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The 8 Leader of Precursor tRNAP Bound to theBacillus subtilisRNase P
Holoenzyme Has an Extended Conformation
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ABSTRACT. RNase P catalyzes thé maturation of transfer RNA (tRNA). RNase P frddacillus subtilis
comprises a large RNA component (130 kDa, P RNA) and a small protein subunit (14 kDa, P protein).
Although P RNA alone can efficiently catalyze the maturation reaction in vitro, P protein is strictly required
under physiological conditions. We have used time-resolved fluorescence resonance energy transfer on a
series of donor-labeled substrates and two acceptor-labeled P proteins to determine the conformation of
the pre-tRNA 5leader relative to the protein in the holoenzynmee-tRNA complex. The resulting distance
distribution measurements indicate that the leader binds to the holoenzyme in an extended conformation
between nucleotides 3 and 7. The conformational mobility of nucleotieésib the leader is reduced,
providing further evidence that these nucleotides interact with the holoenzyme. The increased fluorescence
intensity and lifetime of the "Sfluorescein label of these leaders indicate a more hydrophobic environment,
consistent with the notion that such interactions occur with the central cleft of the P protein. Taken together,
our data support a model where the P protein binds to tHeddler between the fourth and seventh
nucleotides upstream of the cleavage site, extending the leader and decreasing its structural dynamics.
Thus, P protein acts as a wedge to separate 'tfr@md the 3 terminus of the pre-tRNA and to position

the cleavage site in the catalytic core. These results reveal a structural basis for the P protein dependent
discrimination between precursor and mature tRNAs.

Both RNA and protein molecules are capable of catalyzing functional and structural synergy between its two components
multiple turnover reactions. Yet, these components can also(Figure 1A). High-resolution X-ray crystal structures of
assemble into ribonucleoproteins (RNPs) and, together,RNase P RNA fronThermotoga maritimg6) andBacillus
enhance catalysis. RNPs vary vastly in size and perform stearothermophilus (7and of RNase P protein froffiher-
numerous important biological functions. For example, the motoga maritima (8 andBacillus subtilisare available),
ribosome catalyzes peptidyl transfer during protein synthesisbut only structural models have been proposed for the RNase
(1), and ribonuclease P (RNasé€ Batalyzes endonucleolytic P holoenzymeX0). The P RNA subunit alone catalyzes pre-
removal of the 5leader during precursor transfer RNA (pre- tRNA cleavage in vitro but only in high salt concentrations
tRNA) maturation 2—5). Because the RNA and protein  (11), which implies that P RNA harbors most of the active
components work synergistically, their individual roles in site. The P RNA is constructed in modular parts, with a
catalysis are challenging to distinguish. catalytic domain (C-domain) and a substrate specificity

RNase P is found in all kingdoms of lifeAfchaea domain (S-domain)1(2). Multiple contacts between the pre-
Bacterig andEucaryg (2—5). TheBacillus subtilisRNase tRNA substrate and P RNA have been established in
P consists of a large RNA [P RNA, 401 nucleotides (nt), biochemical studies13—19). For example, the S-domain
130 kDa] and a single small protein (P protein, 118 residues, interacts with 20H groups in the pre-tRNA T-stem and
14 kDa), making it an ideal model system to study the loop and enhances substrate affinit3{16). The C-domain,
which contains the active site, also forms important contacts
G'\;ggé%;"?&ké‘/é\}s )SUPPOFtEd by NIH Grants GM55387 (C.A.F.) and  tg the substratel—19). For example, nucleotides in the
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tetramethylrhodamine-5-iodoacetamide; tr-FRET, time-resolved fluo- B- SubtilisRNase P, the protein component greatly enhances
rescence resonance energy transfer; tRNA, transfer RNA. the catalytic efficiency by increasing the binding affinity of
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Conformation of Pre-tRNA in RNase P Holoenzyme
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Ficure 1. The fluorophore-labele®. subtilis RNase P holoenzymepre-tRNA'SP complex. (A) Schematic of the RNase P-catalyzed
cleavage of pre-tRN&P and model for the RNase-fpre-tRNA complex, modified from ref0. P RNA is shown in gray, P protein in
orange (RNR motif in blue and central cleft in red), and the tRMAn cyan (3 leader in green, lengtk 9 nt). The cleavage site is
indicated by the hollow arrow. FRET occurs between the donor (D, fluorescein) and acceptor (A, tetramethylrhodamine) fluorophores. The
enlarged figure is rotated for image clarity. The donor is attacbed@ introduced at the ®nd of the various pre-tRNAP sequences used
in this study (left), while the acceptor is coupled to a single cysteine 5 near the protein’s N-terminus or a single cysteine 40 on the metal
binding loop. Consistent throughout this study, the nt position is obtained as the length bfe¢hdes used in the experiment plus one nt
to account for the size of th€-Buorescein and its attachment linker. (B) Structure of fluorescein linked-®BMPS as employed for

transcription initiation of enzymatically generatetll&aders. (C) Structure of fluorescein-dT (Glen Research Corp.) as employed for
incorporation into synthetic'3eaders.

the holoenzyme for pre-tRNA and for divalent cations in
vitro, without significantly affecting the affinity for mature
tRNA (the product of the reaction, Figure 182—24). The
crystal structure of thé. subtilis P protein revealed two
regions likely to bind RNA: a large central hydrophobic cleft

able 3 leader lengths combined with two different tetra-
methylrhodamine-labeled P proteins. Our distance measurements
indicate that the nucleotide segmentBnt upstream of the
cleavage site adopts a more extended conformation than a
typical single- or double-stranded A-type helix and has
and an unusual left-hand¢id5 crossover that contains the reduced flexibility. In addition, fluorescence intensity and
highly basic RNR motif (Figure 1)9). Photoaffinity cross-  lifetime measurements suggest that the local environment
linking studies suggested a direct interaction between'the 5 of fluorescein when attached to this segment is more
leader of the pre-tRNA substrate and P protein, locating the hydrophobic. tr-FRET measurements using 10 nt long leaders
active site of the holoenzyme near the proteRINA labeled internally at positions 3, 5, or 7 also support our
interface (0, 25). Biochemical studies have shown that the conclusions. These results are consistent with a model where
protein component decreases the concentration of monovalenthis 5 leader segment directly interacts with P protein.
and divalent cations required for efficient catalysis by RNase Furthermore, our data provide distance constraints that can

P (11, 21). Although divalent cations are required for
cleavage, the enzymesubstrate complex can form in their

absenced4). Taken together, these observations lead to the

hypothesis that the protein componentBfsubtilis RNase
P interacts directly with the 'Sleader of the pre-tRNA
substrate to increase substrate affinit®,(25), implying an

be used to enhance models of the holoenzyméstrate
complex structure.

