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ABSTRACT. Ribonuclease P (RNase P) is a ribonucleoprotein enzyme that catalyzeésmhéuBation of

tRNA precursors. The bacterial RNase P holoenzyme is composed of a large, catalytic RNA and a small
protein. Our previous work showed tHaacillus subtilisRNase P forms a specific “dimer” that contains

two RNase P RNA and two RNase P protein subunits in the absence of substrate. We investigated the
equilibrium and the structure of the dimeric and the monomeric holoenzyme in the absence and presence
of substrates by synchrotron small-angle X-ray scatteringudlytic processing, and hydroxyl radical
protection. In the absence of substrate, the dinmeonomer equilibrium is sensitive to monovalent ions

and the total holoenzyme concentration. At 0.1 M J&H formation of the dimer is strongly favored,
whereas at 0.8 M NECI, the holoenzyme is a monomer. Primary hydroxyl radical protection in the dimer

is located in the specificity domain, or domain I, of the RNase P RNA. The ES complex with a substrate
containing a single tRNA is always monomeric. In contrast, the dominant ES complex with a substrate
containing two tRNAs is dimeric at 0.1 M Ni&l and monomeric at 0.8 M NAEI. Our results show that

theB. subtilisholoenzyme can be a dimer and a monomer, and the fraction of the dimer is very sensitive
to the environment. Under a variety of conditions, both the holoenzyme dimer and monomer can be
present in significant amounts. Because the majority of tRNA genes are organized in large operons and
because of the lack of RNase E B subtilis a dimeric holoenzyme may be necessary to facilitate the
processing of large precursor tRNA transcripts. Alternatively, the presence of two forms of the RNase P
holoenzyme may be required for other yet unknown functions.

RNase P is a ribonucleoprotein enzyme that catalyzes theprotein (P protein) subunits under the same conditions as
formation of the mature'%end of all tRNAs through a site  previous biochemical studies of tBe subtilisRNase P 17).
specific endonucleolytic cleavage reacti@n). The bacter- The holoenzyme dimer is completely mediated by the P
ial RNase P is composed of a large RNA ©800—-400 protein, and the RNase P RNA alone is always a monomer.
nucleotides and a small protein 6f120 amino acids.  The specificity of the RNase P dimer is “topological” and
Because the bacterial RNase P RN&#lone is catalytically not based on the affinity of the binding of P protein to P
active, a large body of work has been carried out in an effort RNA. Even though th&scherichia colRNase P RNA (M1
to understand how this ribozyme performs this catalytic RNA) binds equally well to thd®. subtilisRNase P protein,
reaction (reviewed in ref4—3). More recent studies have the P RNA-P protein complex and the M1 RNAP protein
focused on the function and structure of the bacterial RNasecomplex form a mixture of aggregates, not a specific dimer.
P protein 4—20). A principal functional role of the protein  Because the holoenzyme dimer is nearly as compact as the
is the enhancement of substrate bindiBg10, 11). monomeric P RNA, small-angle X-ray scattering (SAXS) is

We have shown previously that in contrast to the earlier used in the previous and in this work to determine the
assumptions, théBacillus subtilis RNase P holoenzyme oligomerization state of the holoenzyme. Unlike size-
contains two RNase P RNA (P RNA) and two RNase P exclusion and gel shift methods, the size (the scattering at

zero anglejo) and the shape (the radius of gyrati®y) of
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sites directly contacts theé ader of a pre-tRNA substrate,
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The weight fraction of the dimeif{) equals

whereas the two other sites are thought to contact the P RNA.

TheB. subtilisP RNA is made of two domains; the catalytic
domain contains the entire active site, and the specificity
domain binds the T sterrloop portion of a tRNA 21—23).

In our previously proposed symmetrical arrangement of the
holoenzyme dimera P RNA binding site on one P protein
binds to one domainroa P RNA and another P RNA binding

site on this same protein binds to the other domain on the
other P RNA subunit. Because the holoenzyme dimer is very

compact, additional RNARNA interactions among the two
P RNA subunits are also likely.

This work demonstrates that the dimeric and monomeric
forms of theB. subtilisRNase P holoenzyme are in equili-

brium, in the absence and presence of substrates. The fraction

of the holoenzyme dimer and the holoenzyme monomer is
very sensitive to the monovalent salt concentration. Upon
binding to a substrate containing a single tRNA, the ES com-
plex is primarily in the monomeric form. Upon binding to a
substrate containing two tRNAs, however, most ES com-
plexes can be in the dimeric form. The specificity domain
of the P RNA is primarily responsible for the dimerization
of the holoenzyme. We propose a model in which Bie
subtilis RNase P holoenzyme dimer is needed to facilitate
processing of large tRNA precursors.

