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Background: 6-Aminophenanthridine (6AP) is an inhibitor of the protein folding activity of the ribosome (PFAR).
Results: The protein substrates and 6AP bind at common sites on rRNA; mutations at those sites abolish binding and inhibit

PFAR.

Conclusion: 6AP competitively obstructs the protein-binding sites and thereby inhibits PFAR.
Significance: We have clarified the mechanism by which 6AP inhibits PFAR.

Domain V of the 23S/255/28S rRNA of the large ribosomal
subunit constitutes the active center for the protein folding
activity of the ribosome (PFAR). Using in vitro transcribed
domain V rRNAs from Escherichia coli and Saccharomyces
cerevisiae as the folding modulators and human carbonic anhy-
drase as a model protein, we demonstrate that PFAR is con-
served from prokaryotes to eukaryotes. It was shown previously
that 6-aminophenanthridine (6AP), an antiprion compound,
inhibits PFAR. Here, using UV cross-linking followed by primer
extension, we show that the protein substrates and 6 AP interact
with a common set of nucleotides on domain V of 23S rRNA.
Mutations at the interaction sites decreased PFAR and resulted
in loss or change of the binding pattern for both the protein
substrates and 6AP. Moreover, kinetic analysis of human car-
bonic anhydrase refolding showed that 6AP decreased the yield
of the refolded protein but did not affect the rate of refolding.
Thus, we conclude that 6AP competitively occludes the protein
substrates from binding to rRNA and thereby inhibits PFAR.
Finally, we propose a scheme clarifying the mechanism by which
6AP inhibits PFAR.
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It has been shown over the past 2 decades that the ribosome
is able to refold ~20 different proteins in vitro (1-5). The pro-
tein folding activity of the ribosome (PFAR)" is not restricted to
any particular species or groups of organisms because ribo-
somes from various sources have been shown to possess this
activity (1, 2, 6). Also, the protein substrates of PFAR are not
limited to a specific protein family; proteins from diverse
sources with various properties can be folded by ribosomes (4).
The active site for PFAR lies in the large subunit of the ribosome
(50S in bacteria and 60S in eukaryotes) and, similar to peptidyl
transferase activity, involves rRNA (2, 7). In fact, both of these
crucial functions of the ribosome share the same active center,
i.e. domain V of the 23S rRNA in bacteria and the 255/28S
rRNA in eukaryotes (7-10). The same domain from the mito-
chondrial ribosome also displays activity in refolding proteins
(6, 11). This RNA domain (referred hereafter as domain V
rRNA) is usually free from any ribosomal protein and lies in the
subunit interface of the 70S/80S ribosome. However, upon
splitting of the ribosomal subunits, it is exposed on the surface
of the large subunit. Thus, in vitro, 50S/60S ribosomal subunits
show a more pronounced protein folding activity than the fully
assembled 70S/80S ribosomes (12, 13).

Despite a series of in vitro demonstrations of PFAR, a ques-
tion still remains open in the field. Is PFAR functional in the
modern cells, or is it an evolutionary relic representing function
of an ancient protein production machine? Although there are
few reports of PFAR in living bacterial cells (14, 15), the in vivo
context of PFAR has not been fully established. However, one
recent finding has linked PFAR to living cells and also associ-
ated it with diseases of higher eukaryotes. It has been shown
that the two unrelated compounds 6-aminophenanthridine
(6AP) and guanabenz acetate, with demonstrated activity
against yeast ([PSI"] and [URE3]) and mammalian prions, bind

“The abbreviations used are: PFAR, protein folding activity of the ribosome;
6AP, 6-aminophenanthridine; HCA, human carbonic anhydrase.
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to rRNA and inhibit PFAR (15-17). The correlation between
the antiprion activity of these two drugs and their ability to
specifically inhibit PFAR suggests that PFAR could be involved
in the establishment or maintenance of the prion processes in
cells. This notion was further reinforced by the discovery that a
6AP derivative called 6APi, in which the 6-amino group of 6AP
is substituted with 2-butan-1-ol, was inactive in both the rever-
sion of the prion phenotype in vivo and inhibition of PFAR in
vitro (15). In a different context, PFAR was suggested to be
involved in another amyloid-based disease, oculopharyngeal
muscular dystrophy, which is an inherited myodegenerative
disease caused by the aggregation of PABPN1 protein into amy-
loid fibers within the nucleus of muscle cells (18). Thus, even
though the involvement of PFAR in prion processes has yet to
be directly demonstrated, 6AP and guanabenz acetate consti-
tute valuable tools for studying PFAR (19).

