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Corelease of Two Fast
Neurotransmitters at a

Central Synapse
Peter Jonas,* Josef Bischofberger, Jürgen Sandkühler†

It is widely accepted that individual neurons in the central nervous system
release only a single fast transmitter. The possibility of corelease of fast
neurotransmitters was examined by making paired recordings from synaptically
connected neurons in spinal cord slices. Unitary inhibitory postsynaptic currents
generated at interneuron-motoneuron synapses consisted of a strychnine-
sensitive, glycine receptor–mediated component and a bicuculline-sensitive,
g-aminobutyric acid (GABA)A receptor–mediated component. These results
indicate that spinal interneurons release both glycine and GABA to activate
functionally distinct receptors in their postsynaptic target cells. A subset of
miniature synaptic currents also showed both components, consistent with
corelease from individual synaptic vesicles.

Synaptic transmission in the central nervous
system (CNS) is mediated by the release of
neurotransmitters into the synaptic cleft and
the subsequent activation of postsynaptic re-
ceptors. A single neurotransmitter can coac-

tivate multiple ionotropic and metabotropic
receptor types (1), and a fast neurotransmitter
can be coreleased with neuropeptides (2). In
the spinal cord and brainstem, both glycine
and GABA mediate inhibitory synaptic trans-
mission (3). It is not known, however, whether
glycine and GABA are released from sepa-
rate or overlapping populations of interneu-
rons. Glycine- and GABA-like immunoreac-
tivity coexist in the somata and boutons of
subpopulations of spinal interneurons, and
glycine receptor (GlyR) subunit, GABAA re-
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ceptor (GABAAR) subunit, and gephyrin im-
munoreactivity are present in postsynaptic
densities (4). This supports the hypothesis of

a glycine- and GABA-mediated cotransmis-
sion in the mammalian spinal cord (5).

We examined the cotransmission hypoth-

esis directly, using dual whole-cell patch-
clamp recordings from synaptically coupled
pairs of interneurons and putative motoneu-
rons in slices from neonatal rats (Fig. 1) (6,
7). Unitary inhibitory postsynaptic currents
(IPSCs) evoked in motoneurons by single
action potentials in presynaptic interneurons
showed a rapid rise (20 to 80% rise time of
0.46 6 0.05 ms at 22° to 25°C, n 5 11; Fig.
1A). The mean peak amplitude (including
failures of transmission) was 330 6 99 pA
(250 mV), corresponding to the opening of
;100 channels (8). The short and constant
latency (2.85 6 0.19 ms; Fig. 1A) and the
small percentage of failures (16.4 6 6.7%)
indicated that the IPSCs were monosynaptic
in origin. Unitary IPSCs evoked by presyn-
aptic action potential trains exhibited marked
facilitation of the IPSC amplitude (Fig. 1A).
These functional properties of unitary IPSCs
were similar to those reported with minimal
extracellular stimulation (9).

We next determined the contribution of
GlyRs and GABAARs to the unitary IPSCs in
pairs using the antagonists strychnine and
bicuculline. The GlyR antagonist strychnine
(10), added to the bath solution at a concen-
tration of 400 nM (8 pairs) or 1 mM (3 pairs),
blocked the unitary IPSC completely in only
2 of 11 interneuron-motoneuron pairs. In 9 of
11 pairs, a strychnine-resistant component
remained that decayed more slowly than the
strychnine-sensitive component (Fig. 1B)
and, on average, contributed 15 6 5% to the
total peak current amplitude (range of 4 to
53%). In 9 of 9 pairs, the strychnine-resistant

