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We examined the activity of polynucleotide phosphorylase (PNPase) from Streptomyces coelicolor, Streptomy-
ces antibioticus, and Escherichia coli in phosphorolysis using substrates derived from the rpsO-pnp operon of S.
coelicolor. The Streptomyces and E. coli enzymes were both able to digest a substrate with a 3’ single-stranded
tail although E. coli PNPase was more effective in digesting this substrate than were the Streptomyces enzymes.
The k_,, for the E. coli enzyme was ca. twofold higher than that observed with the S. coelicolor enzyme. S.
coelicolor PNPase was more effective than its E. coli counterpart in digesting a substrate possessing a 3’
stem-loop structure, and the K,, for the E. coli enzyme was ca. twice that of the S. coelicolor enzyme. Electro-
phoretic mobility shift assays revealed an increased affinity of S. coelicolor PNPase for the substrate possessing
a 3’ stem-loop structure compared with the E. coli enzyme. We observed an effect of nucleoside diphosphates
on the activity of the S. coelicolor PNPase but not the E. coli enzyme. In the presence of a mixture of 20 pM ADP,
CDP, GDP, and UDP, the K,, for the phosphorolysis of the substrate with the 3’ stem-loop was some fivefold
lower than the value observed in the absence of nucleoside diphosphates. No effect of nucleoside diphosphates
on the phosphorolytic activity of E. coli PNPase was observed. To our knowledge, this is the first demonstration
of an effect of nucleoside diphosphates, the normal substrates for polymerization by PNPase, on the phospho-

rolytic activity of that enzyme.

Polynucleotide phosphorylase (PNPase) is a 3'-5' exoribo-
nuclease that functions in the phosphorolytic degradation of
RNA molecules in bacteria and in eukaryotic organelles (20,
24). In Escherichia coli and other bacteria, PNPase plays an
important role in the degradation of messenger RNAs. Thus,
endonucleolytic cleavage of RNA molecules generates 3" ends
that are substrates for the action of PNPase and RNase II, an
exonuclease that functions hydrolytically (9, 17, 31). PNPase
plays another role in E. coli, at least under some circumstances.
As is the case in eukaryotes, the 3" ends of at least some RNA
molecules in bacteria are polyadenylated (35, 36). Polyadenyl-
ation facilitates the degradation of RNAs in bacteria (26, 27, 30).
While the major enzyme responsible for RNA polyadenylation in
E. coli is poly(A) polymerase I (PAP I) (8), mutants of E. coli
lacking PAP I still retain the ability to polyadenylate RNAs (29),
indicating that there is at least one other polyadenylating enzyme
in those cells. Mohanty and Kushner have presented evidence
indicating that the second PAP in E. coli is none other than
PNPase (28). They argue that under appropriate conditions in
vivo, PNPase can serve to degrade RNAs or synthesize poly(A)
tails and that this enzyme is responsible for the G, C, and U
residues that are found at low frequency in the poly(A) tails of
RNAs from wild-type E. coli (28).

PNPase structure and function have been studied extensively
in Streptomyces (5, 6, 22, 40). Of particular relevance to the
present study are the observations that Streptomyces species do

* Corresponding author. Mailing address: Department of Biology,
Emory University, 1510 Clifton Road, Atlanta, GA 30319. Phone: (404)
727-0712. Fax: (404) 727-2880. E-mail: george.h.jones@emory.edu.

¥ Published ahead of print on 26 October 2007.

98

not appear to contain a dedicated poly(A) polymerase like
PAP I and that the polyadenylation of RNA 3’ ends in Strep-
tomyces is catalyzed by PNPase (3, 37). Similar conclusions
have been reached in studies of RNA polyadenylation in spin-
ach chloroplasts and in a Synechocystis species (34, 41). More-
over, in all of these systems the tails associated with the cellular
RNAs are heteropolymeric, like those observed in E. coli mu-
tants lacking PAP I (3, 4, 28, 34, 41). Thus, PNPase plays a dual
role in these systems, serving as both a 3'-5" exoribonuclease
and as an RNA 3’ polyribonucleotide polymerase, i.e., the
analog of poly(A) polymerase in E. coli.

One question which emerges from consideration of these
dual roles is how PNPase functions as both a nuclease and a
polymerase in the same cell. To begin to answer this question,
we describe here a kinetic comparison of PNPases from Strepto-
myces and E. coli using naturally occurring substrates for phos-
phorolysis. Most kinetic studies of PNPase have been performed
using synthetic substrates, in particular, various forms of oligo(A)
and poly(A) (13-15, 18, 19). Using transcripts of the rpsO-pnp
intergenic region from Streptomyces coelicolor, we show that while
the E. coli enzyme is more effective in digesting substrates with
single-stranded 3’ tails, the Streptomyces enzyme is more effective
than its E. coli counterpart with substrates containing a 3’ stem-
loop (hairpin) structure. We show, moreover, that nucleoside
diphosphates (NDPs) stimulate the phosphorolytic activity of the
Streptomyces PNPase but not the E. coli enzyme.

