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Association of a Novel Preribosomal Complex in Trypanosoma brucei
Determined by Fluorescence Resonance Energy Transfer
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We have previously reported that the trypanosome-specific proteins P34 and P37 form a unique preribosomal complex with ri-
bosomal protein L5 and 5S rRNA in the nucleoplasm. We hypothesize that this novel trimolecular complex is necessary for stabi-
lizing 5S rRNA in Trypanosoma brucei and is essential for the survival of the parasite. In vitro quantitative analysis of the associ-
ation between the proteins L5 and P34 is fundamental to our understanding of this novel complex and thus our ability to exploit
its unique characteristics. Here we used in vitro fluorescence resonance energy transfer (FRET) to analyze the association be-
tween L5 and P34. First, we demonstrated that FRET can be used to confirm the association between L5 and P34. We then deter-
mined that the binding constant for L5 and P34 is 0.60 = 0.03 uM, which is in the range of protein-protein binding constants for
RNA binding proteins. In addition, we used FRET to identify the critical regions of L5 and P34 involved in the protein-protein
association. We found that the N-terminal APK-rich domain and RNA recognition motif (RRM) of P34 and the L18 domain of
L5 are important for the association of the two proteins with each other. These results provide us with the framework for the

discovery of ways to disrupt this essential complex.

frican trypanosomes are responsible for trypanosomiasis in

humans and nagana in domestic animals. Trypanosoma bru-
cei has a complicated life cycle that requires adaptation to life
within a mammalian host and an insect vector, the tsetse fly (1).
Throughout this life cycle, RNA binding proteins (RBPs) play the
central roles in many adaptive processes, including regulation of
gene expression and protein synthesis (2, 3), making them partic-
ularly important in this organism.

RBPs play essential roles in the many aspects of ribosomal bio-
genesis. Ribosomal biogenesis in eukaryotes is an essential and
conserved process that requires the processing and assembly of
four rRNAs (18, 28, 5.8, and 5S rRNAs) with over 80 ribosomal
proteins. Much of this process occurs in the nucleolus (4-6).
However, unlike the other three rRNAs, 55 rRNA is independently
transcribed by RNA polymerase III within the nucleoplasm and
must be transported into the nucleolus by the L5 ribosomal pro-
tein (7, 8). L5 is the only known eukaryotic ribosomal protein that
forms a preribosomal L5-5S rRNA ribonucleoprotein (RNP)
complex to stabilize and facilitate the trafficking of 55 rRNA to the
nucleolus (7, 9, 10). Mutations in critical residues within L5 lead
to loss of 55 rRNA and ribosomal biogenesis defects, indicating
that it is essential to cell viability. T. brucei L5 is comprised of a
predicted RanBP1_WASP domain in its N-terminal region, an
L18 domain in the central region, and a C-terminal domain that
possesses residues critical for 55 rRNA binding.

Our laboratory has previously identified two trypanosome-
specific RBPs, P34 and P37, which are essential for the viability of
T. brucei (11). P34 and P37 are highly similar, the major difference
between them being the presence of an additional 18 amino acids
in the P37 N terminus. Both proteins are comprised of an APK-
rich N-terminal domain, a central domain containing an RNA
recognition motif (RRM), and a C-terminal region containing
KKDX repeats. P34 is dominantly expressed in the procyclic stage,
while P37 is mainly expressed in the bloodstream stage. Previous
studies in the laboratory have indicated that P34 and P37 specifi-
cally bind 5S rRNA and are essential for ribosome biogenesis and
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survival of the parasite. We have also shown that they are required
for several steps in the ribosomal biogenesis pathway in T. brucei,
including association of the 60S subunit with Xpol and Nmd3 and
subsequent export from the nucleus and possibly in the joining of
the large and small ribosomal subunits (11-14).

Recent studies have also demonstrated that P34 and P37 asso-
ciate with both ribosomal protein L5 and 5S rRNA and form a
preribosomal complex in the nucleoplasm that is unique to try-
panosomes (12, 13). Loss of P34 and P37 using RNA interference
causes a decrease in 5S rRNA level and 80S ribosome formation,
with an overall decrease in protein synthesis (11). This phenotype
is similar to that of L5 knockouts in yeast (Saccharomyces cerevi-
siae), as indicated above (14). Moreover, examination of the se-
quence of T. brucei L5 showed that it contains a substitution of the
highly conserved arginine (yeast position 285) by a noncharged
alanine in the conserved C terminus previously implicated in
binding to 5S rRNA (15). Experimental evidence confirmed that
this L5 binds to 5S rRNA with a lower binding constant than
that of other eukaryotic L5 proteins (12). These findings indicate
that P34 and P37 associate with L5 and 5S rRNA to form a unique
preribosomal complex and suggest that the trypanosome-specific
proteins function to complement L5 for stabilizing and trafficking
5S rRNA in the early steps of ribosome biogenesis.

