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ABSTRACT: Transcription is the fundamental process by which RNA is synthesized by RNA polymerases
on double-stranded DNA templates. One structurally simple RNA polymerase is encoded by bacteriophage
T7. T7 RNA polymerase is an excellent candidate for studying structural aspects of transcription, because
unlike the eucaryotic and bacterial RNA polymerases, it is a single subunit enzyme and does not require
additional factors to carry out the entire process of transcription from start to finish. An important advantage
of studying transcription using this enzyme is that the high-resolution crystal structure of T7 RNA
polymerase has been solved. However, a cocrystal structure of the polymerase complexed with promoter
has not yet been published. Here, we have used cross-linking techniques to understand the interaction of
promoter with T7 RNA polymerase. We constructed promoters that were substituted with the photo-
cross-linkable nucleotide 5-iodo uracil at every dT in the promoter froh7 to —1. This substitution
replaces the 5-methyl in dT with an iodine atom. The substituted promoters were photo-cross-linked to
T7 RNAP, and the efficiency of cross-linking was quantitated at every position. In the melting domain,
the strongest contacts occurred-&® and at—1 on the template strand while very weak cross-linking

was seen at-2 and at—4 on the nontemplate strand. In the binding domain, the strongest contacts were
seen at-16, —15, and—13 and at-10 on the template strand while afL7 and—14 on the nontemplate

strand very weak cross-linking was observed. Cross-linking was poor in the intervening region between
the binding and the melting domains. These results suggested that, in the T7 RNA polynpecaseter
complex, the polymerase molecule mainly contacts the template bases in the TATA box while the upstream
contacts are used as an anchor for DNA binding. For a systematic study designed to probe the nature of
base-specific interactions in the polymerapeomoter complex, we used neutral salts from the Hofmeister
series. In general, the order of perturbation was sulatatrate > acetate for anions and ammonium
magnesiun® potassium for cations. Using acrylamide, a neutral hydrophobic agent to probe for nonionic
contacts, we observed that a2, —4, and—17 the contacts had a hydrophobic component, while at
many other positions there was no significant effect, suggesting that the contacts in the promoter
polymerase complexes were predominantly ionic but at certain positions nonionic interactions also existed.
To localize a specific interaction in the melting domain, we proteolyzed the cross-linked T7 RNAP and
analyzed the fragments using gel electrophoresis, mass spectrometry, and amino acid composition. High-
resolution mapping indicated that amino acid residues—-@P¥ may be in the vicinity of the melting
domain. Specifically, Y623 may contaet3 on the template strand.

T7 RNA polymerase (98.8 kDa) is a single-subunit protein macroscopic affinity constank(g) equal to~(2—5) x 10’
that has been one of the most intensively studied RNAPsM~1 (4—6). The polymerasepromoter complex stability
(1, 2). T7 RNAF initiates transcription on two main classes depends on template conformatior).(Promoter binding
of promoters in the T7 phage genome, viz., class Il and classapparently occurs at an extremely rapid rate approaching the
11 (2). In vitro, class Ill promoters are stronger than class Il diffusion limit (8, 9). Promoter-T7 RNAP complexes have
promoters. The class Il promoter is a 23 bp highly conserved heen characterized using footprinting, enzyme assays, mu-
region (-17 to +6) that includes the-1 start site §). The tagenesis, and gel shifts (e.g., see ®&fg, and 10—13).
most striking feature of the promoters is the absolute Hydroxyl radical footprinting has revealed that the poly-

requirement for guanine atl position @). T7 RNAP binds 6466 contacts predominantly one face of the promb8r (
specifically to the class Ill promoters with a relatively weak while low-resolution NMR studies indicated that both faces
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*To whom correspondence should be addressed. Phone: 212'327'analyzed using site-specific mutagenesis and chemical

