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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 (7, 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
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decades ago (5), has been extensively dis-
cussed recently (6). Together, HBS and RBS
should cover 14 to 16 3'-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 3’ 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 A 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 +21 or +45 relative
to the RNA 5’ terminus (Fig. 2B, lanes 2 to
14 and 15 to 18, respectively).

Judging from the relative yield of cross-
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linking with the +21 probe, close RNA con-
tacts with RNAP B’ subunit, and to a lesser
extent with the B subunit, occur near the
active site (position —1 relative to the 3’
terminus). The segment of at least four nu-
cleotides from —3 to —6 appears not to be
involved in close B',B contacts. Further up-
stream; the close contacts (B’ >> B) occur
within the nine-nucleotide segment from — 10
to —18. Because of the sequence constraints,
contacts at —7 to —9 could not be scanned
with the +21 probe. However, with the +45
probe (lanes 15 to 18), RNA nucleotide at —8
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 +45 probe, two B’—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 A) 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 TECS6 (cross-linking probe at —12) was
either induced or suppressed by incorporating
helix-destabilizing (inosin) or stabilizing
[5-bromo-uridine triphosphate (5-bromo-UTP)
and S-iodo-cytosine triphosphate (5-iodo-
CTP)] nucleotides, respectively, into the 3’
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 B’
cross-linked to RNA. The analysis was per-
formed for TECs with the probe positioned at
+21 (TEC30, TEC34, TEC38, TEC43, and
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TECS53) and at +45 (TECS52**) relative to
the 5’ terminus, thus scanning crosslinks at
—10, —14, —18, —23, —33, and -8, respec-
tively from the 3’ terminus (Fig. 3). The
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excised radioactive species were subjected to
limited chemical degradation at Met or Cys
residues under single-hit conditions, that is,
when less than one cleavage occurred per

Zn** 200 800

400 600

A

Met1232-Met1304

Fig. 1. Architecture of TEC. (A) Summary of
DNA-—protein—RNA contacts in TEC. Heavy bars
represent the B’ and the @ polypeptides of
RNAP with evolutionary conserved motifs
shaded in gray and designated by capital letters
(72). DR1 and DR2 are dispensable regions in .
Arrows indicate protein—nucleic acid contacts
mapped in this work. The nonionic nature of
interactions in DBS (2) and RBS (2, 9) is repre-
sented by yellow, and ionic interactions in HBS
(2) are shown in pink. The catalytic center is
denoted by a gray circle. Positive and negative
numbers indicate distance from the 3’ terminus
of RNA. (B) Putative organization of “sliding
clamp.”
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Fig. 2. RNA-protein ¢ - o B -agarose
cross-linking in TEC. (A)  * I @Jﬂ,‘mﬂ“z“ I

Photoreactive cross-link- ""@ \@‘“

able nucleotide deriva- e o N, N\ 5
tives used as cross-link- Kﬁ ¥ \ walking
ing probes (15). Reactive =i on ow e
groups are encircled. (B) i

The principal experi- gt s

ment. Scheme on the left describes the experimental design, with RNAP immo-

bilized on Ni-agarose resin (Qiagen) and the single-step walking protocol (2). The \ waiking
autoradiogram shows protein—[>*P|RNA cross-linking products (top, 4% SDS-PAGE Lagee

gel) and free [32P|RNA transcripts (bottom, 12% PAGE urea gel) from TEC walked

(76) to the positions indicated by the RNA 3’ end. Cross-linkable 4-thio-UMP (sU)

probe was incorporated in either position +21 (lanes 2 to 14) or +45 (lanes 15 to

18), as indicated by negative numbers showing distance from the RNA 3’ terminus. €

The bottom gel was underexposed to compensate for the low yield of cross-linked
species. (C) Control experiment with induced or suppressed backtracking in TECS6.
The autoradiogram shows RNA-protein cross-linking products (top) obtained
under conditions when TEC56 has incorporated 5-bromo-UTP (brU; —3 position)
and 5-iodo-CTP (iC; —4 position) or inosin in positions —1 and —2 as described
(4). 4-Thio-UMP was at —12 position (+45 probe). The bottom panel shows RNA
transcripts before or after challenge with nucleoside triphosphates (NTP; 200 uM)
for 2 min (lanes 2 and 4) or exposure to cleavage factor GreB (4) (lanes 3 and 5).
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polypeptide chain. This procedure yields a
mixture of two families of nested polypep-
tides representing the COOH- and NH,-ter-
mini of the subunit. Degradation products
were resolved by SDS-—polyacrylamide gel
electrophoresis (SDS-PAGE) under condi-
tions favoring resolution of small fragments.