MATERIALS AND METHODS

Preparation of RNAs and the P ProteiRNAs were
obtained by in vitro transcription using T7 RNA polymerase
and the standard protoca?4). The transcription template
for the pre-tRNA substrate containing two tRNAs was
generated by PCR amplification using the genomic DNA of
the B. subtilis(strain ATCC 6333). The PCR product was
then cloned into th&ma site of a pUC18 plasmid. The P

protein was prepared from an overexpression clone as

described previouslyl@Q). The concentration of all RNAs
was obtained by the absorbance at 260 nm in 50 mM-NH
OAc as described previousht ).

Small-Angle X-ray ScatteringSAXS experiments were
carried out at the SAXS instrument on the BESSRC ID-12

beamline at the Advanced Photon Source, Argonne National

Laboratory 25). Sample handling and data processing were
identical to those described previously’). All experiments
were carried out with 2.4M total P RNA and 2.4M total

P protein. The NKCI titrations for the holoenzyme alone
were performed in 20 mM Bistris-HCI (pH 6.5), 10 mM
MgCl,, and 0.2-0.8 M NH,Cl using a 5 M NH,CI stock.
The substrate titrations were performed in 20 mM Bistris-
HCI (pH 6.5), 10 mM CaGCl and 0.1 or 0.8 M NKCI. The
substitution of MgCG] with CaCL at pH 6.5 sufficiently

decreased the cleavage rate so that only an insignificant

amount of substrate was cleaved during the SAXS experi-
ment (data not shown).

The NH,CI dependence of the dimemonomer equilib-
rium was analyzed according to

. KD
dimer-+ nNH," == 2 monomers

where the apparent dimerization constéd, (n micromolar)
is defined as

K, = [monomerf/[dimer] = K[NH,"]"  (1a)

fo = (4C, + K — /K2 + 8K,C)/AC,

whereC; is the total concentration of the P RN protein

complex, i.e., 2.4uM in our experiments. For the SAXS
measurements, thk value is proportional to the weight
concentration times the molecular mass; herigémer
2lmenemer and the experimentadd value is expressed as

(1b)

g = Tyl "M+ ol (dimen) = (1 + )1 "™ (1c)

Combining egs lac, we obtain

— \Kp? + 8K, C)AC]I,™"™ (2)

whereKp depends on the NI concentration and is equal
to Kp(0.1)([NH4"]/0.1)". Once the experimental data are fit,
two useful parameters can be obtained: the dimerization
constant at 0.1 M NECI [Kp(0.1)] and the ionic dependence
of the dimerization constanhy.

Hydroxyl Radical ProtectiortHydroxyl radical protection
was carried out using the standard FefEEDTA method in
20 mM Tris-HCI (pH 7.5), 10 mM MgGl 0.1-0.8 M NH;-

Cl, 2.4uM P RNA, and 2.4uM P protein at 37C (21, 26).

To reconstitute the holoenzyme, P RNA alone in buffer was
heated at 85C for 2 min, followed by incubation for 3 min

at room temperature. Mg@lvas added, and the mixture was
incubated for 3 min at 50C. An equimolar ratio of P protein
was added, followed by the addition of NEI at the
designated concentrations. This mixture was further incu-
bated for 5 min at 37C. Ascorbic acid and dithiothreitol
were added to final concentrations of 1 and 5 mM,
respectively. The reaction was immediately initiated by
adding 1 mM Fe(ll) and 1.2 mM EDTA and allowed to
proceed for 30 min at 37C. The reaction was quenched
upon addition of 10 mM thiourea. The mixture was then
separated on polyacrylamide gels containihM urea, and
the cleavage products were quantitated by phosphorimaging.

The term “protection factor” was used to quantify the
extent of protection of individual residues due to dimerization
(21). The protection factor is defined as the amount of
radioactivity in each band at 0.7 M N8I divided by that
of the same band at 0.1 M NBI. This number is then
normalized to the amount of radioactivity of the cleaved
products in each lane. In principle, a protection factor of
>1.0 would indicate protection against hydroxyl radical
cleavage when comparing these two conditions. In this work,
a protection factor of 1.5 is considered to fully represent
protection upon dimerization.