In vitro quantitative analysis of the protein-protein association
between L5 and P34 within this unique complex is fundamental to
our understanding of the preribosomal particle and the potential
for using this complex as a therapeutic target. Here we used in vitro
fluorescence resonance energy transfer (FRET) to analyze the as-
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TABLE 1 Primers used to amplify the full-length and truncated versions
of L5 and P34, cerulean-L5, and eYFP-P34

Primer? Sequence

P34 F 5"-CAGCTGATGGCCCCAAAGTCTGC-3'

P34R 5'-TCACTGCTTCCTCTTGGCATC-3'

L5F 5 -ATGACATTCGTTAAGATTG-3'

L5R 5"-TTACTTCGCACGGTCACGG-3'

P34 N-terminus F 5'-ATGGCCCCAAAGTCTGCTACAAAG
TCTGCT-3'

P34 N-terminus R 5'-TCAGTGGGTGCCGGCAGCGGGGC
GTGCCTT-3'

P34 C-terminus F 5'-TCAACTCGCTCGCTTCAGAAGGA
AAAGGAC-3'

5'-TCACTGCTTCCTCTTGGCATCCT
TCTTTTCATTCT-3'

P34 C-terminus R

P34 RRM F 5'-AACGGTGTGTATGTGAAGAACTG
GGGTCAG-3'

P34 RRM R 5'-TCACGAGCGAGTTGAAAGAGCC
ACACGTAG-3'

5'-ATGACATTCGTTAAGGTTGTGA
AGAACAAGGCG-3'
5'-TCACTCGCGGCGGCGGCGGTAC
TTCACCTGGAA-3'
5'-CCTCACCGCCCCAATCGGTTCCC
CGGTTACAAC-3'
5'-TTACTTCGCACGGTCACGGATGC
GCTCAATCAC-3'

L5 N-terminus F

L5 N-terminus R

L5 C-terminus F

L5 C-terminus R

L5L18F 5'-GGGAAGACGGATTACCACGCACG
CCGCCGCATG-3’

L5LI8R 5-TACGGCGAGGCCACCATCCACAG
CACCCTTCAA-3'

GFP F 5'-ATGATGAGCAAGGGCGAGG-3'

GFP R 5'-AGAACCACCTCCCCCCTTG-3'

5'-ACAACCTTAACGAATGTCATAGAA
CCACCTCCCCCCTTG-3'

5'-CAGACTTTGGGGCCATAGAACCAC
CTCCCCC-3'

Cerulean-L5 R

eYFP-P34 R

“F, forward; R, reverse.

sociation between the T. brucei P34 and L5. First, we demon-
strated that FRET can be used to examine the association between
P34 and L5. Then we determined the binding constant for L5 and
P34 and used FRET to study the regions of L5 and P34 involved in
protein-protein association. In each case, we have confirmed the
results using a more traditional, though less quantitative, immune
capture approach.

MATERIALS AND METHODS

Recombinant proteins. P34 (GenBank accession no. AF020695), L5
(GenBank accession no. XM_822569), enhanced yellow fluorescent pro-
tein (eYFP; Clontech), and cerulean fluorescent protein (cerulean FP;
generous gift from Mark Carrington, Cambridge) (16) were amplified by
PCR using the forward (F) and reverse (R) primers P34P34 F and R, L5 F
and R, and green fluorescent protein (GFP) F and R separately (Table 1).
Primers for the P34 N terminus and C terminus and RRM truncates and
primers for the L5 N terminus and C terminus and L18 domain (Table 1)
were used to amplify each domain separately by PCR. Cerulean-L5 and
eYFP-P34 were generated by overlap extension PCR with no linker be-
tween the fluorescent tag and eYFP-P34. The first set of primers for ceru-
lean-L5 was GFP F and cerulean-L5 R and L5 F and R, and the second set
was GFP F and L5 R. The first set of primers for eYFP-P34 was GFP F and
eYFP-P34 R and P34 F and R, and the second set was GFP F and P34 R.
Cerulean FP, eYFP, cerulean-L5, eYFP-P34, P34, and L5 truncates
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were cloned into pTrc-His1 TOPO (Invitrogen) for expression as a poly-
histidine-fusion protein in TOP10 One Shot cells (Invitrogen). P34 was
cloned into plasmid pQE-1 (Qiagen) and expressed as a polyhistidine-
fusion protein in Escherichia coli strain M 15, as previously described (12,
17). All recombinant protein expression plasmids were confirmed by
DNA sequence analysis. The expression and purification of recombinant
proteins were performed as previously described (12, 17). Ten microliters
of each elution fraction was analyzed by SDS-PAGE with Coomassie blue
staining, and 100 ng of each fraction was analyzed by Western blot analysis
using anti-P34/P37 (18), anti-L5 (12), antipolyhistidine (H1029; Sigma),
or anti-GFP (A10260; Life Technologies). Fractions containing recombi-
nant protein were pooled and desalted using a PD-10 column (GE) with
storage buffer (10 mM Tris [pH 7.6], 150 mM KCl, 0.1 mM EDTA, 0.1
mM dithiothreitol [DTT], 0.1% NP-40, 0.1 mM phenylmethylsulfonyl
fluoride [PMSF]) and flash-frozen at —80°C in 400- .l aliquots.