MATERIALS AND METHODS
Synthesis and 2P labeling of in vitro transcripts of the rpsO-pnp intergenic

region. The templates used to synthesize the rpsO-pnp transcripts used in this
study were derived from plasmids pJSE600 and pJSE5600, which we described



VoL. 190, 2008

TABLE 1. Primers used for construction of plasmids and
for cDNA cloning

Primer Sequence
rpsl 5'-CACAAGCACGACCACCACTCC-3’
Sc Hairpin R1 5'-GTGCAATGGATCCCGGTCTTC-3’
pnpB1 5'-CTCGTCGCGGGATCCGACGTG-3'
ScPNPFIN 5'-GTACCCTGTTTTCATATGCCGAA

CGCC-3'

AD () e 5'-GGATCCGAATTCTCTAGAGC-3’

............... 5'-GCTCTAGAGAATTCGGATCC-3’
............................. 5'-CCACTAGTAACGGCCGCC-3’

previously (10). pJSE600 contains the entire S. coelicolor rspO-pnp operon, and
pJSES600 contains a 459-bp fragment from pJSE600 that includes the rpsO
terminator and the intergenic hairpin targeted by RNase IIT (10). In the exper-
iments reported here, pJSE5600 was linearized with Spel. In vitro transcription
of this linearized form of pJSE5600 generated a 507-base RNA transcript which
ends at the pnp start site. That product is referred to below as the 5601 transcript.
The pJSES650 plasmid was created by PCR using primers rps1 and Sc Hairpin
R1 and the plasmid pJSE600 as a template (Table 1). The PCR product was
cloned into pCR2.1-TOPO (Invitrogen) following the manufacturer’s protocol,
and plasmids with the insert in the correct orientation relative to the T7 pro-
moter were identified by restriction digestion and sequencing. The Sc Hairpin R1
primer contains a BamHI site which was used to linearize pJSE5650 for runoff
transcription. The 420-base transcript from pJSE5650, called the 5650 transcript
or RP3 (Fig. 1 and 2), contains the same sequences as the 5601 transcript except
that the 5650 transcript terminates near the base of the 3’ end of the rpsO-pnp

KINETICS OF PNPase 99

intergenic hairpin (Fig. 1, G420). Both transcripts include 72 bases of pCR2.1-
TOPO vector sequence at the 5’ end.

Transcripts were synthesized using a His-tagged T7 RNA polymerase ex-
pressed from pBH161 (21) and purified as described previously (10) using the
Talon immobilized metal affinity chromatography resin (BD Biosciences Clon-
tech). In a few experiments, we used a commercially available preparation of T7
RNA polymerase (Fermentas). Large-scale transcription reactions were used to
synthesize transcripts internally labeled with [a-*?P]CTP (3,000 Ci/mmol; GE
Healthcare), which were then purified as described previously (10). Transcripts
were further purified using a modified protocol for the SV Total RNA Isolation
kit (Promega Corp.), eluted with water, and stored at —20°C.

RNase probing of the structure of the rpsO-pnp transcript. A preparation of
nonradioactive 5600 transcript (10), synthesized as described above, was digested
with RNases A, Ty, and V, essentially as described by Chen et al. (11). Briefly,
3 pg of RNA was heated to 80°C and allowed to cool slowly to room tempera-
ture. The RNA was digested with the amounts of RNase indicated in the legend
to Fig. 2 in 30 mM Tris-HCL, pH 7.5, 3 mM Na,EDTA, 200 mM NaCl, 100 mM
LiCl, and 10 mM MgCl,. Digestions were performed for 10 min at room tem-
perature in 60-pl mixtures. The reactions were quenched by phenol-chloroform-
isoamyl alcohol extraction of digestion mixtures, and products were recovered by
ethanol precipitation. The reaction products were then analyzed by primer ex-
tension using 5’ end-labeled primer TOPO R1 (Table 1) as described previously
(10). Extension products were displayed on a 5.2% sequencing polyacrylamide
gel along with a sequencing ladder generated from plasmid pJSE5600 with the
TOPO RI1 primer.

Expression and purification of PNPases. PNPases from Streptomyces antibi-
oticus and E. coli were expressed and purified as described previously (23). The
PNPase gene from S. coelicolor was amplified via PCR using primers pnpB1 and
ScPNPFIN (Table 1) and S. coelicolor cosmid 3C3 DNA as template. The PCR
product was digested with Ndel and BamHI and ligated to Ndel/BamHI-di-
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FIG. 1. Mfold (42) model of the structure of the 5601 transcript. The numbers represent bases counted from the 5’ end of the transcript
beginning with the initiation site for T7 RNA polymerase. RP1 to RP4 represent the approximate 3’ endpoints for the intermediates produced by
PNPase digestion of the transcript. As noted in the text, PNPases produce heterogeneous 3’ ends at stall points, and the arrows indicate the most

