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ABSTRACT: We have dissected the steps in T7 RNA polymerase transcription initiation using psoralen
cross-linking. DNA templates containing cross-links at eithet4/—13, —2/—1, or —4/—3 were
constructed. These cross-links are within the DNA-contacting region in the initiation complex. A cross-
link at —2/—1 did not affect T7 RNA polymerase binding affinity, whereas a cross-link-h4/—13
reduced binding affinity by less than 2-fold. Transcription initiation was completely blocked by cross-
links at —14/—13 or at—2/—1. A cross-link at—4/—3 inhibited neither binding nor the first RNA
phosphodiester bond but greatly inhibited further RNA chain extension. Circular dichroism spectroscopy
revealed that DNA melting in the-4/—3 cross-link was greatly inhibited, indicating that inhibition of
RNA chain extension was a melting defect. Transcription shutoff or-tt—13 cross-link may be due

to inhibition of conformational changes in the polymeraBdNA complex. Because the2/—1 cross-

link is immediately upstream of the start siteX), open complex formation may have been completely
inhibited by this cross-link, accounting for the shutoff of transcription. Thus, depending on their location,
psoralen cross-links affected different steps in the initiation process. We propose that promoter melting
is progressive and that melting of one or two bp upstream oftthsite is sufficient for formation of the

first phosphodiester bond while further RNA chain extension within the promoter depends on greater
upstream melting of the promoter, which may be required for stabilization of the initiation complex.

T7 RNA polymerase (98.8 kDa) is one of the most vitilligo (Pathak & Fitzpatrick, 1992) and the sterilization
extensively studied viral RNA polymerases. Itis in a class of blood products (Alter et al., 1988; Lin et al., 1989, 1993).
of single-subunit RNAPSsthat includes T3 and SP6 phage Psoralens have been applied to understand nucleic acid
RNAPs (Chamberlin & Ryan, 1982; McAllister, 1993). The structure and proteinDNA interactions [for reviews, see
three-dimensional structure of T7 RNAP shows highe- Cimino et al. (1985), Sastry et al. (1993a), and Ussery et al.
licity with a deep cleft ¢60 A long x 15-25 A wide x (1992)]. Psoralen-damaged DNA is a target of nucleotide
25—-40 A deep) that accommodated ds DNA (Sousa et al., excision repair (Reardon et al., 1991, 1993). Psoralens
1993; Sastry, 1996). T7 RNAP has a striking structural photoreact (326380 nm UV) mostly with thymidine or
similarity to Escherichia coliDNA polymerase Klenow  uridine to form first monoadducts and then interstrand
fragment and HIV reverse transcriptase (Joyce & Steitz, diadducts. The absorption of the first photon by psoralen
1994, 1995). In vitro, T7 RNAP transcribes DNA without  results in a furanside or a pyrone side monoadduct with the
additional protein factors. Promoter complexes have beens 6 double bond of a thymidine. The furanside monoadduct
extensively characterized using footprinting, enzyme assays,can absorb a second photon to form an interstrand cross-
mutagenesis, and gel shifts [e.g. see Chapman et al. (1988)jink if a pyrimidine is available on the complementary strand
Diaz et al. (1996), Gunderson et al. (1987), lkeda et al. of DNA. Pyrone side monoadducts cannot be driven to a
(1992a, 1993), and Muller et al. (1989)]. Elongation cross-link because this monoadduct does not absorb photons
complexes were characterized by site-specifically blocking in the 326-380 nm range [reviewed in Cimino et al. (1985)].
the path of the polymerase either with a psoralen cross-link The high-resolution NMR structure of furanside monoadduct
or with a DNA-binding protein (Pavco & Steege, 1991, and cross-link showed that the local structure of the DNA
Sastry & Hearst, 1991a). was distorted (Spielmann et al., 1995a,b), but there was no

Psoralens are a family of photoactive compounds widely sjgnificant overall bend in the DNA helix. The DNA re-
used in phototherapy of skin diseases such as psoriasis angssumes a canonical B-DNA conformation outside three bp
of the psoralen.
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initiation domain 4 to +5) (Chapman & Burgess, 1987,
Diaz et al., 1993; McAllister & Carter, 1980). Our strategy
was to place psoralen cross-links in the binding and melting
domains and ask the following question. How are T7 RNAP
binding and initiation affected by these modifications? The
results are discussed in relation to current models of T7
RNAP initiation.

MATERIALS AND METHODS

DNAs and Proteins.DNA oligonucleotides were pur-
chased from Midland Reagent Co. (Midland, TX) and further
purified by anion exchange HPLC (Sastry et al., 1992). All
psoralenated and unmodified DNAS were run on preparative
denaturing gels followed by electroelution of the DNA from
gel slices (Sastry & Hearst, 1991a). The concentrations of
DNAs were measured by UV absorbanegd{= ~10* M~
cm ! per nt). Polynucleotide kinase and terminal transferase
were from New England Biolabs (Beverly, MA) and Boer-
hinger Mannheim (Indianapolis, IN), respectively. rNTPs
were purchased from Pharmacia Corp. (Piscataway, NJ) a
a concentration of 100 mM. GpG (Sigma Chemical Co.,
St. Louis, MO) and oligonucleotides wereénd-labeled with
the aid of -*?P]JATP (specific radioactivity of 6000 Ci/
mmol) and T4 polynucleotidekinase (Maniatis et al., 1982).
3'-End labeling was carried out with terminal deoxynucleo-
tidyltransferase andof*?P]ddATP (Maniatis et al., 1982).
T7 RNAP was prepared locally according to the procedure

of Grodberg and Dunn (1988) and also by a procedure that

was modified by Zawadzki and Gross (1991). The concen-
tration of the purified T7 RNAP was determined using an
€2800f (1.4+ 0.1) x 1P (Grodberg & Dunn, 1988). 8-MOP

was purchased from ICN Pharmaceuticals (Irvine, CA).

