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ABSTRACT

Programmed cell death by  hok /sok of plasmid R1 and pnd/pndB of R483 mediates plasmid maintenance by Kkilling of
plasmid-free cells. It has been previously suggested that premature translation of the plasmid-mediated toxin is

prevented during transcription of the

5’ end. Here, experimental evidence is presented for the existence of metastable structures in the 5

hok and pnd mRNAs by the formation of metastable hairpins in the mRNA at the

" leader of the hok

and pnd mRNAs in vitro. The kinetics of refolding from the metastable to the stable structure in the isolated fragments
of the 5’ ends of both the hok and pnd mRNAs could be estimated, in agreement with the structural rearrangement

in this region, as predicted to occur during transcription and mRNA activation. The refolding rates of

hok and pnd

structures are slow enough to allow for the formation of downstream hairpin structures during elongation of the
mRNAs, which thereby helps to stabilize the metastable structures. Thus, the kinetic refolding parameters of the hok
and pnd mRNAs are consistent with the proposal that the metastable structures prevent premature translation and/or

antisense RNA binding during transcription.

Keywords: branch migration; kinetic traps; RNA rearrangements; RNA refolding; strand displacement; structure

probing

INTRODUCTION

Transient structures in RNA can be functionally impor-
tant, as the final structure of an RNA often depends on
a specific folding pathway determined by the RNA itself
(LeCuyer & Crothers, 1993; Franch et al., 1997; Gultyaev
et al., 1997; Cao & Woodson, 1998). These transient
structures in RNA play a very important role in the
hok/sok system of plasmid R1, which is the paradigm
member of the gene family. This hok/sok system me-
diates plasmid maintenance by killing plasmid-free cells
via a complex series of MRNA rearrangements (Gerdes
et al., 1986; Franch et al., 1997). The hok/sok system
codes for a stable mRNA that folds via a complicated
pathway into the active structure. This active structure
leads to the synthesis of the toxic Hok (Host Killing)
protein, which, if expressed, kills the cell (Franch et al.,
1997; Gultyaev et al., 1997).

To prevent translation of the Hok toxin in the cell, the
full-length stable hok mRNA is locked into an inactive
conformation by the fbi (folding back inhibitory) ele-

Reprint requests to: C.W.A. Pleij, Leiden Institute of Chemistry,
Gorlaeus Laboratories, Einsteinweg 55, 2300 RA Leiden, the Neth-
erlands; e-mail: C.Pley@chem.LeidenUniv.nl.

ment (Thisted et al., 1995; Franch & Gerdes, 1996).
This fbi element is located at the extreme 3’ end and
binds to the extreme 5’ end of the hok mRNA, the tac
(translation activation) element (Fig. 1B; Thisted et al.,
1994a; Nielsen & Gerdes, 1995; Franch & Gerdes,
1996). This interaction blocks the formation of the com-
plete tac stem at the 5 end and thereby holds the
SD .0k (Shine-Dalgarno; modulation of killing) inacces-
sible to ribosomes. Thus, the expression of the Hok
toxin is prevented, because the translation of hok is
coupled to that of mok (Thisted & Gerdes, 1992).
This full-length hok mRNA is stable and forms a pool
of inactive mRNAs. In time, however, the full-length
MRNA gets processed from the 3" end removing the fbi
sequence and unlocking the 5’ end tac sequence
(Fig. 1B,C). This truncation leads to a refolding of the
MRNA into its active conformation by the formation of
the complete tac stem in which the tac sequence in-
teracts with the ucb (upstream complementary box)
region (Fig. 1C; Franch et al., 1997; Gultyaev et al.,
1997). The structural rearrangement in the truncated
hok mRNA leads to the opening of two sites, the SD o«
sequence and the sok target site (sokT). The opening
of the SD,,,« sequence activates the hok mRNA be-
cause ribosomes can now bind. Killing, however, is pre-
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FIGURE 1. The folding pathway of hok mRNA with the position of the metastable hairpin | shown in orange, the position of the
metastable hairpin 1l shown in green, and the remainder of the isolated tac stem shown in yellow. A: During the transcription
of the hok mRNA, it first forms the metastable hairpins at the 5’ end that are stabilized by the ucb/SD o interaction. B: After
complete transcription of the full-length hok mRNA, a refolding takes place, disrupting the metastable hairpins by forming the
partial stable tac stem with the tac/fbi interaction while maintaining the ucb/SD 0« base pairing. C: The full-length hok mRNA
is processed at its 3’ end. The processing triggers a refolding of the mRNA into the active conformation by forming the complete
stable tac stem with the ucb/tac interaction and the opening of the sokT site. D: The isolated 74-nt hok tac stem RNA fragment.
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vented in a plasmid-carrying cell, because an antidote
against the active truncated hok mRNA is present in
the form of the Sok antisense RNA (Suppression of
killing RNA) (Thisted et al., 1994b), which is tran-
scribed from the same plasmid as the hok mRNA. This
antisense RNA can bind to the activated sokT on the
truncated hok mRNA, which leads ultimately to RNase
Il degradation of the mRNA and thus to prevention of
killing (Franch et al., 1997; Gultyaev et al., 1997). In
plasmid-free cells, however, the unstable Sok-RNA be-
comes quickly depleted and cannot be replenished,
leaving a pool of activatable full-length hok mRNA, which
will kill the cell (Gerdes et al., 1986).