Autolytic Processing of the’ End. The 3 32P-labeled P
RNA precursors (Figure 1A, left) were first renatured as
described above at the designated,SHoncentration. The
reaction was initiated at 37C upon addition of the P protein
in equimolar ratios. The final reaction mixture contained 20
mM Tris-HCI (pH 7.5), 10 mM MgCJ, and 0.1-0.8 M NH;-

Cl. Aliquots at designated time points were mixed with an
excess b9 M urea and 100 mM EDTA to stop the reaction.
The mixture was then analyzed on denaturing polyacrylamide
gels containig 7 M urea. The amounts of products and
substrates were quantitated by phosphorimaging.

lo,=1[1+ (4C, + Kp
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Ficure 1: (A) Sequence of the terminal regions of the two P RNA constructs used in the SAXS study. dltel@tic processing sites
are underlined15). (B) Small-angle X-ray scattering of tt& subtilisRNase P holoenzyme at 2. total P RNA and 2.4«M total P
protein in 20 mM Bistris-HCI (pH 6.5) and 10 mM Mggat 37°C. The NH,CI concentration was varied from 0.1 to 0.8 M. On the left,
the lp value at 0.1 M NHCI is 2 times the value at 0.8 M. The salt dependence of dimerization is fit to eq 2. At the righR, tzdues

of the holoenzyme dimer (0.1 M Nj&I) and the monomer are57 and~50 A, respectively.

Activity AssaysAll reactions were performed under single- reduced by 2fold when the NHCI concentration is in-
turnover conditions at 2.4M holoenzyme and<2 nM 5 creased by 2-fold. Thp value at 0.1 M NHCI extrapolated
or 3 *?P-labeled pre-tRNA substrates. The holoenzyme was from the SAXS data is~50 nM. The dimerization constant
reconstituted as described above at 50 mM MES (pH 5.8), is similar to that of binding of the RNase P protein alone to
10 mM MgCh, and 0.1 or 0.8 M NKCI. The pre-tRNA other unrelated RNAs, e.g., th&etrahymenagroup |
substrates were renatured by heating in the buffer alone atribozyme (7) or the 5S rRNA 27). As we have demon-
85 °C for 2 min and at room temperature for 3 min, addition strated in the previous work, the specificity of the RNase P
of MgCl, incubation at 37C for 5 min, and finally addition dimer is “topologically specific”, not simply based on the
of NH4CI. The cleavage reaction was initiated upon mixing affinity of binding of P protein to P RNA.
an equal volume of the renatured holoenzyme and the The same dimermonomer equilibrium is observed when
substrate. Aliquots were taken at the designated time pointsthe 3 or 3 single-stranded regions in the P RNA are deleted
and mixed with an excesd & M urea and 100 mM EDTA  (Figure 1). This result suggests that dimerization of the
to stop the reaction. The reaction products were separatecholoenzyme is not due to the P protein binding to these
from the unreacted substrates on denaturing gels containingsingle-stranded regions in the P RNA.
7 M urea. The amounts of products and substrates were A second, independent assay is performed to evaluate the
determined by phosphorimaging. dimer—monomer equilibrium (Figure 2). ThB. subtilis
RESULTS h_oloenzyme undergo_es autolyt_ic proces_sin_g at'itsrgl in_ _

vitro (15). The autolytic processing reaction is also sensitive

Holoenzyme DimerMonomer EquilibriumThe fraction to the NH,CI concentration. An overlay of the processing
of the holoenzyme dimer and monomer as a function of rate with the SAXS data indicates that this processing
monovalent salt concentration is determined by synchrotron reaction quantitatively reproduces the monovalent ion de-
small-angle X-ray scattering (SAXS, Figure 1B). Two pendence of the holoenzyme dimerization (Figure 2C).
SAXS-derived parameters are used to deduce the fractionTherefore, the 3autolytic processing is carried out exclu-
of the dimer and the monomer, the scattering intensity at sively by the holoenzyme dimer.
zero anglelp), and the change in the radius of gyratidy)( The conclusion of 3autolytic processing as the exclusive
Because the P protein scatters only one-fifth as intensely asproperty of the holoenzyme dimer is further supported by
P RNA and it weighs only one-tenth as much as P RNA, the following results. (i) When the total concentration of the
is directly proportional to the molecular mass of the P RNA holoenzyme is decreased by50-fold to 50 nM, which is
in the complex. At 0.8 M NHCI, |, is nearly 2-fold less  the middle point concentration for the holoenzyme dimer-
thanly at 0.1 M NH,CIl. The Ry value for the complex is ization, the autolytic processing rate decreases by oy
also reduced from-57 A at 0.1 M NHCIto ~50 A at 0.8  fold (Figure 2B). (ii) A single-stranded RNA containing the
M NH,4CI. These results show that at 244 holoenzyme, same sequence as nucleotides-38@2 of the P RNA is
nearly all complexes are dimers at 0.1 M g and nearly not cleaved under the same condition used for autolytic

all complexes are monomers at 0.8 M MH At the processing (data not shown). (iii) We have demonstrated
intermediate NHCI concentration, the holoenzyme is in the previously that theB. subtilis holoenzyme is an active
dimer—monomer equilibrium. endonuclease for several single-stranded RNES. (The