t
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MgCl; (irradiation buffer). The mixture was held at 66

for 5 min and cooled to room temperature (25) over a
period of 3 h. The ds DNA plus 8-MOP mixture was
irradiated with UVA from the Hg(Xe) source. Many
experiments were carried out to achieve conditions yielding
generally 56-70% cross-links. The cross-links were sepa-
rated from unreacted oligos on a preparative 15% acryl-
amide-urea denaturing gel (Sastry & Hearst, 1991a). The
cross-linked DNA was electroeluted and recovered by EtOH
precipitation. The positions of the cross-links were mapped
using the T4 DNA polymerase’ 3+ 5 exonuclease stop
assay (Sage et al., 1993). Although there are potentially two
TpA sites for 8-MOP addition in the duplex, in practice, we
found that the TpA site at14/—13 was favored compared

to the other site. The two cross-links (@tl4/—13 and at
—17/-16) were also distinguishable by their different
mobilities on denaturing gels. The cross-link-at4/—13
moved faster than the17/—16 cross-link, probably because
the former cross-link was positioned at the end of the duplex
whereas the later occurred closer to the middle of the duplex.
Additionally, photoreversal by 254 nm UV light and the
differential oxidation of unmodified and cross-linked DNA
by KMnO, were used as criteria to confirm the presence of
psoralen at these positions. The purified cross-link was then
ligated to form a full-length 66 mer in the presence of four
other oligos (Figure 1), some of which were appropriately
kinased (5CACTATAGGG, GATCTAG CTATTTATC-
GATGGCTACGCCTCGTAGCTTCG, AGATCTCCCTAT-
AGTGAGTC, and CGAAGCTACGAGGCGTAGCCATC-
GATAAATAGCT).

To prepare a 66 mer template with-&2/—1 cross-link
(Figure 1), we first cross-linked a 10 mer (CACTATAGGG)

When needed, stock solutions at different concentrations wereWith a 20 mer (SAGATCTCCCTATAGTGAGTC). The

prepared in DMSO.

Light Sources for Irradiations.Cross-linking was carried
out with a 200 W Hg(Xe) arc lamp (Oriel Corp., Stratford,
CT). The lamp housing was fitted with a water filter (to
eliminate IR) followed by either a dichroic mirror with
reflectance o 90% in the 356-450 nm range (Oriel Corp.

model 66218) or a mercury line band-pass filter centered at

365 nm (25% of light transmitted; 10 nm band width; Oriel

—2/—1 cross-link was mapped using exonuclease and chemi-
cal techniques. The isolated cross-link was ligated to four
other oligos, some of which were appropriately phosphory-
lated (B-GTATTAGGCAGC, 3-GCTGCCTAATACGACT,
5'-AGATCTCCCTATAGTGAGTC, and 5CGAAGCTAC-
GAGGCGTAGCCATCGATAAATAGCT).

We have also prepared 66 mer cross-links or furanside
monoadducts by first preparing either a 12 mer furanside

Corp. model 56531). A 3.8 cm fused-silica lens was used monoadduct at-13 or a 20 mer furanside monoadduct at
to focus the UV beam onto the slit of a 180 masked quartz —1. The positions of furanside monoadducts were verified
cuvette (1 cm path length) containing the reaction mixture. by assays described above. Furanside monoadducts were
For all irradiations, the cuvette was maintained at-36 then driven to cross-links with 365 nm light. 66 mer
°C using a circulating Lauda water bath. Furan side mono furanside templates were constructed by ligation to ap-
addition was carried out using a 405 nm band-pass filter propriately kinased longer oligos. These procedures are
(Oriel corp. model 56541). This wave band generated only similar to those described previously (Sastry & Hearst,
furanside monoadducts (Spielmann et al., 1992). Mono 1991a; Sastry et al., 1992).

adducts were also prepared by photoreversal of cross-links The final yields of 66 mer cross-links were 425% of

with 254 nm light. Photoreversals with 254 nm UV light = the starting DNAs. In all cases, the 66 XLs were gel-purified
were carried out in a Rayonet photochemical reactor after the ligations and tested for double-strandedness using
(Southern New England Ultraviolet Co.). restriction enzymes and photoreversal before use in the

Preparation of Templates with Site-Specific Psoralen
Cross-Linkg See Sastry and Hearst (1991a) for Additional
Details). (1) Preparation of a 66 mer Template with a Cross-
Link (or Furan Side Monoadduct) betweeri4T (Nontem-
plate Strand) and-13T (Template Strand)A 12 mer (3-
GTATTAGGCAGC) was added to an equimolar amount
(1—2 uM) of a partially complementary 16 mer '¢(5
GCTGCCTAATACGACT) along with 8-MOP (3@g/mL)
and mixed in 100 mM sodium acetate (pH 6.0) and 10 mM

experiments described here. To obtain uniquely radiolabeled
66 XLs, we first 3-end-labeled the 16 mer (nontemplate
strand) using T4 polynucleotide kinase and*fP]ATP or
3'-end-labeled the 12 mer (template strand) using calf
terminal deoxynucleotidyltransferase and®fP]JddATP. The
radiolabeled cross-links were ligated to cold oligos. Un-
modified ds 66 mer was prepared by a cycle of heating and
cooling equimolar amounts of individually synthesized 66
mer nontemplate and template strands (Figure 1).
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66 mer template

16 mer 10 mer 40 mer
| | I |
-14/-13 XL -2/-1 XL
-23 -20 + -10 ‘+1 +10 +20 +30 +40 +43
| | | | | | I I |
v v

5' - GCT GCC TAA TAC GAC TCA CTA TAG GGA GAT CTA GCT ATT TAT CGA TGG CTA CGC CTC GTA GCT TCG - 3
3' - CGA CGG ATT ATG CTG AGT GAT ATC CCT CTA GAT CGA TAA ATA GCT ACC GAT GCG GAG CAT CGA AGC - 5'
A A

-
Initiation complex

|

12 mer 20 mer 34 mer

23/27 XL template

-4/-3 xL 11
v
5'-TAATACGACTCACTATAGGGAAG -3'
3'-ATTATGCTGAGTGATATCCCTTCCTAG -5'
A

Ficure 1: Sequence of the templates used in this work. The 66 mer templates were constructed in a modular manner by ligation of
cross-links to unmodified oligos. The sizes of the individual modules are shown. The DNase | footprint of the initiation complex is shown
(Shi et al., 1988b). The 23/27 XL template was constructed by direct cross-linking. The positions of site-specific psoralen cross-links are
indicated by the symbolsa( v).