5" endpoint of the sequenced termini.
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FIG. 2. Autoradiogram of a gel showing RNase probing results.
Only the portion of the gel corresponding to predicted stem-loops 1
and 2 (Fig. 1) is shown. The 5600 transcript was digested, and the
digestion products were analyzed by primer extension as described in
Materials and Methods. Lanes 1 to 4 show the sequencing ladder and
the lanes are labeled A, C, G, and U, representing the RNA comple-
ment of the actual sequencing results. Other lanes represent (left to
right in respective order) the results of digestion of the transcript with
0.3, 0.5, 1.0, and 3.0 ng of RNase A; with 0.05, 0.1, 0.3, and 0.5 units of
RNase T1; and with 0.001, 0.005, 0.01, and 0.03 units of RNase V1.
The arrows identify specific bases in the transcript.
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gested pET-11a (Novagen). The resulting plasmid, designated pJSE3512, was
transformed into E. coli DH5a, and clones were screened by restriction digestion
of plasmid DNAs. DNA from a positive clone was transformed into the E. coli
expression host BL21 Gold(DE3) pLysS (Stratagene). The S. coelicolor PNPase
was then expressed and purified as described previously (23). All enzymes were
at least 95% pure as judged by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis.
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Conditions for PNPase digestions. Thirty-microliter phosphorolysis reaction
mixtures containing 50 mM Tris (pH 8.0), 5 mM MgCl, 50 p.g/ml bovine serum
albumin, 50 mM KCl, and 1 mM potassium phosphate (pH 7.5) were incubated
with up to 500 ng of PNPase (ca. 70 nM) and 3?P-labeled rpsO-pnp RNA, either
the 5601 or 5650 transcript (see below for concentrations). It should be noted
that 1 mM phosphate was found to be saturating under the conditions employed
here. In some experiments, various amounts of a mixture of ADP, UDP, CDP,
and GDP (Sigma Aldrich) were included in the reaction mixture. Reactions were
incubated at 37°C for 5 min and terminated by the addition of 30 .l of Sequenc-
ing Stop Solution, containing formamide and gel tracking dyes (U.S. Biochemical
Corp.). Duplicate samples were removed from the reaction mixtures, and phos-
phorolysis products were separated on a 7 M urea—-5% polyacrylamide gel and
visualized by autoradiography. Autoradiograms were scanned, and the densities
of bands were quantified using the Scion Image for Windows software. The
amounts of RNA in the intermediates produced by phosphorolysis were deter-
mined from standard curves generated using the intact **P-labeled transcript and
were converted to nanomoles of product using the calculated molecular weight
of the relevant intermediate. For the 5601 transcript, the amount of the RP1
intermediate was determined, and for the 5650 transcript the amount of the RP4
intermediate was determined (Fig. 3). Preliminary assays (not shown) showed
that product formation proceeded linearly at the protein concentrations and for
the incubation times used in the experiments reported here.

For kinetic studies, substrate concentrations ranged from 0.2 to 3.3 uM for the
5601 transcript and from 0.2 to 2 pM for the 5650 transcript. Reaction mixtures
contained 35 nM PNPase. Initial reaction velocities were calculated from the
data obtained as described above, and Eadie-Hofstee plots were used to estimate
kinetic parameters. In some kinetic experiments, reaction mixtures contained
ADP, CDP, GDP, and UDP, each at 20 wM. The data of Table 2 were obtained
from two separate assays in which each PNPase digestion was performed in
duplicate. The data obtained from those assays were averaged to produce the
results shown in Table 2. The same preparations of transcript and PNPase were
used in both assays.

Incubations for electrophoretic mobility shift assays (EMSAs) were performed
in 10-pl reaction mixtures under the same buffer and ionic conditions used for
the kinetic assays except that mixtures contained 50 pg/ml of E. coli tRNA, and
potassium phosphate was omitted. Reaction mixtures contained 7.4 nM 5650
transcript and 0 to 1.3 pM PNPase. Mixtures were incubated for 5 min at 37°%
mixed with 10 pl of a solution containing 0.05% bromphenol blue, 0.05% xylene
cyanol, and 20% glycerol; and applied to 5% polyacrylamide gels without urea.
Radioactive bands were visualized by autoradiography.

c¢DNA cloning. Large-scale phosphorolysis reactions were performed under
the conditions described above except that 10 mM potassium phosphate (pH 7.5)
was used and 20 pg of S. coelicolor or E. coli PNPase was used with 1.65 pg of
unlabeled 5601 transcript. Reaction mixtures were incubated for 3 min at 37°C
and extracted with phenol-chloroform-isoamyl alcohol, and the products were
precipitated with ethanol. The 3’ ends of the intermediates resulting from
PNPase digestion were determined by a modified RNA ligase-mediated ampli-
fication of cDNA ends (25). Briefly, the 5" end of the AD,,, primer (Table 1) was
phosphorylated with T4 polynucleotide kinase (Promega Corp.) and then ligated
to the ends of the PNPase phosphorolysis products with T4 RNA ligase (Am-
bion). Ligated products were reverse transcribed at 48°C using SuperScript II
reverse transcriptase (Invitrogen) and the AD,, complement primer (Table 1).
Reverse transcriptase products were PCR-amplified using the rpsl and AD,,
complement primers (Table 1), cloned into pCR2.1-TOPO, and sequenced. The

TABLE 2. Kinetic parameters for polynucleotide phosphorylases

Value of kinetic parameter for the indicated transcript?

