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ABSTRACT. Transcription terminators trigger the dissociation of RNA polymerase elongation complexes
and the release of RNA products at specific DNA template positions. The mechanism by which these
signals alter the catalytic properties of the highly processive elongation transcription complexes is unclear.
Here, we propose that intrinsic terminators impede transcript elongation by promoting a misarrangement
of reactants and catalytic effectors within the active site of T7 RNA polymerase. In effect, a productive
catalytic coordination network can be readily restored wher*Maffectors are replaced by the more
“relaxing” Mn?* ions, leading to transcript elongation beyond the termination point. Thisdependent
incorporation of additional nucleotides occurs within unstable transcription complexes that ultimately
dissociate at positions downstream from the normal termination site. Thus, ddordination in the
polymerase active center can compensate for the disruptive but limited perturbation of the catalytic
arrangement of reactants that accompany larger structural changes of the transcription complex triggered
by termination signals. These results provide evidence that the geometry of the catalytic coordination
network within the active site is a crucial component of RNA polymerase catalysis. Limited variations of
the active site architecture are sufficient to confer tight control of the RNA polymerase function and,
thus, may ubiquitously benefit signals regulating transcription.

Transcription, the crucial initial step of gene expression, addition can be envisioned. The reactants (the RN®H
is regulated by complex intrinsic and factor-dependent and the incoming rNTP) or the metal effectors (two g
signals. During the processive phase of transcript elongation,ions) may be misaligned within the active site so that the
three major classes of signals (pausing, arrest, and terminacatalytic coordination network (Figure 1A) is disrupted.
tion) interfere with the RNA synthesi4,(2). The pause and  Inactivation would then result from local architectural
arrest signals induce transient and irreversible blocks, distortions. As transition-state stabilization should rely
respectively, to transcript elongation within stable ternary heavily on active site geometry, this mechanism could
transcription complexes, whereas the termination signalsprovide a versatile means of regulating the RNAP activity
trigger the dissociation of the complexes and the release ofat a low energetic cost. There are already indications that
the RNA products. Despite their different outcomes, the three transcription complexes utilize such a strategy to discriminate
kinds of signals share the ability to preclude phosphoryl between correct and incorrect nucleotidés-8). Alterna-
transfer reactions within the RNA polymerase (RNAP) tively, reactants may be completely extruded from the active
active site. However, the mechanistic principles underlying site (or prevented from entering it), leaving it partially or
this inactivation process remain largely uncharacterized. totally empty. Current models for pause, arrest, and termina-

Much biochemical and structural data suggest that the tion signals which feature alterations of the lateral stability
RNAP-dependent addition of nucleotides to the growing of the transcription complex (such as backward slidirig) (
RNA chain rests on a simple two-metal ion mechani8m ( 9) favor this latter mechanism.

5). An important implication of this mechanism is that the  Transcript elongation by the bacteriophage T7 and SP6
RNAP amino acids do not directly participate in the chemical RNAPs can be terminated by two distinct classes of intrinsic
reaction. Rather, active site residues orchestrate the propetermination signals10, 11). Class | signals are reminiscent
orientation of reactants and metal ions so that the latter cangf the bacterial Rho-independent termination signals, of
effect the activation of the attacking-®H and the stabiliza-  which some are genuine terminators for the bacteriophage
tion of the developing negative charges during the in-line enzymes12—14). Class | terminators are characterized by
SN, phosphoryl transfer reaction (Figure 1A). From this a DNA template sequence of dyad symmetry followed by
mechanism, two different ways of inactivating nucleotide gn A-rich motif that leads to the formation of an RNA
transcript containing a hairpin structure upstream from a
" This research was supported in part by the Association pour la U-rich run of six to eight nucleotides. It is thought that
Recherche sur le Cancer (Grant 5560) and by the Ligue contre le Cancethairpin-dependent termination signals mediate formation of
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DNA template dissociation of the complex may result from pulling the RNA
A / /, out of the RNAP upon hairpin formatiod 9). In contrast to
Base' Bm class | terminators, class Il signals do not rely on secondary
H Base structures in the transcript but require theAACTGTT
Base sequence in the nontemplate DNA strand that often precedes
" RNA Q Q¢ or overlaps with a second T-rich stretchO( 11, 20—22).
S o\ OH Despite these and other differencés, (11, 20, 21), class Il
,'° """"" T_?\!:6° signals also mediate formation of a poorly active conforma-
g - I o tion of the transcription complex prior to RNA relea&3)
1 °\ __oH Thus, the impediment of catalysis is key to both classes of
@ @ @ gp\@ signals, probably because it ensures for the various compo-
0'/; O T S o nents of each terminator the appropriate time frame and
X P topological register within the ternary transcription complex
“\o 0. o (1, 11, 16, 23). However, how impediment of catalysis is
achieved within the intermediate complexes has not yet been
\< fully elucidated. By finding and characterizing conditions
B that restore RNAP catalysis at intrinsic termination sites, we
now show that these signals can promote limited perturba-
7 Ta,g Tb tions of the catalytic coordination network and can therefore
pZBTA/T? : d inactivate transcript elongation without relying necessarily
Hindii EcoRI on the extrusion of reactants from the RNAP active site.
SP6 Ta,p Tb

Materials.Wild-type and mutant T7 RNAPs were prepared
C INTP  ppi TP ppl NP ppi as described previously24, 25). The SP6 RNAP was
A A purchased from Promega. Most chemicals were from Sigma-

""" > N, > N > Ny > etc. Aldrich, while modification enzymes were obtained from
New England Biolabs. The rNTP and rN&B derivatives
as well as radioactive materials were purchased from

v 'NTU"‘ v Amersham.

