGGT
TTTATT-3�) and RBP16i-3� (5�-CCCAAGCTTAAAGTCATCGC
TGAAGCTCTGGTGC-3�) were used to amplify a 345-bp frag-

ment of the RBP16 coding region used for RNAi.

For primer extension analyses, the following oligodeoxynucleo-

tides were employed:

CYb-RT-GP (5�-CAACCTGACATTAAAAGAC-3�);
A6-3�NE (5�-GCGGATCCATTTGATCTTATTCTATAACTCC-3�);
COI-RT (5�-GTAATGAGTACGTTGTAAAACTG-3�);
COII-RT (5�-ATTTCATTACACCTACCAGG-3�);
CR6–13-GP (5�-AAAAACATATCTTAT-3�);
MURF2-R (5�-TATGTTCTAATACATAACAAATC-3�);
ND4-RT (5�-GATAAAAATATTAGTGACATTG-3�);
ND7-5�-RT (5�-CACATAACTTTTCTGTACCACGATGC-3�).

The following oligodeoxynucleotides were used to amplify specific

gRNAs from uninduced and induced RBP16 RNAi cells:

gCYb[560]-5� (5�-GCGAATTCGTAAAAGACAATGTAGATT-3�)
and gCYb[560]-3� (5�-GCGGATCCTAGAGAGTAGTTATCCTC-
3�) for gCYb[560]; gA6[14]-5� (5�-GCGAATTCGATGTAAATA
ACCTG-3�) and gA6[14]-3� (5�-GCGGATCCAAAATTCACTAT
ATA-3�) for gA6[14]. To detect RBP16-associated gRNAs by

Northern blot, the oligonucleotides gCYb[558]-3� (5�-GCGGA
TCCTTATTCCCTTTATCACC) and gCR6[100]-3� (5�-GCGGA
TCCTATTTACTCACTTTATCT-3�) were used.

Trypanosome growth, transfection, and induction
of RNAi

Procyclic form T. brucei brucei clone IsTaR1 stock EATRO 164 was

grown as described (Brun and Schonenberg 1979). Bloodstream

form T. brucei strain 427 (a generous gift from Dr. George A.M.

Cross, Rockefeller University) was cultured in HMI-9 medium as

described (Hirumi and Hirumi 1989). Procyclic T. brucei strain

29-13 (provided by Dr. George A.M. Cross, Rockefeller Univer-

sity), which contains integrated genes for T7 RNA polymerase and

the tetracycline repressor, were grown in SDM-79 supplemented

with 15% fetal bovine serum as described (Brun and Schonenberg

1979; Wirtz et al. 1999), in the presence of G418 (15 µg/mL) and

hygromycin (50 µg/mL). For transfection, cells (1 × 108) were

washed once in 5 mL ice-cold Cytomix (Van den Hoff et al. 1992)

and resuspended in 0.5 mL of Cytomix containing 20 µg of plas-

mid linearized with NotI. Transfections (two pulses) were carried

out on ice in 2-mm cuvettes using a Bio-Rad electroporator with

the following settings : 800 V, 25 µF, and 40 ohms. Following

transfection, cells were transferred into 10 mL SDM-79 supple-

mented with G418 and hygromycin and allowed to recuperate for

20 h. Selection was then applied by the addition of 2.5 µg/mL

phleomycin, and the cells were grown for four weeks to obtain

stable transfectants. For induction of dsRNA, cells were cultured in

the presence of 1 µg/mL tetracycline. Growth curves were obtained

by plotting the cell densities (represented as the product of the cell

number and the total dilution) obtained over a period of 10 d.

Western blotting

For analysis of RBP16 levels in uninduced and induced transfec-

tants, protein from 5 × 105 cell equivalents was separated by 15%

SDS-PAGE and transferred electrophoretically to a nitrocellulose

membrane (Schleicher and Schuell) at 50 V for 35 min in 10 mM

3-[Cyclohexylamino]-1-propanesulfonic acid (CAPS) buffer (pH

11.0) containing 10% methanol. The membrane was probed using

either anti-RBP16 (Hayman and Read 1999) or anti-poly(A)-bind-

ing protein (PABPI, a generous gift from Dr. Noreen Williams,

State University of New York–Buffalo; Pitula et al. 2002) antibod-

ies, at a 1:1000 and 1:2500 dilution, respectively. Primary antibod-

ies were detected using goat anti-rabbit antibody coupled to horse-

radish peroxidase (Pierce Endogen), and detected by enhanced

chemiluminescence (ECL; Amersham Pharmacia Biotech).

For comparison of RBP16 levels in procyclic (EATRO 164) and

bloodstream form cells, parasite extracts were prepared by passage

through a 26-gauge needle, and mitochondria were lysed with the

addition of 0.2% Nonidet P-40. Total procyclic and bloodstream

form proteins were precipitated with 4% TCA, resuspended in

SDS sample buffer, and loaded onto a 15% SDS-PAGE gel. Pro-

teins were transferred and the membrane was probed with anti-

RBP16 antibodies as described above.