A fit of the SAXS result by eq 2 shows that the dimer  autolytic processing rate at O:M holoenzyme, however,
monomer equilibrium has a fifth-power dependence on the is at least 10-fold faster than the cleavage of the best single-
NH4CI concentration; i.e., the dimerization constafy, is stranded RNA substrate used in that study.
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Ficure 2: Autolytic processing of th®. subtilisholoenzyme using'dabeled P RNA at 37C. (A) Processing is significantly faster at

lower NH,CI concentrations. The reaction mixture also contains 20 mM Tris-HCI (pH 7.5) and 10 mM, M8 Processing is not very
sensitive to the total holoenzyme concentration, consistent with the notion that autolytic processing primarily occurs within the dimer. (C)
Overlay of the autolytic processing ra®)(with the dimer fraction determined by SAXS (- - -).

Because the autolytic processing occurs in cis, i.e., by thesalt concentration (Figure 3C). The salt dependence of
holoenzyme dimer alone, a simple model would place the regions Il and Ill matches the dimerization property deter-
3 end of one P RNA subunit close to the active site of the mined by SAXS. Regions | and IV are less sensitive to salt
other P RNA subunit in the holoenzyme dimer. Alternatively, than regions Il and Ill, suggesting that interactions involving
a large-scale conformational change occurs during theregions | and IV may not be directly related to dimer
processing reaction. Regardless, the combined results fronmformation. Regions Il and Il are located in the S-domain of
SAXS and autolytic processing clearly demonstrate that the the P RNA. In the folded P RNA structure in the absence of
holoenzyme can be present in the dimeric and in the P protein, the P12 tetraloop in region Il interacts with the
monomeric form. The precise fraction of these two forms is tetraloop receptor in region I18). The crucial role of regions
very sensitive to the solution condition, in particular, the Il and Ill in the protein-mediated dimerization suggests that
monovalent ion concentration. P protein directly binds to one of these two regions.

Hydroxyl Radical Protection of the Holoenzyme Dimerand ~ Holoenzyme Substrate ComplexesAlthough the pre-
Monomer.To reveal the molecular details of the holoenzyme tRNA substrates used in almost all biochemical studies
structure, hydroxyl radical protection is carried out under contain a single tRNA, the cellular substrate is more diverse.
ionic concentrations identical to those in the SAXS study The genome sequence Bf subtilisidentifies a total of 88
(Figure 3). Hydroxyl radical attacks the exposed portion of tRNAs, only nine of which are present as a single tRNA
the ribose-phosphate backbone which results in strand transcript 28). The remaining 79 tRNAs are arranged in 13
scission. At 0.1 M NHCI, i.e., when the holoenzyme is operons ranging from 2 to 21 tRNAs per transcript. At least
nearly all in the dimeric form, many residues are protected in B. subtilis therefore, the holoenzyme is far more likely
compared to the protection pattern of the P RNA alone. In to encounter tRNA transcripts containing two or more
contrast, the number of protected residues is dramaticallytRNAs. For this reason, two types of substrate are chosen in
lower at 0.8 M NHCI, i.e., when the holoenzyme is nearly this study, one containing a single tRNA substrate (pre-
all in the monomeric form. The small number of protected tRNAP" pre-tRNA™, and pre-tRNA?) and the other
regions in the monomer may be derived primarily from direct containing two tRNAs (pre-tRNA°—tRNAA?), We choose
P protein contacts, an interpretation consistent with the to use pre-tRNAMfor the SAXS study because this substrate
phosphorothioate interference da2®)( Most residues that  has been extensively studied in our laboratory and the results
are protected in the dimer but not in the monomer are locatedcan be compared to our previous work.
in the specificity domain of the P RNA (Figure 3B). These  Substrate binding of the holoenzyme is examined by
results show that the two domains of P RNA play distinct SAXS (Figure 4) and by the activity assay under single-
roles in holoenzyme assembly, where the S-domain is turnover conditions (Table 1). To avoid significant cleavage
primarily responsible for holoenzyme dimerization. during the SAXS experiments, MgQlas substituted with