The finding of a translational activator or tac stem
upstream of the translation initiation region in the hok
mRNA was puzzling, because it poses the question of
how translational activation during transcription is pre-
vented. This is especially true because this tac stem is
in the thermodynamically most stable conformation
when the tac/ucb interaction is present in the absence
of 3’ end fbi sequence, thus resembling the situation of
the truncated active hok mRNA (Fig. 1B,C,D). In other
words, how is translation blocked during transcription,
as the 3’ proximal fbi is only present after complete
transcription of the hok mRNA (Fig. 1B)?

The answer to this question was found in the folding
pathways of seven hok-homologs, which were simu-
lated by a genetic algorithm (Gultyaev et al., 1995a).
The results of these predictions indicated the existence
of metastable structures in the tac region, which are
formed during the transcription of the mRNA (Fig. 1A;
Gultyaev et al., 1997). The predicted metastable struc-
tures were further supported by the finding of coupled
nucleotide covariations, which provide evidence that
the hok mRNA 5’ end pairs with three different partners
during the complex series of RNA rearrangements in
the life cycle of the mRNA (Fig. 1). It was proposed that
during transcription, the metastable structure formed at
the 5" end prevents the formation of the active stable
tac stem conformation (tac/ucb pairing) and may also
prohibit Sok-RNA binding (Gultyaev et al., 1997). Upon
completion of the transcript, the metastable structures
are disrupted in favor of stable pairing between the 5’
end of the tac region and the 3’ end of the fbi region
(Fig. 1B). Thus, the proposed phylogenetically con-
served folding pathway suggests the existence of an
inactive mRNA structure during transcription followed
by a restructuring after completion, giving rise to a struc-
ture that is still inactive, and a subsequent activation
via posttranscriptional processing (Fig. 1B,C).

In this article we present experimental evidence for
the existence of the predicted metastable structure in
the tac stem region in vitro. To obtain this evidence we
studied RNA fragments corresponding to the tac stems
of hok (Fig. 1D) and pnd (promotion of nucleic acid
degradation), which were analyzed with structure-
probing experiments. To determine the secondary struc-
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ture of the metastable state of these fragments, a kinetic
trap had to be used to force the structures into the
metastable state. This trapping not only allowed us to
probe the metastable structures of the hok and pnd
fragments but, equally important, it allowed us to follow
the refolding event from the metastable to the stable
states. The observed refolding appears to be suffi-
ciently slow to allow for the formation of downstream
hairpins in the mRNAs, which help to stabilize the meta-
stable states in the tac stem regions until the complete
MRNA is transcribed. After completion of the mRNA,
the fbi element is able to disrupt the metastable state,
allowing it to refold into the partial stable fac stem con-
formation (Fig. 1B). These findings strongly support
the proposed folding pathway in which a translationally
inactive metastable structure of the tac stem region
finally refolds into the active stable conformation (Gul-
tyaev et al., 1997).

RESULTS

The hok and pnd gene systems encode mRNAs with
the same overall folding pathway (Thisted et al., 1994a;
Gultyaev et al., 1997). They both form stable tac stems
in their mMRNAs. However, due to a deletion, the tac
stem of pndis 58 nt instead of the 74 nt of hok (Figs. 4,
5). This more simple structure of both the stable and
metastable form of the pnd tac stem makes it a good
candidate for studying its structures and folding kinet-
ics and for comparing these with those of the hok tac
stem.

Two RNA fragments of 74 and 58 nt were synthe-
sized by T7 RNA polymerase transcription, correspond-
ing to the stable tac stems of the hok and pnd mRNAs,
respectively, and indicated as hok’™ and pnd®>® RNA
fragments. To establish whether these isolated tac stem
fragments were able to fold into the correct stable struc-
tures, we initially analyzed these RNA fragments with
UV melting experiments. The reason for this is that we
used denaturing gel electrophoresis to purify the hok
and pnd RNA fragments and such an isolation proce-
dure can lead to misfolded structures (Walstrum &
Uhlenbeck, 1990; Emerick & Woodson, 1993). The re-
sults obtained, for both hok and pnd, with the UV melt-
ing experiments were irreproducible, although less
pronounced for pnd, suggesting that a fraction of the
RNA fragments was kinetically trapped into alternative
conformations (results not shown). To avoid these ir-
regularities, the hok™ and pnd®® fragments were incu-
bated overnight at 37 °C, allowing the putative misfolded
structure to refold to the stable state (Fresco et al.,
1966). After this preincubation, the melting experi-
ments indeed yielded reproducible results, indicating
that virtually all the alternatively folded structures were
refolded into the single stable tac stem structures (Uhlen-
beck, 1995; Brion & Westhof, 1997; Pan & Woodson,
1998).
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Structure probing of the  hok ™ and
pnd 8 stable tac stem-loops

The 74-nt RNA fragment corresponding to the 5’ end of
the hok mRNA (Fig. 1D) was probed with three different
RNases (nuclease S1, RNase T1, and V1) after over-
night incubation at 37°C in a 50 mM Na cacodylate
buffer at pH 7.2. The results of the enzymatic probing
experiments are depicted in Figure 2. The cleavage
sites are superimposed on the secondary structure
model of the stable tac stem as established by Thisted
etal. (1994a, 1995), and Gultyaev et al. (1997) (Fig. 4A).