MATERIALS AND METHODS

Materials. Chemicals were purchased from commercial
suppliers with the highest purity possible. NTP’'s were

enhanced discrimination between precursor and maturepurchased from Amersham BioScience (Piscataway, NJ).

tRNAs (@). Yet, the structure of these proteiRNA interac-
tions is not well understood.

To probe the nature of the P proteipre-tRNA interaction,
we have measured the conformation of théeder relative
to the protein in the holoenzymesubstrate complex using

Plasmids encodin®. subtilis pre-tRNASP with varying 8
leader lengths and the K5C and R40C single-cysteine mutants
of B. subtilisP protein were prepared by Dr. S. Niranjana-
kumari 22, 26). P protein and P RNA were prepared as
previously described25, 26). Guanosine Bsmonothiophos-

time-resolved fluorescence resonance energy transfer (tr-phate (GMPS, Figure 1B) was synthesized as previously

FRET) on 5-fluorescein-labeled pre-tRNAs containing vari-

described 2Z7). Solutions were degassed prior to use in tr-
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FRET measurements. 5-(lodoacetamido)fluorescein (5-1AF, VA). The oligoribonucleotides and &-&uncated version of
Figure 1B) and tetramethylrhodamine-5-iodoacetamide (5- B. subtilistRNA”P missing five nucleotides at the &nd
TMRIA) were purchased from Molecular Probes (Eugene, were first annealed to a DNA splint (sequenc&C3G AAC
OR). TAC CGG ACC ATA AAG AGG A-3) and then ligated
Protein Labeling Single-cysteine P protein mutants were using T4 DNA ligase 1, 32). Ligation products were
first incubated with 10 mM dithiothreitol (DTT) in STE  purified from starting material by denaturing gel electro-
buffer (100 mM KCI, 2 mM EDTA, 10% glycerol, and 50  phoresis as described above.
mM Tris-HCI, pH 8.0, at 25°C) for 30 min at room Distance Measurements by Time-Resdl FRET.The 8
temperature. Excess DTT was then removed by dialysis atleader conformation of pre-tRNA in complex with theB.
room temperature into STE buffer (four buffer changes, 40 subtilis RNase P holoenzyme was probed by tr-FRET,
min each). The concentration of the dialyzed protein was similarly to previously described procedur&8(34). First,
determined by absorption at 280 neagy(P protein)= 5500 4 uM P RNA or fluorescein-labeled pre-tRNA (donor) in
M~ cm™Y]. P protein was labeled by incubating a 10-fold water was denatured at 9& for 2 min and incubated at 37
molar excess of 5-TMRIA with 10@M single-cysteine P °C for >15 min. P RNA or pre-tRNA was refolded by
protein mutant in STE buffer at4C overnight. The reaction  dilution into 2x standard buffer (final conditions: 50 mM
was terminated by addition of 10 mM DTT. Excess fluoro- Tris-HCI, 50 mM MES, pH 6, 20 mM Cag| 150 mM KClI,
phore was removed from the labeled P protein by dialysis 10 mM imidazole, and 10 mM DTT). Next, the holoenzyme
into STE buffer (three buffer change$ h each). The  was formed by addition of a stoichiometric amount of either
concentrations of P protein and tetramethylrhodamine (TMR) unlabeled or TMR-labeled P protein g3/ final concentra-
were calculated from absorption at 280 and 548 nm, tion) to the P RNA, followed by incubation for 30 min at
respectively, in TE buffer, pH 8.Qf4s(TMR) = 7.8 x 10* 37°C (26). Finally, the holoenzymesubstrate complex was
M~ ecm ! and e TMR) = 2.45 x 10* M~1 cm™Y]. Since formed by addition of folded 'Sluorescein-labeled pre-
both P protein and TMR absorb at 280 nm, the concentrationtRNA*sP of variable leader length (final concentratiop¥)

of P protein is calculated as to the preformed holoenzyme complex and incubated for an
additional 15 min at 37C. Under these conditions, the
[P protein]= cleavage rate constant is less than 0.07 (23). The
€26 TMR) 1 fluorescein emission decay of the donor-only complex was
A(280) — A(548) — (1) measured and fit to a sum of three exponential decays
€545 TMR) [€25(P protein) characterized by their lifetime;} and relative amplitudex),

as previously describe@8g, 34). Likewise, the doubly labeled
On the basis of the concentration of P protein and TMR in holoenzyme-substrate complex was formed using the TMR-

the purified labeled protein, we conclude the®8% of the labeled K5C or R40C P protein mutants. The fluorescein
P protein is routinely labeled and was therefore used without emission decay in the presence of the acceptor fluorophore,
further purification. Ipa(t), was then measured and fit with the expression:

Pre-tRNASP Synthesis and LabelindgPrecursor tRNAP
containing a 5monothiophosphate was prepared by in vitro
transcription using T7 RNA polymerase [prepared using a Ipa(t) = fP(R)ZOLi E‘XF{
plasmid kindly provided by W. T. McAllister28)] in the !
presence of GMPS (4 mM ATP, CTP, UTP, and GMPS,
0.8 mM GTP, 0.1ug/uL T7 RNA polymerase, 0.Lg/uL
linearized DNA template, 28 mM Mggl1l mM spermidine,
5 mM DTT, and 50 mM Tris-HCI, pH 8.0, incubated at 37
°C for 4 h). Consequently; 80% of pre-tRNASP substrates
are primed with 5GMPS. Transcription reactions were
terminated by addition of 30 mM EDTA, and the RNA was _ - N2
concentrated 10-fold and exchanged into TE buffer (10 mM PR 47RN expl-o(R — )] 3)
Tris-HCI, pH 7.0, and 2 mM EDTA) by centrifugal filtration ~ whereo andu describe the shape of the Gaussian Brid
(Microcon; Millipore, Billerica, MA). A 10-fold molar excess  a normalization constant. An additional adjustable parameter
of 5-1AF dissolved in DMSO was added to the pre-tRNA was the fraction of singly labeled component (typically-30
solution and incubated overnight in the dark atG. The 45%), caused by unbound fluorescein-labeled pre-tRNA
labeling reaction was terminated by addition of DTT or or photobleached acceptor fluorophore. In the case of the
2-mercaptoethanol (10 mM). Theé-uorescein labeled pre-  product complex (leader length 0) this parameter increased
tRNA”P was purified by denaturing gel electrophoresis (8% up to ~85% due to the fact that the holoenzyme has
polyacrylamide8 M urea) and HPLC as previously described significantly lower affinity for the mature tRN#&P (22). In
(29, 30). our experiments, however, we were able to accurately

Fl-pre-tRNAP Preparation by LigationChemically syn- distinguish the contribution from singly labeled and doubly
thesized oligoribonucleotides containing a fluorescein were labeled complexes, as confirmed by deliberately spiking the
purchased from the W. M. Keck Oligonucleotide Synthesis sample with singly labeled material and still recovering the
Facility at Yale University. Sequences: FR3,WBCC UCU same distance distribution. An instrument function was
UXA UGG UCC-3; FR5, 3-UCC UCX UUA UGG UCC- systematically measured using a dilute solution of nondairy
3'; FR7, 3-UCC XCU UUA UGG UCC-3; where X is creamer as scattering solution to deconvolute the fluorescence
fluorescein-dT (Figure 1C; Glen Research Corp., Sterling, decays before fitting to the equations above.

6

1+

t
- — ) dR (2)

Ti
wheret; anda; are the singly labeled lifetime parameters,
Ry is the Faster distance for 50% energy transfer (55 A for
the fluoresceir TMR pair) 35), andP(R) is the distance
distribution. The latter was modeled as a three-dimensional
weighted Gaussian:
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A S f—— B 5 AF < 1, then fluorescence quenching occurs instead of
3 3 : ] enhancement. Fluorescein-labeled pre-tRMAsubstrate

16f g2 ] P i
of af 11 binding to RNase P holoenzyme can be described by a 1:1
g 10°F 2 (512 v 1 (stoichiometric) binding equilibrium2@Q)
SN | 0 107 E+S—ES (5)
10 F [RNase P] (M) 1: 0.5
F ) s ] where E is the free RNase P holoenzyme, S is the fluorescein-
PSP P BT Y| 2 P T I L labeled pre-tRNASP, and ES is the holoenzym@re-tRNA
0 5 10 15 0 5§ 10 15 complex. Please note that in the high salt concentrations in
Leader Length (nt) Leader Length (nt) the assay the RNase P holoenzyme remains as a monomer

FIGURE 2: Fluorescence titration of fluorescein-labeled pre-tRNA (38, 39). The dissociation constarip, is defined as
with RNase P holoenzyme. (A) RNase P binding affinity for

fluorescein-labeled pre-tRNA as a function of leader length. Binding Kp = [EI[SVIES] (6)
affinity increases monotonically (i.e., the equilibrium dissociation

constanKp decreases) and then becomes leader length independent. :
Inset: Fluorescence enhancement of 2 nM substrate (S) FI-tR5 uponThe observed relative fluorescence enhancenghas a

titration with the wild-type RNase P holoenzyme. The line function of enzyme concentration was fit with the binding

overlaying the data is a least-squares fit of the data to eq 7 (Materialsisotherm:
and Methods), yielding an apparent dissociation constant 0.35

=+ 0.06 nM. Error bars arise from at least three independent assaysAF = AF, + (AF....— AF K. + [El. + [S].) —
(B) Fluorescence enhancement (or quenching\ffna, < 1) of 0 (AFmax o (Ko + [Elo + [Slo)

fluorescein-labeled pre-tRNA bound to RNase P as a function of K. + [E1. + [S1.)2 — 4[E1.[S1.)/2[S 7
leader length. A fluorescence enhancement of fluorescein indicates «/( o+ [Elo+ [Sl) [Elo[Slo)/2[Sk} (7)