8987. Fax: 212-327-8651. E-mail: sastrys@rockvax.rockefeller.edu. e .- . . .
I Abbreviations: aa, amino acid(s); amu, atomic mass unit(s); ds, modification g, 12, 15-17). Site-directed mutagenesis has

double stranded; 5-1U, 5-iodouracil; 4-HCCA, 4-hydroxyeyano- revealed that base changes in the binding domaihr(to
cinnamic acid; MALDI-TOF, matrix-assisted laser desorption ioniza- —5) minimally affected the rate of transcription initiation
tion—time-of-flight; nt, nucleotide(s); ss, single stranded; T7 RNAP, h')l b );] in the initiati d p_ 6 !
bacteriophage T7 RNA polymerase; TEAA, triethylammonium acetate; WNIl€ base changes In the initiation omain4( to +6)

XL, cross-links. appear not to affect enzyme binding to promoter. These
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findings have led to the functional partitioning of the cross-linked the polymerase to the U positions. Using high-
promoter into a binding domain-(16 to—5) and a melting- resolution methods, we mapped the amino acid residues in
initiation domain 3 to +6) (5, 16, 18—20). T7 RNAP was the polymerase that contacted the3 position in the
proposed to “read out” functional groups in the promoter promoter’'s melting domain. On the basis of this and other
major and minor groove2(Q). Insertion of large artificial ~ work, we present a view of the promotguolymerase
nonDNA linkers 3 or 4 bp upstream of the start site appear complex.

to have little effect on start site selection by the enzyme,

whereas these artificial insertions immediately adjacent to MATERIALS AND METHODS

the start site seem to affect the fidelity of start site selection ) ) )
(22). DNAs and ProteindDNA oligonucleotides were purchased

During open complex formation, about 6 or 7 bp in the from.Operon Technologies (Alameda, CA) and were further
promoter are melteds( 13, 23) with a second-order rate of purified by anion-exchange HPLG4). The concentrations
~2 x 10/ ML s (6). There are at least three different ©f the DNAS were measured by UV absorbaneg= ~10°

models regarding the mechanism of T7 RNAP open complex M - M per nt). We purchased the promoter sequerice 5
formation. In our model, base pair opening near the initiation | A“ATACGACTCACTATAGGGAGA-3', which contained

site (at—1) is favored and is faster compared to the upstream ither dT (wild-type) or 5-U in place of dT at various
base pairs{4) (perhaps accounting for the rapid initiation positions (see Figure 2). Oligonucleotides wererd labeled