Strain and

condition K, (M) Keae (min™1) kea/K,, (mol™! min™! X 10°)
5601 5650 5601 5650 5601 5650
S. coelicolor
No NDPs 0.62 + 0.04 312 +0.15 5.83+0.20 534 +0.18 9.40 + 0.16 1.71 = 0.03
Plus NDPs 0.65 = 0.17 4.74 + 0.19 7.29 +0.02
E. coli
No NDPs 0.78 = 0.02 6.33 = 0.44 11.2 = 0.20 555 +0.34 14.4 = 0.18 0.88 +0.10
Plus NDPs 6.11 = 0.42 6.07 = 0.59 0.99 +0.17

“ Data are averages of two sets of duplicates = standard errors of the means.
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3’ endpoints of the relevant phosphorolysis products were determined by com-
paring the results of cDNA sequencing with the known sequence of the 5601
transcript (Fig. 1).

Miscellaneous methods. Protein concentrations were determined by the Brad-
ford method (2) using the Bio-Rad protein reagent and bovine serum albumin as
a standard. All PCRs were performed as follows: 95°C for 5 min and then 35
cycles at 95°C for 1 min, 50°C for 2 min, and 72°C for 1 min, with a final extension
at 72°C for 10 min. The RNA folding program Mfold, version 3.2, was used to
predict the secondary structure of the rpsO-pnp in vitro transcripts (42).

RESULTS

Structure of the 5601 transcript. Several synthetic tran-
scripts, based on the rpsO-pnp region of S. coelicolor, were used
in this study. The 5601 transcript was synthesized by lineariza-
tion of plasmid pJSE5600 with Spel and transcription of the
resulting template with T7 RNA polymerase. The 5601 tran-
script is 64 bases shorter than the 5600 transcript employed in
the earlier studies (10) and contains no E. coli sequences at its
3" end. The 5601 transcript includes 153 bases from the 3’ end
of rpsO, including the 7psO terminator, the rpsO-pnp intergenic
hairpin, and the pnp start codon. The secondary structure of
this transcript was predicted using Mfold software (42), with
the results shown in Fig. 1.

The rpsO terminator is a common feature of bacterial rspO-
pnp operons (16, 32), and we demonstrated the presence of the
intergenic hairpin in earlier studies using S. coelicolor RNase
III (10). It remained to demonstrate the existence of the pre-
dicted stem-loops 1 and 2 in the 5601 transcript. RNase prob-
ing was used for that demonstration. Because predicted stem-
loops 1 and 2 are very near the 3’ end of the 5601 transcript, it
was necessary to use a primer for the primer extension analysis
that was downstream of this region. This, in turn, required the
use of the 5600 transcript (10) as the substrate for the RNase
digestions with TOPO R1 (Table 1) as the primer extension
and DNA sequencing primer. Mfold predicted the presence of
stem-loops 1 and 2 in the 5600 transcript as well as the 5601
transcript.

Results of RNase A, T, and V, digestion of the end-labeled
5600 transcript are shown in Fig. 2. Of particular interest are
the labeled regions in the figure, regions that show extension
products that were obtained following RNase V, cleavage.
RNase V, is specific for double-stranded RNA and cleaves
base-paired nucleotides. Figure 2 shows RNase V, cleavage at
C476, A475, G474, C458-C454, G442 and G441, and U438,
among others. These bases are predicted to occur in the dou-
ble-stranded regions depicted in stem-loops 1 and 2 in Fig. 1.
There is also a strong RNase A cleavage at A460 which is
predicted to be present in the loop of stem-loop 1 (Fig. 1).
Although the interpretation of the results is complicated some-
what by the high GC content of the 5601 transcript (the rpsO-
pnp region of 5601 is 67% GC), these results do provide sup-
port for the existence of the predicted structures in that
transcript.

Action of PNPases on the 5601 transcript. We examined the
activity of purified PNPases from S. antibioticus, S. coelicolor,
and E. coli on the 5601 transcript, labeled internally with
[**P]CTP, with the results shown in Fig. 3. The figure shows an
autoradiogram of a denaturing polyacrylamide gel on which
the digestion products were fractionated. PNPases are highly
processive (38-40); thus, all three enzymes yielded discrete
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FIG. 3. Gel electrophoresis of PNPase digests of the 5601 tran-
script. Digestion conditions were as described in Materials and Meth-
ods; products were separated on a denaturing polyacrylamide gel, and
the gel was subjected to autoradiography. Lane 1, undigested 5601
transcript; lanes 2 to 4, digestion with 50, 250, and 500 ng of S.
antibioticus PNPase; lanes 5 to 7, digestion with 50, 250, and 500 ng of
S. coelicolor PNPase; lanes 8 to 10, digestion with 50, 250, and 500 ng
of E. coli PNPase. The product designations at the right of the figure
relate the bands produced with the 3’ endpoints mapped by cDNA
cloning and sequencing (Fig. 1). The difference in intensities of the
RP3 and RP4 bands in lanes 3 and 4 reflects a gel loading artifact.