tehn?,tirg;ﬁngﬁf fophore is located in a more hydrophobic local oo AF is the observed fluorescein fluorescence enhance-
ment (or quenching) and [E&nd [S} are the initial enzyme
Anisotropy Measurement§he fluorescence anisotropies and substrate concentrations, respectivallfo and AFmax
of the donor and acceptor fluorophores were measured on aare the fluorescence enhancement in the absence of enzyme
Fusion Universal microplate analyzer (Packard Instrument and at saturation, respectively. For each leader length
Co., Meriden, CT) as previously describ&b). To confirm fluorescence titrations were performed at[S]1, 2, and 3
that the distance distribution measurements observed by tr-nM. In our fits, [Sp was held constant at its corresponding
FRET were not influenced by large changes in donor or value (1, 2, or 3 nM), and\F, was held constant at 1.
acceptor anisotropy, the holoenzyrmibstrate complex was Building a Model of the Holoenzym&ubstrate Complex.
prepared with variable leader length in standard buffer as We built a model of the 'Header RNA backbone trajectory
described above. Thé factor was determined experimen- using the software package PyMOL (www.pymol.org))(
tally using samples with &M free fluorescein or kM free We first loaded the existing model of the holoenzyme
tetramethylrhodamine in standard buffé@-(= 0.989 and substrate complex by Westhof, Gopalan, and co-workers
Grwr = 0.919, respectively). Fluorescein and tetramethyl- (10). Then, we used the editing tools built in PyMOL to
rhodamine were excited at 485 10 and 535+ 10 nm, manually move the backboné-phosphates. The distance
respectively, and emissions were collected at %382 and between the 'Sphosphates in the leader and € of K5
580+ 12 nm, respectively, with polarized band-pass filters. and R40 was determined using the measurement wizard in
Each measurement was repeated 10 times, and the standarfdyMOL, and subsequently the positions of the backbdne 5
deviations were less than 1%. phosphate were manually moved until the measured distances
Pre-tRNA Binding Affinity by Fluorescence Titration. were within 1 A of theexperimentally observed ones (panels
Fluorescence titrations were performed by titration of A and B of Figure 3, respectively). A backbone trajectory
unlabeled wild-typeB. subtilisRNase P holoenzyme (0.5 was drawn between the resulting-ghosphate positions
nM to 10 uM) into 1, 2, or 3 nM fluorescein-labeled pre- (Figure 5).
tRNAASP (Figure 2), under the same solution conditions as
those of the tr-FRET experiments (50 mM Tris-HCI, 50 mM RESULTS

MES, pH 6.0, 20 mM CaG) 150 mM KCI, and 20 mM Fluorophore Labels on the Pre-tRNA Do Not Affect
DTT at 25°C). Fluorescein was excited at 4888 nm, and  Bjnding to RNase P Holoenzymithe binding affinities of

its emission was measured at 524 10 nm after each  pre-tRNAP variants with various Sleader lengths td.
holoenzyme addition using a fluorometer (Aminco-Bowman gy htilis RNase P holoenzyme have been previously charac-
Series 2; Thermo Electron Corp., Houston, TX). The terized using a gel filtration techniqu@2). These experi-

fluorescence enhancement, was calculated as3() ments showed that the substrate binding affinity increases
with the B leader length, indicating the presence of interac-

AFE = (Foinal = Foand Viinai (4) tions between the substrate and the holoenzyme. To test
Finitial Vinitial whether introduction of a terminal fluorophore label on the

5' leader affects substrate binding affinity by the holoenzyme,
whereFiiia and Frng are the initial and final fluorescence we labeled the '5end of various pre-tRN&P substrates
intensities, respectively, andqisa and Ving are the corre-  (consistently containing a’'5G) with fluorescein and
sponding solution volumes to correct for volume increases. measured the dissociation constant of the enzysubstrate
Fuiank is the fluorescence intensity change in a blank control complex using fluorescence titratiorn37( 41). Please note
titration without fluorescent pre-tRNA. When the value of that, to adjust for the extension that our fluorescein probe
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imposes on the'Seader, one nt is consistently added to the A B
count of nucleotides upstream of the cleavage site (Figure 50 prrrrrrrrrrrr] 50 e
1A). The inset in Figure 2A shows a typical fluorescence 1 i
titration, in which the fluorescence enhancemexf (eq 4)
of a 6 ntlong labeled substrate ([$F 2 nM) is measured
at increasing holoenzyme concentrations. A simple stoichio-
metric binding isotherm (eq 7) is fit to these data to obtain 30
the binding affinity Ko = 0.35 + 0.06 nM) and the - ]
fluorescence enhancement at saturatidf,(x= 1.7+ 0.1, ] T T
Lo . . . . 20 20
indicating an overall 70% increase in fluorescence intensity). 0 5 10 15 0 5 10 15
Three titrations at different substrate concentrations ¢S] Leader Length (nt) Leader Length (nt)
1, 2, and 3 nM) were used to determine the corresponding ™~ 3q 30
dissociation constant unambiguously. Figure 2A shows the [ T )
dependence oKp on the 5 leader length. The pre-tRNA o) : &
dissociation constant from the RNase l®bloenzyme com- %25 QZD e ]
£
£

_40fF
< I
wn
14

5.3+0.2 Alnt_:
| 4.8 +1.4 Aint ]

plex decreases from 22 2 nM for fluorescein-labeled

fwhm,, (A)
g

tRNAAP (1 nt long) to 0.3+ 0.1 nM for labeled pre-tRNA 20 in@” §

with 5' leaders of=5 nt. These results are consistent with

the binding affinities of nonlabeled pre-tRNAs, as previously ~E 3.
determined by gel filtration22, 23). This indicates that the 7 o

attachment of a'Fluorophore to the leader does not have a 0 5 10 15 0 5 10 15
significant effect on the binding interactions between the Leader Length (nt) Leader Length (nt)
RNase P holoenzyme and its substrates. Ficure 3: Time-resolved FRET experiments on tBe subtilis

. S RNase P holoenzymepre-tRNA*SP complex. Upper panels: Mean
The fluorescein enhancement at saturation is also depend donor-acceptor distance for the rhodamine-labeled K5C (A) and

ent on the length of the’'Jeader length (Figure 2B).'5  R40C (B) mutants as a function of Bader length (50 mM Tris-
leaders shorter than 5 nt exhibit fluorescence quenchingHCI-MES, pH 6.0, 20 mM CaG] 150 mM KCI, 10 mM
(AFmax < 0.7), while B leaders 5 8 nt long exhibit imidazole, and 10 mM DTT at 25C). The dashed lines yield the

significant fluorescence enhancemenf{.y > 1.5). This indicated slopes for leaders between 3 and 7 nt and between 2 and

. . nt in length, respectively. Lower panels: Full width at half-
fluorescence enhancement decreases and finally dlsappear%aximum (?\th) fgr the rzodamine-ﬁ)abeled K5C (C) and R40C

for 5" leaders 11 and 15 nt _Iong (Figure 2B). It has long (D) mutants as a function of feader length. Error bars arise from
been known that the relative steady-state fluorescencetwo independent assays.