N* > No* > etc. The pZBT1/T7 and pZBT1/SP6 plasmids (2642 base pairs
each) were obtained by subcloning double-stranded synthetic
oligonucleotides containing the T1 terminator sequence of

v v the rrnB gene ofEscherichia colji in either the sense or

T T., antisense orientation (Figure 1B), within tisma site of

. ) plasmid pSP73 (Promega) that is located between convergent
Ficure 1: Transcript elongation by RNA polymerases. (A) The . .
universal two-metal ion mechanism utilized by RNAPs to catalyze T7 and SP6 promoters. For the tra.nscrlptlon assays, plasmids
nucleotide incorporation (adapted from ®f The position of two  PZBT1/T7 and pZBT1/SP6 were linearized witoR| and
RNAP carboxylate groups and their interaction with metal ions are HindlIl, respectively. Both plasmids yield runoff transcripts
presented in a generic form and may vary from one enzyme to that have a length of 262 nucleotides and termination

another. The M ion on the left side of the figure is predicted to ; _
favor nucleophilic attack of the’2DH moiety by lowering its K, g:i(()jiids that have lengths in the range 0f-4G0 nucle

and to participate in stabilization of the developing negative charge
of the pentacovalent transition state. Likewise, the secofididh Transcription ExperimentsFor multirun transcriptions,

interacts with apical and equatorial oxygens of the pentacovalent mixtures contained 0.3 pm0| of the appropriate linearized

phosphate and facilitates departure of the pyrophosphate moiety. ;
(B) Schematic of the DNA templates used in this work. The plasmid, 6 mM MgCj, 010 m_M NaCl, 20 mM HEPES. (pH
positions of class | (Tae) and class Il (Tb) termination sites are  /-2), > MM DTT, 0.01% Triton X-100, 2 mM spermidine,

denoted with black triangles. (C) Minimal scheme for termination NTPs (0.5 mM each), 3 pmol off*?P]rUTP, the desired
of transcription at the N position. The transcription complex (N) amount of MnC}, and 1 pmol of T7 (or SP6) RNAP in a

may b‘t"‘. Co(rl‘\‘L’e”f‘g ;ntg a ”Ot’.‘t?‘)mg)etfsm Stg‘t‘tah (N?h or co(r;tipue final reaction volume of 2@L. The mixtures were incubated
elongation (N state). Competition between both pathways deter- . o L
mines the termination efficiency at the N positi@i®), We propose for 30 min at 37°C. Then, transcription products were

that Mr?* ions activate the N* intermediate and favor escape from résolved by 8 or 10% denaturing polyacrylamide gel elec-
the N termination site through the pathway shown in gray. Dashed trophoresis. Gel bands were detected and quantified by

arrows represent pathways that could also contribute to the Phosphorimager (ImageQuant) scanning. Termination ef-
establishment of a new distribution of termination products (see fijciencies were derived from normalized band intensities of
the text). L .

termination products and read-through transcripts, as de-
disruption of the interaction between the transcript and its scribed previously41). In the time-monitored experiments,
RNA binding site on RNAP due to the formation of the aliquots were removed at various times from the transcription
hairpin (L3, 16, 18). The hairpin stem could also invade the mixture, the reactions quenched by addition of an equal
upstream edge of the U-rich RNADNA hybrid within the volume of denaturing loading buffer (95% formamide and
transcription bubble, leading to bubble collapse and dis- 5 mM EDTA), and the aliquots chilled on ice before being
sociation of the ternary complexXl§—17). Alternatively, loaded on the gel.
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For experiments with heparin, the buffer components, target the catalytic arrangement of reactants as it is the central
DNA template (0.3 pmol), and 0.5 mM rATP, rCTP, and stage of the elongation process. Hence, single-point mutations
rGTP as well as T7 RNAP (0.1 pmol) were mixed together of the active site of T7 RNAP, metal ions with coordination
and incubated 5 min at 3TC. Then, heparin (65 mg/mL) features different from those of Mg and cosolvents that
was added, followed 10 s later by a mixture of rUTP (0.5 can perturb the RNAP interior were assayed. During the
mM), [o-*2P]rUTP (3 pmol), and MnGI(1 mM). Transcrip- course of this study, we have observed an unexpected
tion mixtures were incubated for 5 min at 3Z before being concentration-dependent effect of Mrions on T1 termina-
loaded on a 10% denaturing polyacrylamide gel. Alterna- tion. The extensive characterization of this effect together
tively, the elongation complexes were first radiolabeled by with its mechanistic implications is presented below.
addition of [o-32P]JrATP (3 pmol) to the initial transcription Effect of MA* lons on Termination of Transcription at
mixture devoid of rATP and then chased for 30 s or 1 min the Ta and Tb Sites of the T1 Terminat@ranscriptions
at 37°C with a mixture of 0.5 mM rUTP, 2 mM rATP, and  with T7 RNAP and a DNA template containing the T1
MnCl; in the presence (or absence) of 5 mg/mL heparin. terminator sequence (Figure 1B) were performed in the
Analysis of transcripts was carried out as described above.presence of various salts and neutral solutes. Remarkably,