without a lag phase) and the initiating GTP alters the rate of USiNg ’-*PJATP (Sp. radioactivity, 6000 Ci/mMol) and T4
base pair disruptions( 6). A second model suggested that Polynucleotide kinase3g). T7 RNAP was prepared locally
open complex formation was thermodynamically disfavored "%‘CCOVd'”g to p_u_bl|shed procedure(37). The concentra-
and that the rate of collapse of the open complex is tion of the purified T7 RNAP was determined usiago =
competitive with transcription initiation and that the rate of (1.4£0.1) x 10° (36).
opening was influenced by the initiating GTR4. The Small-Scale Cross-Linking Reactiof&juimolar concen-
second model directly contradicts a third model, which stated trations (110 «M) of two complementary DNA promoter
that promoter binding and DNA strand opening occurred strands (only one of which had an U at a specific base in
almost simultaneously and quantitatively in a facile manner place of dT) were mixed in buffer containing 10 mM Tris-
at extremely rapid rates, approaching the diffusion li@)t (  HCI (pH 7.5)+ 1 mM EDTA + 1 mM MgCl, and heated
The second proposal is more in consonance with our modelat 70 °C for 5 min and then slowly cooled to room
(5, 6) in which binding is followed by DNA strand opening, ~temperature over a period of-3 h. The*’P label was always
and base pair disruption may be somewhat slower in the present in the strand containing the 1U in the ds promoter.
presence of GTPperhaps reflecting the competition between Typically 110 pmol of ds IU-promoters were mixed with
collapse of the open complex and transcription initiation. At 3—30 pmol of T7 RNAP in binding buffer (56300 uL),
any rate, the mechanism of open complex formation is still which consisted of 30 mM Hepes, pH 7.8, 100 mM K
not clearly understood and a physical basis for it is lacking. glutamate, 15 mM Mg (OAg) 1 mM DTT, and 0.05%
The crystal structure of T7 RNAP showed a protein of Tween-20 88), and incubated at 37C for 10 min for
high a-helicity with a deep cleftZ5). This original crystal ~ Polymerase binding to occur. The reactions were then
structure contained many errors and a new crystal structureirradiated with 308-308 nm UV (~4 x 10" quanta/mL/
(Comp|exed with T7 |ysozyme) has now been pub||sm( mln) in a Rayonet photochemical reactor (Southern New
However, the overall shape of the T7 RNAP molecule is England Ultraviolet Co., Bradford, CT) for 15 min. Gel-
the same in both models. The T7 RNAP structure bears aloading sample buffer was added, and the samples (contain-
striking similarity to Escherichia coliDNA polymerase  ing SDS at 1%) were heated in boiling water bath for 5 min
Klenow fragment and HIV-1 reverse transcripta2@ @8). and run on 10% acrylamideSDS Bio-Rad mini-gels or on
The T7 RNAP crystallographic model, like the other poly- larger gels (12m L x 16 cm W). Thegels were dried and
merases, is shaped in the form of a cupped right-hand autoradiographed. In X-ray film or phosphor images of the
consisting of fingers, palm, and thumb. A “specificity loop” dried gels, the DNA-protein cross-links were represented by
region (amino acids 742773) may participate in stabiliza- radioactive bands that migrated less rapidly compared to non-
tion of the promoterpolymerase complex and/or in pro- cross-linked ¥P]DNA, which was usually found at the
moter recognitionZ0). The thumb subdomian may contact bottom the gels. For digestion of the cross-links with
the DNA to stabilize the ternary complex during processive Proteases, the irradiated reactions were first precipitated with
elongation 29, 30). saturated (Nk). SO, and then redissolved in water. Pro-
Earlier, we demonstrated by photochemical cross-linking teolysis was carried out as recommended by the manufacturer
that the promoter indeed binds in the cle§i) and that the ~ Of the proteases (Promega, Madison, WI). Proteolyzed
fingers subdomain recognized ss DN3Y(32). We speculate ~ fragments were run on Tris-glycine gels (see Figure 3 legend)
that a portion of the fingers subdomain may participate in and the fragments were sized using Bio-Rad protein standards
establishing or maintaining an open DNA for transcription. (catalog no. 161-0305/0309) and the proteolytic fragments
A portion of the N-terminal domain makes contacts with from non-cross-linked T7 RNAP (size determinations were
nascent RNA 83). Here, we asked the following question: ~Within + 200-500 Da).
how does the polymerase contact the different base positions Large-Scale Cross-Link Purification and Microchemical
in the binding and melting regions of the promoter? To AnalysesThe cross-linking reactions were scaled up for two
address this question, we pursued a cross-linking approachbatches, each containing 10 mg of T7 RNAP and run on
We substituted dT with 5-IU at all permissible positions in  10% acrylamide-SDS preparative gels. The cross-links were
the binding and the melting domains of a T7 promoter and identified by autoradiography using X-ray films that were
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Ficure 1: (A) The structure of 5-iodo uracil and the important points regarding the mechanism of cross-linking. (B) 6% acryBbfile
gel showing cross-linking of a promoter to various amounts of T7 RNAP. The promoter contained a single 5-1lpasition. C=
control, i.e., sample without UV. XL indicates cross-links.

exposed to the wet gels. The bands containing the cross-ate conditions, the positions of the cross-links can be
links were excised as very small gel pieces and were theninterpreted as physical contact(s) between two entities. Here
digested in situ with trypsin for 24 h. The proteolyzed we used 5-1U as a cross-linking agent to study the contacts
fragments were eluted passively and/or by electro elution. between T7 RNAP and a promoter.