The polyhistidine tag of purified recombinant P34 was removed by
treatment with TAGZyme (Qiagen), and the polyhistidine tag of purified
recombinant L5 was removed by treatment with EKMax enterokinase
(Life Technologies).

Allfluorescent protein concentrations were determined using the peak
absorption of a set of dilutions and the extinction coefficient for cerulean
0f 43,000 M~ ' em ™ ! at 433 nm and that for eYFP of 84,000 M~ ' cm ™! at
514 nm (16, 19). Concentrations of other recombinant proteins were
determined by Bio-Rad protein assay (9).

Absorption and fluorescence measurements. Samples were mea-
sured in 96-well clear bottom plates using the Synergy H1 hybrid reader
(Biotek). Absorption spectra were recorded from 375 nm to 600 nm with
1-nm intervals. Emission spectra were collected from 450 nm to 600 nm
(excitation, 400 nm; 1-nm slit width; sensitivity, 100). Excitation at 400
nm improves the dynamic range as the excitation of eYFP is at a minimum
level (20). Excitation at 400 nm leads to emission of cerulean at 475 nm.
When FRET occurs, excitation at 400 nm leads to emission of eYFP at 530
nm (16, 21). Proteins and RNA were incubated in binding buffer (10 mM
Tris [pH 7.6], 150 mM KCI, 0.1 mM EDTA, 0.1 mM DTT, 0.1% NP-40)
for 15 min at room temperature. All measurements were repeated at least
three times with at least two preparations of proteins.

Immune capture experiments. Protein A-labeled magnetic beads
(Dynabeads, Life Technologies) were washed in phosphate-buffered sa-
line (PBS) and blocked in PBS-bovine serum albumin (BSA) (1 mg/ml).
Antibody was added to the beads and incubated at 4°C for 1 h. Dimethyl
pimelimidate (Thermo Scientific, Pierce) dissolved in 0.2 M triethano-
lamine (Sigma-Aldrich) in PBS was used to cross-link the antibody to the
beads (three room temperature incubations of 30 min each separated by
brief washes in 0.2 M triethanolamine). After cross-linking, the reaction
was quenched with 50 mM ethanolamine (Sigma-Aldrich) in PBS (two
incubations of 10 min each). Excess antibody was eluted in two washes
with 1 M glycine (pH 3). The antibody-coated beads were washed with
PBS-Tween (PBS-T) and then incubated with antigen at 4°C for 1 h.
Supernatants were collected, beads were washed with PBS-T three times,
and the captured antigen was eluted in SDS-PAGE loading buffer at 70°C
for 10 min. Immune capture fractions were analyzed by Western blot
analysis using the antipolyhistidine monoclonal antibody H1029 (Sigma).

RESULTS

Cerulean-L5 and eYFP-P34 associate, as demonstrated by
FRET. Previous results from our laboratory have demonstrated
that P34, L5, and 5S rRNA form a trimolecular complex, and P34
directly associates with L5 using immune capture methods (12).
Electrophoretic mobility shift assays have also shown that P34 and
L5 directly associate with 5S rRNA individually (12, 17). To fur-
ther study the protein-protein interaction between them more
quantitatively and to examine the interaction in the presence of
interfering molecules, we explored the use of FRET as a direct
measure of binding between partners. We first constructed plas-
mids that express the protein with appropriate tags. Recombinant
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FIG 1 Expression, purification, and spectral analysis of recombinant proteins
used in FRET analysis. (A) Each eluted fraction (E1 to E4) from the 50%
Ni-NTA agarose column was analyzed by 12% SDS-PAGE followed by Coo-
massie blue staining (upper panel) and Western blot analysis using anti-L5
(lower panel left) and anti-P34 (lower panel, right) antibodies. (B) Normalized
(Norm.) absorption spectra and emission spectra (excitation at 400 nm) of
cerulean-L5 and eYFP-P34. These assays were repeated three times with three
different preparations of recombinant proteins.