(2) Preparation of the Template with-a4/—3 Cross-Link. B
A 23 mer oligo (5-TAATACGACTCACTATAGGGAAG- A
3) and a complementary 27 mer{GATCCTTCCCTAT- HPLC fractions M 12 345
AGTGAGTCGTATTA-3) containing a T7 RNAP promoter 29 3031 32
sequence were commercially synthesized. Equimolar amounts ettt —23/27 XL
of purified oligos were first mixed with 8-MOP (3%g/mL) B -23/270L

and annealed by heating to 7G and then slowly cooling

to room temperature. Cross-linking was carried out using 32\_

the UVA arc source fitted with the dichroic mirror (see = — 57
above). Over 80% of the starting DNA was converted to %3 .

cross-links. The mixture was extracted with phenol | _2.3
chloroform—isoamyl alchohol (in a ratio of 25:24:1; molec- 20— =

ular biology grade catalog no. P-3803, Sigma Chemical Co.) 16 — —16
to remove unreacted and photomodified 8-MOP, and the 14 — —14
DNA was precipitated with EtOH. The cross-links were 12 —

HPLC-purified from unreacted and monoadducted oligos 10—

using published procedures (Sastry et al., 1992). The purified
23/27 XL DNA migrated as a single band, attesting to its 8—
homogeneity (Figure 2A).
Gel Mobility-Shift Assay 3?P-labeled 66 mers (0.5 pmol)
or 23/27 mers (0.5 pmol) were added to ice-cold transcription
buffer [30 mM HEPES (pH 7.8, 100 mM potassium
glutamate, 15 mM Mg(OAg) 1 mM DTT, 0.05% Tween
20, and 5% glycerol (v/v) (Maslak & Martin, 1994)].
Various amounts of T7 RNAP were added to each reaction

(50 uL) separately (see legends to Figures 3 and 4) and ¢ oc 5. () Purification of the—4/—3 XL by HPLC. Fractions
transferred to a 37C bath for 10 min, and glycerol (10% 30 and 31 were pooled. (B) Mapping thet/—3 cross-link. Lane
final) was added. The reaction mixtures (without loading M contained 532P-labeled marker ladder, lane 1 purified 23/27
dyes) were applied to an 8% acrylamieEBE nondenaturing XL, lane 2 photoreversed 23/27 XL, and lane 3 23/27 XL digested
gel (14 cm longx 16 cm wide) that was prerun and with T4 DNA polymerase 3— 5' exo in the absence of dNTPs.

contained fresh tank buffer. The gel was run at 5 V/cm until linse,sef'(g ?r? tf\ea ;ebggé?e Lé;v' dﬂ%gi_t_eﬁ] \;\gtnheTf %gggllﬁiriie 8
the xylene cyanol dye (in separate lanes) wa$ &m from the nontemplate strand, whereas in lane 53tRdabel was on the

the bottom. The gels were soaked for 20 min in 5% acetic template strand.
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Ficure 3: Gel-shift assay for DNA binding by T7 RNAP. The 66 mer templ&teslabeled at their'sends. (A) The template was 66 UM.

(B) The template was the 14/—13 XL. (C) The template was the2/—1 XL. A constant amount of2P-labeled DNA was titrated with
increasing amounts of T7 RNAP (from left to right, 5, 10, 15, 20, 30, 40, 60, 80, and 100 pmols). Lane 0 indicates that no polymerase was
present. (D) Binding curves(= 3). Squares are with UM, diamonds with th&/—1 XL, and circles with the-14/—13 XL. The fraction

of bound DNA (ordinates) is plotted against T7 RNAP concentration (abscissa). Each point in the graph is an average of three independent
determinations.

acid, 5% MeOH, and 3% glycerol, dried, and autoradio- time points, mixed with 5L of 8 M urea—180 mM Tris-
graphed with X-ray film and a phosphor screen. The fraction borate-10 mM EDTA, heated in a boiling water bath for 5
of bound DNA= [BLy/(BLy + BL¢)]. BLyis the corrected  min, and run on a 24% acrylamig® M urea gel. The
band area from the storage phosphor signal representing theranscripts were visualized by autoradiography. For assays
bound DNA, and BLis the band area corresponding to the with 23/27 mer, 10 pmol of template was mixed with 50
free DNA in the same lane. Band areas of shifted bandsuM GTP containing 15 pmol of d-3?P]GTP (specific
were first corrected by subtracting background phosphor radioactivity of 3000 Ci/mmol) in 5Q:L of transcription
counts from corresponding positions in control lanes that did buffer. When needed, 8-MOP was added to a final concen-
not contain T7 RNAP. Polymerase-bound and free DNA tration of 36ug/mL. Transcription was started by adding
bands are shown in Figures 3 and 4. Band areas were20 pmol of T7 RNAP at 37°C. Four microliters was
obtained using the ImageQuant program of a phosphorim-withdrawn at various times and processed for electrophoresis.
ager. Circular Dichroism SpectroscopyT7 RNAP, 23/27 XL,
Transcription Assay.66 UM or 66 XLs (at a final or 23/27 UM was dialyzed overnight a€ against 10 mM
concentration of 0.4M) were added to ice-cold transcription  potassium phosphate buffer (pH 7.8) and 10 mM MgCl
buffer containing ¢-32P]GpG (0.2«4M). Unlabeled GTPand  CD spectra were recorded in potassium phosphisitg®"
ATP or all four NTPs were each present at 1 mM. In this buffer. The solutions were clarified by centrifugation and
assay, only transcripts initiated with the radiolabeled GpG then passed through a Qu2n filter to remove particulate
will be seen [e.g. Tygarajan et al. (1991)]. Human placental matter. The samples were then loaded iat1 mmpath
RNase inhibitor (Boerhinger Mannheim Biochemicals) was length quartz CD cell, capped tightly, and equilibrated for
present at 36 units. T7 RNAP was then added to/0/f 15 min at the specific temperature (see Figures 8 and 9),
and the reaction mixture (50L) was incubated at 37C. before recording commenced. For titration experiments, a
Aliquots (2.5uL) of the reaction were withdrawn at different  constant amount of DNA was mixed with increasing amounts
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Ficure 4: Gel-shift assay for T7 RNAPDNA binding. (A) 23/27 UM. (B) 23/27 XL. (C) Binding curvesn(= 3). Squares represent
23/27 UM, and diamonds represent the 23/27 XL. Each point in the graph is an average of three independent determinations.