digestion products whose 3’ ends correspond to points at which
the enzymes stalled during the digestion process. We desig-
nated the products produced by the PNPases RP1 to RP4. To
identify the 3'ends of each species, and thus the point at which
the enzymes stalled, transcription products were isolated from
a PNPase digest of unlabeled 5601 transcript as described in
Materials and Methods. The reverse transcription products
were used for PCR with the adaptor primer and the gene-
specific rps1 primer for RNA ligase-mediated amplification of
c¢DNA ends. The sequence of the rspl primer corresponds to
the first 21 bases of the rpsO-pnp intergenic region cloned in
pJSES5600 (10). The PCR products were cloned in pCR2.1-
TOPO, and the inserts were sequenced. We performed this
analysis with products obtained from digests with all three
PNPases, and the 3’ ends generated by the enzymes are indi-
cated in Fig. 1. Thus, e.g., the 3’ end of RP1 is situated at or
near C476 (Fig. 1) of the 5601 transcript. As PNPase digestions
produce heterogeneous 3’ ends (see reference 38), it is likely
that each of the product bands shown in Fig. 2 contains a
mixture of products with different 3’ ends. We sequenced mul-
tiple products corresponding to each band and did indeed
observe 3'-end heterogeneity. However, the various 3’ ends for
a given product were never separated by more than 3 to 5
bases. Thus, this heterogeneity would have essentially no effect
on the calculation of product molecular weights for the kinetic
analyses described below.

As Fig. 3 demonstrates, all three PNPases produced diges-
tion products RP1, RP3, and RP4. The E. coli enzyme also
produced RP2. Once the 3’ ends of these products were de-
termined by cDNA cloning, we compared those ends with the
secondary structure of the 5601 transcript predicted by the
Mfold software. In all cases, the 3’ ends observed in the cDNA
clones corresponded to the 3" end of a stem-loop structure
predicted by Mfold. Thus, RP1 is predicted to contain the rpsO
terminator, the rpsO-pnp intergenic hairpin, and stem-loops 1
and 2. The predicted folding free energies for these structures
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FIG. 4. Gel electrophoresis of PNPase digests of the 5650 tran-
script. Digestions conditions were as described in Materials and Meth-
ods. Products were separated on a denaturing polyacrylamide gel, and
the gel was subjected to autoradiography. Lane 1, undigested 5650
transcript; lanes 2 to 4, digestion with 50, 250, and 500 ng of S.
antibioticus PNPase; lanes 5 to 7, digestion with 50, 250, and 500 ng of
S. coelicolor PNPase; lanes 8 to 10, digestion with 50, 250, and 500 ng
of E. coli PNPase. The product designations at the right of the figure
relate the bands produced with the 3’ endpoints mapped by cDNA
cloning and sequencing.

are —29.5 kcal/mol (rpsO terminator), —45.2 kcal/mol (inter-
genic hairpin), —7.5 kcal/mol (stem-loop 2), and —14.6 kcal/
mol (stem-loop 1). RP2 is predicted to lack stem-loop 1, and
Fig. 3 clearly shows that it does not represent a barrier to
digestion by the Streptomyces PNPases. RP3 terminates at or
near the base of the intergenic hairpin, and the 3’ end of RP4
is at or near the base of the rpsO terminator.

Action of PNPases on the 5650 transcript. The results shown
in Fig. 3 demonstrate that both the Strepfomyces and E. coli
PNPases are active against the 5601 transcript. However, Fig.
3 suggests that the Streptomyces enzymes are more effective
than the E. coli enzyme in converting RP3 to RP4. To confirm
this suggestion, we cloned the region corresponding to the RP3
sequence, containing both the rpsO terminator and the rpsO-
pnp intergenic hairpin, in pCR2.1-TOPO and synthesized the
relevant transcript from the linearized plasmid template. This
RNA, designated the 5650 transcript, terminates at the G res-
idue at the 3’ end of the intergenic stem-loop (Fig. 1, G420).
We then used the 5650 transcript as a substrate for digestion by
the Streptomyces and E. coli PNPases, with the results shown in
Fig. 4. Again, it is apparent that increasing concentrations of
the Streptomyces enzymes are capable of converting RP3 to
RP4 whereas the E. coli PNPase is much less effective in
catalyzing this reaction. We suggest reasons for this observa-
tion below.

Kinetic analysis of the PNPases with the 5601 and 5650
transcripts. A number of kinetic analyses have been per-
formed using E. coli and Micrococcus PNPases (13-15, 18, 19).
However, these studies were all performed with synthetic sub-
strates, usually oligo(A) or poly(A). As we have characterized
the discrete products obtained by digestion of substrates de-
rived from the rpsO-pnp intergenic region and as those RNAs
may serve as substrates for PNPase digestion in vivo, it was of
interest to examine the kinetics of PNPase action on those
transcripts. Since the S. antibioticus and S. coelicolor PNPases
behaved in an essentially identical fashion in all our initial
analyses, subsequent experiments were performed using the S.
coelicolor PNPase as the Streptomyces representative.
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FIG. 5. Eadie-Hofstee plot of kinetic data for S. coelicolor and E.
coli PNPases with the 5601 transcript. Kinetic assays were performed
as described in Materials and Methods. The amounts of RP1 were
determined and used to calculate initial velocities. Velocities (v) are
expressed as nmol liter ' min~!, and substrate concentrations are in
uM. Data in the figure are averages of two sets of duplicates *
standard errors of the means. Kinetic parameters were calculated from
the regression statistics corresponding to the slopes and intercepts of
the plots.