cerulean-L5 and eYFP-P34 were expressed in E. coli as polyhisti-
dine-tagged proteins and purified with Ni-nitrilotriacetic acid
(NTA) agarose columns. The eluted proteins were analyzed by
SDS-PAGE and Western blot analysis. SDS-PAGE analysis (Fig.
1A, upper panel) suggests that purities are above 95%, and the
proteins are expressed at the correct molecular masses (63 kDa for
cerulean-L5 and 62 kDa for eYFP-P34). Western blot analysis
(Fig. 1A, lower panel) using anti-L5 and anti-P34/P37 antibodies
shows that reactive epitopes of L5 and P34 are not altered due to
the presence of the fluorescent tags. To confirm the fluorescence
properties of the expressed fluorescent protein fusions, the ab-
sorption and emission spectra (at an excitation wavelength of 400
nm) of the purified recombinant cerulean-L5 and eYFP-P34 were
recorded. Normalized absorption and emission spectra of fluores-
cence-tagged proteins are shown in Fig. 1B. Cerulean-L5 showed
two absorption (blue) peaks at 424 nm and 433 nm and an emis-
sion (green) peak at 476 nm with a shoulder at 502 nm, while
eYFP-P34 showed two absorption (red) peaks at 483 nm and 519
nm and a single emission (purple) peak at 530 nm. These results
are consistent with the previously reported fluorescence proper-
ties of cerulean and eYFP (16, 20). As a comparison, L5 and P34
are nonfluorescent in this range (data not shown). This indicates
that properties of the fluorescent tags are not affected by the ad-
dition of L5 or P34.

Since the FRET signal has an R™° dependence on the distance
between the fused fluorescent tags, a separation of the tags beyond
the Forster radius (10 nm) decreases the FRET signal to zero (29).
Therefore, many factors, including the size of the molecules and
the location of the binding surfaces, alter the efficiency of energy
transfer. To observe whether FRET occurs due to the specific
binding of L5 and P34, emission spectra of solutions of 1 uM
cerulean-L5 (blue), 1 wM eYFP-P34 (purple), 1 uM cerulean-L5
plus 1 wM eYFP (green), and 1 uM cerulean-L5 plus 1 uM eYFP-
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FIG 2 Cerulean-L5 and eYFP-P34 associate, as demonstrated by FRET.
Shown are fluorescence emission spectra (excitation, 400 nm) demonstrating
FRET between 1 M cerulean-L5 and 1 wM eYFP-P34 fusion proteins (red),
emission of the individual components at this concentration (blue and pur-
ple), and the emission of 1 uM cerulean-L5 plus 1 wM eYFP (green). This assay
was repeated three times with three different preparations of recombinant
proteins.

P34 (red) (excitation at 400 nm) were recorded and are shown in
Fig. 2. The solution containing 1 wM cerulean-L5 plus 1 pM
eYFP-P34 (red) shows decreased cerulean emission around 475
nm as well as a sharply increased eYFP emission around 530 nm.
This increase is significantly larger than can be accounted for by
the direct excitation of 1 wM cerulean-L5 (blue), 1 wM eYFP-P34
(purple), or 1 pM cerulean-L5 plus 1 pM eYFP (green). Other
incubation times were assayed with similar results (data not
shown). Therefore, these results indicate that L5 and P34 have
associated and their fluorescent tags are within the range required
for energy transfer to occur.

Equilibrium binding constant of cerulean-L5 and eYFP-P34
as determined by FRET. In order to determine the equilibrium
binding constant K, from FRET data, we performed a titration in
which the acceptor-tagged protein eYFP-P34 was added to its do-
nor-tagged partner cerulean-L5, while the emission spectra were
monitored using the Synergy HI hybrid reader (Biotek). The
emission spectra of the titration of eYFP-P34 (from 0 uM to 8
pM) into 1 uM cerulean-L5 are shown in Fig. 3A. During the
titration of eYFP-P34, emission at 530 nm increased in proportion
to the number of bound pairs (20, 22).