The stable structure of the hok™ fragment consists
of a single stem-loop with a large internal loop at the
bottom of the hairpin, two bulge loops, and a UeU mis-
match (Gultyaev et al., 1997). The structure of the es-
tablished stable hairpin is supported by multiple RNase
V1 cuts from U6 to G30 and to a lesser extent on the
opposing strand from G47 to G71. RNase V1 cuts are
also found in the internal loop that indicates that this
region is in a stacked conformation probably due to the
presence of four possible non-Watson—Crick GeA base
pairs. This was further supported by the lack of nucle-
ase S1 and RNase T1 cuts in this internal loop region.
Only G67 and A68 give weak nuclease S1 cuts show-
ing that the internal loop is only weakly accessible to
these enzymes, if at all (Fig. 2A).

Interestingly, some weak nuclease S1 cuts are also
found in the stem region at C16, U17, and G52. These
cleavages could point to the existence of a small frac-
tion of molecules that are in the metastable state, be-
cause these positions correspond to the loops of the
metastable hairpins | and Il as predicted by Thisted
et al. (1995) and Gultyaev et al. (1997) (see below).
This small fraction could be the result of either an equi-
librium with the stable structure or an incomplete re-
folding after overnight incubation at 37 °C.

The top of the hairpin consists of a rather loose struc-
ture harboring a bulge loop from A31 to G33 and a
hairpin loop structure of 4 nt from U38 to G41. The
GeU-rich stem at the top of the hairpin is supported by
RNase V1 cuts at position G34 to U38, which indicates
that this part of the structure is stacked or base paired.
However, clear nuclease S1 and RNase T1 cuts occur
in this same region between G34 and U38 and in U42
to C45, which indicate structural flexibility in this region.
The hairpin loop (U39 to G41) at the top of the stable
hairpin is also clearly indicated by the presence of strong
nuclease S1 and RNase T1 cleavages. Together these
experimental data in the region between U38 and C45
support the proposed model of the top of the stable hok
tac stem (Fig. 4A).

Similar results were obtained for the pnd>8 stable tac
stem-loop, which consists of a bulged C4 residue and
two symmetrical internal loops (Fig. 5A, Franch & Ger-
des, 1996; Gultyaev et al., 1997). The bottom part of
the stable structure of pnd®® up to the first internal loop

1411
hok™ hok!
I 17 1
A Stable B Metastable C
I 1T 1 1
C Al TITIVISI C AITITIVIST C Al TITLIVISI
D N DN DN

-67-

(3

-60-

-49-

L

- - - B
- - . e
: - -
- 2 -
- .o -
-
- - -
- - z
T b -
- -
- - X.
- - 18- -
- - -
B - - -
- -
- ™ - - - 3
2 L - -
- & -
- - -
- -
- -
-
- -
-
. ..’
- - - - [ 3
. -
. ® - - . .
-
s U . .
-
-»
-
-
. o P

FIGURE 2. The enzymatic structure probing of the 5’ 3?P-labeled
hok™ RNA fragment. A: Probing of the stable hok™ tac stem struc-
ture. Prior to probing, the RNA was incubated overnight at 37 °C. B:
Probing of the metastable hok™* tac stem structure after heating and
rapid cooling followed by probing at 0°C. C: Probing of the hok3!
RNA fragment corresponding to the metastable hairpin | of the hok™
RNA fragment. All probings were done in the sequence C (control), Al
(alkaline hydrolysis), T1 D (RNase T1 under denaturing conditions),
T1 N (RNase T1 under native conditions), V1 (RNase V1 under
native conditions), and S1 (nuclease S1 under native conditions).
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is confirmed by RNase V1 cuts, although nuclease S1
and RNase T1 cleavages do occur in this region as
well, indicating some flexibility (Figs. 3A, 5A). Both in-
ternal loops are cleaved by RNase V1, indicating that
these internal loops are partly in a closed or stacked
conformation, probably due to the presence of GeA base
pairs. However, the occurrence of nuclease S1 and
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FIGURE 3. The enzymatic structure probing of the 5’ 3?P-labeled
pnd® RNA fragment. A: Probing of the stable pnd®® tac stem struc-
ture. Prior to probing, the RNA was incubated overnight at 37 °C. B:
Probing of the metastable pnd®® tac stem structure after heating and
rapid cooling followed by probing at 0°C. C: Probing of the pnd®?
RNA fragment corresponding to the metastable hairpin | of the pnd®®
RNA fragment. All probings were done in the sequence C (control), Al
(alkaline hydrolysis), T1 N (RNase T1 under native conditions), T1 D
(RNase T1 under denaturing conditions), V1 (RNase V1 under native
conditions), and S1 (nuclease S1 under native conditions).
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RNase T1 cuts also indicates that these regions are
not in a stable conformation. The stem region between
the two internal loops (G12-G22 and C38-C48) is
clearly supported by RNase V1 cuts at both the 3" and
5’ half of the stem. The top of the hairpin, above the
second internal loop, is probably not very stable be-
cause it is accessible to both nuclease S1 and RNase
T1. The presence of RNase V1 cuts, however, is con-
sistent with the top two base pairs of the proposed
structure (Fig. 5A). Furthermore, the strong nuclease
S1 cleavages in the region corresponding to the hairpin
loop (G28-U32) favor the proposed hairpin structure of
the stable pnd®® tac stem significantly (Figs. 3A, 5A).