Sequencing of Transcript-Ends.Each of four indepen- ~ addition of Mr* to the transcription mixture yields new and
dent pools of transcripts containing phosphorothioate modi- Ionger transcripts at the T1 hairpin-dependent termination
fications at random positions was obtained by addition of a site (Ta), while termination at the downstream site (Tb) is
single NTRS to a multirun transcription mixture containing ot significantly affected (Figure 2A). Moreover, the new
1 mM MnCl, (see above). The NTP/NBS ratios were transcripts are formed at the expense of the original Ta
adjusted according to published protocd$,(27) to obtain termination products (Figure 2A). None of the other salts
approximately two to three NTKES incorporations per and solutes that were testfidcluding K*, Zr?*, C&*, CcP*,
transcript. After incubation fol h at 37°C, the transcription ~ CO*", F&*, [Co(NHy)e]*", Ac™, HPQ?", SO, Glu,
mixture was applied to a spin-down G50-desalting column Spermine, sucrose, methanol, and glycerioiduced such
(Sigma). The eluate was extracted with phenol and precipi- changes (data not shown). Similarly, the new distribution of
tated with ethanol. The transcripts in the pellet were labeled Ta transcripts triggered by Mhions is independent of the
with [32P]pCp and T4 RNA ligase, as described previously nature of buffer (HEPES, MOPS, or Tris-HCI), the concen-
(12). The individual transcripts species within the Ta and tration of DTT (1-10 mM), the amount of RNAP (0-110
Tb clusters were then purified by 10% denaturing polyacryl- pmol), or the topological state (linear or supercoiled) of the
amide gel electrophoresis and the phosphorothioate linkagedPNA template (data not shown). On the other hand, the
cleaved with iodine, as described previoustg)( Cleavage differential effect of Mt on the two termination signals
products were resolved on a 24% denaturing polyacrylamide (Ta and Tb) suggests that the evolution of Ta products into

gel. longer transcripts does not result from nonspecific initiation
or slippage before the enzyme reaches T1 (see also the
RESULTS mapping of RNA 3-ends, below). Moreover, incubation of

purified Ta transcripts (A or B species in Figure 2) with T7

The study of intrinsic mechanisms of transcription regula- RNAP, rNTPs, and MnGlin transcription buffer does not
tion with the T7 bacteriophage RNAP presents many |ead to the addition of extra nucleotides to the transcripts
advantages. Both Single-run and multirun transcription (Figure 3A), suggesting that the effect of Rirtakes place
experiments are readily carried out in simple media that do within ternary transcription complexes. Thus, it appears from
not contain initiation or elongation protein cofactors. Experi- these data that M cations alter some specific features of
ments, in particular those based on functional mutagenesisthe Ta signal.
are also facilitated by the monomolecular nature of T7 RNAP Mn2+_Dependent Transcripts Are Products of a Termina-
as well as by the published structures of the enzyme in tion Eyent. To analyze further the new transcripts formed
various contexts28—30). Moreover, despite the absence of py T7 RNAP in the presence of Mh ions, multirun
sequence homology between bacteriophage and multisubunitranscription experiments were monitored as a function of
RNAPs, a large body of evidence infers common mechanistic time. As shown in Figure 3B, an accumulation of the longer
fe_atures for regulation of transcript elongation (for a detailed T4 transcripts (B and C species) at the expense of the shortest
discussion, see refg). species (A) is observed at the earliest time points until a

The bacterial T1 intrinsic terminator promotes termination constant distribution of Ta products is obtained. This short
of transcription by the T7 and SP6 RNAP&2( 31). delay (15-20 s) is a rough estimate of the time required by
Interestingly, the T1 sequence contains both class | and classvin?* ions to trigger the formation of the longer Ta
Il termination signals for the bacteriophage RNARZ)( transcripts. On the other hand, the overall termination
Thus, with the T1 sequence, two mechanistically distinct efficiency at Ta does not vary with time, indicating that the
intrinsic termination signals can be probed simultaneously longer Mrf*-dependent products do not result from tran-
(the class | and class Il sites within T1 were arbitrarily named scription complexes that are paused or arrested downstream
the Ta and Tb sites, respectively; Figure 1B). To gain insight from the Ta site. Indeed, in the case of a pausing event with
into the mechanisms utilized by these signals to inactivate a half-life longer than a few seconds (the time frame of the
transcript elongation (a prerequisite event of the termination experiment), a decrease in the proportion of the Ta products
pathway), we have used the classical strategy of “systemas a function of time should have been obsen&y.(On
perturbation” and searched for factors that can affect the other hand, at a RNAP/template ratio>cf (our standard
termination at T1 during transcription with bacteriophage conditions; see Materials and Methods), transcription com-
RNAPs. We have focused our attention on factors that canplexes arrested at Ta should have constituted roadblocks for
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Ficure 2: Effect of Mr#+ ions on termination of transcription at the Ta and Tb sites of the T1 terminator with (A) T7 RNAP and (B) SP6
RNAP. Termination (A-F) and runoff (RO) products were resolved on 10% denaturing polyacrylamide gels (top). For each gel, the lanes
correspond to transcription mixtures containing 0, 0.05, 0.125, 0.25, 0.35, 0.5, 0.75, 1, and 1.5 mMMén@hkch termination site, the
overall termination efficiency (TE) and the product percentages are plotted as a functioftofdicentration below the gels. Standardized
transcription efficiencies (Txon) are also shov@).(Solid lines are fits of the data to cooperative binding isotheddsftom which Mr¢+
association parameters were deduced (Table 1). When variations were absent or equivocal in the tested réhgmietdmtrations, data

were arbitrarily fitted to a linear equation. Alteration of transcription termination with T7 RNAP occurs at the Ta site upon binding of 2.3
+ 0.3 Mr#t ions with an apparerity of 0.4 + 0.1 mM (Table 1). Likewise, modification of the product ratio at Tb during transcriptions
with SP6 RNAP depends on binding of 2:10.6 Mr?* ions with an appareriy of 0.45+ 0.06 mM.