In the B’ subunit, short Cys fragments can
originate only from the NH,-terminus (Fig.
3C). Hence, the characteristic cluster of frag-
ments 58, 70, 72, 85, and 88 in the case of
TEC34 and TEC38 (Fig. 3B) indicates that
there is a strong RNA-protein crosslink with-
in the first 58 residues of B’ (heavy arrow in
Fig. 3C). This conclusion is reinforced by the
NH,-terminus—specific cluster of Met frag-
ments 102, 130, and 151 in the case of
TEC34 and TEC38 (Fig. 3A). The appear-
ance of Met fragment 29 in the case of
TEC43 suggests another NH,-terminal cross-
linking site within the first 29 residues of B’
(dotted arrow in Fig. 3C).

The NH,-terminal crosslinks found in
TEC34, TEC38, and TEC43 are absent in
TEC30 because the shortest Cys and Met
fragments seen are 366 and 330, respectively,
which point to a more distal crosslink (gray
arrow in Fig. 3C). However, when the short-
armed 4-thio-uridine monophosphate (UMP)
probe in TEC30 is replaced by the longer-
armed “azido”-UMP in TEC30*, cross-link-
ing in the NH,-terminus does take place, as
can be seen from the reappearance of the
NH,-terminus—specific clusters of Met and
Cys fragments. In TECS3, in which the probe
has moved 33 nucleotides away from the 3’
terminus, no NH,- (or COOH-) terminal
crosslinks were detected (Fig. 3).

As noted above, in the case of TECS52**
carrying the longer transcript cross-linked
through the —8 position, two cross-linked spe-
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cies of B’ were recovered (Fig. 2B, lane 17).
Mapping of the crosslink in the fast moving
(bottom) species revealed the NH,-terminal
contact evident from the appearance of the
Met'®? and Cys®® fragments (Fig. 3). Upon
degradation, however, the top species crosslink
yielded only the Met**© and Cys?*¢ fragments,
which are characteristic of the more distal
crosslink (gray arrow in Fig. 3C).

From these data, we conclude that, in
TEC, the NH,-terminus of the B’ subunit is
involved in the contacts with RNA in the
putative RBS upstream from position —8 rel-
ative to the transcript 3’ terminus.

A similar analysis of RNA crosslinks in the
B subunit revealed contacts near the COOH-
terminus (Fig. 4). These contacts are evident
from the appearance of the COOH-terminal-

TEC30
M

TEC34 TEC38

TECA43
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specific cluster of Met fragments 1243, 1232,
and 1230 in the cases of TEC30, TEC34, and
TEC52**, representing the —10, —14, and —8
probes respectively. In TEC38 (—18 probe), a
more distal crosslink was revealed by the clus-
ter of Met fragments 1304, 1290, and 1273.
To map DNA-protein contacts in TEC, we
took advantage of the end-to-end template-
switching reaction whereby RNAP, reaching
the end of template DNA, transfers onto a
secondary template without losing the tran-
script (2). Photoreactive 5-iodo-2'-deoxyuri-
dine (Fig. 5A) was incorporated into a de-
fined position of the secondary template (its
template strand), and the complex was ad-
vanced so that the probe moved through the
protein (Fig. 5C). Upon UV irradiation,
cross-linking was detected in the B and B’

TECS3 TEC30* TECS2**

TEC34

10 11 12

13 1415 16 17 18 19 20 21 22

TECS3 TEC30*

32 45 8 7

14 15 16 17

Fig. 3. Mapping of RNA crosslinks in the B’ subunit by single-hit cleavage at Met (A) and Cys (B)
residues. Autoradiograms of gradient (7 to 14%; 20 cm) SDS-PAGE gels show products of
time-dependent partial degradation with cyanogen bromide (CNBr) or 2-nitro-5-thiocyanobenzoic
acid (NTCBA) (74) of the cross-linked B’ material from TECs of Fig. 2 or from similarly obtained
TEC30* carrying the long-armed “azido"-UMP derivative (Fig. 1). TEC52** carries the +45 reactive
probe. The insert (B, lane 6) shows the shortest labeled Cys fragments resolved on 46 cm of 8.5%
SDS-PAGE gel. Bar columns present theoretical patterns of the NH,-terminal (N) and COOH-
terminal (C) families of Met and Cys fragments, with the numbers indicating residue positions in
the B’ polypeptide. As the reference marker, CNBr degradation products of the 8 subunit labeled
near Met™%* are shown in lane M (A} and B’ subunit labeled near Met'%? (B). (C) Chemical
degradation map of the B’ subunit. Horizontal lines symbolize 1407-amino acid B’ polypeptide.
Vertical lines represent distributions of Met and Cys cleavage sites. The locations of three
cross-linking sites are indicated by three different arrows.
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subunit. Cross-linking to the B’ subunit was
predominant in the putative DBS region en-
compassing ~9 bp of double-stranded DNA
ahead of the bubble (2), that is, in TEC67,
TEC64, and TEC61 (Fig. 5C).