The hok ™ and pnd 58 metastable tac structures

To entrap the hok™ tac stem fragment into the meta-
stable structure, we first had to create a kinetic trap that
would force the tac stem region into the metastable
state that, second, should exist long enough to be able
to probe this structure correctly. To fulfill these two re-
quirements, the hok ™ tac stem fragment was first heated
to 95°C in a 50-mM Na cacodylate buffer, pH 7.2, for
2 min, followed by rapidly cooling to —180°C by plac-
ing the RNA solution into liquid nitrogen. After thawing,
the hok™ tac stem fragment was probed at 0°C with
nuclease S1, RNase T1, and RNase V1. In this way the
heating and rapid cooling cycle meets the first require-
ment, which allows the hok’* RNA fragment to fold into
the metastable state, if the metastable state folds faster
than the stable state. The probing at 0°C fulfilled the
second requirement, because no significant refolding
into the stable state was observed during the probing
experiment as shown in Figure 2B. Under these con-
ditions we were able to determine the structure of the
metastable state of the hok™ tac stem fragment and to
overlay the probing results on the metastable structure
as predicted by Gultyaev et al. (1997) (Fig. 4B).

The metastable structure of the hok™ fragment con-
sists of two hairpins, | and I (Fig. 4B). The top of hairpin
Il corresponds to the hairpin predicted by Gultyaev
etal. (1997). However, the 3’-end nucleotides in the pre-
dictions are base-paired to a downstream part of the hok
mRNA, which is not present in the hok™ fragment.
Therefore, this bottom part of hairpin Il is referred to as
the extended part of hairpin Il indicated as II* (Fig. 4B).

A probing pattern completely different from the stable
structure was obtained with the heated and rapidly
cooled RNA fragment. The probing pattern consisted of
RNase V1 cleavages in the region from U7 to C12 and
from A23 and U29. This combined with strong nuclease
S1 cuts in the region from U14 to U17 confirmed the
existence of the metastable hairpin I. Here again, the
internal loop seems to be inaccessible to both nucle-
ase S1 and RNase T1 (Fig. 2B).

Hairpin Il is supported by the V1 cuts at position G44
to U48 and in the opposing strand at A59 and G60.
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Further confirmation of the existence of hairpin Il comes
from the strong nuclease S1 and RNase T1 cuts in the
five-membered hairpin loop. This hairpin loop might be
partially extended by 4 nt upon disruption of the two
GeU base pairs as indicated by the presence of nucle-
ase S1 and RNase T1 cuts at G47 and G54.

The extended part of hairpin Il seems to be unstable,
as both nuclease S1 and RNase T1 are able to cut at
various positions in this stem region. However, RNase
V1 cuts in the same region supports the existence
of stacked or base-paired interactions in this region.
Moreover, the proposed interactions are also sup-
ported by computer predictions of the secondary
structure of the hok’* fragment. Furthermore, the
symmetrical internal loop connecting hairpin Il and
the extended II* region is clearly visible as a strong
set of bands in the autoradiogram, suggesting that this
area is more exposed to nuclease S1 and RNase T1
than the suggested base-paired region of stem II*
(Figs. 2B, 4B).

As an additional control, an RNA fragment corre-
sponding to the 5’-terminal 31 nt of the hok™ tac stem
region was also synthesized. This hok3! fragment could
further support the existence of a metastable structure
in the hok™ fragment, because it can only fold into the
same structure as hairpin | of the metastable structure
of hok™.

A close resemblance between the cleavage pattern
of the hok3! fragment and the 5’-proximal region of
hok™ in the metastable state was indeed observed
(Fig. 2B,C). This is especially true for the RNase T1
and V1 probes used. The only difference observed is
the strong nuclease S1 cut at G1 and weaker cuts at
U7 to G10 and A26 to U29. The reason why the strong
nuclease S1 cut at G1 is present in the hok3! fragment
but not in the metastable hok™ fragment is because
the hok3! fragment is extended by 1 nt at the 5’ end
(G1). Therefore, the pattern on the gel is shifted up-
wards by 1 nt (Fig. 2C). The weak nuclease S1 cuts in
U7 to G10 and in A26 to U29 are missing in the meta-
stable state of the hok™ fragment. This indicates that
the stem-loop structure of the hok3! fragment has a
lesser overall stability than the stem-loop structure of
hairpin | of the hok™ fragment (Fig. 2B,C).

The V1 cuts from U6 to U15 and from the opposing
strand C22 and A23 are in agreement with the exis-
tence of the stem-loop structure in hok3!. These cuts
are nearly identical to the V1 cuts in the metastable
hairpin | of the hok™ tac stem fragment. The hairpin
loop of the hok®' fragment is also clearly visible with
the nuclease S1 cuts from U15 to G18. The overall
probing pattern of the hok3* fragment corresponds well
with the pattern from the hairpin | of the metastable
state of the hok’* fragment, further confirming the ex-
istence of the metastable state in the latter.