Unexpectedly, the four protected regions in the holoen- CaCl and the pH was decreased to 6.5. Thealue can
zyme dimer have two distinct sensitivities to the monovalent again be used to quantitatively analyze the formation of
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Ficure 3: Hydroxyl radical protection of the holoenzyme as a function of;8Honcentration. The conditions are chosen according to

the SAXS data shown in Figure 1, where the holoenzyme is a dimer at 0.1 MINtid a monomer at 0.8 M Nj&l. (A) Four regions

showing significant changes in the protection pattern. Hydroxyl radical cleavage at higll bithcentrations is slower so that the amount

of radioactivity of all cleavage bands decreases at 0.7 and 0.8 WCNHhe loss of protection at high Nj@I concentrations is readily

apparent upon normalization of the cleaved bands in these regions against cleavage products not protected in the presence of the P protein.
(B) Summary of the protection comparing the holoenzyme dimer (0.1 M3W)Hnd monomer (0.7 M NKCI). Residues that have protection

factors of>1.5 are shaded. Residues in lowercase letters could not be analyzed due to the resolution of gel electrophoresis. The specificity
domain (S-domain) is composed of residues-289. (C) Salt dependence of regions@)( 1l (W), Il (O), and IV ©). The SAXS data

from Figure 1B are shown as a dashed line.

monomeric and dimeric complexes, whereas Ryevalue The formation of the holoenzymesubstrate complex is
provides information about the structure of the complexes. monitored at 0.1 and 0.8 M Ni&l as the molar E:S ratio is
Upon substrate addition and complex formation,lthealue varied from O to 2 (Figure 4). The holoenzyme concentration
is proportional to the second power of the molecular mass is kept at 2.4uM to ensure that the initial holoenzyme is a

ratio of the ES complex and the holoenzyme alone: dimer, i.e., at 0.1 M NECI, or a monomer, i.e., 0.8 M NH
Cl. Under our conditions, the affinity of P RNA for a tRNA
I " = (MWEIMWE)? (3) substrate is high enough that all properly folded substrates

are bound to the P RNA when the substrate:ribozyme

The precision of the quantitative assessment of monomer-stoichiometry is less than 1.
ic—dimeric ES complexes is hindered by the inaccuracy in  When the holoenzyme is initially a dimer, i.e., at 0.1 M
the determination of RNA concentrations and by the fraction NH4CI, thel, value decreases upon addition of pre-tRIRFA
of ribozyme and substrates that are properly folded. Using until the molar ratio of the substrate to the total RNase P
an empirical factor derived from the experimental results that holoenzyme concentration is1 [Figure 4A @)]. Further
includes both concentration difference and folding defect can, addition of pre-tRNAM produces only a very slight increase
however, correct for these effects (Figure 4 and Table 1). in thelg value for which the presence of uncomplexed pre-
This factor is~0.83 for the experiments with pre-tRN% tRNAPPe accounts. When the holoenzyme is initially a
and~0.60 for the experiments with pre-tRNA-tRNAA=, monomer, i.e., at 0.8 M NI€I, thel, value increases upon
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Ficure 4: Small-angle X-ray scattering of the ES complexes at
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ES complex upon addition of pre-tRNi# at 0.1 @) and 0.8 M
NH,CI (A). Lines show the complex formation using a correction
factor of 0.83, derived from the uncertainties in RNA concentration
and/or misfolding of a small fraction of either RNA. Only the
monomeric ES complex forms with this substrate containing a single
tRNA. (B) ES complex upon addition of the pre-tRRIA-tRNAA2
substrate at 0.1&) and 0.8 M NHCI (¥). In thel, graphs, lines
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substrate, taking into account the fact that omg0% of

this substrate is properly folded. Upon addition of more
substrates, the monomeric ES complex forms, presumably
due to holoenzyme binding to one tRNA in pre-tRR®-
tRNAA2, Addition of excess substrate results in the formation
of more monomeric ES complex. The system is now in the
monomer-dimer equilibrium. Both monomeric and dimeric
ES complexes still form at 0.8 M NJ&I, but the fraction of

the dimeric complex is significantly lower. Without further
analysis, it is unclear whether the dimeric ES complexes at
0.1 and 0.8 M NHCI have the same structure. Regardless,
the presence of two ES complexes appears to be ubiquitous
under vastly different conditions.