of T7 RNAP. No precipitates were observed in gel-shift that our estimate reflected the bp melted by one T7 RNAP
assays at the polymerase:DNA ratios tested here (e.g. se@er promoter DNA molecule.

Figure 4). The final volume of all samples was kept constant

at 180uL. CD spectra were acquired using an Aviv 62DS RESULTS

CD spectrometer equipped with a temperature controller and  Construction of Site-Specific Psoralen Cross-Linked Tem-
interfaced with an AT&T computer. The instrument was plates. Two types of cross-linked templates were constructed
calibrated using a two-point calibration method with){ (Figure 1). The sequence of the 66 mer was almost the same
10-camphorsulfonic acid. Wavelength scans were performedas the one previously used to study elongation complexes
between 205 or 215 and 300 nm, digitized at 0.5 nm (Sastry & Hearst, 1991a,b; Sastry et al., 1993b). Minor
intervals, and signal averaged with & s time constant. The  changes were introduced to accommodate restriction endo-
scan rate was-6—8 nm/min depending on the step size and nuclease sites. Psoralen cross-links or monoadducts were
time constant. Each final scan was an average of 10 repeatsntroduced at TpA sites-14/—13 or—2/—1 (Figure 1). The

and corrected for baseline of buffer and smoothed. All —14/—13 cross-link was in the binding domain, while the
spectra with T7 RNAP and DNA were recorded at °g7. —2/—1 cross-link was in the melting-initiation domain. Both
The concentrations of 23/27 UM or 23 XL in CD samples regions are very important for polymerase action and are
were determined by UV absorbance using a Beckman DU65within the footprint of the initiation complex (Basu & Maitra,
UV/VIS spectrophotometer. The T7 RNAP concentrations 1986; Shi et al., 1988b; Diaz et al., 1993; Ikeda et al., 1992b;
in CD samples were determined using a bicinchoninic acid Jorgensen et al., 1991; Muller et al., 1989; Rastinejad & Lu,
assay (Pierce Chemical Co., Rockford, IL). We used the 1993). Both cross-links aré-3pA where psoralen adduction
following equation to estimate the number of bp melted by preferentially occurs (Gamper et al., 1984). Our strategy

T7 RNAP, as per Reisbig et al. (1979) and Shimer et al. for the 66 mer templates was to first synthesize and purify
(1988). on a large scale short oligo DNAs containing site-specific

psoralen cross-links or monoadducts and then to ligate these

BBreited m, to longer pieces of DNAs [see Materials and Methods and
total bp: A0 Sastry and Hearst (1991a,b), Sastry et al. (1992, 1993b), and

275 Spielmann et al (1992)]. The full-length cross-linked
) templates were purified from preparative denaturing poly-
where Bheiteq is the number of bp melted by T7 RNAP  acrylamide gels. We constructed-2 nmol of extremely
(unknown guantity), total bp is the number of bp in our oligo pure templates.
promoter (23 bp)me is the slope of the line (negative sign  The third template (23/27 XL) has a cross-link-a/—3.
was ignored) for enzyme concentrations in the range-df2 e chose this shorter core promoter oligo because we needed
uM (Figure 8) (the slope was 8 for non-cross-linked promoter tens of micromolar concentrations for studying melting using
and 2 for cross-linked promoter), and¥#7s is the percent  CD and other techniques. The 23/27 XL DNA runs as a
change in ellipticity at the midpoint of the thermal transition highly retarded band near the top of the gel (lane 1, Figure
between 37 and 67C (30% in Figure 9D). The underlying  2B), which is a characteristic of psoralen-cross-linked DNA.
assumption was that promoter melting by T7 RNAP is Photoreversal of the cross-link with 254 nm UV light
equivalent to that of thermal melting. This assumption is revealed the 23 mer and 27 mer strands and the respective
supported by the similar pattern of change in ellipticity at monoadducts, which migrate about one nucleotide slower
275 nm in Figures 8 and 9. Since our promoter oligo is than free ss DNAs (note that both strands #Relabeled at
only 23 bp and a typical T7 RNAP footprint covers about the B ends; Figure 2, lane 2). Digestion with T4 DNA
20 bp (Basu & Maitra, 1986; Shi et al., 1988), we assumed polymerase 3— 5' exo followed by photoreversal produced
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a cluster of bands predominantly 146 nts long (lane 3, a — 43
Figure 2B). This pattern is consistent with the interpretation
that the T4 exo activity stopped one nt prior to the cross-
link on the template strand because of the cross-link between
—4 and —3 (accounting for the 14 nt fragment). On the
nontemplate strand, the exo activity stoppee-af (one nt
prior to —3), accounting for the 16 nt fragment. The 15
mer and the 17 mer are monoadducts resulting from
photoreversal. Digestion of non-cross-linked duplex with
T4 DNA polymerase 3— 5' exo generated two or three nts
(lanes 4 and 5, Figure 2B), consistent with the limit product
of the enzyme when there is no blockage (Kornberg & Baker,
1992) .