upstream RNAPs leading to an accumulation of shorter Mn?*-Directed Incorporation of Additional Nucleotides Is
transcripts. The data are thus consistent with the release ofFaithful to the Template Messagdeis well-known that Mt

the Mr?t-dependent Ta products from the ternary transcrip- ions can favor misincorporation of nucleotides within
tion complexes which was also confirmed with a nitrocel- transcripts or promote nontemplated incorporation of nucle-
lulose filter binding assay (Figure 3C). Therefore, ¥Mdoes otides @2, 33). Similarly, Mr?*, but not Mg, can activate

not fully restore the processivity of the transcription com- phosphorolysis withE. coli RNAP, a reaction that is
plexes at Ta but triggers the extension of the RNAe3ds mechanistically related to NTP incorporation and that
by a few more nucleotides prior to the dissociation of the depends on the presence of an incorrect nucleotide at the
complexes. RNA 3-end @4). It was thus important to identify the
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FiIGURE 3: Release of M#r-dependent Ta transcripts from T7
RNAP transcription complexes. (A) The Krdependent transcripts
are not formed within binary complexes of T7 RNAP and Ta
transcripts. Ta transcripts -AC (Figure 2) were prepared in a
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Ficure 4. Identification of the 3ends of the T1 termination
products by phosphorothioate sequencing. The normalg)land
Mn?"-dependent (T@ transcripts randomly modified with the
NTPaS shown above the gel lanes weteeBd-labeled with¥P]-

pCp and purified as described previoushl). Phosphorothioate
linkages were then cleaved with iodin26f, and the reaction
mixtures were loaded on a 24% denaturing polyacrylamide gel.
Note that iodine cleavage of a given phosphorothioate linkage yields
a doublet which is resolved only for very short fragme2) @nd

that a slight cross-contamination is observed in the A sequencing
lanes for the Ta and Tag products. The Ct lanes refer to the
sequencing of a control RNA having thé-éhd sequence'b
UCGAAUU-3'. The 3-ends of the Tb transcripts formed during

Th

standard transcription reaction (see Materials and Methods) andtranscription with SP6 RNAP were identified similarly (not shown).

purified by 10% denaturing polyacrylamide gel electrophoresis.
Individual transcript species (lanes 0), at concentrations—®
nM, were then incubated for 15 min at 3Z in transcription buffer
with T7 RNAP (50 nM) and rNTPs (0.5 mM) withK) or without

(=) 1 mM MnCl, before being loaded onto a 10% denaturing
polyacrylamide gel. (B) Kinetics of multirun transcription of the
pZB-T1/T7 template with T7 RNAP in the presence of 1 mM
MnCl,. A representative 10% denaturing polyacrylamide gel is

The sequence of the T1 terminator is presented below the gel
(numbers refer to the nucleotide positions with respect totthe
transcription start site of T7 RNAP). The RNA-®rmini produced

by T7, SP6,E. coli RNAPs, and calf thymus RNAP Il (ref$l,

22, 31, 46, and 47 and this work) are denoted on the putative
secondary structure of the nascent transcript (key is inset). Gray
and white symbols correspond to RNA hairpin (Ta)- or DNA
template (Th)-mediated termination events, respectivEly. (The

shown (gel lanes correspond to aliquots withdrawn from the reaction last 3-nucleotide of each Mit-dependent termination species is

mixture after incubation for 5, 10, 20, 40, 60, 120, 150, 180, 210,
and 240 s at 37C). Note that the left part of the gel (the two

identified with a black symbol.

earliest time points) has been overexposed. Below the gel, the . . . . . .
termination efficiencies at the Ta and Tb sites and the percentages NTPaS in the reaction mixture did not interfere with the
of the Ta transcripts are plotted as a function of time. (C) Transcript transcription pattern (data not shown). After isolation and
release evaluated by a nitrocellulose filter binding assay. The 3'-end labeling of the individual Ta transcript species, the
experiment and controls were performed as described previously yngsphorothioate linkages were cleaved with iodine and the
(45) with one minor modification, the washing solutions containing It duct ved b | electronh .
10 mM NaCl. On the gel, the transcripts before loading of the resu '_ng products were resolved Dy geé ?ec rophoresis (s?e
transcription mixture on the nitrocellulose filter (lane T) and those Materials and Methods). The results, which are presented in
that were not retained on the filter with T7 RNAP (filter eluate; Figure 4, demonstrate that the additional nucleotide incor-
lane F) are compared (gel scans of the Ta region are also presentegiorations triggered by M ions at the Ta site remain
for both lanes). essentially faithful to the template message (see also the
results with SP6 RNAP, below). However, it is not possible
to determine unambiguously from these data whether prod-
ucts C derive from one or both upstream Ta transcripts (see
Figure 1C and below).