The cleavage reaction under single-turnover conditions
shows some unexpected results (Figure 5 and Table 1). For
the pre-tRNA™and pre-tRNA" substrates that contain only
a single tRNA, the cleavage rate for a fraction of the substrate
is essentially identical to those obtained by cleavage of a
pre-tRNAP substrate upon adjustment of the p8).(The
remaining substrate is cleaved at a much slower rate. When
these two tRNAs are linked into the pre-tRRA-tRNAAR
substrate, two cleavage reactions occur (Figure 5B). Cleavage
of the first tRNA has the same rate as cleavage of the single
pre-tRNA substrates. Therefore, the first cleavage of this two-
tRNA substrate likely occurs randomly. However, subsequent
cleavage of the second tRNA substrate is at least 2-fold
slower than the first cleavage.

A trivial explanation for the slower rate of the second
cleavage reaction is that the first reaction cleaves the properly
folded substrate fraction, whereas the second reaction cor-
responds to the cleavage of the improperly folded substrate.
A second explanation for the slower cleavage rate is that
the first cleavage generates a product that contairigail3
(in the case oks:*®) or a 5 tRNA (in the case ok,°*). These
extra pieces of RNA somehow interfere with the second
cleavage. A third, more interesting scenario is that the slower
cleavage of the second tRNA may be relevant for a possible
function of the holoenzyme dimer. As discussed below,
processive processing of large tRNA precursors byBhe
subtilis RNase P may be required in vivo.

represent the calculated values for two extreme cases: (top) all ES

complexes contain one holoenzyme subunit(&She), and (bot-
tom) all ES complexes contain two holoenzyme subunits;fp

addition of pre-tRNAMuntil the molar ratio of the substrate
to the total P RNA concentration is1 [Figure 4A @)].

DISCUSSION

Dimer versus Monomer or Dimer plus MonomeWe
demonstrate in this work that ti& subtilisRNase holoen-
zyme can exist as a dimer and as a monomer. The fraction

These results show that the ES complex containing a singleof each form depends on many factors, including the
pre-tRNA substrate is a monomer. Binding of a single tRNA monovalent ion concentration, the total holoenzyme con-
substrate appears to compete with dimer formation, poten-centration, and the presence of substrates. These observations
tially due to the overlap of the substrate binding site with inevitably raise two significant questions. Is the holoenzyme

the RNA—protein or RNA-RNA interactions in the holoen-
zyme dimer in the absence of substrate.

a dimer or a monomer in the cell? What are the potential
functions of the dimer and/or the monomer?

Different ES complexes are observed when the substrate As far as we are aware, there is currently no simple way

containing two tRNAs, pre-tRN2A°—tRNAA2, is bound to

of distinguishing a 250 kDa dimer and a 125 kDa monomer

the holoenzyme (Figure 4B). The three lines represent two in alizing bacterial cell. If it is assumed that such a technique
extreme cases where the ES complex is either completelyis available, the measurements still may not be conclusive
monomeric (top panel) or completely dimeric (bottom panel). because either of the two oligomers may exist only tran-

Unlike the results with the pre-tRNA¢ substrate, both
substrate titrations at 0.1 and 0.8 M MH do not show such
extreme behavior.

The ES complex is almost exclusively a dimer at 0.1 M
NH4Cl when the holoenzyme is in molar excess over the

siently, thereby remaining undetectable in a static stte.
subtiliswas estimated to contain 280 RNase P molecules
per cell R9). If a uniform distribution of these molecules is
assumed, the total concentration of the RNase P is427
nM. B. subtilis however, is known to have separate compart-
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Table 1: Cleavage Rates (in'$ of Substrates Containing One or Two tRNAs at &7

substrate kq0bs, k,0bs fraction cleaved kaobs, k,obs fraction cleaved

pre-tRNAPO—tRNAAR

0.1 M NH,CI 0.10+ 0.0, 0.14+ 0.0 0.63+0.01, 0.91+ 0.01 <0.002, 0.084+ 0.01 <0.01, 0.31+ 0.03

0.8 M NH,4CI 0.17+ 0.0%, 0.12+ 0.02 0.87+0.01, 0.75+ 0.03 0.05+ 0.0, 0.05+ 0.0Z 0.08+0.01, 0.174+ 0.06
pre-tRNAPr

0.1 M NH,4CI 0.13+0.01 0.50+ 0.02

0.8 M NH,4CI 0.17+ 0.03 0.51+ 0.02
pre-tRNAM2

0.1 M NH4CI 0.14+ 0.02 0.84+ 0.02

0.8 M NH,4CI 0.17+0.02 0.80+ 0.02

a All reaction mixtures contained 50 mM MES (pH 5.8) and 10 mM MgQChe cleavage rate for the pre-tRRAsubstrate is 0.14- 0.04 st
under this condition with 0.1 M NECI. ® ki°*sandks®Psare obtained from'Sabeled substraté.k°sandk. P are obtained from'3abeled substrate.