Fig. 1. GlyR- and GABAAR-mediated compo-
nents of unitary IPSCs in interneuron-motoneu-
ron pairs. (A) Simultaneous whole-cell patch-
clamp recording from a spinal interneuron (cur-
rent clamp, upper traces) and a putative mo-
toneuron (voltage clamp, lower traces). In part
a, three individual IPSCs were evoked by single
presynaptic action potentials (5-ms, 380-pA
pulses). In part b, IPSCs were evoked by a train
of presynaptic action potentials (55-ms, 380-
pA pulse). The inset shows a schematic repre-
sentation of the paired recording configuration.
In part c, the locations of presynaptic interneu-
ron somata are shown superimposed with a
schematic drawing of the cytoarchitechtonic
layers of the deep lumbar rat spinal cord. (B)
Unitary IPSCs in a pair, part a, before antagonist
application, part b, in the presence of 400 nM
strychnine, and part c, in the presence of 400
nM strychnine plus 5 mM bicuculline. Lower traces
in parts b and c are shown at an expanded am-
plitude scale. The traces represent averages from
3 (part a) or 10 (parts b and c) single sweeps,
obtained at the end of the control period and the
antagonist washin periods, respectively. (C) Peak
amplitude of single unitary IPSCs plotted against
time during the application of strychnine and
bicuculline as indicated by the horizontal bars.
Same pair as shown in (B). Inset shows a histo-
gram of the relative contribution of the GABAAR-
mediated component to the peak IPSC, estimated
from the amplitude of the strychnine-resistant component and the strychnine block of GABA-activated currents (Fig. 4C).

Fig. 2. Comparison of
the functional properties
of GlyR- and GABAAR-
mediated IPSC compo-
nents. Hatched bars, uni-
tary IPSC in control con-
ditions; open bars, GlyR-
mediated component (in
the presence of bicucul-
line in three pairs, and
in control conditions in
three additional pairs in
which subsequent strych-
nine application blocked
.95% of the IPSC); filled
bars, GABAAR-mediated
component (in the pres-
ence of strychnine in
the pairs that showed
the largest GABAAR-
mediated component).
(A) The 20 to 80%
rise time of the IPSC.
(B) Synaptic latency,
measured from the ris-
ing phase of the presyn-
aptic action potential
to the beginning of
individual IPSCs. (C)
Paired-pulse facilita-
tion ratio (PPF; ampli-
tude of the second IPSC relative to that of the first IPSC, both measured from the baseline
preceding the first IPSC, 10-ms interval). (D) Decay time constants of the IPSC. For the unitary IPSC
in control conditions, t1 and t2 from the bi-exponential fit are specified separately (amplitude
contribution plotted within bar). For the isolated GlyR-mediated and GABAAR-mediated compo-
nent the mean of t1 and t2, weighted with the respective amplitude contribution, is given. Number
of pairs is indicated in parentheses.
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IPSC component was abolished by the
GABAAR antagonist bicuculline (5 mM; Fig.
1, B and C). Thus, unitary IPSCs at spinal
inhibitory synapses comprised GlyR- and
GABAAR-mediated components that could
be dissected pharmacologically.

A comparison of the functional proper-
ties of the GlyR- and the GABAAR-medi-
ated component of the evoked unitary IPSC
indicated that the two components were not
significantly different in the 20 to 80% rise
time (0.40 6 0.06 ms versus 0.53 6 0.09

ms; Fig. 2A; P . 0.1), the synaptic latency
(2.8 6 0.3 ms versus 3.3 6 0.2 ms; Fig. 2B;
P . 0.1), or the paired-pulse facilitation
ratio (1.95 6 0.29 versus 2.36 6 0.30; Fig.
2C; P . 0.1). However, they differed mark-
edly in the decay time course; the decay