The 530-nm peak emission intensities are plotted in Fig. 3B. To
control for dilution, dilution of the 1 M cerulean-L5 by an iden-
tical titration of buffer leads to a linear decrease (Fig. 3B, control 1,
red rectangles). The same titration of eYFP-P34 into buffer gives a
measure of direct excitation of eYFP (Fig. 3B, control 2, green
triangles) and is also linear. To control for nonspecific interac-
tions, eYFP-P34 was titrated into 1 WM unfused cerulean, which
does not associate with P34 (Fig. 3B, control 3, blue diamonds).
This leads to a linear increase in 530-nm emission. The sum of the
dilution and direct excitation controls (Fig. 3B, control 1 and con-
trol 2, purple X’s) is almost identical to that obtained for the titra-
tion of eYFP-P34 into unfused cerulean (Fig. 3B, control 3, blue
diamonds), indicating that nonspecific interaction is negligible.
Most significantly, the titration of eYFP-P34 into 1 M cerulean-
L5 showed a curved plot of cerulean-L5 plus eYFP-P34 (Fig. 3B,
blue asterisks), which is characteristic of saturable, specific, and
biomolecular binding.

A plot of the binding data with the dilution (control 1 and
control 2) and direct excitation (control 3) controls subtracted is
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FIG 3 Equilibrium binding constant of cerulean-L5 and eYFP-P34 as determined by FRET. FRET assays were performed with a titration of eYFP-P34 into
cerulean-L5. (A) Steady-state FRET binding assay. The emission spectra were recorded during the titration of eYFP-P34 into 1 WM cerulean-L5. eYFP-P34 was
added in increments from 0 wM to 8 WM. (B) Fluorescence emission at 530 nm for the FRET binding assay. The assay results shown include measurement of
dilution, with buffer added to cerulean-L5 (control 1), measurement of direct excitation, with eYFP-P34 added to buffer (control 2), the control for nonspecific
interactions, with eYFP-P34 added to 1.0 M cerulean (control 3), the sum of controls 1 and 2, and eYFP-P34 added to cerulean-L5. (C) Fluorescence emission
at 530 nm as a function of total eYFP-P34 concentration. Controls accounting for dilution (control 1) and direct excitation (control 2) were subtracted. (D)
Bound protein was determined from the FRET data as a function of the free eYFP-P34 concentration, fitted by binding hyperbola for one binding site. These

assays were repeated three times with two different preparations of proteins.

presented in Fig. 3C. The saturation level, determined by an ex-
ponential fit, corresponds to 1 wM cerulean-L5 bound. Using this
relationship between the FRET signal and bound species and a
binding stoichiometry of 1:1 (20, 23), data were converted into the
relative amount of bound cerulean-L5 and eYFP-P34. The free
eYFP-P34 is calculated in a subtraction for each point and with the
axis rescaled to give the bound protein versus free eYFP-P34 bind-
ing curve shown in Fig. 3D, fitted with the binding hyperbola for
one binding site (24) using Graphpad Prism 5.0.1 software. The
equilibrium binding constant is calculated from the fitting curve,
giving K; = 0.60 = 0.03 M, which is in the range of protein-
protein binding constants of RNA binding proteins (25).

The N terminus and RRM of P34 are required for L5 associ-
ation. FRET is ideal for the study of binding partners in the pres-
ence of interacting molecules, and we utilized this approach to
examine the regions of each protein participating in the P34-L5
interaction (20, 22, 26). For this application, potential interacting
proteins or domains are added to solutions of tagged binding part-
ners. The decrease in the emission peak indicates the dissociation
of the initial bound complex and the association between the
newly added untagged proteins with one of the tagged proteins. In
order to determine the regions of P34 responsible for binding to
L5, full-length L5 and P34, as well as N-terminal, C-terminal, and
RRM truncates of P34, were expressed in E. coli and purified. The
diagram for full-length P34 and P34 truncates is shown in Fig. 4A.
To validate the use of FRET in our system, we first added full-
length untagged P34 into the solution containing 1 WM cerulean-
L5 plus 1 wM eYFP-P34 (red). Figure 4B shows that addition of
untagged P34 caused a significant decrease in the emission at 530
nm, and the decrease in the emission at 530 nm is proportional to
the amount of added untagged P34. These data indicate that un-
tagged full-length P34 competes with eYFP-P34 for binding to
cerulean-L5, decreasing the FRET signal.

Individual untagged P34 truncates were then added to the ce-
rulean-L5 and eYFP-P34 solution. Compared with the addition of

February 2013 Volume 12 Number 2

untagged full-length P34 (blue), Fig. 4C shows that the addition of
1 uM untagged C-terminal truncate of P34 into cerulean-L5 and
eYFP-P34 solution (green) only slightly decreases the emission at
530 nm. The addition of 1 wM untagged N-terminal (black) or
RRM (purple) of P34 truncate results in a greater decrease in the
530 nm emission peak than 1 wM untagged C-terminal P34
(green), but the decrease is not as large as that caused by 1 pM
untagged full-length P34 (blue). This indicates that both the N
terminus and RRM are important for binding of P34 to L5.