For the kinetic analysis, increasing amounts of the 5601 and
5650 transcripts were used in reactions containing ca. 35 nM
PNPase. Substrate concentrations from ca. 0.2 to 3.3 uM were
used in studies with the 5601 transcript and from ca. 0.2 to 2
M in studies with the 5650 transcript. Eadie-Hofstee plots of
typical data obtained for the S. coelicolor and E. coli PNPases
with the 5601 transcript are shown in Fig. 5, and the kinetic
data obtained from such analyses are shown in Table 2. It can
be seen that the K, values for the S. coelicolor and E. coli
enzymes with the 5601 transcript are quite similar, i.e., 0.62 and
0.78 uM, respectively. The k_,, value for the E. coli enzyme is
about twice the corresponding value obtained for the S. coeli-
color PNPase; thus, the k.,/K,, value for the E. coli enzyme is
ca. 1.5 times the corresponding value for the S. coelicolor
enzyme. The kinetic data are consistent with the gel patterns
shown in Fig. 3, which indicate more effective conversion of the
5601 transcript to RP3 by the E. coli enzyme than by the S.
coelicolor PNPase. Caveats related to the interpretation of
these results will be discussed below.

Table 2 also shows the results of the kinetic analyses per-
formed with the 5650 transcript. A K,,, value of ca. 3 uM was
observed for the S. coelicolor PNPase while the corresponding
value for the E. coli enzyme was ca. 6 pM. The k_,, values for
both enzymes with this substrate were essentially identical, ca.
5.5 min~'. The lower K, for the S. coelicolor enzyme results in
a k., /K,, value that is twice that observed for E. coli PNPase.
Again, the kinetic data are consistent with the gel patterns
shown in Fig. 4, which shows clearly that the Streptomyces
enzymes are more effective than the E. coli PNPase in digesting
the 5650 transcript.

Effects of NDPs on the digestion of the 5650 transcript by
Streptomyces and E. coli PNPases. We have shown that, as is the
case in E. coli, streptomycete RNAs possess 3’ tails (4, 7).
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FIG. 6. Effects of NDPs on the phosphorolysis of the 5650 tran-
script. Reaction conditions were as described in Materials and Meth-
ods. Products were separated by gel electrophoresis. The top panel
shows the results obtained with S. coelicolor PNPase, and the bottom
panel shows results using E. coli PNPase. Reactions were conducted in
the presence of increasing concentrations of a mixture of ADP, CDP,
UDP, and GDP as indicated.

Unlike the situation in E. coli, the RNA tails associated with
streptomycete RNAs are highly heteropolymeric (4). Both
Sohlberg et al. (37) and studies from our laboratory (3) have
shown that these tails are probably synthesized by PNPase
rather than by a dedicated PAP like E. coli PAP 1. As poly(A)
tails facilitate the degradation of RNAs by exonucleases like
PNPase, it seemed possible that the Streptomyces PNPases
might add 3’ tails to RNAs transiently during the process of
phosphorolysis and that those tails might increase the ability of
the enzyme to degrade the RNAs. To test this possibility, we
examined the effects of a mixture of all four NDPs, the usual
substrates for the polymerization reactions catalyzed by PNPase,
on the phosphorolysis of the 5650 transcript by PNPases from .
coelicolor and E. coli. We utilized all four NDPs because the RNA
tails associated with streptomycete RNAs are heteropolymeric
(4), and it seemed possible, therefore, that all four would be
necessary to observe an effect on PNPase activity.

Results of a typical experiment are shown in Fig. 6. The
concentration of the NDP mixture was varied between 0 and
100 M, under conditions that were optimal for phosphorol-
ysis. There was no observed effect of the NDPs on the forma-
tion of RP4 from RP3 (the 5650 transcript) when the E. coli
PNPase was used. In marked contrast, Fig. 6 shows a signifi-
cant effect of 20 to 30 pM NDPs on the activity of the S.
coelicolor PNPase. Densitometry and quantification of the RP4
bands in the autoradiogram shown in Fig. 6 indicated an ap-
proximately twofold increase in the amount of RP4 produced
by digestion of RP3 with S. coelicolor PNPase compared with
the amount of RP3 produced in the absence of NDPs. At the
highest NDP concentrations used, e.g., 50 to 100 wM, phos-
phorolysis by the S. coelicolor PNPase appeared to be inhibited
somewhat, as indicated by a decrease in the amount of the RP4
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band (Fig. 6). The cause of this inhibition is unknown at this
point.