A Cross-Link at-14/—13 Inhibits T7 RNAP Binding to a
Small Extent, but Cross-Links at2/—1 or at —4/—3 Do
Not Inhibit Binding. Figure 3A—C shows gel shifts of 66
UM, —14/-13 XL, and —2/—1 XL templates complexed
with T7 RNAP. With increasing polymerase concentration,
a larger fraction of UM or XL DNA was complexed. Both
templates formed discrete complexes at lower polymerase
concentrations, whereas at higher concentrations, multiple
complexes were seen. At high T7 RNAP concentrations, GpG

abortive transcripts

some complexes did not enter the gel while others appeared min [o——60]o ———60 [0 60 |0 60 || O 60

smeary. Competition experiments with calf thymus DNA 66UM 66XL-2 +all +all N, template
. I 4 NTPs | 4 NTPs

suggested that the discrete bands are the specific complexes 66UM | 66XL-2

[see also Muller et al. (1988)]. With2/—1 XL, a new band o S .
was observed (Figure 3C, band B) that migrated faster thanF'@URE 5:  Inhibition of initiation of transcription by the-2/~1

. - - cross-link. The time course of transcription initiation is shown. For
the starting matene_ll (band A). Photoreversal_mdlcated that )\ and XL templates, lanes from left to right represent aliquots
band B DNA contained both strands. We believe that band of the reaction at 0, 0.5, 1, 2, 5, 15, 30, and 60 min. In other lanes,
B is a free DNA isomer induced by the polymerase and is 0 and 60 indicate aliquots from the reaction mixture before and 60
stabilized by the psoralen cross-link (data not shown). Since Min after the addition of polymerase, respectivety??P-labeled
our focus was the mechanism of transcription, no further GPC Was the initiating dinucleotide.
attempts were made to characterize band B DNA. Transcription Initiation Is Completely Blocked byl4/

The fractional saturation of DNA as a function of —13 and—2/—1 Cross-Links.Under the assay conditions
polymerase concentration was quantitated (see Materials ancemployed here (see Materials and Methods), only transcripts
Methods). Polymerase binding was inhibited by less than initiated with [0-3?P]GpG are visualized [see Tygarajan, et
2-fold by the cross-link at-14/—13, while the—2/—3 cross- al. (1991)]. On 66 UM, the enzyme stalls &6 in the
link did not inhibit binding (Figure 3D). Since the DNA presence of ATP and GTP. However, up to eight or nine nt
concentration is extremely small relative to that of the transcripts are observed (Figure 5). This is probably because,
protein, the macroscopic equilibrium binding constagy) ( after incorporation of the dinucleotide{*?P]GpG at thet-1
was equivalent to the polymerase concentration at which half- and+2 (or +2 and+3), the enzyme may undergo slippage
maximal saturation of the DNA occurred. For UM o2/ at the+3C position (see below for slippage assay), incor-
—1 XL, theKy was~1.2 x 10° M™%, whereas for-14/-13 porating two or three additional GMP residues before moving
XL, it was slightly larger,K, ~ 1.7 x 106 M~1. With the forward. The term “abortive transcripts” (Figure 5) is used
—4/-3 XL template, at lower T7 RNAP concentrations, a merely to suggest that short transcripts were produced
discrete complex was seen compared to UM. At higher T7 probably in an abortive manner (McClure, 1985). On the
RNAP concentrations, both DNAs contained discrete com- —2/—1 XL template, transcription initiation was completely
plexes (Figure 4A,B). We believe that thet/—3 XL—T7 shut off, even after prolonged incubation with all four NTPs,
RNAP complex is a “less-open DNA conformation” com- whereas on UM, the expected 43 mer runoff was synthesized.
pared to the UM-T7 RNAP complex (see CD spectra, The same result was seen witii4/—13 XL and furanside
below). The estimated binding constants (defined above) monoadducts at these positions (not shown). Using only
for the —4/—3 cross-link and UM were the same within [o-*?P]GTP, no initiation was observed either (not shown).
experimental errorsKp ~ 0.17 x 10° M™Y. The macro- Transcription Initiation Is Not Blocked by a Cross-Link
scopic equilibrium binding constant reported here comparesat —4/—3. Two types of assays were used: the “abortive
favorably with that reported by others for short oligonucle- cycling” assay (defined here as synthesis in the presence of
otide templates (Diaz et al., 1996). The different shapes of GTP plus one or more NTPs) and the poly(G)-ladder
the binding curves in Figures 3D and 4C may be due to the synthesis assay (where only GTP is present) [e.g. see Gross
presence of additional upstream sequences in the longert al. (1992), Ling et al. (1989), Martin et al. (1988), and
templates compared to the shorter templates (Figure 1). TheSousa et al. (1992)]. In the poly(G)-ladder assay, T7 RNAP
sequences may have introduced changes in specific T7synthesizes RNA that extendstd4 nts and abruptly tapers
RNAP recognition modes. In support of this point, we note off (Figure 6A). Poly(G)-ladder is believed to be due to
that DNase | footprints showed contacts up-t20 (Basu & reiterative slippage synthesis at the three Cs on the template
Maitra, 1986). strand -1 to +3; Martin et al., 1988) without much physical
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8-MOP with UM, and (C) with the-4/—3 XL. The rate of sampling of the transcription reaction is indicated at the top of the gels. The
numbers on the right-hand side indicate the length of the ladder deduced by counting the distinct bands on the gel. The panels shown here
were run on identical 24% denaturing gels. (D) A plot illustrating the inhibition of the synthesis of greater than pppGpG. The percent GMP
incorporation was calculated from the radioactivity in the gel strips not including the dinucleotide.
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FiIGURE 7: (A—D) Kinetics of the synthesis of short RNAs with GTP and ATP (A) in the absence of 8-MOP with UM, (B) in the presence
of 8-MOP with UM, and (C) with the-4/—3 XL. The rate of sampling of the transcription reaction is indicated at the top of the gels. The
2 mer RNA is indicated on the right. All the panels shown here were run on the same gel. The gel photographs are phosphor images of the
gel. (D) A plot illustrating the inhibition of synthesis 6f2 mer. The percent GMP incorporation was calculated from the radioactivity in
the gel strips that did not include the dinucleotide.