Effect of Mi#* lons on Termination of Transcription with
Active Site Mutants of T7 RNAHhe evolution of the Ta

nucleotides incorporated at théehd of the Ta transcripts
in the presence of M ions. This task was accomplished
by phosphorothioate sequencir@§). Transcription mixtures
containing 1 mM MnCJ were doped with INT&S analogues
which are substrates of T7 RNARG). The presence of
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Table 1: Mr#*-Dependent Evolution of Ta Products into Longer data not shown). Thus, the 'engthe”ing of eithe_r side chain
Transcripts during Transcriptions with Wild-Type and Active Site by one methylene group (Asp Glu mutations), which alters

Mutants of T7 RNAP the metal ion coordination within the active site and reduces
WT Y639P D537E D812E the enzyme catalytic activity3p), renders the T7 RNAP
- 23103 20L04 25104 > 0L05 term|nat|_on-prone. However, thg D5_37E_and D812E enzymes
K@ (uM) 382+ 64 414+52 1563+ 317 1087+ 125 can partially read through termination sites when?Mions

2 The percentages of Ta products as a function ofMncentration are present in .the .reac“or.‘ m'.Xture’ the amount Of. read-
were determined from two to three independent experiments. Data werethrough transcripts increasing in the Maoncentration
best fitted to equations describing cooperative binding bn2* ions range of 0.23 mM (Figure 5 and data not shown). Thus,
to T7 RNAP @4; as shown in Figures 2 and 5). This differs from a in the case of the D537E and D812E mutants,2Mions
previous work in which a model forequivalent noninteracting binding  nayve a dual effect: triggering the evolution of Ta termination

sites had been used to describe?Mhinding to free RNAP 35). The . . . .
origin of this discrepancy is unknown but may arise from experimental products into longer transcripts, as with the wild-type

differences (elongation complex vs free RNAP, for instance). Moreover, €nzyme, and partially shielding the transcription complexes
competitive binding by M@' ions has been neglected becausekhe  from termination events.
values for Mg* are not known precisely and because?Mg a very Mn2* lons Trigger Phosphoryl Transfer Reactions within
Bl 1Sl U2 )7 Heparin-Sensile Transcripion ComplesTaken together
of 25; 35). Simulation of competitive binding with Ks(Mg?*) of 2 the data suggest that two Khions within the active site
mM estimated for the wild-type enzymag) yields aKq(Mn2*) of 161 can potentiate the catalytic features of a transcription complex
+ 28 uM (not shown), in reasonable agreement with the appafent  located at a termination site (thus promoting additional
‘\’(as'gg 322‘;"’;(‘)’: ”;ertit;bﬁé"iﬁ%?;ﬁ‘iﬁt t‘t’oﬂ:se?j?g %]?c?:%ﬁr?ﬁ,ﬁes’ incorporations of nucleotides within the transcript). This can
activity of the D237E rrl)wutant, the M% concentration in the trgnscrip- lead,to Fhe gscape Of, the transcription complex from the
tion mixture was increased to 10 mM. termination signal (as in the case of the D537E and D812E
mutants) or to the limited extension of thé-éhds of
transcripts prior to the dissociation of the ternary complexes.
In the latter case, Mii ions cannot offset the components
of the termination signal that are responsible for transcript
release, suggesting that the transcription complex is already
engaged in the termination pathway (N* intermediate in
Figure 1C). To support this view, the effect of #non Ta
termination was assessed as a function of the stability of the
transcription complex, one feature that could depend on the
state of the ternary complex (N or N*L§, 21, 38). In a
modified experimental setup, the transcription ability of T7
. L ) 4 ) RNAPs that were not engaged in stable transcription
lons W'thm the RNAI_D_actlve site (I_:lg_ure 1). TO_ strengthen complexes was challenged gy?he addition of heparin tr()) the
this conjecture, additional transcription experiments were oo mixture (see Materials and Methods). As shown in
performed with T7 RNAP mutants. The mutation of amino g -6 A the amount of M-dependent Ta products
acid Y639, a residue implicated in the recognition of the yecreases as a function of heparin concentration and reverts
2-OH moiety of the incoming NTP within the active site  y, pac1ground levels when conditions of single-run transcrip-
(36, 37), does not perturb significantly the Mndependent i, are approached (that is when the concentration of heparin
change in the distribution of Ta products (Figure 5 and Table ;s g fficient to prevent RNAP recycling and transcription
1). In contrast, the evolution of Ta products into longer jnjtiation). To determine whether the disappearance of the
transcripts occurs at much higher Mreoncentrations upon  \n2+_gependent Ta products is related to the modification
mutation of either of two amino acids (Asp537 and ASp812; 4t the kinetic regimen induced by heparin (from multirun to
see Figure 5 and Table 1) that participate in metal ion binding gjngle-run transcription conditions), experiments in which
within the RNAP active site35). Thus, there is a direct  ony the first run of transcription is monitored (see Materials
relationship between the strength of binding of Miions 59 Methods) were also performed. Under these conditions,
to the active site and their effect on Ta termination which ha formation of the longer Mi-dependent Ta products is
supports an action of the metal ions directly on (or from) i)l observed, and it is also inhibited by the presence of
the RNAP active center. heparin (Figure 6B). These results show that the?Mn
The mutation of amino acids within the RNAP active site dependent evolution of Ta transcripts is not coupled to
also alters differently the response of the transcription multirun events and that the effect of heparin takes place
complexes to termination signals. With the Y639F mutant, during the elongation phase of transcription. Yet, the
termination efficiencies at the Ta and Tb sites are similar to additional nucleotide incorporations triggered byaions
the ones observed with the wild-type enzyme and do not at the Ta site occur within a transcription complex that is
vary when Mit" is added to the transcription mixture (Figure sufficiently unstable to allow heparin to competitively
5). This suggests that active site contacts to thel2 moiety displace RNAP from it. Similar results were obtained with
of the incoming rNTP are not involved in the termination KCI as the challenging agent (data not shown), suggesting
mechanisms. In contrast, the D537E and D812E mutants arethat ionic interactions predominate within the unstable
extremely sensitive to the termination signals, and in the transcription complex. In both respects (instability and
absence of Mff" ions, they almost completely fall off the predominant ionic interactions), this complex differs greatly
DNA template at the first release site (Ta site; Figure 5 and from stable elongating transcription complex&s, (21, 38)