Fig. 3. Comodulation of
GlyR- and GABAAR-me-
diated IPSC components
by presynaptic GABAB
receptors. (A) Inhibition
of composite IPSCs by
1, 3, and 10 mM R-(2)-
baclofen. Part a shows
the GlyR-mediated IPSC
in the presence of 5 mM
bicuculline, and part b
shows the GABAAR-me-
diated IPSC in the pres-
ence of 400 nM strych-
nine, average of 10 sin-
gle sweeps each. The
bath solution contained
5 mM CNQX and 25 mM
D-AP5 in both cases.
The inset shows a sche-
matic representation of the method of extracellular stimulation of
presynaptic axons and the postsynaptic recording configuration. (B) The
coefficient of variation to the 22 power (CV22) of the IPSC peak
amplitude in the presence of baclofen was plotted against the mean in
the presence of baclofen, both normalized by the respective control
values (12). The CV and mean were calculated from 40 evoked IPSCs.
Data points for both GlyR- (open circles) and GABAAR-mediated
(filled circles) component were adjacent to the identity line, confirm-
ing the presynaptic nature of the effect. (C) Inhibition of the GlyR-

mediated component (open circles) and the GABAAR-mediated com-
ponent (filled circles) of the IPSC by baclofen, plotted against ba-
clofen concentration. Data points were fit with the equation f 5 A/[1
1 (IC50/c)n], where IC50 is the half-maximal inhibitory concentration,
n the Hill coefficient, c the baclofen concentration, and A the maximal
effect. The IC50 values were 0.41 mM (n 5 0.70, A 5 0.85; GlyR-
mediated component, dashed curve) and 0.53 mM (n 5 0.88, A 5
0.89; GABAAR-mediated component, solid curve), respectively. Num-
ber of motoneurons indicated in parentheses.

Fig. 4. Selective activation and inhibition of GlyRs and GABAARs in
motoneurons. (A) Currents activated in an outside-out patch by
1-ms pulses of either 1 mM glycine or 1 mM GABA and by 1 mM
glycine plus 1 mM GABA in the absence and presence of 300 nM
strychnine. The inset shows a representation of the fast applica-
tion method and the recording configuration. The traces are
averages from 10 or 20 single sweeps. (B) Bar graphs of the peak
currents activated by glycine alone, GABA alone, and coapplication
of glycine and GABA in the same patches. The arithmetic sum of
glycine- and GABA-activated peak currents is also shown. (C)
Fraction of the glycine-activated (open circles, dashed curve)
and the GABA-activated current (filled circles, solid curve) blocked by
strychnine added to control barrel solution, plotted against strychnine
concentration. Data points were fit with the equation given in the
legend to Fig. 3. The IC50 values were 39 nM (n 5 1.73, A constrained
to 1) and 1.5 mM (n and A constrained to 1), respectively. (D) Fraction
of GABA-activated (filled circles, solid curve) and glycine-activated
current (open circles, dashed curve) blocked by bicuculline added to
control barrel solution, plotted against bicuculline concentration. The
IC50 values were 0.58 mM (n 5 0.99, A constrained to 1) and 144 mM (n and
A constrained to 1), respectively. (E) GlyR activation by glycine, b-alanine,
taurine, and GABA. The peak amplitudes of the agonist-activated currents
were normalized to the peak current activated by 10 mM glycine in the same
patches and were plotted against agonist concentration. GABAARs were

blocked by 10 mM bicuculline (both barrels). Estimated EC50 values
were 441 mM (n 5 1.4, A 5 0.99), 359 mM (n 5 1.7, A 5 0.74), 2.46
mM (n 5 1.3, A 5 0.26), and 105 mM (n constrained to 1.4, A
constrained to 1). (F) GABAAR activation by GABA, b-alanine, taurine,
and glycine. The peak amplitudes of the agonist-activated currents
were normalized to the peak current activated by 10 mM GABA in the
same patches and were plotted against agonist concentration. GlyRs
were blocked by 1 mM strychnine (both barrels). Estimated EC50
values were 472 mM (n 5 1.8, A 5 1.02), 15.1 mM (n 5 1.9, A
constrained to 1), 44.2 mM (n constrained to 1.8, A constrained to 1),
and 236 mM (n constrained to 1.8, A constrained to 1). Duration of
agonist pulses was 1 ms in all experiments. Number of patches
(sometimes with multiple measurements) is indicated in parentheses.
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time constant of the GlyR-mediated com-
ponent was, on average, a factor of 3.6
faster than that of the GABAAR-mediated
component (16.3 6 3.0 ms versus 58.9 6
12.8 ms; Fig. 2D; P , 0.01).