In this work, we elucidated how 6AP inhibits PFAR. Using
UV cross-linking followed by primer extension, we determined
that the protein substrates of PFAR and 6AP (but not the inac-
tive analog 6APi) interacted with largely overlapping sites of
domain V of 23S rRNA. Mutations in the interaction sites not
only abolished or changed the interaction map of both the pro-
tein substrates and 6AP but also decreased the protein folding
activity of domain V of rRNA from both Escherichia coli and
Saccharomyces cerevisiae. Moreover, we determined that 6AP
did not affect the kinetics of PFAR but reduced the yield of the
refolded protein. Our results led to a simple model for PFAR
inhibition by 6AP.

EXPERIMENTAL PROCEDURES

Proteins—Human carbonic anhydrase (HCA) was expressed
in E. coli and purified by column chromatography as described
(20). Bovine carbonic anhydrase and bacterial dihydrofolate
reductase were purchased from Sigma. His-tagged T7 RNA
polymerase was purified using immobilized metal affinity chro-
matography after overexpression from the pET21a-T7 pol plas-
mid (laboratory strain).

In Vitro Transcription of Domain V rRNA—Plasmids
pGEM47Z and pAV164, containing DNA sequences for domain
V of 23S rRNA from E. coli and 25S rRNA from S. cerevisiae,
respectively, were used as templates for transcription. Linear
templates were prepared either by restriction digestion (e.g
pGEM47Z with EcoRI) or by PCR amplification of the target
sequence. 1.5 ug of the linearized DNA template was mixed
with transcription buffer (800 mm Hepes-NaOH (pH 7.5), 120
mM MgCl,, 120 mm dithiothreitol, and 8 mm spermidine). Next,
7 mM rNTP mixture, 60 units of RNase inhibitor (RiboLock,
Fermentas), and 1.68 um T7 RNA polymerase were added to
start the transcription, followed by incubation for 4 h at 37 °C.
DNA templates were digested with RNase-free DNase I. RNA
was precipitated with 3 M sodium acetate (pH 5.2) and ethanol
after extraction with phenol and chloroform (1:1). Next, RNA
was made free of nucleotides using the NucleoSpin RNA
cleanup kit (Macherey-Nagel). RNA concentrations were
measured using a NanoDrop™ 1000 spectrophotometer
(Thermo Scientific V3.6), and the quality was checked by run-
ning on a 4% denaturing urea-polyacrylamide gel.
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Mutagenesis of Domain V rRNA—Plasmids pGEM4Z and
pAV164 were used for introducing base mutations on domain
V of 23S rRNA from E. coli and 25S rRNA from S. cerevisiae,
respectively. 19 variants of domain V of 23S rRNA and nine
variants of domain V of 255 rRNA were created by QuikChange
mutagenesis (Stratagene). The mutations were confirmed by
DNA sequencing, and the corresponding RNAs were tran-
scribed and purified as described above.

HCA Refolding Assay—HCA (30 um) was denatured with 6 M
guanidine hydrochloride by overnight incubation at 37 °C.
Refolding of HCA was done typically for 30 min at room tem-
perature by 100X dilution of the denatured mixture in refold-
ing buffer (20 mm Tris-HCI (pH 7.5), 10 mm MgCl,, 100 mm
NaCl, and 0.05 mm ZnSO,) as described (20) without (self-fold-
ing) or with domain V rRNA. For time course experiments,
samples were withdrawn from the refolding mixture at differ-
ent time points and assayed for HCA activity. The typical con-
centration of domain V rRNA in these experiments was 350 nm.
The enzymatic activity of HCA was used as a measure of refold-
ing, taking the native enzymatic activity (stored undiluted in
ice) as 100%.