intensity of a fluorophore reports on its local environment
(41, 42). The fluorescence enhancement observed for 5 fluorophore), 2, 3, 4, 5, 6, 7, 8, 11, and 15 nt in the presence
leaders 5-8 nt in length therefore suggests that the fluores- of 20 mM C&* and at pH 6, conditions where catalysis of
cein label is exposed to a hydrophobic environment, such pre-tRNA cleavage is slow<(0.07 h'1) (23). Each distance
as the central cleft of the P protein, which is rich in aromatic distribution is characterized by a mean distance between the
amino acid side chain®). As the leader length increases fluorophores Rs, Figure 3A) and a full width at half-
beyond 8 nt, the 'Sfluorescein emerges from this hydro- maximum (fwhm, Figure 3C). The mean distance between
phobic environment, and therefore the fluorescence intensitydonor and acceptor fluorophore in the product complex is
becomes comparable to that of the free pre-tRM&fax ~ ~23 A (Figure 3A). This distance increases linearly with a
1.0). Stacking interactions with neighboring bases in either slope of 5.3+ 0.2 A/nt for leader lengths between 3 and 7
the B leader or P RNA (see Figure 1A) may result in the nt (dashed line, Figure 3A), suggesting that the leader has a
fluorescence quenching observed witteaders shorter than ~ well-defined, regular conformation as it extends across the
5nt. holoenzyme. For comparison, the average length of denatured
Distance Measurements Suggest That-A7 4f the Pre- single-stranded RNA is 2:42.5 A/nt (43), while the axial
tRNA 5 Leader Adopt an Extended Conformatidmterac- rise per nt in an RNA duplex varies between 2.8 and 3.1
tions between the RNase P holoenzyme and pre-tRNA  A/nt (44). These values are substantially shorter than the 5.3
with 5' leaders longer than 4 nt have increased binding A/nt slope observed here, suggesting that the conformation
affinity (Figure 2A), which gives rise to enhanced discrimi- of the single-stranded’ 3eader is rather extended (Figure
nation between the substrate and the product of the matura-1A). However, this slope is still shorter than the average
tion reaction. To further probe the nature of these interactions, persistence length of poly(U) (8 A/nt) measured in optical
we measured the conformation of thel&ader relative to  tweezer pulling experiments in 500 mM N&5). Notably,
the P protein using tr-FRET. For this purpose, we used our the~21 A distance increase between the 3 and the 7 nt long
various 5-fluorescein-labeled pre-tRN®P substrates as 5’ leaders approximately coincides with the<2 A width
FRET donor and paired them with a tetramethylrhodamine of the central cleft in the P proteird).
(TMR) labeled K5C single-cysteine mutant of the P protein ~ The average donefacceptor distance for feader lengths
as FRET acceptor (see Materials and Methods, Figure 1A).>7 nt plateaus around 42 A (Figure 2A), indicating a distinct
The K5C mutation is located near the accessible N terminusconformation of the leader sequence beyewd nt. Thus,
of the P protein and neither affects catalytic activity nor these results suggest that theléader adopts an extended
substrate binding (data not shown). We then measured aconformation specifically in the segment between nt 4 and
series of donoracceptor distance distributions for pre- 7 upstream of the cleavage site. This conformation is likely
tRNAs containing a 5Sleader of 1 (product tRNA plus determined by specific interactions with the P protein, as

10 3 7
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suggested by our previous kinetic and cross-linking d2a (A 4 B 0.4

An additional set of distance measurements was obtained . 'O Fluorescein ]
using a second TMR-labeled single-cysteine mutant, R40C. C 0 TMR 1

. . . > 0.3F -
This mutation locates the acceptor fluorophore in the metal __ a i A 1
binding loop (Figure 1A)9). The resulting average doner 2 £ 2L :u-‘;-’g—s
acceptor distanceRfp) are shown in Figure 2B. Similarly o 2 [ : 20 ]
to the K5C mutant data in Figure 3A, the distance between  4[ d < oqF © .
donor and acceptor first increases foréaders<6 nt and N ] [ ]
then plateaus between leader lengths of 6 to 8 nt. Beyond 8  glluawaataisitaiai1] (1Y} | SN S BT
nt the distance decreases monotonically, consistent with a 0 5 10 15 0 5§ 10 15
distinct conformation of the leader sequence beyond 8 nt as Leader length (nt) Leader length (nt)

noted above. A linear fit to the initial rise between leader Ficure4: Fluorescence properties of thiefliorescein on the pre-

lengths of 3-6 nt yields a slope of 4.8 1.4 A/nt, very ~ tRNA”P substrate and the TMR on the P protein. (A) Average

similar to the value observed with the K5C mutant (&3 fluorescein fluorescence lifetime as a function ofe@der length.

0.2 A/nt: compare dashed lines in panels A and B of Figure (B) Fluorescein (circles) and TMR (squares) anisotropies as a
- : p , p 9uUre function of 8 leader length. Errors from two independent assays

3). The overal~18 A increase measured for the-3 nt 5 are <5%.

leaders using the R40C mutant also closely matches the width

of the central cleft of the P protein. A linear fit to the distance tional change upon binding substrates&nt long, thereby

decrease between leader lengths efl8 nt results in a  conformationally constraining the acceptor rather than the

decrease of only 1.6 0.2 A/nt slope (not shown), further  donor fluorophore. This possibility, however, is less favored

supporting the notion that thé Bader conformations below by the data because the acceptor label at distinct positions

and above nt 8 are very different. (K5C in the N terminus and R40C in the metal binding loop;
The Distance Distribution Widths Real That the Flex-  see Figure 1A) shows similar decreases in flexibility for these
ibility of the Pre-tRNAS? 5' Leader between nt-58 Is specific substrates. In any case, our results provide further