products into longer transcripts is not linear within the range
of the Mr** concentrations that was tested (Figure 2A). In
effect, the alteration of the distribution of Ta products
depends on cooperative binding of two Mrions with an
apparentKy of 0.4 mM (Figure 2A and Table 1) which
corresponds remarkably to the parameters for binding of
Mn?* to the active site of T7 RNAP35). As no other
manganese ions bind specifically to the T7 enzyme in this
concentration range3p), it is likely that Mr?* ions affect

Ta termination by substituting for the two catalytic kg
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Ficure 5: Effect of Mr?+ ions on termination of transcription at the Ta and Tb sites with active site mutants of T7 RNAP. The concentrations
of MnCl; (in mM) in the transcription mixtures are indicated above the gel lanes. For each mutant, the percentages of Ta products are
plotted as a function of Mit concentration below the gels. Transcription efficiencies relative to the reaction without manganese are also
shown Q). The legend and the fits to the experimental data are as in Figure 2. Note that with the D537E and D812E mutants, the minor
band between the Ta and Tb sites becomes stronger, suggesting that it may correspond to a low-efficiency termination event.

and corresponds best to the N* intermediate in Figure 1C. context-dependent as it can vary as a function of the RNAP
Thus, Mrf™ ions specifically promote the addition of and the termination signal.
nucleotides to the transcript-8nd within a transcription
complex that has experienced extensive modifications andDISCUSSION
that has presumably already entered the termination pathway. In this paper, we show that two Mhions within the active
Effect of MA* lons on Transcription of the T1 Template site of bacteriophage RNAPs can promote the template-
with the SP6 RNARnterestingly, Mi* alters T1 termination  directed addition of one or two nucleotides to theeBds of
of transcription with SP6 RNAP at the downstream Tb site the transcripts when the transcription complexes are located
rather than at Ta (Figure 2B). It is the Th products that evolve at intrinsic termination sites. This unusual transcript elonga-
into longer transcripts as a function of Kinconcentration,  tion occurs within transcription complexes that are unstable
whereas Ta termination products remain unaffected. It has(sensitive to heparin and high-salt conditions). Moreover,
been deduced from phosphorothioate sequencing that the newmn?* ions can also help termination-prone active site mutants
Tb transcripts contain one additional C residue at their 3 of T7 RNAP to overcome transcript release and to read
tip (not shown). This result unambiguously rules out through termination sites.
transcript slippage as an alternative mechanism, while it  There are different possible ways by which thea¥lions
supports template-dependent elongation of the Tb transcriptcan induce the evolution of Ta termination products into
by one nucleotide (see the sequence of Th in Figure 4).|onger transcripts prior to the dissociation of the ternary
Moreover, the evolution of Tb products into longer transcripts complexes. (i) They could increase the T7 RNAP elongation
depends on the cooperative binding of two Mions with rate and thus favor escape of the ternary complex from the
an appareniKq of ~0.4 mM (Figure 2B). Together with the  normal termination sites3Q, 40). However, this mechanism
results of the experiments performed with T7 RNAP, these appears to be unlikely because an increase in transcription
results argue against an effect on termination originating from efficiency and a reduction in the extent of transcription
binding of Mr?* ions to a given RNA or DNA motif because termination should also be observeg), which is not the
the Ta and Tb signals rely on distinct RNA and DNA case with the Y639F and wild-type enzymes (Figures 2A
elements 11, 21). On the other hand, the data also show and 5). On the other hand, an increase in the elongation rate
that the effect of MA" ions on intrinsic termination is  could be a factor by which Mt ions cause the D537E and
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Heparin (mg/ml) and Y639F enzymes. Moreover, the heparin and high-salt
025 05 1 2 5 expgnments .(see the Results) sugggst that the Stabl|lt¥ of
A - . o 17 Ho 17 the intermediate complex (N*) remains very low, even in
Hp TT Ho 1 Hp ITHE TZHP the presence of Mt ions. Additionally, it is difficult to

WA YP uw e — +RO envision how two MA" ions within the RNAP active site
could affect the stability of the ternary complex, unless some
unknown allosteric mechanism is involved. (i) Khions
could delay the termination event and thus permit further
transcript elongation, but the effect of Ktions occurs

kb g | T «Tb Pt elong

within a complex that strongly differs from stable elongating
complexes (see above), indicating that the termination
process has already started. (iv) Mipns could compensate