To determine the metastable structure of the pnd>8
tac stem, the same procedure of heating and rapid
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cooling was used as for the hok”* fragment. However,
to our surprise, the metastable state of the pnd®® tac
stem could not be formed using the same buffer of
50 mM Na cacodylate, pH 7.2. The reason for this
behavior was inferred from UV melting experiments
(data not shown), indicating that the stable pnd tac
stem did not completely unfold at 95°C in this buffer.
Reducing the salt concentration to 0.5 mM solved this
problem, because the melting temperature of the sta-
ble tac stem structure was lowered to 78 °C. A heating
and rapid cooling cycle under these conditions enabled
us to probe the metastable structure of the pnd tac
stem (Fig. 3).

The metastable state of the pnd®® tac stem was
predicted to consist of a single hairpin with an internal
loop of four bases comprising two A*G mismatches
(Fig. 5B). The remainder of the sequence is in a more
or less single-stranded state. Although several alter-
native structures can be formed in the region from
U32 to C58, none of them is very stable. The most
likely alternative secondary structure of this region, in
agreement with the experimental data, is shown in
Figure 5B.

The RNase V1 cuts from C4 to G11 and at G22, A23,
G26 to U29, and U31 support the existence of the
metastable hairpin. This hairpin structure is further sup-
ported by strong nuclease S1 and RNase T1 cuts in
the loop of this hairpin. The weak RNase V1 cuts from
U14 to U18 indicate the presence of a small fraction of
the RNA fragments in the stable state, as these RNase
V1 cuts are absent in the pnd3? control hairpin (see
below).

Analogous to the hok3! fragment, we synthesized a
32-nt fragment corresponding to the 5’ end of pnd®8
that can only fold into the same hairpin as the 5'-
proximal hairpin of the metastable state of the pnd>8
tac stem fragment (Fig. 5B).

Figure 3C shows the results of the structure mapping
of pnd*2. RNase V1 cuts from position G3 to A10 and
A25 to U29 support the existence of the stem. Evi-
dence for this hairpin comes from the strong nuclease
S1 and RNase T1 cuts in the region from G15 to U18,
whereas the internal loop is supported by weak nucle-
ase S1 and RNase T1 cuts in the region from G9 to
G12. These results correspond very well with those
found in the first 32 nt of the complete metastable tac
stem, although the nuclease S1 cuts in the hairpin
loop of the complete tac stem are less pronounced

(Fig. 3).

The kinetic transition of the metastable
tac stems of hok ™* and pnd 58

To determine whether the metastable hok’ tac stem is
able to refold into the stable tac stem, a kinetic nucle-
ase S1 probing experiment was performed (see Mate-
rials and Methods). The hok’ fragment was subjected
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FIGURE 4. Summary of the structure probing results of the hok™
RNA fragment. A: The stable structure. B: The metastable structure.
Cleavage sites are indicated by arrows (RNase T1 in red, RNase V1
in yellow, and nuclease S1 in green). The larger arrows correspond
to major cuts and the small arrows to minor cuts.

to the same heating and cooling procedure as de-
scribed above. Kinetics of refolding was then followed
at 30 °C in 50 mM Na cacodylate buffer, pH 7.2. At each
time point, a sample was taken and probed at 0°C
(Fig. 6A).

The nuclease S1 cuts at positions U15, C16, U50 to
U53, and A62 to G64, representative of the metastable
state, are clearly visible at t = 0 min. Over time these
bands slowly diminish in intensity and at t = 100 min
they have disappeared, as is the case for the overnight
incubation at 37 °C, which is representative of the pres-
ence of the stable state. The weak nuclease S1 cuts at
position U39 to U42 at t = 0 min clearly increase in
intensity and become comparable to those for the sta-
ble state after ~100 min (Fig. 6A).

These results clearly show that refolding from the
metastable to the stable state occurs in the hok™ frag-
ment. The refolding under these in vitro conditions
seems sufficiently slow to allow the metastable state to
exist until the complete hok mRNA is synthesized,
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FIGURE 5. Summary of the structure probing results of the pnd>®
RNA fragment. A: The stable structure. B: The metastable structure.
Cleavage sites are indicated by arrows (RNase T1 in red, RNase V1
in yellow, and nuclease S1 in green). The larger arrows correspond
to major cuts and the small arrows to minor cuts.

thereby preventing the premature formation of the sta-
ble tac stem.

In the same way as with hok™ fragment, the kinetics
of the transition from the metastable to the stable state
was determined for the pnd®® tac stem, except that the
incubation temperatures were 15 and 20 °C instead of
30°C (Fig. 6B).

The strong nuclease S1 cuts in the region from U14
to A17, G40 to C45, and at position A49 and G54 clearly
disappear in time. After 60 min at 15 °C the intensities
for the cleavages observed are comparable with those
for the stable state (see lane o/n in Fig. 6B). The strong
nuclease S1 cuts from U29 to U31 did not increase
over time. This could be an indication that this region is
accessible to nuclease S1 in both states (Fig. 6B).