To explore the effects of NDPs on the phosphorolysis of the
5650 transcript by the PNPases, kinetic analyses were per-
formed, as described in Materials and Methods and in the
preceding section, in the presence of 20 uM NDPs. Kinetic
constants are shown in Table 2. The k., value for S. coelicolor
PNPase observed in a typical experiment in the presence of
NDPs was similar to that measured in the absence of NDPs,
and the same was true for the E. coli enzyme. However, the K,
observed for the S. coelicolor enzyme in the presence of NDPs
was approximately fivefold lower than the value observed in
the absence of NDPs. No effect of NDPs on the K, for the E.
coli enzyme was observed (Table 2). Thus, k.,/K,, did not
change appreciably when reactions were performed with the E.
coli enzyme and 20 pM NDPs, but the catalytic activity of the
S. coelicolor enzyme in the phosphorolysis of the 5650 tran-
script was ca. four times greater in the presence of NDPs than
in their absence. The k., /K,,, value for the S. coelicolor enzyme
in the presence of NDPs was seven times greater than the
corresponding value for the E. coli enzyme. It should be noted
that we observed a similar effect of NDPs on the phosphorol-
ysis of the 5650 transcript by S. antibioticus PNPase (data not
shown).

EMSAs. The observation that the K,, for the S. coelicolor
enzyme in the digestion of the 5650 transcript was half that
observed for E. coli PNPase indicated that the former enzyme
had a greater affinity for that transcript. Further support for
this observation was obtained from EMSAs performed as de-
scribed in Materials and Methods. Results of a typical set of
assays are shown in Fig. 7. Binding of S. coelicolor and E. coli
PNPases to the 5650 transcript was readily observed. Only a
single complex was observed with E. coli PNPase under the
conditions employed. However, multiple complexes (arrows)
were observed with S. coelicolor PNPase, indicating the possi-
ble presence of multiple binding sites for the enzyme on the
5650 transcript (1). The addition of 100 wg/ml of unlabeled
5650 transcript completely abolished PNPase binding (data not
shown). This observation, coupled with the fact that reaction
mixtures contained a nonspecific competitor RNA, indicates
that the binding demonstrated in Fig. 7 is specific for the 5650
transcript. As we expected, it was not possible to observe an
effect of NDPs in the binding assays (see further below).

DISCUSSION

The data presented above demonstrate that PNPases from
Streptomyces and E. coli are capable of digesting structured
substrates derived from the rpsO-pnp region of S. coelicolor.
The data of Fig. 3 suggest that E. coli PNPase is more effective
than the Streptomyces enzymes in digesting the 5601 transcript
to RP1. This observation is confirmed by the kinetic data which
show a ca. 1.5-fold higher k., /K,, for E. coli PNPase. This
difference may reflect the fact that E. coli PNPase digests
single-stranded RNAs with high efficiency (12-15, 18, 19, 38).
There is an important caveat that applies to the data obtained
for the 5601 transcript. It was not possible in the kinetic anal-
yses to utilize enzyme concentrations that were sufficiently low
or incubation times that were sufficiently short to prevent the
conversion of RP1 to smaller products while still allowing us to
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FIG. 7. EMSA of the binding of the 5650 transcript by E. coli and
S. coelicolor PNPases. Reaction and electrophoretic conditions were as
described in Materials and Methods. The top panel shows results
obtained using E. coli PNPase, and the bottom panel shows results
using S. coelicolor PNPase. The concentrations of enzyme in each
reaction mixture are shown at the bottom of each lane. Arrows in the
bottom panel show the positions of three different complexes formed
by the S. coelicolor PNPase with the 5650 transcript.

quantify the product bands by densitometry. Thus, there was
some conversion of RP1 to smaller products in the kinetic
analyses, and our kinetic measurements reflect only the
amounts of RP1 present when the reactions were quenched
and do not account for any conversion of RP1 to those prod-
ucts. Nevertheless, the kinetic data do appear to be internally
consistent and demonstrate, as noted above, that the E. coli
PNPase functions more effectively in digesting the 5601 tran-
script than the S. coelicolor PNPase. As K, is a measure of the
affinity of an enzyme for its substrate, the kinetic data suggest
that the Streptomyces and E. coli PNPases have about the same
affinity for the 5601 transcript (Table 2). The difference in k.,
is responsible for the higher catalytic efficiency of the E. coli
enzyme with this substrate. It should also be noted that the
Streptomyces and E. coli enzymes produce identical digestion
products from the 5601 transcript with one exception. RP2 was
never observed among the products obtained with the Strepto-
myces enzymes. We suspect that the Streptomyces enzymes do
not find the small stem-loop whose 3’ end is predicted to
represent the terminus of RP2 to be a barrier to digestion.
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Although both the Streptomyces and E. coli PNPases can
efficiently digest the small stem-loops present in the region of
the 5601 transcript that is 3’ to the intergenic stem-loop (Fig.
1), the S. coelicolor PNPase catalyzes the digestion of the
intergenic stem-loop itself (digesting RP3 to RP4) twice as
efficiently as does the E. coli enzyme (Table 2). We speculate
that the Streptomyces enzymes have evolved to digest RNAs
derived from their GC-rich genomes efficiently. Although the
rpsO-pnp region of E. coli contains an intergenic hairpin (32,
33), secondary structure modeling predicts a folding free en-
ergy for that structure of —30.5 kcal/mole, whereas the pre-
dicted folding free energy for the intergenic hairpin in the 5650
transcript is —45.2 kcal/mol. This difference in stability may
manifest itself as a decreased ability of the E. coli enzyme,
compared with the Streptomyces PNPases, to digest the hairpin.