RBP16 regulates RNA editing and stability

www.rnajournal.org 465

 Cold Spring Harbor Laboratory Press on October 27, 2009 - Published by rnajournal.cshlp.orgDownloaded from 

http://rnajournal.cshlp.org/
http://www.cshlpress.com


Primer extension analyses

Total RNA was purified from 2 × 108 to 1 × 109 cells (Purescript

RNA Isolation Kit, Gentra Systems). Primer extensions were per-

formed with 5–10 µg total RNA and 0.4 pmole 5�-32P-labeled
oligodeoxynucleotide primer. Samples were heated for 5 min at

95°C, cooled on ice for 5 min, and annealed for 60 min at 37°C in

TE buffer (10 mM Tris at pH 8.0, 1 mM EDTA) containing 120

mM KCl. Extension reactions were performed in 50 mM Tris-HCl

(pH 8.3), 50 mM KCl, 10 mM MgCl2, 5.5 mM DTT, 150 µM each

dATP, dCTP, and dTTP, 75 µM ddGTP, 20 U of RNasin (Pro-

mega), and 10 U of AMV reverse transcriptase (Promega) for 45

min at 47°C. RNA was removed by RNase A digestion (2 µg) for

15 min at 37°C in the presence of 1 µg salmon sperm DNA, and

the extension products were precipitated with ethanol and sepa-

rated on a 8 M urea/10% polyacrylamide gel. Gels were analyzed

by autoradiography followed by densitometry of nonsaturated au-

toradiographs.

Determination of gRNA abundance by RT-PCR
in RBP16 RNAi cells

The abundance of gRNAs was determined by reverse transcrip-

tion-PCR amplification. Total RNA was isolated from 2 × 108 to

1 × 109 cells grown in the absence or presence of 1 µg/mL tetra-

cycline for 6 d using the Purescript RNA Isolation Kit (Gentra

Systems). Five micrograms of total RNA were the digested with 25

U of DNase I (Invitrogen) on ice for 60 min. cDNA was synthe-

sized using Superscript II reverse transcriptase (Invitrogen Life

Technologies) and a specific primer complementary to the 3� re-
gion of the gRNA to be quantified. cDNA was serially diluted prior

to PCR to ensure that the reactions were in the linear range. PCR

reactions contained 0.3 µM of the appropriate 5� and 3� oligode-
oxynucleotides and were performed for a total of 35 cycles. PCR

products were separated on 3% agarose gels and stained with

ethidium bromide (EtBr). Contrast on the images was inverted for

figure preparation.

Immunoprecipitation experiments

Cross-linking of antibodies to Protein A-Sepharose was performed

as described (Pelletier et al. 2001). Mitochondrial vesicles from

1 × 1010 to 1 × 1011 cells (EATRO 164) were lysed in 1 mL of lysis

buffer as described (Hayman and Read 1999). One hundred mi-

crograms of preimmune IgGs or anti-RBP16 cross-linked to Pro-

tein A-Sepharose were added to 300 µL of extract along with 50 U

of RNasin (Promega) and the sample incubated for 4 h at 4°C with

gentle rocking. Immune complexes were recovered by centrifuga-

tion at 10,000g for 30 s and washed five times with 500 µL of wash

buffer (lysis buffer containing 0.1% Nonidet P-40). RNA was iso-

lated from Protein A-Sepharose pellets and supernatants by incu-

bation for 15 min at 37°C in wash buffer containing 0.5% SDS and

50 µg/mL proteinase K. The reactions were extracted twice with

phenol-chloroform and RNA precipitated with ethanol using gly-

cogen as a carrier. gRNA was identified by labeling 5� ends with

guanylyl transferase (a generous gift from Dr. Edward Niles, State

University of New York–Buffalo) in the presence of [�-32P]GTP
(Perkin Elmer; 10 µCi/µL, 800 Ci/mmole), 50 mM Tris-HCl (pH

8.0), 1.5 mM MgCl2, 6 mM KCl, 2.5 mM DTT, and 25 U of

RNasin (Hayman and Read 1999). Labeled RNA was separated on

a 7 M urea/6% polyacrylamide gel and visualized by autoradiog-

raphy.

gCYb[558] and gCR6[100] were detected in supernatants and

pellets by Northern analysis. RNA isolated from the supernatants

and pellets was electrophoresed on a 2.2 M formaldehyde-3%

agarose gel at 100 V in 1× MOPS buffer. The RNA was then

transferred to Nytran by capillary in 10× SSPE. gCYb[558]-3� and
gCR6[100]-3� were 32P-labeled using Klenow in the presence of

[�-32P]dATP (Perkin Elmer; 10 µCi/µL, 800 Ci/mmole) and used

as probes. Prehybridization and hybridization were carried out at

room temperature for 5 and 20 h, respectively in 50% formamide,

5× SSPE, 1% sarkosyl, and 0.05 mg/mL salmon sperm DNA. Blots

were washed twice for 10 min at room temperature, with a final

wash at 37°C in 5× SSPE, 0.1% sarkosyl.
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