translocation of the active site of the enzyme, as representedpppGpG) fraction separately from that in the longer
by the 3-OH of the transcript. On the other hand, during transcripts. The rate of GMP incorporation in the poly(G)
abortive cycling with GTP and ATP, the active site of the ladder (i.e. greater than pppGpG) waé—7-fold less with
enzyme can move up tdé7 from the start site{1 arrow in the —4/—3 cross-linked template compared to that with the
Figure 1) and the short transcripts are thought to be releasechon-cross-linked template (Figure 6D). In the abortive mode,
from T7 RNAP ternary complexes without enzyme dissocia- GMP incorporation with cross-linked template was4fold
tion from the template. Ternary complexes in the slippage less than that with unmodified template (Figure 7D).
mode may be more stable than those in the abortive modeConversely, the amount of labeled pppGpG at 30 min was
(Borukhov et al., 1992; Sousa et al., 1992). 5—6-fold greater with the—4/—3 cross-linked template

In contrast to—2/—1 XL or —14/—13 XL, the —4/-3 compared to that with the unmodified template. These results
cross-linked template supported initiation (Figures 6C and demonstrate that the4/—3 cross-link does not inhibit first
7C). No synthesis occurred in the absence of template phosphodiester bond formation but further extension of the
(not shown). Interestingly, the first phosphodiester bond RNA chain is inhibited (see Discussion).
(pppGpG) was not blocked, but subsequent extension to poly- Transcription Initiation Is Not Inhibited by Nonealent
(G) was progressively inhibited (Figure 6C). A similar result Psoralen. Why does psoralen cross-linking shut off (or
was seen in the abortive initiation assay (Figure 7C). To inhibit) transcription initiation? Is this because of the
reinforce this point, we counted ti¥éP in the dinucleotide increased stabilization of the DNA helix due to favorable



3140 Biochemistry, Vol. 36, No. 11, 1997 Sastry and Ross

8 millidegroes
2

8 (miMidegrees)

 (millidegrees)

Percent change at 275 nm
H
Percent change at 275 nm
Percent change at 275 nm
i

10 20 30 40 50 0 10 0 0 a0 50 [ 10 kg 30 O 0

T7 RNA polymerase (uM) T7 RNA polymerase (uM)

Ficure 8: CD spectroscopy of T7 RNAPDNA complexes. (A) Curve 1 is free promoter auBl. Curves 2-7 are T7 RNAP at 2, 4, 8,

12, 15, and 4Q«M, respectively. Curve 8 is with free T7 RNA polymerase agd0. (B) Curve 1 is cross-linked promoter ap®M. Curves

2—5are T7 RNAP at 1.5, 3.5, 12.0, and 4B, respectively. Curve 6 is with free T7 RNA polymerase ap& (C) Curve 1 is nonpromoter

at 5uM. Curves 2-6 are T7 RNAP at 2.0, 3.0, 5.0, 8.5, and 4B, respectively. Curve 7 is with free T7 RNA polymerase at.40.

(D—F) The change if,7sis expressed as a percentage of free DNA value (taken as 100%). X and NX indicate the points of crossover from
a positive to a negative sign.

T7 RNA polymerase (uM)

enthalpy associated with intercalation of the planar psoralenB-DNA, viz., an almost equal magnitude of positive and
(Kao, 1984; Nelson & Tinoco, 1984)? Or is “open complex” negative ellipticities above 230 nm and a crossover point
formation prevented because the two DNA strands are “tied (X) at the absorption maximum of 260 nm (Ilvanov et al.,
up” ? To answer these questions, we compared initiation 1973). When a fixed concentration of promoter DNA was
with covalently and noncovalently intercalated/stacked pso- titrated with T7 RNAP, changes in ellipticity at 275 nm
ralens. Psoralen is intercalated in cross-linked as well as incorresponding to DNA occurred (Figure 8A) (Cantor &
non-cross-linked DNA (Spielmann et al., 1995a,b). We Schimmel, 1980). These changes indicated DNA melting
added saturating amounts of free 8-MOP (3§mL; 23 [e.g. see also Butzow et al. (1991), Reisbig et al. (1979),
psoralens per 23 bp DNA) to 23/27 bp unmodified promoter. and Shimer et al. (1988)] because heating the promoter DNA
Because intercalators are thought to obey the “nearest-accomplished the same result as increasing the polymerase
neighbor exclusion principle” (Saenger, 1984), noncovalently concentration (viz., decreasefi;s, compare Figures 8A,D
bound psoralens might be intercalated between every secon@nd 9A,D). The decrease in positive ellipticity at 275 nm
bp. Assuming a random mode of intercalation at equilibrium, bore the hallmark of unwinding of the DNA bases at higher
there are at least two sets of DNA molecules in the temperatures (Johnson et al., 1981; Usattyi & Shlaya-
population that have psoralen intercalated between alternatingkhatenko, 1973; Reisbig et al., 1979; Scaria et al., 1995).
base pairs (other combinations also occur). 8-MOP did not Open complex formation was dependent on polymerase
inhibit transcription initiation (Figures 6B and 7B). Some concentration (Figure 8D), similar to the results fr&ncoli
psoralens may be displaced during T7 RNAP binding and RNAP (Buc & McClure, 1985; McClure, 1985). By the
initiation. Because T7 RNAP was cross-linked to DNi& same criteria, there was very limited melting of cross-linked
bound psoralen in complexes (Sastry, 1996), we believe T7 promoter (Figures 8B,E and 9B,E). At the highest T7 RNAP
RNAP binding may not be impaired. However, the observed concentration, about 45% less change in the 275 nm CD band
transcription may have occurred by the displacement of compared with that of non-cross-linked promoter was

noncovalently bound psoralen. This is not possible with
covalently bound psoralen in the form of cross-links. Thus,
transcription inhibition on cross-linked DNA may be due to
a melting defect (i.e. inhibition of open complex formation).
CD Spectroscopy of Open Complexaale used CD to
demonstrate that inhibition of RNA chain extension on the
—3/—4 cross-link was due to a melting defect. The CD of
promoter DNA (Figure 8A, curve 1) is characteristic of