UV Cross-linking— 6 M guanidine hydrochloride-denatured
proteins (HCA, bovine carbonic anhydrase, and dihydrofolate
reductase, all at 30 um) were diluted 100 times in refolding
buffer containing domain V of 23S rRNA from E. coli (300 nm),
and UV cross-linking was performed immediately in a Bio-Rad
GS Gene Linker™ instrument, with 254 nm UV irradiation
(600 mJ) (21). For cross-linking with 6AP, 300 nm domain V of
23S rRNA and 0.5 mM 6AP (or 6APi) were mixed and subjected
to the same procedure as described above. In both cases, the
samples were kept on ice during irradiation to prevent heat
damage of the RNA. The irradiated samples were precipitated
by salt/ethanol and washed with 70% ethanol for primer
extension.

Primer Extension Assay—Primer 5'-ACCCCGGATCCGC-
GCCCACGGCAGATAGG-3' was labeled with [y->*P]dATP
at 37 °C using T4 polynucleotide kinase (Fermentas) for 1 h by
the 5'-end labeling method (22). The labeled primer was incu-
bated with the cross-linked RNA-protein or RNA-6AP/6APi
complex (~10 pg) at 65 °C for 5 min. Primer extension was
initiated by the addition of ThermoScript reverse transcriptase
(Invitrogen) at 55 °C for ~1 h, followed by incubation for 15
min at 72 °C for completion of the reaction. The products were
precipitated, washed with 70% ethanol, and run on a 6.5% poly-
acrylamide gel with 8 M urea next to a sequencing ladder of
domain V rDNA obtained using the same primer by Thermo
Sequenase DNA polymerase (Thermo Sequenase™ sequenc-
ing kit, USB Corp.).

RESULTS

Refolding of HCA with Domain V rRNAs—HCA denatured in
6 M guanidine hydrochloride was subjected to refolding in the
presence of in vitro transcribed domain V of 23S rRNA from
E. coli and 25S rRNA from S. cerevisiae. In comparison to self-
folding, which resulted in ~25% native HCA activity, both
domain V rRNAs increased the refolding to 38 —40% (Fig. 14).
Titration with domain V rRNAs showed an optimal RNA con-
centration at ~1:1 ratio with the HCA concentration during
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FIGURE 1. Refolding of HCA with domain V rRNA and effect of 6AP.
A, refolding of denatured HCA (final concentration of 300 nm) with various
concentrations of domain V (Dom V) of 23S rRNA (E. coli; ®) and 25S rRNA
(S. cerevisiae; A). The extent of refolding (30 min at room temperature) was
estimated as the percentage of native HCA activity (stored undiluted in ice).
The inset shows the effect of 6AP (300 um) on HCA refolding without and with
domain V rRNAs from E. coli and S. cerevisiae (S. cere). The results are the aver-
age of a minimum of three individual measurements, and error bars represent
S.D. B, refolding of HCA (300 nm, 30 min at room temperature) in the presence
of increasing concentrations of 6AP without (self-refolding; W) or with (O)
domain V of E. coli 23S rRNA (300-400 nm). The ICs,, (half-maximal inhibitory
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TABLE 1

Rate and percent refolding (native = 100%) of HCA without (self-fold-
ing) or with domain V of 23S rRNA in the absence and presence of
increasing concentrations of 6AP

K, Refolding

min~! %
Domain V RNA-assisted folding 0.18 £ 0.03 385+*15
Domain V + 6AP (10 um) 0.18 = 0.03 36+ 1
Domain V + 6AP (100 um) 0.17 = 0.02 3015
Domain V + 6AP (300 um) 0.17 = 0.04 22+ 2
Self-folding 0.15 + 0.02 23 2

refolding. Furthermore, HCA refolding with both domain V
rRNAs could be fully inhibited by 6AP to the level of self-folding
(Fig. 14, inset). Consistent with an earlier report (20), 6AP had
no effect on self-folding (Fig. 1B).