At 20°C, the same kinetics could be observed, al-
though the transition rate was much faster than ex-
pected as compared to 15 °C (Fig. 6B). The overall rate
was estimated to be increased fivefold going from 15 to
20°C. A further decrease in rate of about five times at
10°C was observed (data not shown). At 0°C no tran-
sition could be detected even after 2 h of incubation.
This indicates that the probing at 0 °C after incubation
at 15 or 20 °C does not influence the determined kinet-
ics at elevated temperatures. Similar results were ob-
served for hok’, although less pronounced.
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FIGURE 6. Kinetics of refolding of the metastable to the stable structures of the hok™ and pnd®>® RNA fragments, followed
by nuclease S1 probing. A: Heated and rapidly cooled hok”™ RNA was incubated at 30°C in 50 mM Na cacodylate for
various periods of time as indicated and subsequently probed at 0 °C with nuclease S1. C: control, Al: alkaline hydrolysis,
T1: RNase T1 under denaturing conditions, and o/n: probing after overnight incubation at 37 °C. B: Heated and rapidly
cooled pnd® RNA was incubated at 15 and 20°C in 50 mM Na cacodylate for various periods of time as indicated and
subsequently probed at 0 °C with nuclease S1. C: control, Al: alkaline hydrolysis, T1: RNase T1 under denaturing conditions,

and o/n: probing after overnight incubation at 37 °C.

DISCUSSION

A metastable structure at the 5’ end of hok mRNA and
related messengers was predicted by Gultyaev et al.
(1997) using a genetic algorithm, which is able to sim-
ulate the folding pathway of a growing RNA chain. The
two 5'-terminal hairpins in the leader of the hok mMRNA,
also supported by sequence comparison, were shown

to be transiently folded and replaced at the end of tran-
scription by the more stable structure. The latter struc-
ture consists of an interaction between the very 5’ and
3’ ends (tac/fbi pairing) and the partial formation of the
tac stem in the untranslated region (Fig. 1B). In this
way, premature translation of the plasmid-mediated toxin
is prevented in the full-length mRNA. The mRNA is
activated by 3’-end processing that removes the fbi-
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sequence, and this allows for the formation of the com-
plete tac stem (Fig. 1C) (Thisted et al., 1994a; Franch
& Gerdes, 1996; Franch et al., 1997).

Here we show that this 5’'-terminal metastable struc-
ture exists indeed in a short RNA fragment correspond-
ing to the tac stem and containing 74 and 58 nt in hok
and pnd, respectively. To establish the occurrence of
this metastable state, it was necessary to kinetically
trap this structure by performing a heating and rapid
cooling cycle procedure (Emerick & Woodson, 1994;
Poot et al., 1997). Such a cycle yields almost 100% of
the metastable structure, which also persists long
enough at 0°C to allow structure probing at this tem-
perature. To our surprise, the tac stem fragment of pnd
required heating at 95°C at much lower salt concen-
trations to trap the metastable conformation. The rea-
son for this was that the stable structure of the pnd
fragment could not be melted completely at higher salt
concentrations, as shown by UV melting experiments.
On the other hand, the stable tac stem conformation
could be obtained relatively easily by incubating the
RNA overnight at 37 °C both in the case of the hok™
and the pnd®® molecules. This stable equilibrated struc-
ture, corresponding to one single long hairpin, was un-
ambiguously proven with RNase probing experiments.

Both the overnight incubation and the heating and
rapid cooling procedure allowed us to perform kinetic
experiments to follow the structural transition from the
metastable to the stable state. These experiments
showed that the metastable states of hok”* and pnd®®
could refold to the stable structures in a time scale of
minutes to hours at temperatures that are close to phys-
iological conditions. The estimated half-lives as deter-
mined on the basis of the autoradiograms of the probing
experiments in the refolding buffer of 50 mM Na cac-
odylate, pH 7.2, were approximately 10 min at 30 °C for
hok™ and 4-5 min at 15°C for pnd®®. However, at
20°C the half-life of the metastable structure of pnd®8
appeared to be less than 1 min, which is approximately
five times faster than at 15°C. This corresponds to
an estimated activation energy of about 50 kcal mol !
(Gutfreund, 1995). For hok™, a similar but smaller in-
crease in rate with temperature elevation was ob-
served. Both the differences in refolding rates of hok”
and pnd®8 and their temperature dependence seem to
be inconsistent with the assumption that complete un-
folding of the metastable hairpins of both hok™ and
pnd®>® must take place before a refolding into the stable
structures is possible, as was found, for instance, for
the MDV-1 (—) RNA products (Kramer & Mills, 1981).
This would require a much larger activation energy: in
the case of pnd®® the complete disruption of the meta-
stable stem requires an activation energy of about 100
kcal mol~%, as calculated by using parameters deter-
mined by D. Turner and co-workers (http://www.
ibc.wustl.edu/~zuker/rna/energy/node5.html; Freier
et al., 1986). Therefore, it may well be that only a partial
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unfolding of the metastable hairpins | (Figs. 1, 5) is the
rate-limiting step in the refolding pathway to the stable
tac stem.