The eluted DNAerosslinked peptides were first adsorbed Cross-Linking of T7 RNAP to IU Promotée substituted
on to strong quaternary amine anion-exchange filters (asg_y at every permissible position (i.e., dT) in the binding
recommended by the manufacturer, Sartorius, New York), 4ng melting domains. To test the effect of 5-1U substitution

which strongly bind the DNA. The filters were then q wanseription, we compared G-ladder synthesis on an 1U-
thoroughly washed with 10 mM KCl/water to remove loosely containing promoter at3 with that on a wild-type promoter.

bc.)l;]ni p'\(/alptrl(dcels,snld thz cross—llr_1keld fragments were eIuéedThis assay did not reveal any significant differences between
wit , dialyzed extensively against water, and .o 1o promoters either in terms of relative quantities or

lyophilized to semidryness. Additional purification was i
) . | qualities of the patterns of poly rG ladders (not shown). A
carried out by HPLC procedures similar to those described similar result was obtained with IU substitution atl.

!8 Ol:.rf. p(rjet\)/ IOtl;]S .wotr)k &L t'32). Thetpeak(sj gf Eterest were fTherefore, we concluded that IU had very little or no effect
Identined by INeir absorption spectra and by the presence ot , transcription initiation. These results were not surprising

32 -
tdhen P I?:el46:|C3C23A MA\t;Dlrr-:—otrli:Smi%S iipe(\:/tg)\r(n:érér\v,\/_as because 5-1U does not distort DNA to a significant extent.
one using 4 -A as the ma Q )ina . The van der Waals radius of iodine (2.15 A) is similar to
RP (PerSeptive Biosystems, Farmingham, MA) workstation. that of the CH, which it replaces in dT (see Figure 1A)
The instrument was calibrated using external protein stan- The C5 iodine ’atom in 1U is in the major groove, as is tHe
dards (from PerSeptive Bi_osy_stems) and an internal standardCHS of dT. An attractive feature of IU—mediated protein-
(lysozyme). Mass determinations were accurate to less thanDNA cross-linking is that cross-linking yields are quite

+5 amu in the 215 kDa linear mass range. reasonable (515%) and that cross-linking occurs by a fairly
RESULTS AND DISCUSSION simple, efficient, and well-characterized photochemical
mechanism (Figure 1A). Cross-linking may be mediated by
Cross-linking has traditionally offered a very powerful a singletr,7* state (analogous to BrU), bond homolysis,
chemical approach to mapping proteidNA interactions and radical formation (Figure 1A). Through this mechanism,
in solution. Cross-linking studies have either confirmed some one |U residue cross-links to one amino acid side-chain atom.
structural details of NMR or crystallographic models or have The details of the mechanisms have been very well worked-
mapped additional DNA-binding protein domains and motifs out (e.g., see refd4—46). Figure 1B is an example of an
(e.g., refs41—-43). The distinctive feature of photo-cross- acrylamide-SDS gel showing that cross-link yield increased
linking reactions is that they occur most often when the linearly with increasing amounts of T7 RNAP added to a
interatomic/molecular distances are within the van der Waal's fixed amount of IU promoter. The cross-link (XL) is
volume/radii of photo probes, implying that, under appropri- indicated by the intense major band, which runs less rapidly
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Ficure 2: (A) Sequence of a promoter that was used in this work. The arrows indicate the positions of the 5-1U substitutions. (B) Bands
from an SDS gel showing cross-links at each substituted promoter positienc@ntrol, i.e., sample without UV. (C) Quantitation of
cross-linking efficiency at each position. The data were computed from phosphor counts in gels such as that in panel B. Percent cross-link
= {[phosphor counts in cross-links]/[phosphor counts in cross-lxlghosphor counts in free DNA]x 100. The phosphor counts were
corrected for background counts.