6AP-mediated Inhibition of the Protein Folding Activity of
Domain V of 23S rRNA—Because domain V of rRNA consti-
tutes the active center for PFAR (7), we studied the mode of
action of 6AP as an inhibitor using domain V of 23S rRNA as a
folding modulator. With increasing concentrations of 6AP,
domain V-assisted refolding of HCA decreased gradually from
38 to 25% (Fig. 1, B and C). The data were fitted with a hyper-
bolic function using Origin 8.0 software. The half-maximal
inhibitory concentration (IC,,) was estimated from the fitted
curve as 90 uMm, similar to earlier measurements with other
ribosome-borne folding modulators, e.g. 70S ribosome (20).

Next, refolding of HCA was monitored as a function of time
without (self-folding) or with domain V of 23S rRNA, and the
rates were determined by fitting the resulting curves with a
single exponential function. The estimated rates in both reac-
tions were similar (Fig. 1C and Table 1), which is consistent
with a previous study in which 23S rRNA was used as the fold-
ing modulator (20). The addition of 6AP in gradually increasing
concentrations did not alter the rate (Fig. 1C and Table 1),
although the extent of refolding was reduced as seen in the
single time point assays (Fig. 1B).

Binding Sites of Three Protein Substrates on Domain V of 23S
rRNA—The protein-binding sites on the central loop and lower
part of domain V of 23S rRNA have been reported previously
for bovine carbonic anhydrase, lysozyme, malate dehydroge-
nase, and lactate dehydrogenase protein substrates using UV
cross-linking followed by primer extension (21, 23). We
extended these observations using HCA and dihydrofolate
reductase as protein substrates. In good agreement with previ-
ously published results (21, 23), our results showed a similar
interaction map for all three proteins. Five major interaction
sites spanning residues U2474-A2476, U2492-G2494,
G2553-C2556, A2560—A2564, and U2585—-G2588 were iden-
tified (Fig. 24). When zoomed into the tertiary structure of the
ribosome, these sites lie in close proximity to each other, creat-
ing a binding pocket (Fig. 2B). Because the same sets of nucle-

concentration) was determined from the x-intercept drawn at half-maximal
refolding, taking the difference between the self-refolding and 23S rRNA
domain V-assisted refolding as 100%. C, time course of HCA refolding without
(self-refolding; M) or with (O) domain V of 23S rRNA at different concentra-
tions of 6AP (A, V, and %). The curves were fitted with a single exponential
equation using Origin 8.0, and the rates (mean of a minimum of three exper-
iments) were estimated from the respective fits.
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FIGURE 2. Interaction sites of the protein substrates on domain V of 23S
rRNA. A, primer extension analysis of domain V of 23S rRNA after UV cross-
linking without any protein (lane 1) or with HCA (lane 2), dihydrofolate reduc-
tase (lane 3), and bovine carbonic anhydrase (lane 4). The first four lanes show
sequencing ladders as indicated on top of the lanes. B, illustration of the
common interaction sites of the protein substrates on the three-dimensional
structure of the 50S subunit from E. coli in bronze (Protein Data Bank code
3UO0S). The stem-loop part of domain V of 23S rRNA (A2009-A2434) is shown
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otides were identified as the interaction sites for various pro-
teins, these sites must be of general importance for PFAR.

Binding Sites of 6AP on Domain V of 23S rRNA—W e mapped
the interaction sites of 6AP on domain V of 23S rRNA in the
same way as for the protein substrates. As shown in Fig. 34, 10
6AP-binding sites were identified by UV cross-linking followed
by primer extension assay. These are U2473-C2475, U2491—
G2494, C2499 -C2501, A2513-C2515, G2553-C2556, U2561—
U2562, A2564-A2565, U2586-G2588, A2598-G2599, and
C2601-A2602 (Fig. 3, A and B). Interestingly, six of these sites
(U2473-C2475, U2491-G2494, G2553-C2556, U2561—
U2562, A2564 —A2565, and U2586 —-G2588) showed partial or
complete overlap with the protein-binding sites mentioned
above (Fig. 2A). This overlap of binding sites on the rRNA sug-
gests that 6AP competes with the protein substrates for the
binding sites on domain V of 23S rRNA.