Mapping of the crosslinks in these three
TECs revealed a DNA contact site or sites at
the NH,-terminus of the B’ subunit in the
area between Met?° and Cys>®, as is evident
from the appearance of characteristic NH,-
terminal-specific clusters of Met fragments
102, 130, and 151 and Cys fragments 58, 70,
72, 85, and 88 (Fig. 5D). This contact site
confirms our previous preliminary mapping
of a single DBS contact point to the segments
between Met2® and Met!%2 (2).

In the B subunit, a COOH-terminal DNA
contact site distal to Met!?*? was detected in
TEC67, TEC64, and TEC61, as evidenced by
the cluster of Met fragments 1243, 1232, and
1230 (Fig. 5E). An additional crosslink was
deduced between residues Met'3® and
Met?*°, because Met fragment 239 was

‘prominent in the B subunit digest (Fig. 5E).

The principal conclusion from these re-
sults is that DNA contacts in DBS involve
both the NH,-terminus of B and the COOH-
terminal of B, that is, the same regions as the
RNA contacts in RBS (Fig. 1A). Of course,
these are not the only protein—nucleic acid
contacts, as indicated by overlapping patterns
of NH,- and COOH-terminal fragments in
some of the degradation reactions.

These results establish a spatial linkage
between four structural elements of TEC: (i)
the ~9-bp DNA duplex ahead of the bubble,
(ii) the ~8-nucleotide RNA segment up-
stream of the distal (—8) position of the
RNA-DNA hybrid, (iii) the NH,-terminus of
B’, and (iv) the COOH-terminus of B (Fig.
1A). The proximity of the third and fourth
elements agrees with the recent report that B
and B’ can be genetically fused without loss
of RNAP function (10).

We propose a model of TEC in which
these four elements are integrated into a sin-
gle unit (integrated DBS-RBS, or “double
sliding clamp”), thereby serving the conflict-
ing requirements of elongation: strong bind-
ing combined with smooth sliding (Fig. 1B).
One side of this unit contains the openings for
DNA entry and for RNA exit. The other side
is linked to the active center and adjacent
DNA-RNA hybrid. The incomplete helix turn
resulting from the ~8-bp hybrid (4) and
DNA bending (1) ensures that the trajectory
of outgoing RNA is antiparallel with the in-
coming DNA. The evolution conservation of
elements iii and iv (/2) and similar biochem-
ical properties of eukaryotic and prokaryotic
TECs (6) suggest that the proposed model
could be of a general nature.

In our previous work, we showed that DNA
interactions in DBS are essential for stable salt-
resistant RNA interactions in RBS (2) and vice
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versa (13); to explain this, we suggested an
allosteric model of RBS-DBS communication
(2). The integrated DBS-RBS model presented
here implies that the functional link between
DBS and RBS may be direct rather than allo-
steric. In other words, the RNA segment up-
stream of the hybrid may constitute a structural
element of the DNA clamp. This explains how
an RNA hairpin formed eight nucleotides up-
stream of the RNA 3’ terminus would destabi-
lize TEC (9): It would literally unlock the dou-
ble-sliding clamp and thereby open the way to
termination.

dicated by arrows.
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Fig. 4. Mapping of RNA
crosslinks in the 8 subunit
by single-hit cleavage at
Met residues (A). Scheme
of distribution of Met
cleavage sites along 1342—
amino acid {3 polypeptide
is shown at the bottom (B),
with the two crosslinks in-

A TEC30 TEC34 TEC38 TEC52**
[cner] 0 [7.5[15] min [1s]7.5[0 [ 15[7.5[0 [min[7.5] 0

600

Met —o—o—o—m—o—u——-o-n—o-o-o—o—ml-o—u

800 1000 1200

c B

TECe4

TECé1 TECSS

N 800 c

1000 1200

B

the adenine in position +55 from the transcription start site (shown in bold
print in B). The complex was then walked to the positions indicated by the
RNA 3’ end. (D) Mapping of DNA crosslinks in the B’ subunit (details as in
Fig. 3). (E) Mapping of DNA crosslinks in the B subunit.
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Combinatorial Chemistry in
Insects: A Library of Defensive
Macrocyclic Polyamines

Frank C. Schréder,* Jay ). Farmer, Athula B. Attygalle,
Scott R. Smedley, Thomas Eisner, Jerrold Meinwald

The pupal defensive secretion of the coccinellid beetle Epilachna borealis is
composed principally of a combinatorial library of macrocyclic polyamines.
These compounds constitute a previously unrecognized family of natural prod-
ucts, characterized by extremely large-ring lactonic structures derived from a
small set of (2-hydroxyethylamino)alkanoic acids. The combinatorial assembly
of these simple building blocks generates a high degree of structural diver-
sity, which is further increased by slow, spontaneous intramolecular rear-

rangement of the macrocycles.