Reduced When Bound to the HoloenzyRemels C and D  evidence for a model where the P protein and thie&der
of Figure 3 show the fwhm’s of the distance distributions interact between nt 5 and nt 8.
measured as a function of leader length for the acceptor- Fluorescence Lifetime Measurements Corroborate That nt
labeled P protein mutants K5C and R40C, respectively. These5—11 of the 5 Leader Are Surrounded by a Hydrophobic
fwhm's arise from a composite of (i) the intrinsic structural Environment.Our fluorescence titration data and the width
dynamics between the labeled [Bader and the labeled P of the measured donemacceptor distance distributions
protein and (ii) the mobility of the fluorophores at the end indicate that the local environment of thé-fluorescein
of their attachment linkers3@, 34). In our direct comparison  changes for leaders-8B nt long. In addition, we observe
of different 8 leader lengths, the fluorophores and their enhanced fluorescence intensity fdrl6aders 58 nt in
attachment linkers are identical for all leaders. Thus, leader length. To probe these changes more directly, we measured
length dependent variations in fwhm can only originate from the average fluorescein fluorescence lifetime in the absence
differences in structural dynamics of the leaders or from of a FRET acceptor (Figure 4AB8, 37). In the vicinity of
changes that result in different structural dynamics betweennucleic acid bases, fluorescein fluorescence can be quenched
the leaders and the P protein. With the labeled K5C mutant, by collisional encounters with nearby guanines, and as a
the observed distance distribution fwhrehows a near-  result, its fluorescence lifetime decreas&s, (46). In a
parabolic dependence ohléader length (Figure 3C). Inthe  hydrophobic environment, however, fluorescence is en-
product complex (lengtk 1) fwhms = 26.2+ 0.5 A, which hanced, and the fluorescence lifetime increa8&s (f the
then decreases to18 A for leaders of 58 nt and finally segment between nt 5 and nt 8 of the pre-tRNtAeader
increases for longer leaders. The only outlier from this trend indeed interacts with the central cleft of the P protein in the
is the 3 nt leader with a substantially lower fwhm-e? A holoenzyme-substrate complex, then the fluorescence life-
(see below for further discussion). The decrease in fwhm time of the 3-fluorescein is expected to increase at those
for the 5-8 nt long leaders is consistent with the idea that leader lengths because of the hydrophobic environment
this segment of the pre-tRN# 5’ leader interacts with the  provided by the protein. Figure 4A shows the average
holoenzyme in a way that limits the structural dynamics. fluorescein fluorescence lifetime as a function of leader
Further extension of the leader results in increased structurallength. In the product complex (length 1), the average
dynamics as would be expected for the introduction of a more lifetime is 2.8+ 0.1 ns. As the leader length increases, the
mobile conformation into the leader beyond a length of 8 observed average fluorescence lifetime decreases below 2
nt, where the fluorescein no longer interacts with the ns and reaches a minimum (1440.1 ns) at the 4 nt leader
holoenzyme. length. These very short lifetimes clearly indicate that the
The observed distance distribution widths with the R40C fluorescein is strongly quenched, in agreement with the
mutant (fwhmyg) show a similar near-parabolic dependence corresponding low fluorescence amplitude observed in Figure
on 5 leader length (Figure 3D). In the one nucleotide long 1B (AFmax < 1). Beyond leader length 4, the average
5' leader, fwhmo = 23.7+ 2.0 A, which decreases to 16.5 fluorescence lifetime increases dramatically and reaches a
+ 0.1 A for the 6 nt long leader and then finally increases maximum fa a 6 ntlong leader (3.7 0.1 ns). For Sleaders
for longer leaders. These results further support the idea that—11 nt in length, the fluorescein fluorescence lifetime
the structural dynamics of thé ader between nt 5 and nt remains approximately constant—<{8 ns) until it finally
8 are limited by interactions with the holoenzyme. Alterna- decreases to 22 0.1 ns for the longest leader (15 nt), also
tively, the holoenzyme may undergo a specific conforma- in good agreement with the steady-state fluorescence inten-
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sity titration (Figure 2B). The average fluorescence lifetime variable (Figure 3) and fixed length are comparable. The
for the product is higher than that of the leaders42nt in observed differences in slope are likely due to our limited
length, possibly because the product has only limited binding data set with fixed leader length.

affinity to the holoenzyme (Figure 2A), and thus, we are  Finally, the widths of the distance distributions measured
averaging over bound and unbound product. This is not theusing FR3, FR5, and FR7 are 24.5, 19.7, and 26.7 A,
case for longer leaders because they bind the enzyme withrespectively. Thus, we observe the same qualitativessler
higher affinity (Figure 2A). _ length dependence of fwhm as in Figure 3C,D, where the
These results show that theffuorescein of leaders-511  fwhm first decreases and then increases with increasing
nt long is located in (or near) a hydrophobic environment, |eader length. This result confirms that the reduced flexibility
where the collisional encounters between fluorescein and of leaders 5-8 nt in |ength is also observed when the leader
nearby guanosines are limited. As previously sugges8d ( |ength is held constant, in further support of our model

such an environment may be the hydrophobic central cleft wherein this 5leader segment interacts with the central cleft
of the P protein. The average fluorescence lifetime for the 4 of the P protein.

nt long 3 leader is shortest, possibly caused by enhanced
interactions with guanines of the P RNA or with the@ of DISCUSSION
the leader (see below for further discussion).