When 6APi was reacted in the same way as 6AP, only a full-
length product was obtained in the primer extension experi-
ment, similar to the control reaction with just domain V of 23S
rRNA (Fig. 3A). This result shows that, in contrast to 6AP, 6APi
does not interact with domain V rRNA, which also explains its
inactivity in inhibition of PFAR. In another control experiment,
primer extension was done without UV treatment. In this case
also, only full-length products were seen with both 6AP and
6APi (Fig. 34). This confirms that the bands seen after UV
cross-linking with 6AP were indeed due to 6AP binding to
domain V rRNA and not degradation of the labeled transcript.
The possibility of RNase contamination was further eliminated
by running the reactions on a standard urea-acrylamide gel,
which showed only intact RNAs (data not shown).

Effect of Mutations in Domain V of 235/255 rRNA on HCA
Refolding—The domain V rRNA, also the center for ribosomal
peptidyl transferase activity, is a highly conserved region of the
ribosome. Compared in distant species such as E. coli and
S. cerevisiae, most of the protein- and 6AP-binding sites
showed a high degree of conservation (Fig. 3C). To understand
the importance of specific nucleotides in PFAR, we mutated
several bases of domain V rRNA from both E. coli (23S) and
S. cerevisiae (25S), especially those forming 6AP- and protein-
binding sites, and tested the resulting mutants in the HCA
refolding assay.

As shown in Fig. 44, most of the mutants of domain V of 23S
rRNA showed highly reduced refolding activity: <50% com-
pared with the WT (Table 2). The highest defect (> 85%) was
seen with individual or group mutations at UUG2492-2494,
UU2561-2562, and UAG2586 —2588 on 23S rRNA (Fig. 44 and
Table 2). In comparison, mutations at G2472, UC2474 -2475,
UA2563-2564, UU2554—2555, and UC2500-2501 showed a
lesser degree of defect (50-75%). When 25S rRNA mutants
were tested in the same assay, mutations at UGUC2873-2876
were most defective (Fig. 4B and Table 2). UUG2861-2863
mutants also showed a significant defect (~75%); these nucle-
otides correspond to UUG2492-2494 on 23S rRNA (Fig. 3C),
suggesting that these residues play crucial role in PFAR. The

in green, and the circular central loop (A2435-G2668) is shown in blue, with
the nucleotides corresponding to the protein interaction sites (identified in A)
shown in yellow. The interaction sites are labeled in the zoomed panel above.
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FIGURE 3. Interaction sites of 6AP on domain V of 23S rRNA. A, primer extension analysis of domain V of 23S rRNA after UV cross-linking in the absence (lane
1) or presence of 6AP (lane 2) and 6APi (lane 3). Lanes 4-6 are control experiments for lanes 1-3 without UV treatment. The first four lanes show sequencing
ladders as indicated on top of the lanes. B, mapping of the 6AP interaction sites (green) on the secondary structure of domain V of 23S rRNA. The nucleotides
interacting with protein substrates (shown in Fig. 2) are indicated by black boxes. C, alignment of domain V rRNA sequences from E. coli (NC000913) and
S. cerevisiae (S. cere; U53879) showing strong overlap and high conservation of the sequences involved in the interaction with protein substrates (black boxes)
and antiprion drugs (green boxes). The yellow highlighting indicates the sequences subjected to mutagenesis; those that showed loss of protein folding activity

are shown in red (see Fig. 4).

control mutations CGG2486-2488AUU on 23S rRNA and
A2820C and G2841A on 25S rRNA, which did not correspond
to the protein or 6AP interaction sites, showed no reduction in
HCA refolding (Fig. 4, A and B, and Table 2). Thus, these results
not only pinpointed the nucleotides important for PFAR but
also confirmed that the cross-linking sites represent actual
interaction sites for the protein substrate on domain V rRNA. It
is interesting to note that no preference for base alteration was
seen in the HCA refolding assay. In the case of functionally
important residues (such as U2492—-G2494 in E. coli), changes
from purine to purine or from purine to pyrimidine and vice
versa caused similar deleterious effects on rRNA assistance for
HCA refolding (Fig. 44 and Table 2).