»ﬁi{?o
i

s “Ta for modifications of the transcription complex induced by
the termination signal. This is the most likely explanation
_100' because the M ions act within a ternary complex that is
R already engaged in the termination pathway (see above).
2 | . - * A It is postulated that the signals that regulate transcript
‘§ 50 elongation induce disruptive conformational changes of the
- ternary transcription complexe$+8, 16, 17, 21, 40). In
*: u —— =B the case of the termination signals, these changes are
= e T T——y——— irreversible and lead to the dissociation of the ternary
00 1 2 3 4 5 complex (6, 21). However, intrinsic termination events first
Heparin (mg/ml) initiate the conversion of the transcription complex into a
transient and catalytically incompetent intermediate that
307 60" subsequently undergoes dissociati® X5—17, 23). The
Heparin: ~ + - + - Mn2* ions trigger the addition of nucleotides to theehd

of the Ta transcripts within a heparin and salt-sensitive
ternary complex. In the absence of Mnons, this complex

is unable to promote nucleotide incorporations. Clearly, this
unstable and catalytically incompetent complex exhibits
Ficure 6: Effect of heparin on the distribution of the transcript featu,res, of the intermediate complex that is _form_ed in the
species formed at the Ta site in the presence of*Mans. (A) termination pathway9, 15—17, 23). Thus, Mr¥* ions in the
Elongating transcription complexes were preformed and stalled at active site of the unstable intermediate complex can oppose
position 12 by privation of rUTPZ1, 38). Then, heparin (65 mg/ the factors responsible for impediment of catalysis. This

mL), rUTP, [0-32P]rUTP, and MnGd (1 mM) were added (see : e ;
Materials and Methods). Reaction mixtures were incubated for 5 could be done by preventing or limiting the reactant extrusion

min at 37°C before being loaded on a 10% denaturing polyacryl- that woulld result from RNAP sliding along the template or
amide gel (lanes T7). In control experiments (lanes Hp), heparin from pulling out of the RNA 3-end. However, the molecular
was added prior to T7 RNAP. Gel bands are labeled as in Figure mechanism underlying this process would remain elusive.
2. A heparin concentration of 5 mg/mL was necessary to completely Alternatively, the termination signal could bring about a

inhibit initiation of transcription by free RNAP molecules and reach . - : ;
conditions of single-run transcriptions. In contrasg—3 mg/mL limited alteration of the catalytic arrangement of reactants

heparin was sufficient to obtain a distribution of Ta termination and metal effectors like the one proposed recently for hairpin-
products similar to the one observed in the absence &f Nms. dependent pausingly). Despite a coordination geometry
(Data points are mean values from three independent experimentssimilar to that of Md@", Mn?" ions exhibit different and less
with a standard deviation af25%. However, because of the very stringent structural parameters (bond lengths, angular devia-

weak signals at high heparin concentrations, potential variations .. . -~ . .
in the amounts of species D are below the detection limit and could 10"S between ligands, preferred binding sites, etc.) during

not be determined accurately.) (B) In a control experiment, the interaction with ligands33, 41). The relaxation of structural
elongation complexes stalled at position 12 were labeled by addition and chemical requirements of ¥Mgdependent phosphoryl
of [a-32P]rATP to the initial transcription mixture devoid of transfer enzymes in the presence of Almons has been
unlabeled rATP and then chased for 30 or 60 s &@t@GWith rUTP attributed to the greater ability of Mh to accommodate a

(0.5 mM), rATP (2 mM), and MnGl(1 mM) in the presencet() . - .
or absence~{) of 5 mg/mL heparin. Under these conditions, the wide range of reactive group geometri@s @nd references

incorporation of §-32P]JrATP during the chase is negligible: {0%), therein). Accordingly, M#" ions could compensate for an
and labeled transcripts correspond essentially to the first run of altered geometry of the catalytic arrangement of reactants
transcription (single-run conditions). However, as shown in the when the RNAP enters the termination pathway, thereby
enlarged view of the Ta region that is presented in the figure, the 1,5 mting further elongation of the transcript within the
limited quality of the data that was consistently observed under ; .
these experimental conditions only permits qualitative analysis. Unstable intermediate complex. Other effects ofMon the
components of the elongation complex (structural modifica-
tion of RNA or DNA motifs, changes in thKy values for
D812E mutants to read through termination sites (see below).the incoming rNTP, etc.; see r88 and references therein)
(i) Mn?* ions could increase the stability of the ternary could also be considered, but none seems to be fully
complexes. However, once again, such a mechanism wouldconsistent with all the experimental data, even though some
favor the escape of the complexes from the termination pointsmay contribute individually to the activation of a distorted
and a decrease in termination efficiencies for the wild-type catalytic setup (for instance, improved binding of the