compared to the free DNA band. The very faint band located experimental error, whether the substitutions were made on
just above the major band may represent either a very minorthe template or nontemplate strand. In a previous study,
alternate state of the denatured protedNA cross-link where all the dTs were replaced with dUs (i.e., replacement
during its migration in the SDS gel or a photoreaction at an of thymine CH with an H), it was concluded that the
alternate secondary site in the protein. Control cross-linking thymine CH groups were not a determinant in promoter-
reactions were carried out using either nonpromoter ds DNA binding specificity between-17 to—13, @8). This conclu-
or ss DNA oligos (not shown). In both cases, either there sion was based on the measurement of the kinetic parameter
was no cross-linking or there were very faint, multiple, Kp, which was assumed to approxim#te Footprinting on
diffused cross-link bands, which suggested nonspecific cross-mutated promoters suggested that freit2 to —8 there was
linking. This result is probably due to the well-known weak binding 12). Assuming that the greater the sharpness
nonspecific binding activity of T7 RNAP to nonpromoter and intensity are of the cross-linked bands, the higher the
DNA and to ss DNA 82, 47). In competition experiments  strength and proximity of contacts; betweed7 and—10,
performed with &?P-labeled-3 U substituted ds promoter  the template strand contacts appear to be more homogeneous
DNA and with an excess of unlabeled nonspecific ds or ss than the nontemplate strand cross-links (Figure 2B). It has
DNA, we observed only strong, sharp, and specific cross- been shown that10/—11 bp probably contact N7489).
link bands (not shown). These results indicated that cross-The kinetic parametef,, suggested that position10T on
linking was a due to the specific interaction of T7 RNAP the template strand was not directly involved in conta2is (
with the ds promoter DNA. 48). The strong cross-link band due to thel0 IU on the
Next, we constructed class Il promoters with 5-IU in place template strand appears to indicate that there is indeed a
of dT from —17 to —1 (Figure 2A). Each IU substitution  contact (Figure 2, panels A and B). Using site-directed
was made in a separate template. In principle, lU-mediated mutagenesis, it was shown that Q758, which is in the
cross-linking of singly substituted promoters could reveal specificity loop (Figure 6), contacted8 bp 20). We could
the differences in strength/proximity of base by base contactsnot assay for cross-linking at8 on the template strand
between promoter and T7 RNAP, assuming that the cross-because it is dA. The 6-amino ef8A on the template strand
linking mechanism is the same at every base substitution.(Figure 2A) is an important contactg). On the basis of in
The limitations of this approach are that information regard- vitro enzyme kinetics, the-8 dT methyl on the nontemplate
ing contacts at unsubstituted positions of interest is excludedstrand was previously shown not be involved in polymerase
and that only the contacts in the major groove C5 position contacts 48). However, our result appears to indicate that
of dT are probably seen through cross-linking. A potential there is a weak contact with nontemplate strand at this
caveat is that since cross-linking cannot strictly be correlated position (Figure 2). Our finding agrees with results from
to quantitative affinity Kq), only qualitative conclusions can  mutagenesis showing tha T to A substitution at—8 on
be made. Cross-linking was most efficient-a8 IU and at the nontemplate strand reduced promoter activity in vivo
—1 IU on the template strand compared to the other sites in (50), implying an interaction at this position. The 5-methyl
the promoter (Figure 2, panels B and C). There was a group at—6T on the template strand was shown to be a major
significant drop in cross-link yield at-2. The weakest  groove contact determinarit9). Cross-linking of—6 IU on
contacts were at-8, —6, and—4. Between—17 and—10, the template strand indicates that there is indeed a contact
total cross-linking yields were more or less uniform within (Figure 2ABC). In the “TATA” box (-4 to —1; Figure 2A)
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Table 1: Summary of the Effects of lonic and Nonionic Agénts

base position in promoter anidns cation$ acrylamidé
-1 sulfate> citrate > acetate NH" > Mg?" > K™ N
-2 sulfate> citrate> acetate NH" = Kt > Mg?* ++
-3 sulfate> citrate > acetate K > Mg?" > NH4" N
—4 sulfate> citrate> acetate NH" > Mg?" > K* ++
) sulfate> citrate > acetate NH" > Mg?" > K* -
-8 sulfate> citrate> acetate NH" = Mg?" = K* +
-10 sulfate> citrate > acetate NH" > Mg?" > K™ N
—13 sulfate> citrate > acetate NH" = Mg?" = K* -
-14 sulfate> citrate > acetate NH" > K+ > Mg?" +
-15 sulfate> citrate> acetate NH" = K+ = Mg?" N
-16 sulfate> citrate> acetate NH" = Mg?t = K+t +
-17 sulfate> citrate> acetate NH" > K+ > Mg?" ++