JUNE 28,2013 +VOLUME 288-NUMBER 26

To ensure that the mutations did not introduce any global
change in the structure of domain V rRNA, the wild-type
domain V rRNA and three mutant variants (CGG2486—
2488AUU, UU2561-2562AA, and UAG2586 —2588CAA) were
subjected to CD analysis. Furthermore, using CD at 270 nm, the
temperature melting profiles of these RNAs were recorded. All
the of tested RNAs produced essentially identical CD spectra
and temperature melting profiles (Fig. 5), confirming that the
base mutations did not alter the secondary structure of the
RNA. The difference in CD spectra between 20 and 85 °C indi-
cates loss of folding in all tested RNAs with an increase in tem-
perature. It also confirms that the in vitro transcribed domain V
rRNAs are structured under our experimental conditions (20 °C).
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FIGURE 4. Effect of mutations in domain V rRNA on the domain V rRNA- % of WT %
assisted refolding of HCA. A and B, refolding of HCA without (self-folding) or WT 100 0=*10
with wild-type domain V (Dom V) of E. coli 23S rRNA (A) and S. cerevisiae 255 G2841A 100.6
rRNA (B) or with mutations in various base positions as indicated. The grid lines A2820C 97.6
indicate the level of self-folding (lower grid), wild-type domain V rRNA-as-
sisted folding (upper grid), and the midpoint between the upper and lower égggg?_gggzgg ;;% 50-75
grids (middle grid) for easy inspection of the degree of defect with the individ- B :
ual mutants. G2863A 224 75-85
UU2954-2955CC 21.6
UC2875-2876GA 16.2
Loss of Both Protein and Drug Interaction Sites Due to Muta- UG2873-2874CA 15.4
tions in Domain V of 23S rRNA—The loss of protein folding U2932C 11.3 >85
activity due to mutations on domain V rRNA called for a cross-
check of the interaction sites using mutant rRNAs. Among the
DISCUSSION

mutations tested in the HCA refolding assay, UUG2492—
2494CCA and UAG2586-2588CCA showed major loss of
PFAR (Fig. 4A). When these mutant RNAs were subjected to
UV cross-linking and primer extension, distinct changes in the
interaction patterns were seen for both HCA and 6AP. For
UUG2492-2494CCA rRNA, the bands corresponding to these
nucleotides were completely missing for both HCA and 6AP
(Fig. 6, A and B, upper panels), whereas other bands remained
intact. Similarly, in the case of UAG2586 —2588CCA, a major
change in the banding pattern was observed at this site (Fig. 6, A
and B, lower panels). For HCA, the bands corresponding to the
U2586 —G2588 nucleotides became weaker compared with the
WT (Fig. 6A, lower panel), whereas for 6AP, these bands were
completely missing (Fig. 6B, lower panel). These results con-
firmed that UUG2492-2494 and UAG2586-2588 indeed
interact with both the protein substrate and 6AP. Thus, a cor-
relation can be envisaged between PFAR and the mode of
action of 6AP.
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Domain V rRNA Is the Universal Active Center for PFAR—It
was shown previously that the active site of PFAR lies in domain
V of 23S rRNA in the bacterial ribosome (7, 8, 24). It was also
shown that PFAR is a universal activity borne by prokaryotic,
eukaryotic, and mitochondrial ribosomes (4, 7, 25). This is not
surprising considering the high degree of sequence conser-
vation of the domain V rRNA through evolution. However, it
was unknown whether or not in vitro transcribed domain V
of the eukaryotic rRNA retains protein folding activity. Our
results put an affirmative end to this discussion, as domain V
of 255 rRNA from S. cerevisiae could refold HCA as effi-
ciently as domain V of 23S rRNA from E. coli (Fig. 1A). Fur-
thermore, the protein folding activity of both domain V
rRNAs was inhibited similarly when treated with 6AP (Fig.
1A, inset). Thus, we conclude that, similar to peptidyl trans-
ferase activity, domain V-based PFAR is conserved from bac-
teria to eukaryotes.