We also performed immune capture assays to confirm the
binding regions between L5 and P34. In these experiments, we
utilized purified full-length L5 without a polyhistidine tag and
full-length P34 and P34 truncates with polyhistidine tags. Im-
mune capture fractions (Fig. 4D) using a peptide antibody against
L5 were subsequently analyzed using the antipolyhistidine mono-
clonal antibody. The proteins were detected in the input fraction
(positive control, lanes 1, 6, 11, and 16), and the beads alone do
not interact nonspecifically with full-length P34 and P34 truncates
(negative control, lanes 5, 10, 15, and 20). The absence of signal in
the bead control corresponds to weak, nonspecific interactions,
which are disrupted in subsequent washes (data not shown). The
C-terminal truncate of P34 (10 kDa) can only be detected in the
supernatant fraction (lane 12), indicating that the C terminus of
P34 alone is not capable of association with L5. Importantly, full-
length P34 (34 kDa, lane 3), RRM (26 kDa, lane 13), and N-ter-
minal truncates (11 kDa, lane 8) of P34 can be detected in the
precipitate. This indicates that the P34 RRM and N-terminal do-
mains are involved in association with L5, which is consistent with
the FRET data. RRM and N-terminal truncates of P34 are also
found in the supernatant (S), indicating that, at stoichiometric
amounts, not all of the RRM and N-terminal truncates of P34 are
interacting with L5 under these conditions.

The L18 domain of L5 is required for P34 association. To
study the regions of L5 involved in binding with P34, the full-
length L5 and the N-terminal, C-terminal, and L18 domains of L5
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FIG 4 The N-terminus and RRM domains of P34 are required for the association with L5. FRET analysis was used to determine the regions of P34 involved in
L5 association. (A) Schematic diagrams of P34 truncates. FL, full length; N, N-terminal domain; RRM, RRM central domain; C, C-terminal domain. (B) Emission
spectra of 1 uM cerulean-L5 plus 1 WM eYFP-P34 with P34 titration. (C) Emission spectra of 1 uM cerulean-L5 plus 1 wM eYFP-P34 with 1 uM full-length P34
or addition of 1 WM P34 truncates. (D) Immune capture assay. Full-length P34 and P34 truncates were incubated with L5 in the binding buffer. Anti-L5
antibodies were used to capture the associating proteins. The immunoprecipitate (P) and the supernatant (S) fractions were analyzed by Western blot (WB)

analysis using anti-His antibodies. “beads alone,” no antibody; “input,”

10% of total proteins used for immune capture assay; M, molecular mass (kDa) markers.

These assays were repeated three times with three different preparations of recombinant proteins.

were expressed in E. coli and purified. The diagram for the full-
length L5 and L5 truncates is shown in Fig. 5A. Untagged full-
length L5 and L5 truncates were added to the cerulean-L5 and
eYFP-P34 solution. Figure 5B shows that compared with the emis-
sion of solution containing 1 pM cerulean-L5 plus 1 uM eYFP-
P34 (red), the addition of full-length L5 (blue) largely decreases
the emission at 530 nm. The addition of 1 wM N-terminal (black)
and C-terminal (green) domains of L5 does not significantly affect
the FRET signal of the cerulean-L5—-eYFP-P34 interaction. How-
ever, the addition of 1 uM L18 domain of L5 (purple) decreases
the FRET signal of the cerulean-L5—eYFP-P34 interaction nearly
as well as the full-length L5 protein (blue), indicating that the L18
domain is the major domain of L5 involved in the association
with P34.

Immune capture assays were also performed to confirm the
regions of L5 involved in binding with P34. We utilized purified
full-length P34 without the polyhistidine tag and full-length and
truncated L5 with the polyhistidine tag. Immune capture fractions
(Fig. 5C) using a peptide antibody against P34 were subsequently
analyzed using the antipolyhistidine monoclonal antibody. For
the negative control, the beads alone do not interact nonspecifi-
cally with full-length L5 (lane 5) or the N terminus (lane 10), L18
domain (lane 15), and C terminus (lane 20) of L5. N-terminal (13
kDa, lane 7) and C-terminal (10 kDa, lane 17) truncates of L5 can
only be detected in the supernatant fraction of the immune cap-
ture, indicating that N terminus and C terminus of L5 are not
important for the association with P34. Consistent with the find-
ings from FRET experiments, full-length L5 (40 kDa, lane 3) and
the L18 domain of L5 (24 kDa, lane 13) can be detected in the
precipitate fraction, confirming that the L18 domain of L5 is in-
volved in association with L5.
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DISCUSSION

In T. brucei, we have reported that trypanosome-specific proteins
P34 and P37 form a complex with L5 and 5S rRNA in the nucle-
oplasm (12). This novel preribosomal complex, which is not
found in other eukaryotic cells, is hypothesized to compensate for
the decreased binding affinity of T. brucei L5 and to augment its
role in binding, stabilizing, and trafficking 5S rRNA. To study the
association of this complex, we have utilized FRET to quantify the
protein-protein interaction in vitro. FRET is a powerful approach
to determine protein binding affinities, analyze multiprotein as-
sociation, and directly screen for inhibitors of protein-protein in-
teraction (20, 26).