observed (Figure 8ks Figure 8D). Figure 8C shows the
CD of T7 RNAP interacting with a nonpromoter DNA'{5
GATCGCTCCCGGGTACCGAGCTCG'B T7 RNAP-
induced melting is approximately the same for cross-linked
promoter and nonpromoter (Figure 8E,F). However, tem-
perature-induced melting of nonpromoter DNA is similar to
that of promoter DNA as compared to that of cross-linked
DNA (compare panels F and D of Figure 9).
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Previous workers estimated the number of bp disrupted the CD for the cross-linked promoter has a negative sign
by E. coli RNAP using UV spectroscopy (Reisbig et al., (Figures 8B and 9Bss Figures 8A and 9A). The CD of
1979; Shimer et al., 1988). Here, we used a similar approachcross-linked promoter in Figures 8B and 9B is reminiscent
(see Materials and Methods). We estimated théabp were of the CD of A-DNA (lvanov et al., 1973), which has
disrupted by T7 RNAP per promoter molecule, whereas in implications for our results on binding and initiation (see
the cross-linked promoter, only 2 bp were disrupted. These Discussion).
results indicated that dinucleotide synthesis (Figures 6C and
7C) occurred even though only two bp were disrupted in DISCUSSION
the cross-link. Pre_sumably, extension to_aG—Iadder req_uired Prokaryotic transcription initiation is a complex set of
greater bp disruption, as is the case with non-cross-linked r5nsitions (eq 1) [reviewed in McClure (1985)]. The

promoter. Our estimate of the melted region for unmodified recognition of the promoter (P) by RNAP (R) leads to the
promoter was roughly equivalent to that in previous reports tqrmation of closed complexes (RP

(Muller et al., 1989; Osterman & Coleman, 1981) and to
that using sensitivity to KMng? K K, NTPs

The CD of cross-linked promoter by itself has an unusual R+ P<="RR.<="RF,——RNA (1)
shape compared with that of non-cross-linked promoter

(Figures 8B and 9B compared with Figures 8A and 9A), The DNA in the closed complexes is double-stranded. The
indicating that psoralen cross-linking induces a significant ¢losed complexes isomerize to open complexes, in which
departure from the canonical B-DNA. The crossover point the DNA is partially melted (R [for review, see deHaseth
(NX) for the cross-linked promoter is blue-shifted to 246 and Helmann (1995)]. In the presence of NTPs, B&jins

nm compared to the unmodified promoter whose crossover synthesis of RNA. FoE. coliRNAP, there are intermediates
poin_t_ is at th(le. conventional 260 nm. The mggnitudg of (RP., RP,, etc.) between RRand RR, and probably several
positive transition between 250 and 300 nm is 3.5 times types of complexes at each step depending on the promoter,
greater than the relatively smaller negative transition (215 the temperature, and the ionic strength [for example, see Buc
to 247 nm; Figure 9B). In conventional B-DNA, the positive  and McClure (1985), Cowing et al. (1989), Kovacic (1987),
and negative CD bands are of approximately equal magnitudekrymmel and Chamberlin (1989), Mecsas et al. (1991), Roe
(Figure 9A). Moreover, between 215 and 230 nm for et g|, (1985), Spassky et al. (1985), and Suh et al. (1992a,b)].
promoter DNA (B-DNA), the CD has a positive sign whereas For T7 RNAP, although it has been implicitly accepted that
the overall initiation reaction follows eq 1, so far Réhd

2 Unpublished results. RP, have not been experimentally separated and no inter-
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mediates have been identified. Further, any open complexcross-linking results are sometimes in agreement with and
model of T7 RNAP initiation may have to account for the in other instances not in agreement with current models of
fact that some partially single-stranded promoters are asT7 RNAP transcription initiation. If T7 RNAP recognizes
effective as fully double-stranded promoters (Maslak & the promoter by a “direct read-out” of the functional groups
Martin, 1993) and that initiation is faster than complete strand in the DNA major and minor grooves, and if binding
opening (Sastry & Ross, 1996). specificity is not due to any specific conformational features
The T7 RNAP promoter consists of 23 bp 17 to +6) of the promoter (Maslak et al., 1993; Raskin et al., 1992;
of a highly conserved sequence (Chamberlin & Ryan, 1982; Schick & Martin, 1995), one can see why psoralen cross-
Dunn & Studier, 1982, 1983). Base analog substitutions links do not greatly affect binding. In cross-links, all the
suggested that certain changes in functional groups in thenecessary functional groups (H-bond acceptors and donors)
DNA grooves were detrimental to transcription while others are still available for direct read-out even though the overall
were not (Stahl & Chamberlin, 1978). Subsequently, several DNA conformation is different. In this sense, our results
T7 promoter point mutations that reduced polymerase binding support the current model for promoter binding. Geometrical
but did not affect transcription were mapped (Chapman & alterations in—2/—1 or —4/—3 cross-links may not inhibit
Burgess, 1987; Chapman et al., 1988; Ikeda et al., 1992b).recognition because dynamic changes in T7 RNAP may
These results suggested that the T7 RNAP promoter wascompensate for changes in DNA (“induced-fit”). In addition,
organized into two functional domains: a binding domain because these cross-links are in the “melting” domain,
(—16 to —5) and a melting-initiation domain—4 to +5) binding is unaffected. The small decrease (1.5-fold) in
(Chapman & Burgess, 1987; Diaz et al., 1993; McAllister affinity for the —14/—13 cross-link may be due to a more
& Carter, 1980). Here, we studied the effects of psoralen severe conformational alteration in the binding domain. No
photoadditions at three separate site$4/—13,—2/—1, and published information is available regarding sequence-context
—4/-3) in the promoter using a combination of biochemical effects on the structure of psoralen cross-links.
and physicochemical methods. (2) It was surprising that the 14/—13 cross-link repressed
The NMR structure of psoralen-cross-linked DNA showed transcription. Inhibition of melting may not be the case here
that the psoralen moiety is intercalated between the base paibecause this cross-link is not in the melting domain but is
steps (Spielmann et al., 1995a,b). Although the base pairsin the binding domain. It is also unlikely that the polymerase
above and below the psoralen appear somewhat buckled, Hnade strong contacts with the psoralen moiety itself. The
bonding is not completely disrupted [see Figure 2 in psoralen does not have charged, accepting, or donating
Spielmann et al. (1995b)]. In the case of the cross-link, there functional groups (except for the oxygen atoms). Instead,
may be increased solvent accessibility. The DNA helix we believe that the-14/—13 cross-link may have prevented
shows a very minor bend o8°. In both adducts, the helix  a crucial conformation change(s) in the polymeraB&lA
is unwound by~28° and the repeat length is altered (11 bp complex that preceded DNA melting. In agreement with
repeat as in A-DNAwvs 10.5 bp in standard B-DNA), our results with the—14/—13 cross-link, a recent report
indicating intercalation of psoralen. Consistent with NMR, suggested that T7 RNAP contacted 3 (Ujvari & Martin,
our CD spectra of-4/—3 cross-linked promoter revealed 1996). The cross-link at2/—1 shut off transcription, while
that the altered conformation is somewhat reminiscent of the cross-link at-4/—3 did not. Since CD with the-4/—3
A-DNA. The DNA returns to normal B-form outside three cross-link showed that melting was defective but not totally
bp of the psoralen. Due to the change in the hybridization abolished (Figure 8B,E), it is quite likely that the2/—1
of the C5-C6 orbitals fromsp? to sp, the C5-CH; and cross-link exhibited a more dramatic melting defect, leading
C6—H point away from the psoralen but still point into the to a complete shutoff of transcription because th#&/'—1
major groove. The 'Bbases above and below the psoralen cross-link is immediately upstream of thel start site.
stack onto the Cklof the photoalkylated dT, coplanar with  Neither binding (as measured Ky in Figure 4) nor initiation
the pyrimidine ring. (as measured by the amount of dinucleotide pppGpG in
(1) Psoralen cross-links at2/—1 and at—4/—3 do not Figures 6 and 7) was affected by the4/—3 cross-link.
inhibit polymerase binding, while the-14/—13 cross-link However, RNA longer than a dinucleotide was dramatically