To examine a possible differential mod-
ulation of GlyR- and GABAAR-mediated
components by presynaptic GABAB recep-
tors, we investigated the effects of the
GABAB receptor agonist R-(2)-baclofen
on composite IPSCs evoked by extracellu-
lar stimulation of presynaptic axons (Fig.
3) (6, 11). Baclofen reduced the peak am-
plitude of both the GlyR-mediated compo-
nent (in the presence of bicuculline) and the
GABAAR-mediated component (in the
presence of strychnine) (Fig. 3A). Plots of
the coefficient of variation to the 22 power
against the mean value of the IPSC, both
normalized to the respective control values
(12), revealed that the data points were
located close to the identity line, indicating
that the inhibition was presynaptic in origin
(Fig. 3B). The concentration dependence of
the baclofen effects was almost indistin-
guishable for the GlyR- and the GABAAR-
mediated component (Fig. 3C). Similarly,
the metabotropic glutamate receptor ago-
nist L-AP4 (25 mM) reduced the peak am-
plitude of both components to the same
extent (to 55.4 6 13.7% and 46.2 6 5.8%
of the control value, respectively, four mo-
toneurons in each case). These results sug-
gest comodulation of GlyR- and GABAAR-
mediated components of the IPSC by the
same set of presynaptic receptors.

Although these findings appeared to be
consistent with a corelease of glycine and

GABA at inhibitory synapses in the spinal
cord, this conclusion relies on the assump-
tions that glycine and GABA activate sepa-
rate receptors, and that strychnine and bicu-
culline block these receptors selectively. We
thus applied brief (1-ms) pulses of the puta-
tive transmitters to outside-out patches isolat-
ed from motoneuron somata (Fig. 4) (6, 13).
Both glycine and GABA evoked detectable
currents in the majority of patches (19 of 23
patches); the peak amplitude of the current
evoked by 1 mM glycine in these patches was
on average a factor of 2.5 larger than that
activated by 1 mM GABA (Fig. 4A). The
current activated by coapplication of 1 mM
glycine and 1 mM GABA was 97.5 6 3.9%
of the arithmetic sum of the glycine- and
GABA-activated currents in the same patches
(six patches), indicating that glycine and
GABA activated molecularly distinct recep-
tors (Fig. 4B).

The antagonist strychnine blocked the
glycine-activated current with an IC50 of 39
nM (Fig. 4, A and C), whereas the GABA-
activated current was affected only at several-
fold higher concentrations (IC50 5 1.5 mM).
Conversely, bicuculline blocked the GABA-
activated current with an IC50 of 0.58 mM
(Fig. 4D), whereas the glycine-activated cur-
rent was almost unaffected by concentrations
up to 30 mM (estimated IC50 5 144 mM).
Thus, strychnine and bicuculline blocked spi-
nal GlyRs and GABAARs with high (but not
absolute) selectivity.

Although synaptic corelease of glycine and
GABA is the most likely interpretation of the
above results, an alternative possibility would
be that a third transmitter, such as b-alanine or

taurine, coactivated postsynaptic GlyRs and
GABAARs (14). We therefore compared the
affinity of both types of receptors for glycine
and GABA with that for b-alanine and taurine.
Glycine and GABA activated GlyRs and
GABAARs at low concentrations; the half-
maximal activating concentrations (EC50’s)
were 441 mM and 472 mM, respectively, with
1-ms agonist pulses (Fig. 4, E and F). In con-
trast, GABA at concentrations as high as 10
mM was unable to activate GlyRs (Fig. 4E),
and conversely, glycine was unable to activate
GABAARs (Fig. 4F). b-Alanine appeared to be
a partial agonist for GlyRs (Fig. 4E), but it
hardly activated GABAARs (Fig. 4F). Finally,
taurine showed very low affinity for both types
of receptors (Fig. 4, E and F). These results
further support the hypothesis that glycine and
GABA are coreleased at inhibitory spinal syn-
apses (15).