A 10 80 / 80 first by RNase E to generate substrates that contain only one
S9gaauagauagganaiy geCAuu —“Ca“g—éaaag”“””” or two tRNAs for theE. coli RNase P 31, 32). An RNase
g-¢ 8'@ E homologue, however, has not been foundinsubtilis
G-C - il ;i
A-U c-G so theB. subtilisRNase P may have become more efficient
A A 0 “e in processing substrates containing multiple tRNAs. To our
cG W "uguccYhAt oG U~ ucgee” A L . .
U uce® adads & U Touceh MELE 8 knowledge, no definitive studies have been published to show
' GAGE, GCUG Uy GGGACI;}'\I 'G ACG vu whetherE. coli RNase P is a monomer or a dimer. The
zfu ¢c-6 ¢ % fm] oligomerization state and the associated functiors.afoli
g:’g YA, RNase P remain an open question.
B G W% Structure of the Holoenzyme Dimer and Monomer and the
Yec® Y ES Complexedhe structural arrangement of the two P RNA
subunits in the holoenzyme dimer has been modeled to be
B pre-tRNA"-tRNA*" symmetrical in our previous workLp). In that model, the
‘j/ \i«z S-domain of one P RNA subunit is proximal to the C-domain
(RNAP.RNAM  pre-tRNA™ + (RNAN® of the other subunit. In a symmetrical arrangement involving
wo P proteins, one of the P protein sites would contact one
'N o two P t fthe P t t Id tact
RNAP® + RNAM P RNA while another P protein site would contact the other

Ficure 5: (A) Sequence and proposed secondary structure of theP RNA subunit. In the dimer, the P protein may contact the
two-tRNA substrate (pre-tRNZ—tRNAA2), The cleavage sites are C-domain of one P RNA and the_ _S_-do_maln Of_ the _other P
denoted with two daggers. (B) Reaction scheme for cleaving the RNA. Due to the similar salt sensitivity, interactions involv-
pre-tRNAP°—tRNAAR substrate. ing regions Il and IIl occur as a group and are primarily
o . responsible for dimerization. Because the P protein mediates
ments for transcription and translatioB0f. Therefore, the dimerization, a strong candidate for direct proteRNA

intracellular local concentration of RNase P is likely to be . PR : : X
. X interaction is region Il th ntain h nonhelical (J12
higher. Even at the lower estimate of the RNase P concentra- teraction Is regio that contains both nonhelical (J12/