In agreement with the steady-state fluorescence titration RNase P is an essential riboendonucleasévichaea
measurements (compare Figures 2B and 4A), these datdacteria and Eucaryathat plays an important role in the
further support our conclusion that the@der segment-58 maturation pathway of tRNAs, where it cleaves théeader
nt upstream of the cleavage site interacts with the central Of precursor tRNAs. It has been previously shown that, in
cleft of the P protein, thus keeping the leader in an extendedhigh Mg?* concentrations in vitro, the P RNA component is
conformation. sufficient for catalysis47). Under physiological conditions

Fluorescein Anisotropies Are Largely Uniform Except for in Vitro and in vivo, however, the P protein becomes
the 3 nt LeaderTo confirm that the distance distribution indispensable. Yet, the exact structural and functional role
measurements observed by tr-FRET are not Signiﬁcanﬂy of the protein is not well understood. Previous studies have
influenced by changes in donor or acceptor anisotropy, we Proposed multiple roles for P protein (for reviews see refs
measured the fluorescence anisotropies of the donor and3—5): (i) P protein decreases the monovalent and divalent
acceptor ﬂuorophores as a function of leader |ength (Seecation concentration required for efficient catalysis in vitro
Materials and Methods and Figure 4B). In general, both (21, 47). (ii) P protein enhances the binding affinity of pre-
anisotropies are typical values for fluorophores coupled to tRNAs with a 5 leader longer than 5 nt to the holoenzyme
nucleic acids and vary only slightly with leader length. This and, thus, increases discrimination over product binding (an
finding indicates that the observed changes in fwhm as ainhibitor of the maturation reaction(22, 23). Coinciden-
function of leader |ength (Figure 3C’D) do not arise from taIIy, P protein also increases the blndlng afflnlty of metal
local changes in fluorophore mobility but rather from changes ions that stabilize pre-tRNA binding and enhance catalysis
in 5 leader dynamics, supporting our conclusions. The (24). (iii) Cross-linking studies have suggested that the central
fluorescein anisotropy increases substantially for the 4 nt cleft of the P protein interacts with pre-tRNA [eaders at
leader, indicating decreased fluorophore mobility at this least 4 nt in length, which locates the protein in close
position. This result suggests that the unusually low fwhm, Proximity to the active site2s). (iv) The P protein may alter
fluorescence lifetime andF . 0bserved only for this leader ~ the structure of the P RNA componedtl(48—-50). Overall,
(Figures 3C,D, 4A, and 1B, respectively) may arise as a there is a wealth of biochemical data that positions the highly
consequence of particularly stable stacking interactions with conserved RNR motif of the P protein near the active site
neighboring guanosines of the P RNA or the leade65  Of the RNA enzyme (Figure 1A), in support of a role of the

Distance Measurements with alseader of Fixed Length protein in contacting the substrate leader and enhancing
and Labeled at Variable Internal Positions Confirm Our binding and catalysis¥ 10, 12, 51-55).

Conclusions.We sought to test whether the extendéd 5 In an effort to further understand the role of P protein, we
leader conformation in the holoenzymsubstrate complex  have characterized thé|Bader conformation of pre-tRN#P
arises (in part) from the use of leaders of different lengths  relative to the P protein using fluorescence titrations and tr-
or if it is a general property of leaders of any length. For FRET. For this purpose we have generated a systematic series
this purpose we prepared, by ligation, three 10 nt lohg 5 of pre-tRNAP variants labeled with fluorescein at thé 5
leaders labeled internally with a fluoresceitd@oxy-T at end as FRET donor and two single-cysteine protein mutants,
positions 3, 5, and 7 (FR3, FR5, and FR7, respectively; seeK5C and R40C, labeled with TMR as FRET acceptors in
Materials and Methods). The resulting average distances topositions 5 and 40, respectively. Our data show that the
the acceptor on the P protein mutant K5C were 37.5, 43.8, fluorescein label does not affect pre-tRNA binding to the
and 44.5 A, respectively. Because the fluorophore linkers holoenzyme (Figure 2A), enabling us to use these substrates
used here are longer than those used above (compare panets study the unperturbed’ 3eader conformation of pre-

B and C of Figure 1), we observe slightly longer distances, tRNA*? bound to the holoenzyme. The observed tr-FRET
as expected. However, we still observe the same qualitativedistance distributions show that both conformation and
5' leader length dependence as in Figure 3A: the averagestructural dynamics depend on the position within the 5
donor-acceptor distance first increases 6.3 A between FR3 leader (Figure 3). The'Beader segment from nt 4 to nt 7
and FR5 (slope= 3.15 A/nt) and then saturates between FR5 upstream of the cleavage site (Figure 3A,B) adopts an
and FR7 (only 0.7 A additional increase). These results showextended conformation, with a distance increase-6f3 A

that the observed'3eader conformations using leaders of between each nt. Coincidentally, the structural dynamics of
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the 5 leader segment between nt 5 and nt 8 appear more A B
restricted (Figure 3C,D). Further increases in leader length
result in small changes in donor-to-acceptor distance but
recover increased structural dynamics. Moreover, the local
environment of the terminal fluorescein appears to be more <
hydrophobic for the Sleader segment between 5 and 8 nt
upstream of the cleavage site (Figures 2B and 4A). 30

Taken together, these observations suggest that 'the 5
leader is subject to three different local environments from
the cleavage site to the furthesténd: (i) The 5 leader
segment up to and including nt 3 upstream of the cleavage
site approaches the central cleft of the P protein in a relatively c
compact conformation (Figure 4A,B) within a comparatively
hydrophilic medium (Figures 2B and 4A). (ii) Between nt 4
and nt 7, the 5leader lies within the hydrophobic central
cleft of the P protein in an extended conformation. This
conformation is likely the result of interactions between the
substrate and the holoenzyme, which result in decreasec
structural dynamics (Figure 3C,D) and increased fluorescein
fluorescence lifetime and intensity (Figures 2B and 4A). (iii)
Beyond nt 7, the Sleader exits the protein, contacting a
more hydrophilic environment, such as the solvent (Figures
2B and 4A), and adopting a less extended and more dynamic
conformation, possibly a random coil (Figure 3C,D).