In this model, it is likely that the bottom of the meta-
stable hairpins | should unfold, allowing base pairing of
the 3’ end with the now accessible 5’ end. This, in turn,
could be followed by unfolding or branch migration of
the top part of the metastable hairpin |, leading to the
formation of the complete and stable tac stem of hok™
and pnd®8. This is similar to what was suggested for
the refolding induced by the tac/fbi interaction in the
full-length mRNA (Franch & Gerdes, 1996). Such a grad-
ual displacement of helices was also proposed for the
P1/P-1 region of the Tetrahymena group | intron (Cao
& Woodson, 1998). However, one might still expect
hok™ to refold faster than pnd®®, because unfolding of
the bottom part of hairpin | in the hok fragment seems
to require considerably less energy than that of the pnd
fragment, as the internal loop is only three base pairs
from the end of the stem (Fig. 4B). On the other hand,
to allow the 3'-to-5'-end interaction in the hok’ frag-
ment that leads to the formation of the initial part of the
stable hairpin, the extended part of the second meta-
stable hairpin Il (II*; Fig. 4B) should also unfold at least
partly. This effect could explain the slower refolding
rate of hok’* compared to that of pnd®8. A similar model
was suggested for the unfolding of the 58-nt domain
between positions 1051 and 1108 of the 23S ribosomal
RNA (Laing & Draper, 1994).

Another possible type of conformational change with
characteristics of a branch migration mechanism has
been proposed for the conformational switch in the
spliced leader of Leptomonas collosoma (LeCuyer &
Crothers, 1993, 1994). In this system a pseudoknot is
proposed that forms the initiation region for the strand
displacement. A similar pseudoknot (between U13 and
C16 and G60 and A63 for hok and G15 and U18 and
A42 and C45 for pnd) may alternatively play an impor-
tant role in initiating disruption of the metastable state
of the hok and pnd RNA fragments. In contrast to the
refolding initiation at the bottom of the metastable hair-
pins, such a mechanism would not require disruption of
base pairs at the very first steps. In both these models,
an intermediate structure should exist with partial dis-
ruption of the metastable state accompanied by a par-
tial formation of the stable alternative.

As stated above, a strand displacement mechanism
was suggested to be involved in the refolding of the
metastable hairpins into the stable tac/fbi interaction
keeping the pnd or hok mMRNAs translationally inactive
(Fig. 1B) (Franch & Gerdes, 1996). It is clear that the in
vivo process of refolding during transcription (i.e., in the
absence of the 3'-terminal fbi-element) should be slow
compared to the transcription rate, because premature
formation of the stable and translationally active tac
stem is detrimental to the system (Fig. 1C). However,
extrapolation of the refolding rates, determined in vitro
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in this study, to 37 °C is hazardous for a number of
reasons. The used RNA fragments have 3’ ends, which
in the complete messenger become involved in base
pairing interactions with downstream regions (Thisted
etal., 1995). Moreover, the conditions used in our analy-
sis are rather far from physiological, especially for the
pnd fragment, and more quantitative systematic mea-
surements, for example, in the presence of Mg?™, are
required.

The role of the metastable structure in the tac stem
resembles that of the 5’-leader in bacteriophage MS2
RNA, which regulates the expression of the maturation
(A) gene (Poot et al., 1997). In both cases the meta-
stable structures are formed during RNA transcription,
allowing ribosomes to bind in the case of the 5’ leader
in MS2 RNA and preventing premature binding in the
case of hok and pnd. Although the structure of the
metastable folding of the MS2 RNA is not elucidated,
the direct measurements of the slow kinetics by ribo-
somal binding are evidence for its existence. Eventu-
ally in both cases, a stable conformation is formed,
preventing further ribosome binding to the 5’ leader of
MS2 RNA and allowing antisense Sok-RNA or ribo-
somes to bind to the hok mRNA. Other systems in
which metastable secondary structures play an impor-
tant role are, for instance, branched folding versus the
rod-like structure in potato spindle tuber viroid RNA
(Loss et al., 1991) and the copy number regulation in
the Escherichia coli plasmid ColE1l (Gultyaev et al.,
1995b). Metastable RNA structures are also important
in the case for two Qp replicase templates, MNV-11
and SV-11 (Biebricher & Luce, 1992; Gultyaev et al.,
1995a). In these two systems the metastable struc-
tures allow RNA replication, which is blocked by the
stable structure.

Here, we have obtained clear evidence for the exis-
tence of the metastable structure in the tac stem region
in both hok and pnd mRNAs in vitro. The system also
allowed us to glimpse the refolding rates and mecha-
nism involved, and the first data obtained are con-
sistent with the expected role of these metastable
structures in vivo. However, determination of accurate
kinetics and mutational analysis in vitro together with a
functional analysis in vivo are needed. It will be inter-
esting to see how this structural transition is fine-tuned
and which mechanism is prevalent.

In any case, the 5’ terminal leader of hok and pnd
mMRNA provides us with an excellent tool to study sec-
ondary structural transitions in RNA in which complete
hairpins with relatively low free energies are disrupted
in favor of an alternative, even more stable, and com-
pletely different secondary structure. In more general
terms it may add to our understanding of the formation
of alternative structures during RNA transcription
(Kramer & Mills, 1981; Ma et al., 1994; Gultyaev et al.,
1997), and to our insight into the folding kinetics of
RNA (Brion & Westhof, 1997).