We next examined GlyR- and GABAAR-
mediated components in spontaneous miniature
IPSCs (Fig. 5) (6, 16 ), presumably generated
by the release of the contents of single synaptic
vesicles (17). To enhance the difference in de-
cay time course between the two components,
we added the benzodiazepine flunitrazepam
(18). Flunitrazepam (2 mM) slowed selectively
the decay of the GABAAR-mediated compo-
nent of the evoked compound IPSC; the de-
cay of the GABAAR-mediated component
was, on average, prolonged by a factor of
1.65 6 0.18 (six motoneurons), whereas that
of the GlyR-mediated component was almost
unchanged (factor of 0.95 6 0.05 change,
four cells). In the presence of 2 mM flunitraz-
epam, subsets of individual miniature IPSCs
and the average miniature IPSC showed a

Fig. 5. GlyR- and GABAAR-
mediated components in
spontaneous miniature IPSCs
distinguishable in the pres-
ence of flunitrazepam. (A)
Three examples of spon-
taneous miniature IPSCs in
control conditions recorded
from a putative motoneuron
in the whole-cell configura-
tion in the presence of 500
nM tetrodotoxin and 2 mM
flunitrazepam, superimposed
with the average from 49
events. The inset shows a
representation of the record-
ing configuration. (B) Aver-
age miniature IPSCs record-
ed in the absence (upper-
trace) and presence of either 5 mM bicuculline or 400 nM strychnine
(lower traces, from 17 and 18 events, respectively). Same cell as
shown in (A). (C) Comparison of the decay time constants of the
dual-component average miniature IPSCs in the absence of blockers
(hatched bars, respective amplitude contributions plotted within bars)
with those recorded in the presence of 5 mM bicuculline (open bars) or
400 nM strychnine (filled bars). Number of motoneurons is indicated in
parentheses. (D and E) Scatter plots of the amplitude of the GABAAR-
mediated component (IGABAAR) against that of the GlyR-mediated com-
ponent (IGlyR) in miniature IPSCs obtained by template fit analysis in the

absence of blockers [(D), 560 events] and in the presence of 5 mM
bicuculline [(E), open circles, 200 events] or 400 nM strychnine [(E), filled
circles, 125 events]. Dashed lines indicate the 12s ranges of the data
points in the presence of antagonists. Positive amplitude values indicate
inward currents. Occasional negative amplitude values arose from noise
superimposed on miniature events. Data pooled from five motoneurons.
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bi-exponential decay (Fig. 5A). In the pres-
ence of 5 mM bicuculline, the decay time
course of the miniature IPSCs was fast, sim-
ilar to that of the first component in control
conditions, whereas in the presence of 400
nM strychnine, the decay was slow, compa-
rable to that of the second component in the
absence of antagonists (Fig. 5, B and C).

To quantify the amplitude contributions of
the two components in individual miniature
IPSCs, we obtained average GlyR- and
GABAAR-mediated miniature IPSC tem-
plates in the presence of either bicuculline or
strychnine. Subsequently, individual minia-
ture events recorded from the same neuron
before antagonist application were fit with
the sum of these two templates, multiplied by
variable amplitude factors (16 ). Scatter plots
of the amplitudes of the two components
indicated that in control conditions a large
proportion of data points fell into the first
quadrant (Fig. 5D), indicating a high percent-
age of dual-component events. In contrast,
data points in the presence of antagonists
were clustered around the axes (Fig. 5E),
showing that dual-component events were
largely absent. Defining the criterion separat-
ing the dual- and monocomponent events at
the 62s ranges of the data points in
the presence of either bicuculline or strych-
nine, we classified 44% of miniature IPSCs in
control conditions as dual-component, 41%
as pure GlyR-mediated, and 15% as pure
GABAAR-mediated events. If miniature
IPSCs reflect the fusion of individual syn-
aptic vesicles (17), these results would in-
dicate both the costorage of glycine and
GABA in the same synaptic vesicle and the
colocalization of GlyRs and GABAARs in
the same postsynaptic density.