Additional evidence for this model arises from the fol-
lowing consideration. The hydrophobic cleft in the P protein,
~20 A across and-10 A wide, is formed between am

50 v

50

a0f a0}

Ry (A)

30f

5 10 15
Leader Length (nt)

o'l....l....l....l'

0 5 10 15
Leader Length (nt)

20 s
0
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Ficure 5: Comparison of our experimentally determined distances

: : (circles) for the K5C (A) and R40C (B) mutants of P protein (see
helix and the face of the centrgl sheet (Figure 1A)9). also Figure 3A,B) with those predicted by a previously published

Therefore, the overall distances of 21 and 18 A measured model (L0). The distances in the structural model were measured
by tr-FRET between nt 3 and nt 7 (panels A and B of Figure between thenC of amino acids 5 and 40, respectively, and the
3, respectively) match the dimensions of the central cleft of phosphate of the corresponding nt in the model. (C) Two structural

the P protein in the crystal structure. The three exposed{Tiodels of the preIRINA Sleader backbone wajectory (gray,
- : : : esthof and Gopalan model; green, refined model from the presen
arom_atlc residues on the helix [Phe16 and Phe20, which study) relative to the P protein (orange; RNR motif in blue and
are highly conserved among bacterd)] and on/ strand central cleft in red). The cleavage sites are indicated by hollow
2 (Tyr34) are plausible candidates to play a role in the arrows. The hydrophobic amino acids in the central cleft (F16, F20,
interactions between the P protein and théeader (Figure a{]de%), Whlfht-pos?ﬁly mte:act thth the |etat3.er, afte dr&vgn Ind
; ; iiar Stick representation. The single-cysteine mutation sites an

3.C) (9)'. In ar;alci%y’ T:)pllceczspmal %ro.ttem U1A hgs Slm”a{. R40) are indicated. The green ribbon depicts the modeled backbone
|menS|ons 0 the protein, .an IS expose .aroma ICtrajectory of the 5leader based on the tr-FRET-derived distances
residues are known to stack with several nucleotides of acf the present study (Materials and Methods). The refined model

bound single-stranded RN/A®). Similar stacking interac-  positions the cleavage site2 nt closer to the N terminus of the

tions between aromatic amino acids and the bases have beeprotein than the Westhof and Gopalan model, while we find the 5

observed in other RNAprotein interactionsg?). end of the leader closer to R40. THdéader therefore wraps around

. . the accessible surface of tlehelix in the RNR motif of the P
Figure 5 compares our distance measurements to thosg,oein.

derived from the structural model developed for tBe

subtilis holoenzyme-pre-tRNA complex by Westhof, Go-
palan, and co-workerd (). In this model we measured the
distances between theC of amino acids 5 and 40,

are likely relevant for catalysis. First, our data show that the
extended region of the feader is approximately 2 nt closer
to the pre-tRNA cleavage site than in the model (Figure

respectively, and the' fphosphate of each nucleotide in the
leader using the software package PyMOL [www.pymol.org
(40)]. Using this approach we find that the structural model

5A,B). Second, the structural model locates the cleavage site
near the N terminus of the highly conserved RNR motif of
the P protein (amino acids in blue, Figure 5C). By contrast,

of Westhof and Gopalan is generally in good agreement with building a new model for the P proteit®’ leader interaction

our experimental distance measurements; the average phod®ased on our tr-FRET measurements (see Materials and
phate-to-phosphate distance between nt 4 and nt 9 in theMethods) positions the cleavage site near the accessible
structural model is 5.8 A/nt, very similar to the dimensions surface of thex helix in the RNR motif (Figure 5C). Thus,

we measured by tr-FRET between nt 3 and nt 7 (6.8.2 we propose that the' B3eader wraps around this region of
and 4.8+ 1.4 Ant, respectively; Figure 5A,B). (Please note the protein as indicated by the gray ribbon in Figure 5C.
that these slopes represent a lower limit for the absolute Consequently, the protein acts as a wedge to separaté the 5
distances between nucleotide phosphates because the orientand 3 termini of the pre-tRNA, to position the cleavage site
tion of the B leader RNA is not necessarily collinear with in the catalytic core, and to dynamically restrain thie&der.

the vector defined by the two fluorophore locations.) A closer Nonetheless, the protein only enhances the rate of catalysis
inspection of Figure 5A,B, however, reveals two important by a factor of 3 at saturating concentrations of substrate and
differences between the model and our measurements thatmagnesiumZ3), and therefore it does not participate directly
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in catalysis. This model is in agreement with previous 8.

experiments using single-cysteine mutants of the P protein
derivatized with a copper phenanthroline cleavage reagent,

which located the RNR motif of the P protein near the o,

cleavage site and thé g&rminus of the pre-tRNASS8).

In conclusion, the data presented here are consistent with
a previously proposed model where the cleavage site of pre-
tRNA is located near the proteitP RNA interface 10, 25)
and the leader binds to the central cleft of the P protein
between nt 3 and nt 7 upstream of the cleavage site (Figure
1) (10, 25). RNase P holoenzyme and pre-tRNA interactions

result in an unusually extended conformation with reduced 12.

dynamics in this region of the' feader. One may call this
the “rack model” of the RNase-Fpre-tRNA interaction, after

the medieval torture device. Our model supports multiple 13,

roles for the P protein: (i) selectively increasing the affinity
of the holoenzyme for its pre-tRNA substrate (with leaders
>5 nt) by a factor of 16 compared to P RNA alone,
combined with an only modest increase of the affinity for
mature tRNA 3) (this leads to an increased discrimination
between substrate and product of the reaction); (ii) decreasing
the concentration of magnesium required for optimal activity ¢
(24); (iii) entropically disfavoring the reversal of cleavage
(i.e., ligation of a single-stranded RNA to a mature tRNA),
as a consequence of the unusually extended conformation
of the B leader; (iv) driving a wedge between theaihd 3
termini of the pre-tRNA, fastening the' Header and

positioning the cleavage site in the catalytic core of the P 18.

RNA. In the absence of the P protein, higher ionic strength
can compensate for the loss of these interactigds Future
tr-FRET measurements with the acceptor fluorophore coupled
to other residues of the P protein will provide additional
distance constraints so as to accurately model the three-
dimensional architecture of the RNase P holoenzyme
substrate complex by triangulation.
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