VOLUME 288+NUMBER 26+JUNE 28, 2013



A
10 5
20°C
—_— 5 T
m y
[}]
3
é 0 PN
[a] W
(&] . ;
—— Wild Type Domain V
-5 ——— CGG 2486-88 AUU
—— UU 2567-62 AA
—— UAG 2586-88 CCA
-10 T T T T T
200 225 250 275 300
Wavelength (nm)
B y
10 85°C
5% '
S .
[}] Sy
° :
g §
o
o — Wild Type Domain V
-5 1 W, | ——— CGG 2486-88 AUU
—— UU 2561-62 AA
—— UAG 2586-88 CCA
-1 0 T T T T T
200 225 250 275 300
Wavelength (nm)
C
12 -
10 -
)
4
g 8 -
[a] |
o —— Wild Type Domain V
6 ——— CGG 2486-88 AUU
—— UU 2561-62 AA
—— UAG 2586-88 CCA
4 T T T

20 40 60 80
Temperature (°C)

FIGURE 5. CD analysis of wild-type and mutant domain V rRNAs. Wild-type
domain V of 23S rRNA and three variants carrying mutations CCG2486-
2488AUU, UU2561-2562AA, and UAG2586-2588CCA were subjected to CD
analysis to judge the secondary structure. The measurements were done in
water using a quartz cuvette with a path length of 1 mm in a Jasco J-815 CD
spectrometer with an RNA concentration of 0.5 um. A and B, CD spectra at 20
and 85 °C, respectively. The dashed line in B indicates the spectrum of wild-
type domain V at 20 °C as a reference. C, CD profiles of temperature-depen-
dent melting of wild-type and mutant RNAs where the change in CD signal
was monitored at a fixed wavelength (270 nm) with a temperature gradient of
1°/min. mdeg, millidegrees.

6AP Inhibits Protein Folding by Domain V rRNA by Direct
Competition—The inhibition of PFAR by 6AP has been
reported previously using various ribosomal components as
protein folding modulators (70S, 50S, and 23S rRNAs from
E. coli and 80S rRNA from S. cerevisiae) (15, 20). Based on the
refolding kinetics, it was suggested that 6AP competes with the
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protein substrates for the binding sites on rRNA, although
direct proof in support of this claim was unavailable (20). Our
present results show that the binding sites of 6AP on domain V
of rRNA highly overlap with those of the protein substrates
(Figs. 2 and 3). Moreover, specific base mutations in the over-
lapping sites not only alter the interaction of both the protein
substrate and 6AP with domain V rRNA (Fig. 6, A and B) but
also decrease PFAR (Fig. 4, A and B). Thus, we conclude that
6AP competitively occludes the protein substrates from gaining
access to the functionally important interaction sites on the
domain V rRNA and thereby inhibits PFAR.

How 6AP preferentially inhibits PFAR is an open question.
Previous results have shown that there is no effect of 6AP on
global protein synthesis (15). When tested on di- or tripeptide
formation, no decrease in the level of ML dipeptide or MLL
tripeptide was seen in 60 s even with high concentrations of
6AP, which would completely inhibit PFAR (data not shown).
However, a detailed understanding of the action of 6AP in pro-
tein synthesis requires fast kinetics or single molecule-based
analysis, which are foreseeable steps in the future investigation
of this topic. Also, it is important to characterize the structure
of the ribosome in complex with 6AP, which will certainly add
to the understanding of how 6AP selectively targets PFAR.

Whether 6AP binds to other domains of the rRNA is yet
another open question. As 6AP has planar structure, which pre-
sumably makes it prone to layered stacking between the RNA
bases, a detailed understanding of the chemistry of the 6AP-
rRNA interaction requires further investigation beyond the
scope of this work.”