tion, the fraction of the dimer is approximately 30% using 11) and.hellcal (PI,Z) s.trylctures. o )
the K, determined at 0.1 M NECI. On the basis of these The dimer formatlor_] |n.|t|ated by P.proteln binding brings
calculations, it is probably safe to assume that both the dimerthe two P RNA subunits into proximity so that RNARNA
and monomer exist iB. subtilis contacts between the two subunits can also take place. Where
Because the dimer and monomer can process substrate8Uch RNA-RNA interactions take place is uncertain. The
equally well, the oligomerization state probably does not €xtensive protection in regions I and_IV suggests that these
matter in the processing of substrates containing one or two"€9ions may play a role in intersubunit RNARNA interac-
tRNAs. On the other hand, the presence of two substratefion: However, the disparity of the salt sensitivity among
binding sites in a dimer creates the possibility of processive '€gions I and IV to the SAXS data makes such a suggestion
tRNA processing for substrates that contain many more |€SS feasible. Protection myolvmg regions | and IV may also
tRNAs. The largest tRNA operon iB. subtiliscontains 21 be related to conformational issues in the holoenzyme
tRNAs, and it is conceivable that processive processing of Monomer.
such a gigantic substrate would be advantageous. It is not When a substrate containing a single tRNA binds to the
yet possible to demonstrate the potential processivity of holoenzyme, the ES complex is always a monomer(&S
tRNA processing due to severe problems in misfolding of me). The disruption of the dimer in the ESomercan be
in vitro transcripts containing more than two tRNAs (A. Loria  attributed to two effects. First, one RNA binding site on the
and T. Pan, unpublished results). P protein now associates with thel&ader of the substrate.
An often-neglected suggestion is that tRNA processing If this same binding site were also involved in dimer
may occur differently irB. subtilisand inE. coli. First, 76% formation, then this rearrangement would significantly
of all tRNAs inB. subtilisare arranged in operons with more weaken the RNA-protein interactions among the subunits
than four tRNAs, compared to only 31% of all tRNASHn in the dimer. Second, the T steftoop binding site in the
coli. Second, the tRNA operons B subtiliscontain up to S-domain becomes occupied by the substrate. This rear-
21 tRNAs, compared to just seven tRNAsEncoli. Third, rangement could also reduce the strength of the RRANA
transcripts containing several tRNAs h coli are cleaved interactions among the subunits in the dimer.
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The holoenzyme monomer can be simply modeled to haveone tRNA than the ES complex after the first cleavage.
a structure similar to that of its counterpart in the dimer. Cleavage continues by the alternate RNase P subunit in the
The SAXS data are consistent with this model; for example, dimer to progressively shorten the tRNA precursors toward
the Ry calculated from this model is'50 A, similar to the the 3 end of the poly-tRNA transcript.
experimental value. The monomer model is also consistent The processive processing model makes several predictions
with the slight reduction in th&; value upon formation of  for holoenzyme cleavage of a multiple tRNA substrate.
ESnonomer (from 50 to 49 A), despite the increase in the (i) The first two tRNAs in the substrate bound by the
molecular mass of the complex. TRy reduction can be  holoenzyme dimer are randomly chosen, but they are always
considered to fill a cavity in the holoenzyme monomer by adjacent to each other to ensure interaction between the
the substrate, a result not consistent with any significant holoenzyme dimer in the substrate.
change in the structure of the holoenzyme monomer upon (ii) After the first cleavage, the second cleavage should
substrate binding. In other words, the substrate binding sitetake more time than the time needed for the holoenzyme to
is likely to be preformed in the holoenzyme monomer. The “translocate” to the adjacent tRNA in the same ES complex.
same magnitude iRy reduction is also obtained using the P This prediction is consistent with the observation that the
RNA model proposed by Westhof and co-workers (from 43 second cleavage of the pre-tRR&-tRNAA2 substrate can
to 42 A). be significantly slower than the first cleavage (Table 1).

A dimeric ES complex (E&ner) is only formed using a (iif) After the first cleavage, subsequent cleavage is
substrate containing two tRNAs. There are two structural unidirectional. The ES complex either cleaves only tRNAs
models for this dimeric ES complex. In one model, the 3 to the first cleavage site or cleaves only tRNAd&the
holoenzyme dimer becomes two independent monomersfirst cleavage site.
upon binding of two tRNAs. The E&.r is maintained by Analysis of the holoenzyme reaction with substrates
the covalent link between the two tRNAs in the substrate. containing multiple tRNAs has been technically challenging,
In the other model, the holoenzyme does not become twoin part due to tRNA misfolding in large multi-tRNA
independent monomers. Rather, some contacts between therecursors. Screening of the folding property of multi-tRNA
subunits are maintained, or new contacts are formed amongsubstrates will be necessary to allow experimental testing
the subunits in E&ner. Because the SAXS data indicate a of the processivity model.
mixture of ESimer aNd EShonomer it is difficult to distinguish One shall keep in mind that the processivity model may
these two models due to the lack of a “pure” JgS or not be applicable to all bacterial RNase P reactions. For
ESnonomerStandard for the pre-tRNZ—tRNAA? substrate. example, théz. coliRNase P is unable to efficiently process
Given the extensive interaction between the subunits in the multi-tRNA precursors in vivo. Rather, a' Processing
holoenzyme dimer in the absence of substrate, it is plausibleenzyme, RNase E, is the first enzyme that cleaves multi-
that some contacts between the holoenzyme subunits remaitRNA precursors31, 32). Interestingly, preliminary studies
in ESyimer suggest that th&. coli RNase P holoenzyme has a weaker

A Processie Model of B subtilis RNase P Processing. tendency to form dimers than th& subtilis holoenzyme
The ability of theB. subtilisRNase P holoenzyme to form  (unpublished results). Perhaps the superior ability ofBhe
ESiimer may be crucial in the processing of precursor tRNA subtilis holoenzyme to form dimers is simply derived from
substrates containing multiple tRNAs. A possible model for the necessity to efficiently process multi-tRNA substrates
processive processing is discussed below, although wein an RNase E-minus bacterium.
emphasize that vigorous experimental support for this model
is still not available. In our model, the holoenzyme dimer ACKNOWLEDGMENT
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