. _ .
Ta—> S BEE g somg =

OO0
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incoming rNTP to a distorted RNAP active site may result 6), thereby suggesting that termination efficiency is inde-
from preferential chelation of M by the o- andy-phos- pendent of the fate of the intermediate complex; see also ref
phates of the rNTP32, 33). 40]. However, this kinetic competition is not necessarily the
The ability of Mr?t ions to adjust distorted catalytic same at every template position of the termination window
arrangements is also evident in the case of the D537E andsince factors such as the extent of RNAP active site distortion
D812E mutants. With these two enzymes, the perturbation or the complex stability are likely to depend on the location
of the catalytic coordination network results directly from of the intermediate complex along the DNA template. From
the active site mutations, and this impairs transcript elonga- this perspective, it is even possible that slow¥tgriven
tion and favors termination (see the Results). Howevef"Mn incorporations of nucleotides take place within unstable
ions allow the RNAP mutants to transcribe more efficiently intermediate complexes under certain circumstances (dis-
and to read through termination signals (Figure 5), thereby sociation and Mg -driven incorporation rates of the same
compensating for the inadequate geometry of the catalytic magnitude). Partitioning between nucleotide incorporation
arrangement induced by the amino acid mutations. Interest-and dissociation of the intermediate complex may then
ingly, Mn?* also restores catalysis with active site mutants contribute to the display of several termination points (usually
of the polio virus RNA-dependent RNAP that are inactive two) until the unstable complex reaches a template position

when only Mg* ions are presen#@). In other words, Mi*  where dissociation prevails. Further work is in progress to
ions in an RNAP active site “rescue” distorted catalytic test this proposal more extensively.

setups; they favor transcript elongation (increase the elonga-
tion rate) within the unstable intermediate complexes (N*)
formed at termination sites and also during “normal” RNA
synthesis with the active site RNAP mutants. During
processive elongation with wild-type RNAP, there is no
significant kinetic advantage resulting from Knreplace-

It has been proposed that lateral displacements of the
ternary transcription complex (such as backtracking) which
promote complete extrusion of the RNA-&nd from the
RNAP catalytic center could represent predominant inacti-
vated states at various pause and arrest sites Irafel 9
ment because Mg ions accommodate the active site well and refer_ences therein). Yet, inhibition of elongation may

also be triggered in these cases by a more localized alteration

enough. Moreover, in the case of the RNAP mutants, the . . . .
Mn?*-induced increase in the elongation rate decreases theOf the enzyme catalytic arrangement earlier on the inactiva-

termination efficiency because the kinetic competition be- tion pathway. In fact, Landick and co-workers have recently

tween elongation and termination is modified. All these data proposeq a mechanistic framework_ in which th? different
consistently demonstrate that the deviation from an ideal intermediate complexes representative of the various regula-

setup of reactants and metal ion effectors does not need tdory evgnts (paqsg, arrest, or termination) arise from the same
be extensive to impair RNAP catalytic power. This is in catalythally d_ef|C|ent precursoQI_. T.hus, one “t,”Ck" com-
agreement with previous work showing that small deviations MON to intrinsic blocks to transcription elongation may well

from optimal orbital steering can strongly decrease enzymatic P& the timely impediment of effective catalysis through
reaction rates4?). limited alteration of the catalytic coordination network within

The distribution of termination products at the Ta site the RNAP active site. This could be due to peculiar structural

depends on the kinetic competition between elongation,features of the U-rich hybrid_ within the transcription bubble
inactivation (which is potentially reversible), and complex (16 39) that would cause misplacement of the RNACH.
dissociation at each template position within the termination Altération of the catalytic arrangement may also result from
window (Figure 1C). In the presence of ions, a new changes in the terpary contacts within the transcription
kinetic pathway is involved which leads to the addition of COMPplex (changes induced by the formation of the RNA
extra nucleotides to the transcrigtéhds (Figure 1C). Still, ~ hairpin, for instance) that could be transmitted up to the
the new distribution of termination products remains de- €nZyme active site by an allosteric mechanidi) (It has
pendent on a network of individual kinetic parameters: the récently been proposed that this task could be carried out
ones cited above and the rate of Mrependent addition by the Flap and Connector domainstf coli RNAP (17).

of extra nucleotides. To compete efficiently with normal Similarly, the specificity loop of T7 RNAP, an analogous
transcript elongation, complex inactivation needs to occur Structural element, could serve the same functii8).(The

on the same time scale (230%sat 37 °C for processive  €xtent of active site deformation would then depend on the
elongation). On the other hand, the Mrdependent addition ~ RNAP (as “transmitting” and other functional elements may
of extra nucleotides within the intermediate complex appears be analogous but not identical in size or shape) and on the
to be considerably slower (an average elongation rate0o3 specific sterical constraints imposed by a given termination
s 1at 37°C can be estimated from the time needed to reach signal (the length of the RNA hairpin, for instance). This,
a steady-state distribution of Ta transcripts; see Figure 3B).in turn, could explain the context dependence of the"Mn

In the case oE. coli RNAP, dissociation of the intermediate  effect on transcription termination that is observed in this
complex at théis termination site is also much slower (300  work (for instance, MA" does not trigger addition of extra
500 times) than processive elongation or complex inactiva- nucleotides to the transcript at Ta with SP6 RNAP and at
tion (40). This suggests that the evolution of the distribution Th with T7 RNAP). In effect, even the “relaxed” coordina-
of Ta transcripts is mostly driven by the kinetic competition tion features of MA" ions cannot conceivably accommodate
between the slow Mit-dependent nucleotide incorporation every distorted arrangement of reactants. Finally, because
and the dissociation of the unstable ternary complex [rever- distortions of the catalytic arrangement can have diverse
sion to a fully active complex is probably negligible because origins and extents, they may also arise from regulatory
addition of heparin to the transcription mixture does not signals that, otherwise, display significant mechanistic dif-
significantly increase the termination efficiency at Ta (Figure ferences (such as class | and class Il termination sites).
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