Model of Domain V rRNA-assisted Refolding and 6AP
Inhibition—W'e propose a simple model to explain the mecha-
nism of protein folding with domain V rRNA and its inhibition
by 6AP (Fig. 7). According to this model, the unfolded protein
substrate (U) collapses to an early folding intermediate (J)
immediately after dilution of the denaturant. In the case of self-
folding, a fraction of the intermediate I (~25%) rapidly primes
to a productive folding intermediate (/*), which slowly folds to
the active folded state (F). The remaining ~75% is trapped in a
misfolded state (mF), possibly through a different intermediate
(I™). The rate-limiting step in this folding pathway is I* — F,
with an average time (t, = 1/k) of 6 —7 min. It is clear from our
results that the rate of refolding of HCA does not change in the
presence of domain V rRNA (Fig. 1B and Table 1). Hence, the
role of the domain V rRNA as a protein folding modulator is
probably to increase the fraction of the productive intermediate
I* (~40%) through transient trapping of / rather than to mod-
ulate the actual folding step (I* — F). 6AP inhibits the “trap-
ping” reaction by competing with I for the binding sites on
domain VrRNA. As aresult, the protein follows the self-folding
pathway. That is why at a high concentration of 6AP, which
presumably blocks all protein interaction sites on domain V
rRNA, refolding only to the extent of self-folding could be
achieved. This model can be extrapolated to elucidate PFAR in
general, as the other ribosomal folding modulators (e.g. 70S
ribosome, 50S subunit, and 23S rRNA), similar to domain V

® D. Banerjee, manuscript in preparation.
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without HCA (A) or 6AP (B). The bands corresponding to the mutation sites are boxed.
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FIGURE 7. Simple model for PFAR and 6AP action. The unfolded state (U)
collapses to an intermediate (/) upon dilution of the denaturant. For self-
folding, I transforms either to a folding-competent intermediate (/¥),
which folds slowly to the native state (F), or to another intermediate (/7),
which leads to the misfolded state (mF). The domain V (Dom V) rRNA-
assisted refolding proceeds through a fast trapping reaction, which facil-
itates conversion of / to /¥, thereby driving more | molecules to the pro-
ductive folding pathway (/* — F). 6AP inhibits the trapping reaction by
binding to the overlapping sites on domain VrRNA. As a result, the domain
V rRNA-assisted pathway gets blocked, and the proteins fold via the self-
folding pathway.

rRNA, modulate only the extent of refolding, but the rate of
refolding remains unaffected (20).

Our current knowledge about the nature of the interaction
between protein substrates and the domain V rRNA is quite
limited. The common interaction map of various protein sub-
strates on domain V of 23S rRNA suggests a general mechanism
of PFAR for all protein substrates. The multiple interaction
sites on domain V rRNA indicate that the transition I — [*
might involve multiple steps of interaction between the protein
substrate and the domain V rRNA, the sequence of which
remains open for future investigations.

Correlation between PFAR and Prion—As discussed above,
the binding of both 6AP and PFAR involves common sets of
nucleotides on the domain V rRNA (Figs. 2 and 3), and both are
inhibited when these nucleotides are altered by mutation
(Figs. 4 and 6). Because 6AP possesses well documented anti-
prion activity but does not interact directly with the prion
protein (16, 26), our results, in line with earlier reports (15,
20), suggest indirectly that PFAR might be involved in prion
formation. However, the possibility of alternative mecha-

19088 JOURNAL OF BIOLOGICAL CHEMISTRY

nisms by which 6AP inhibits prion phenotype cannot be
completely overruled.

The involvement of nucleic acids in formation of prions is
not a new concept. Independent studies have shown that
nucleic acid interactions facilitate prion fibril formation
(27-29), although the mechanism of such processes is not
known. Detailed knowledge about the in vivo substrates of
PFAR and direct kinetic analysis will be required to corrob-
orate our hypothesis about the involvement of PFAR in prion
mechanisms.
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