As noted above, most kinetic studies of PNPases have been
performed using synthetic substrates, so it is not possible to
compare in a detailed and meaningful way the kinetic con-
stants we have obtained with those that have been published
previously. Nevertheless, it is relevant to review some of the
data. In particular, it is noteworthy that K,,, values have been
shown by several authors to decrease with increasing chain
length. For example, K,,, values of 0.033 and 0.067 mM were
observed in studies of the Micrococcus luteus PNPase with
(Ap)sA and (Ap),A, respectively (14). Similarly, Chou and
Singer reported values ranging from 2.5 to 0.033 mM as sub-
strate chain length increased from 2 to 8 nucleotides (13).
Reported K,,, values for poly(A) range from 1 to 10 nM for
chain lengths between 300 and 500 nucleotides (15, 19). As
shown in Table 2, the K, values observed with our substrates
ranged from 0.6 to 6 M.

Perhaps the most significant observation deriving from the
studies presented here is the stimulation of phosphorolysis by
the Streptomyces PNPases by NDPs. To our knowledge, this is
the first demonstration of a stimulatory effect of NDPs on
phosphorolysis by PNPase. Although our data do not reveal
the mechanism for this stimulation, we believe that the most
straightforward explanation for the effect involves known prop-
erties of PNPase. The reaction catalyzed by PNPase is revers-
ible, and the enzyme can polymerize NDPs under appropriate
conditions (20, 24). We posit that the Streptomyces enzymes
have evolved with the ability to carry out polymerization under
conditions that also support phosphorolysis and that short 3’
tails are added to the ends of RNA substrates under these
conditions. These tails enhance the binding of the RNA sub-
strate to the enzyme, manifested as the decrease in K, ob-
served in the presence of NDPs, leading to an increase in the
efficiency of phosphorolysis. This hypothesis is supported by
the observation that the K|, for the digestion of the 5650
transcript in the presence of NDPs is identical to the K,,, for the
digestion of the 5601 transcript, which possesses a single-
stranded 3’ tail, in the absence of NDPs. Our EMSA studies
are consistent with this hypothesis as the data of Fig. 7 dem-
onstrate that S. coelicolor PNPase binds the 5650 transcript
more effectively than the E. coli PNPase. Thus, the NDPs
“convert” the 5650 transcript to a form for which the S. coeli-
color PNPase has a higher affinity. Since multiple complexes
are observed for the S. coelicolor PNPase, it was not a simple
matter to calculate dissociation constants from the data of Fig.
7. Nevertheless, inspection of the figure shows that essentially
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all of the substrate in the reaction mixture was bound by the S.
coelicolor PNPase when the enzyme was present at a concen-
tration of 0.6 uM while a significant amount of unbound sub-
strate was observed in reaction mixtures containing 1.3 uM E.
coli PNPase. As we expected, it was not possible to observe an
effect of NDPs on substrate binding, since in the absence of
potassium phosphate the added NDPs were polymerized by
the PNPases (data not shown). We attempted to demonstrate
the synthesis of short 3’ tails in phosphorolysis reactions in the
presence of NDPs using cDNA cloning but obtained no clones
with such tails. We suspect that such tails, if they are synthe-
sized as we envision during phosphorolysis in the presence of
NDPs, are too short-lived to be isolated by cDNA cloning. We
note here that we cannot at this point eliminate other expla-
nations for the effects of NDPs on phosphorolysis, such as an
allosteric effect on PNPase. There are three potential active
sites in the full trimer, only one of which can be occupied by
RNA. However, NDPs could presumably bind to any or all of
the sites to exert an allosteric effect on PNPase activity.

The question remains, since PNPases clearly prefer single-
stranded RNAs as substrates, how are the E. coli and partic-
ularly the Streptomyces enzymes able to digest the stem-loop
structures found in the substrates we used in the experiments
described here? Spickler and Mackie have suggested a reason-
able explanation for this observation (38). They argue that the
balance between PNPase stalling and digestion at stem-loops is
determined by a corresponding balance between the rate of
enzyme dissociation at stem-loop stall points and the melting
of those stem-loops, making them accessible to PNPase cleav-
age. One possibility is that either the core or the peripheral
RNA binding sites in Streptomyces PNPases are slightly stron-
ger, resulting in retention of “stalled substrates,” rather than
their release. Retention would allow time for breathing of the
stem, permitting the stalled enzyme to continue phosphoroly-
sis. Put differently, the Streptomyces enzymes appear to be
slightly more processive, and this must reflect RNA binding.
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