In conclusion, we showed that unitary
IPSCs and subsets of miniature IPSCs at
inhibitory synapses in the spinal cord are
dual-component events comprising GlyR-
and GABAAR-mediated components. On the
basis of the strychnine sensitivity (Fig. 4C)
and the different decay time constants of
GlyR- and GABAAR-mediated currents, we es-
timate that the GlyR-mediated component
dominates the IPSC peak amplitude (81%),
whereas the GABAAR-mediated component
dominates the inhibitory postsynaptic charge
(68%).

The most likely explanation for the dual-
component nature of the unitary IPSC is the
quantal corelease of glycine and GABA from
a single spinal interneuron. None of the plau-
sible transmitter candidates coactivates both
types of receptors. The dual-component na-
ture of a subset of miniature IPSCs suggests
the strictest possible form of corelease, that
is, from the same synaptic vesicle. This is
compatible with the observation that vesicu-
lar transporters at inhibitory synapses accept
both glycine and GABA as substrates (19).

Whether glycine- and GABA-mediated co-
transmission is a general principle of inhibi-
tion that also applies to subcortical neuronal
circuitries (for example, the auditory path-
way) (20) remains to be addressed.

Glycine- and GABA-mediated cotrans-
mission could support the precise regulation
of the time course of the postsynaptic con-
ductance by the relative amount of glycine
and GABA released from the presynaptic
interneuron. This could be of critical impor-
tance for motor coordination (21) and the
generation of locomotor patterns (22). Co-
transmission would also enable feedback
control of transmitter release by presynaptic
GABAB receptors, which may not be possi-
ble at pure glycinergic synapses. Finally, co-
transmission may enable compensatory mech-
anisms in genetic GlyR subunit defects (23).
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Spatial Organization of
Transcription Elongation

Complex in Escherichia coli
Evgeny Nudler,* Ivan Gusarov, Ekaterina Avetissova,

Maxim Kozlov, Alex Goldfarb

During RNA synthesis in the ternary elongation complex, RNA polymerase
enzyme holds nucleic acids in three contiguous sites: the double-stranded
DNA-binding site (DBS) ahead of the transcription bubble, the RNA-DNA het-
eroduplex-binding site (HBS), and the RNA-binding site (RBS) upstream of HBS.
Photochemical cross-linking allowed mapping of the DNA and RNA contacts to
specific positions on the amino acid sequence. Unexpectedly, the same protein
regions were found to participate in both DBS and RBS. Thus, DNA entry and
RNA exit occur close together in the RNA polymerase molecule, suggesting that
the three sites constitute a single unit. The results explain how RNA in the
integrated unit RBS–HBS–DBS may stabilize the ternary complex, whereas a
hairpin in RNA result in its dissociation.

The paradox of transcription elongation is the
ability of RNA and DNA to pass through
RNA polymerase (RNAP) within an extreme-
ly stable ternary complex. To explain pro-
tein–DNA–RNA interaction that is both tight
and flexible, investigators have proposed the
concept of the sliding clamp (1, 2) by analogy
with the DNA replication apparatus (3).