In order to study the preribosomal complex in T. brucei, L5 and
P34 were N-terminally tagged with cerulean and eYFP, respec-
tively, which are a spectrally well-suited FRET pair and possess
enhanced quantum yields. Absorption and emission spectra were
examined to confirm that the fluorescence properties of the tags
are not affected by the addition of the proteins (Fig. 1B). More-
over, immune capture assays showed that tagged protein eYFP-
P34 was captured with untagged L5 and cerulean-L5 was captured
with untagged P34, indicating that tagged proteins possess the
same activities as the untagged P34 and L5, which bind to each
other. We next observed FRET due to the specific binding of L5
and P34, in contrast to the nonspecific binding controls (Fig. 2).

FRET has been confirmed to be able to determine protein-
protein binding affinities as accurately as isothermal titration cal-
orimetry (20). To measure the binding constant of P34 and L5, we
utilized the increase in acceptor emission at 530 nm as a direct
measure of the quantity of bound protein, yielding data for bind-
ing curves (Fig. 3), fitted with the binding hyperbola with one
binding site. The binding constant determined for the interaction,
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FIG 5 The L18 domain of L5 is required for association with P34. FRET
analysis was used to determine the regions of L5 involved in P34 association.
(A) Schematic diagrams of L5 truncates. FL, full length; N, N-terminal do-
main; L18, L18 internal domain; C, C-terminal domain. (B) Emission spectra
of 1 wM cerulean-L5 plus 1 uM eYFP-P34 with 1 pM full-length L5 or addi-
tion of 1 wM L5 truncates. (C) Immune capture assay. Full-length L5 and L5
truncates were incubated with P34 in the binding buffer. Anti-P34 antibodies
were used to capture down the associating proteins. The immunoprecipitate
(P) and the supernatant (S) fractions were analyzed by Western blot (WB)
analysis using anti-His antibodies. “beads alone,” no antibody; “input,” 10%
of total proteins used for immune capture assay; M, molecular mass (kDa)
markers; IP, immunoprecipitation. These assays were repeated three times
with three different preparations of recombinant proteins.
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K,; = 0.60 £ 0.03 wM, is in the range of protein-protein binding
constants of RNA binding proteins (25). The binding affinity be-
tween L5 and P34 is lower than that between L5 and 5S rRNA or
P34 and 5S rRNA; however, we anticipate that it will be enhanced
in the presence of 55 rRNA (12). A detailed knowledge of the
binding parameters is important when attempting to disrupt an
essential protein-protein interaction (27).

To determine the regions of L5 and P34 involved in protein-
protein association, untagged P34 and L5 truncates were added to
cerulean-L5 and eYFP-P34 solutions. The decrease in emission at
530 nm indicates that the binding of fluorescence-tagged protein
to tagged partner has decreased due to binding with untagged
protein. Immune capture assays were also performed to confirm
the FRET results.

Both P34 and P37 possess highly basic APK-rich N termini, an
RRM in the internal region, and KKDX repeats in the C terminus
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(28). The RRM comprises four-stranded B-sheets packed against
two a-helices (29). Two conserved motifs located in the central
B-sheets are thought to be involved in RNA interaction (29, 30). It
is known that RRMs are involved not only in RNA-protein bind-
ing but also in protein-protein interaction (29, 30). In previous
experiments, we found that the RRMs of P34 and P37 serve to
mediate a protein-RNA interaction with 55 rRNA (M. Ciganda,
unpublished data), as well as protein-protein interaction with an
acidic region in NOPP44/46 (28), which is a trypanosome-specific
family of tyrosine-phosphorylated RNA binding proteins primar-
ily localized to the nucleolus (31, 32). Figure 4C shows that the
addition of the N terminus and RRM of P34 to the FRET interact-
ing pair led to a decrease in the emission at 530 nm. Figure 4D
shows that N terminus and RRM of P34 were immune captured
together with L5. These results indicate that the N terminus and
RRM of P34 are important for the binding to L5. It is possible that
the C terminus also plays a role but does not fold correctly as a
fragment. It has been reported that the protein interaction medi-
ated through B-sheets of RRM prevents RNA binding. In contrast,
protein interaction through a-helices, leaving (3-sheets solvent ex-
posed, allows RNA binding (30). Since P34 is able to form a com-
plex with 5S rRNA and L5, this suggests that the a-helices of P34
RRMs, but not the B-sheets, are involved in the protein-protein
interaction.