Insect pupae, given that they cannot crawl,
run, or fly, should be vulnerable to predation.
However, many benefit from concealment
and camouflage or from mechanical means of
defense (1), and there are a few documented
cases of pupae that are protected chemically.
Pupae of coccinellid beetles (2) of the genus
Epilachna bear a dense coating of glandular
hairs that secrete oily droplets deterrent to
insects (Fig. 1) (3, 4). In E. varivestis (the
Mexican bean beetle), the active principles of
this secretion are azamacrolides, novel lac-
tones with a single nitrogen atom incorporat-
ed into a ring of 13 to 16 members (Fig. 1,
compound 1) (4). Gas chromatographic anal-
yses of the pupal secretion of the squash
beetle, E. borealis, have indicated only the
presence of vitamin E acetate and other to-
copherol derivatives (4, 5). However, in tests
with ants, these compounds proved to be
essentially inactive, whereas the secretion it-
self was potently deterrent. To find and iden-
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tify the active components in the E. borealis
secretion, we therefore adopted a more gen-
eral analytical approach.

Any analytical method with an initial
chromatographic separation is. likely to dis-
criminate against some classes of compo-
nents and to favor others. In studying a bio-
logical extract of mostly unknown composi-
tion, therefore, it is expedient to begin with a
direct nuclear magnetic resonance (NMR)
spectroscopic investigation of the total, un-
fractionated natural sample. Following this
principle, we carried out NMR spectroscopic
studies of freshly obtained E. borealis secre-
tion (6). One- and two-dimensional '"H NMR
experiments revealed that the tocopheryl ac-
etates account for only a relatively small
percentage of the beetles’ total secretion
(~20%), whereas the major components rep-
resented a group of previously undetected
compounds. By analysis of (‘H,'H) exclusive
correlation spectroscopy (7), (13C,'H) gradi-
ent-enhanced heteronuclear single-quantum
coherence (8), and (*3*C,'H) gradient-en-
hanced heteronuclear multiple bond correla-
tion spectra of the mixture, these components
were shown to be esters and amides derived
from the carboxyl- and the 2-hydroxyethyl-
amino moieties of several (w-1)-(2-hydroxy-
ethylamino)alkanoic acids. To determine the
chain lengths of these acids, we carried out an

as in (2). The template used was.the T7A1 promoter
fragment (153-pb), obtained by polymerase chain
reaction with the following transcribed sequence:
ATCGAGAGGGACACGGCGAATAGCCATCCCAATCG-
AACAGGCCTGCTGGTAATCGCAGGCCTGGAGACTT-
GGATCCCCGGGTA.
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alkaline hydrolysis of the crude secretion,
followed by methylation with diazomethane
and ftrifluoroacetylation with trifluoroacetic
acid anhydride. This procedure afforded a
mixture of N,O-bis-trifluoroacetylated meth-
yl esters of three homologous (w-1)-(2-hy-
droxyethylamino)alkanoic acids, 2 to 4, which
could be analyzed by gas chromatography—
mass spectrometry (GC-MS) (9). The major
component (~90%) of the alkaline hydrolysate,
10-(2-hydroxyethylamino)undecanoic acid (4)
was isolated by column chromatography and
characterized by its 'H and '*C NMR spectra
10).

Whether the newly detected components
are simply intramolecular lactones and lac-
tams, that is, azamacrolides or their lactam
isomers, or whether they each incorporate
more than one acid moiety could not be
determined from NMR spectra of the crude
mixture alone. However, because GC-MS
analysis of the crude secretion did not reveal
any volatile components other than the al-
ready described tocopheryl acetates, the new
E. borealis secretion components appeared to
be higher molecular weight cyclic oligomers
combining several (w-1)-(2-hydroxyethyl-
amino)alkanoic acid (2 to 4) units. This hy-
pothesis was corroborated by high-pressure
liquid chromatography (HPLC) analyses with
a mass spectrometric detector, which re-
vealed the secretion to contain a highly di-
verse mixture of macrocyclic polyamines (Fig.
2) (11). The major components are series of
homologous trimers, tetramers, and pentamers
of the three acids 2 to 4, along with smaller
quantities of dimers, hexamers, and heptamers
(12). Furthermore, the secretion contains sever-
al isomers of each oligomer. Using repeated
preparative HPLC fractionation, we isolated the
most abundant trimeric, tetrameric, and pen-
tameric components of the earliest eluting (Fig.
2) series of compounds (/3). One- and two-
dimensional '"H NMR spectroscopic analyses
(14) showed these components to be the sym-
metric macrocyclic lactones 6, 7, and 8 derived
from three, four, or five units, respectively, of
10-(2-hydroxyethylamino)undecanoic acid (4)
(Fig. 1). Thus, the earliest eluting, most abun-
dant isomers of the oligomers appear to repre-
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