In our current thinking, the sliding clamp
consists of three putative elements (Fig. 1).
DBS, which is defined as the region of strong
nonionic interaction between RNAP and the
template, has been mapped to ;9 base pairs
(bp) of DNA duplex just ahead of the point
where DNA forks out into the transcription
bubble (2). Recently, we presented evidence
that the template DNA strand in the bubble
forms an ;8-bp hybrid (4), which is held in
RNAP by weak ionic interactions (2) that
define HBS. The notion of a distinct site
holding single-stranded RNA leading out of
the active center (RBS), first proposed two

decades ago (5), has been extensively dis-
cussed recently (6 ). Together, HBS and RBS
should cover 14 to 16 39-proximal nucleo-
tides of RNA, in accord with ribonuclease
protection data (5, 7, 8). The observation that
the RNA secondary structure (hairpins) at 7
to 9 nucleotides from the 39 terminus desta-
bilizes the ternary elongation complex (TEC)
(9) indicates that this may be the area of
crucial protein-RNA interactions. Here we
directly identify RNA, DNA, and protein seg-
ments involved in close contacts. The results
show that RBS, HBS, and DBS are integrated
in the RNAP molecule, which has important
implications for the mechanism of RNA
chain elongation and termination.

To map RNA-protein contacts along the
trajectory of RNA, we used a photoreactive
analog of uridine, 4-thio-uridine (Fig. 2A),
incorporated into a single position of RNA
transcript. The probe has a reagent arm less
than 1 Å long and passes unimpeded through
the protein as the complex advances (Fig.
2B). We induced cross-linking by ultraviolet
(UV) irradiation of TEC that has been stalled
at defined positions. The probe was incorpo-
rated at either position 121 or 145 relative
to the RNA 59 terminus (Fig. 2B, lanes 2 to
14 and 15 to 18, respectively).

Judging from the relative yield of cross-

linking with the 121 probe, close RNA con-
tacts with RNAP b9 subunit, and to a lesser
extent with the b subunit, occur near the
active site (position 21 relative to the 39
terminus). The segment of at least four nu-
cleotides from 23 to 26 appears not to be
involved in close b9,b contacts. Further up-
stream, the close contacts (b9 .. b) occur
within the nine-nucleotide segment from 210
to 218. Because of the sequence constraints,
contacts at 27 to 29 could not be scanned
with the 121 probe. However, with the 145
probe (lanes 15 to 18), RNA nucleotide at 28
displays a cross-linking yield of intermediate
intensity, suggesting that it is on the border-
line of the close RNA-protein contact area. In
the case of the 145 probe, two b9–cross-
linked species could be resolved (lanes 17
and 18) because of the longer RNA moiety.

Qualitatively similar results were obtained
when the azido-uridine probe with longer
(;8 Å) reagent arm was used (Fig. 2A), but
the difference between cross-linking of dif-
ferent transcript segments was less pro-
nounced (8).

For unambiguous interpretation of the re-
sults, it was essential to establish that the stalled
TECs used for cross-linking were not back-
tracked (4, 7) (Fig. 2C). To this end, a control
experiment was performed in which backtrack-
ing in TEC56 (cross-linking probe at 212) was
either induced or suppressed by incorporating
helix-destabilizing (inosin) or stabilizing
[5-bromo-uridine triphosphate (5-bromo-UTP)
and 5-iodo-cytosine triphosphate (5-iodo-
CTP)] nucleotides, respectively, into the 39
proximal region of the transcript (4). The back-
tracked complex was identified by its failure to
elongate RNA (Fig. 2C, bottom panel, lane 4)
and by its sensitivity to transcript cleavage fac-
tor GreB (lane 5). Evidently, prominent RNA-
protein cross-linking occurred only in the pro-
ductive complex, not in the backtracked com-
plex (Fig. 2C, top panel). In addition, antisense
oligonucleotides known to inhibit backtracking
(7) had no effect on the cross-linking results
obtained with TEC30, TEC34, and TEC38 (8).

To map the cross-linking sites, we excised
from the gel of Fig. 2B the species of b or b9
cross-linked to RNA. The analysis was per-
formed for TECs with the probe positioned at
121 (TEC30, TEC34, TEC38, TEC43, and
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