inhibited binding to a very small extent. Footprinting showed
that —14/—13, —4/—3, and—2/—1 sugars on both strands
were protected from hydroxyl radical attack, indicating that
these bases were contacted by T7 RNAP (Muller et al.,
1989). Mutagenesis of-14 did not affect transcription,
while alterations at—13 decreased transcription to some
extent (Diaz et al., 1993). Base substitutions and modifica-

reduced (Figures 6 and 7). Hence, neither RiPmation
nor RR — RP, isomerization in eq 1 was inhibited by the
—4/—3 cross-link. This suggested that there were rate-
determining stepdollowing formation of the first bond
(pppGpG) that required greater promoter melting than that
exhibited by the—4/—3 cross-Ilink.

On the basis of our work with the various cross-links, we

tion in this region generally decreased polymerase binding propose the following mechanism. There is a conformational

(Jorgensen et al., 1991). Mutagenic alterations-2f—3,
and—4 reduced transcription initiation dramatically (Chap-
man & Burgess, 1987).

Modifications resulting from psoralen cross-linking are
quite different from those produced by base substitutions,
deletions, additions, methylation, or ethylation. The latter

step(s) after polymerase binding preceding melting,J R
initiation. This step is defective in the14/—13 cross-link.
RP, — RNA (eq 1) transition consists of more than one
step, a rapid step 1, with a short burst of a two bp melted
region neart-1 wherein the first bond occurs (dinucleotide,
pppGpG). This is followed by step 2, with a larger

are microscopic changes in the DNA. As indicated by NMR upstream-downstream melted region wherein a steady-state
and CD, psoralen photoaddition results in macroscopic lengthening of the transcript occurs. Step 2 was inhibited
alterations in DNA conformation, and as such, our approach by the —4/—3 cross-link, whereas step 1 may not have
is complementary to conventional base mutagenesis. Ouroccurred with the cross-link at2/—1. In a recent work
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using fluorescence spectroscopy, we reported that duringCantor, C. R., & Schimmel, P. (1988jophysical chemistry. The

open complex formation at 37C —1 bp was disrupted
quickly (~2—3 x 10’ M~1 s1), which may account for the
absence of a lag time for initiation of RNA synthesis (Sastry
& Ross, 1996). The observed total shutoff of transcription
initiation by the —2/—1 cross-link agrees with this model.
For E. coli RNAP, others (Buc & McClure, 1985) have
identified a rate-determining step following promoter melting.
Some have proposed at least two open complexés.fooli
RNAP depending on Mg stoichiometry (Suh et al.,
1992a,b). A two-open-complex model has been proposed
for Bacillus subtilisRNAP (Juang & Helmann, 1995).

Maslak and Martin (1993) suggested that DNA melting
is not a barrier for T7 RNAP initiation. Our result with the
—4/-3 cross-link showing first bond formation (Figures 6
and 7) coupled with very little melting (Figure 8) agrees with
their proposal only so far as first bond formation is
concerned. Extrapolating from partially ss promoters to fully
ds promoters may be difficult [cf. Maslak and Martin (1993)].
T7 RNAP may contact fully ds promoters in a qualitatively
different manner compared to partially ss promoters (espe-
cially with large gaps) because the DNAs are structurally
different. Indeed, recent evidence indicates that binding and
stability of complexes are different on partially ss and fully
ds templates (Diaz et al., 1996; Jia et al., 1996) and that
different subdomains of the polymerase may be involved in
interactions with ds and ss DNAs (Sastry, 1996).

Finally, our work has implications for the biological effects
during phototherapy with psoralens. One enduring question
has been the following. What signals the synthesis of
melanin or the reduction in psoriatic lesions in patients treated
with psoralen plus UVA? A first step toward answering this

behavior of biological macromolecules. Part llipp 855-863,
W. H. Freeman, San Francisco.
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