L5 consists of a predicted RanBP1_WASP domain in its N ter-
minus and an L18 domain in the internal region. RanBP1_WASP
is a domain that is known to bind proline-rich sequences for pro-
tein-protein interaction (33). The L18 domain of L5 is homolo-
gous to the bacterial ribosomal protein L18, which is responsible
for 5S rRNA-protein binding (34, 35). Figure 5B shows that the
addition of the L18 domain of L5 decreased the emission of the
FRET interacting pair at 530 nm, suggesting that the L18 domain
of L5 is involved in association with P34. The L18 domain contains
three a-helices and four-stranded B-sheets (35). Most of the res-
idues involved in 5S rRNA binding are located on the face of the
B-sheets (35). It has been reported that the RRM can associate
with other protein domains through their a-helices, and the in-
teraction is stabilized by salt bridges or hydrophobic interactions
(30,36, 37). This suggests that the RRMs of P34 may associate with
the L18 domain of L5 via their a-helices, leaving their 3-sheet
exposed to interact with 5S rRNA.

Previous work has shown that the RRM of P34 is involved in
both protein-protein interaction (28) and protein-5S rRNA inter-
action (Ciganda, unpublished). It is known that the L18 domain of
L5 is important for binding to 5S rRNA (35). Thus, domains of
P34 and L5 for protein-protein and protein-5S rRNA interaction
may be close to one another or overlap. Previous data demon-
strated that the association of P34 and L5 does not require 5S
rRNA. However, the data did suggest that 5S rRNA enhanced the
interaction of the two proteins (12). These data suggest that the
protein-protein binding affinities of P34 and L5 binding may be
enhanced by 5S rRNA binding, which may change the conforma-
tion of L5 or P34 and thereby enhance the protein-protein asso-
ciation to form a 55 rRNA-L5-P34 trimolecular complex. Future
experiments will focus on the role of 5S rRNA in this novel preri-
bosomal particle.

Previous data showed that P34, P37, and L5 bind to different
sites of 5S rRNA, although footprint analysis suggested some over-
lap of region protected by P34 and P37 with the L5 binding do-
main (17). Further experiments in our laboratory are under way
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to study the association of 5S rRNA and proteins and to determine
which specific residues within the domains we have identified are
critical for the protein-protein and protein-RNA interactions in
the complex. Fluorescence-tagged proteins will also be expressed
in T. brucei. In vivo FRET experiments will clearly demonstrate
how these proteins associate with each other and with the devel-
oping ribosome through the ribosome biogenesis pathway in T.
brucei.

Although the ribosomes are, in general, highly conserved, they
possess subtle sequence and/or conformational differences, which
enable drug selectivity and facilitate therapeutic usage. There are
number of antibiotics which target ribosomes at distinct locations
within functionally relevant sites (38). For example, the antibiot-
ics chloramphenicol, clindamycin, and streptogramin target the
peptidyl-transferase center (PTC) of the ribosome to treat bacte-
rial infections (39, 40). The structure-specific interactions be-
tween internal ribosomal entry site (IRES) of viral RNA and host
40S ribosome subunit have been proven to be a novel target for
therapeutic intervention. Several small molecules have been iden-
tified to inhibit IRES activity either in vitro or in cell culture by
high-throughput screens (41). A small RNA, SLRef, was found to
interact specifically with human La protein and the ribosomal
protein S5 and to inhibit ribosome assembly and selectively in-
hibit hepatitis C virus (HCV) RNA translation (42). Since this
trypanosome-specific preribosomal complex is essential for 5S
rRNA stability, ribosome assembly and cell viability in these par-
asites, it may prove to be a target for drug targeting. Previous data
from cryo-electron microscopy (cryo-EM) studies on T. cruzi ri-
bosomes suggest that there are expansion segments unique to try-
panosome rRNAs that are available for protein interaction (43).
We postulate that P34 and P37 as well as other trypanosome-
specific proteins interact with these expansion segments and per-
form critical functions that could be targeted. The FRET assay has
been described as an ideal method for the discovery and validation
of drugs targeting protein-protein and protein-RNA interactions
(44-46). The assay we present here provides a method for high-
throughput screening for inhibitors of this protein-protein inter-
action.
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