1417

MATERIALS AND METHODS

Bacterial strains and plasmids

For plasmid isolation and cloning, E. coli strain JM 101 was
used in combination with the cloning vector pUC19. Isolation
was done according to the Qiagen protocol. The purified plas-
mid clones of hok™, hok3t, pnd®8, and pnd3? were used in
a T; RNA polymerase run of assay to harvest the RNA
fragments.

Cloning protocol for the RNA fragments

The DNA of the hok " fragment for cloning was isolated using
the polymerase chain reaction (PCR) method with an ex-
tended 5’-end primer that contains the T, promoter and an
EcoRl site. The template DNA used in the PCR was plasmid
pBR322, which carries the 580-bp wt hok/sok system cloned
between the EcoRI and BamHI sites (pPR633; Gerdes et al.,
1986; Thisted et al., 1994a). The isolated DNA from the PCR
was cloned into the pUC19 plasmid between the EcoRI and
Smal sites. The DNA for cloning into the pUC19 plasmid for
the hok®!, pnd®®, and pnd3? was obtained by hybridizing two
primers (Gibco BRL) containing the desired sequence to-
gether and ligating them to a T, promoter sequence that
contained a partial Hindlll site. These DNA fragments were
cloned into pUC19 between the Hindlll and EcoRI and Smal
and Pstl sites, respectively.

RNA synthesis via T ; RNA
polymerase transcription

For the isolation of the RNA fragments of hok™, hok3*, pnd®8,
and pnd?®?, purified pUC19 DNA was first linearized by Smal
for hok™ and pnd®8, Dral for pnd®?, and EcoRI for hok3t.
The hok3!-linearized plasmid was made blunt ended by in-
cubating it with 2 U of nuclease S1 (see Secondary structure
probing on following page) at 37 °C for 60 min. The blunt-end
plasmids were then used for a run-off T; RNA polymerase
transcript assay. The T; RNA polymerase transcription was
done in a buffer containing 200 MM HEPES at pH 7.5, 30 mM
MgCl,, 2 mM spermidine, 40 mM dithiothreitol (DTT), 24 mM
of each NTP, and 3.6 U/ul of T; RNA polymerase. This was
incubated for 4 h at 37 °C. The plasmid DNA concentration in
the T, RNA polymerase assay was in all cases 0.1 ug/ulL.

5’-end 32P labeling of RNA

The RNA was dephosphorylated with calf intestinal alkaline
phosphatase (1 U/50 ulL) from Pharmacia in a one-for-all
buffer (Pharmacia) for 30 min at 37 °C, and then purified by
phenol extraction and precipitated by ethanol. The 5'-end
labeling was done in 1X one-for-all buffer with 0.95 U of T4
polynucleotide kinase (Pharmacia) and incubated for 45 min
at 37°C.

Heating and rapid cooling experiment

The heating and rapid cooling experiment for hok* and pnd 8
tac stem fragment was done in 50 mM and 0.5 mM Na cac-
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odylate buffer at pH 7.2, respectively. First the sample was
heated at 95 °C for 2 min and then directly placed into liquid
nitrogen. After this, the sample was carefully melted and used
for probing and kinetic studies.

Secondary structure probing using
nuclease S1 and RNase T1 and V1

Structure probing with RNase T1 and V1 under native con-
ditions was performed in 10 mM MgCl,, 10 ng tRNA, and
50 mM Na cacodylate buffer at pH 7.2. The enzyme concen-
trations were 0.5 U and 0.01 U and 5 U and 0.08 U in 50 uL
at 37 °C and 0 °C, respectively. The incubation times were 15
and 20 min at 37 °C and 0 °C, respectively. Nuclease S1 prob-
ing was in 0.2 M NaCl, 50 mM Na acetate, pH 4.5, 1 mM
ZnS0O,4, 0.5% glycerol, 10 ug tRNA and 2 or 8 U of enzyme
in 30 uL at 37 °C or 0°C, respectively. Incubation times were
10 and 20 min, respectively. Digestion with RNase T1 under
denaturing conditions was in 6 uL of 0.4% (w/v) Na citrate-
2H,0, 0.14% (w/v) citric acid, 8 M urea, 0.4% (w/v) ethylene
diamine tetraacetic acid (EDTA), and 10 ug tRNA + 3ulL
sample RNA (3?P 5’-end labeled), and the mixture was pre-
incubated for 15 min at 55°C. Then 1.5 uL of RNase T1 (1 U)
was added and incubated for 20 min at 55°C. The alkaline
ladder was made from sample RNA in a 25-mM Na,CO3/
NaHCO; (1/9) buffer for 2 min at 95°C. All probing results
were loaded on 20% polyacrylamide sequencing gels, con-
taining 8 M urea, and detection was by autoradiography.

Kinetic probing experiments

Kinetic experiments were performed in 50 mM Na cacodylate
buffer at pH 7.2. Incubation was at 15, 20, or 30°C in a PCR
mini Cycler from MJ Research at various periods of time.
Samples were taken and added to a pre-cooled 0.2 M NaCl,
50 mM Na acetate, pH 4.5, 1 mM ZnSO,, 0.5% glycerol
buffer with 8 U of nuclease S1. Probing was at 0 °C on ice for
20 min followed by analysis with electrophoresis on a 20%
polyacylamide sequence gel containing 8 M urea.
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