aThe results are summarized using the data acquired from phosphorimages éfTgpelsaverage change in cross-linking value relative to the
average value obtained without the agent, which was taken to be 100%. The agents are rated in decreasing order of their effectiveness in decreasing
cross-linking.© N indicates no significant effect. Plus-J or minus ¢) indicates either an increase or a decrease in cross-linking relative to that in
the absence of acrylamide.

near the start site of transcription, major contacts areat  major groove while the OH radical attacks the sugars. The
and at—1 on the template strand (Figure 2, panels B and different results may be due to these different chemistries.
C). A previous model predicted that the methyl groups (here Our results suggest a polymerase poised to initiate transcrip-
the I) of =4 T to —1 T were probably in the back face of tion with the strongest contacts at3 and at—1 in the
the helix relative to the binding face in a standard B-DNA melting domain. Earlier, using fluorescence and psoralen-
configuration {3). However, if the TATA region is melted  mediated promoter cross-linking, we suggested that-tp
in the open complex, the orientation of methyl groups in may open rapidly followed by-6 and —4 (5, 6). In the
the DNA may be different compared to those in standard ds present work, cross-linking efficiencies were in the oretér
B-DNA. Here, cross-linking clearly shows thatl and—3 ~ —3> —6 > —4 (Figure 2, panels B and C). Assuming
are strongly contacted by the polymerase in the templatethat the higher cross-linking efficiencies indicate a higher
strand (Figure 2, panels B and C). These results agree withstrength of contact, this result fundamentally agrees with our
the conclusions from a previous study, which showed that previous prediction based on fluorescence.
removal of the thymine methyl groups atl and at—3 An alternative interpretation of the data in Figure 2, panels
altered the enzyme kinetic parameters relative to the wild- B and C, is that the differences in cross-linking yields may
type promoter48). However, removal of methyls at2 and not actually reflect proximity and strength of binding but
at—4 did not change the kinetic paramete48)( The binding may be due to the differences in IU-photoreactivity. For
constant was also not affected by a mutation—dt (12). example, IUerosslinks preferentially to Tyr, although Phe,
Both of these observations are in agreement with our resultMet, and His can also cross-link at much lower efficiencies
showing very weak contact, if any, with2 and—4 bases (46,51, 52). It is possible that between17 and—10, where
(Figure 2, panels B and C). the cross-linking yields are fairly uniform (Figure 2C), IUs
Here, we have assumed that sharp, intense cross-link bandsvere cross-linked either to Tyr residues and/or to one of the
in the gel (Figure 2, panels B and C) reflect proximity of other specific amino acids mentioned above. However, it is
polymerase-base contacts while the diffused, less intensepossible that at-3 and—1 IU, where cross-link yields are
multiple and clustered bands indicate weak or flexible much higher than at other positions (Figure 2C), Tyr is
contacts. Our results suggest that T7 RNAP may be involved in cross-linking. Conversely, poor cross-linking
positioned asymmetrically on the promoter with the rear end yields may simply suggest that one or the other amino acids
of the polymerase making anchored contacts-46 and that can preferentially cross-link may not be within the
—15, and at-13 and—10 in the upstream binding domain. vicinity of IU. For these reasons, it is possible that, in our
Segments of the polymerase front end strongly contact theexperiments, preferential photochemistry of the cross-linking
—1 and—3 bases while the middle portion of the promoter agent may have affected the cross-link yields. Nevertheless,
from —8 to —4 on the nontemplate strand are weakly we believe that amino acitbase proximities, the strength
contacted or not interacted with at all (Figure 2C). Our results of the contactsand to a certain extent, differences in
are consistent with hydroxyl radical footprinting data where photoreactivity may have contributed to the overall results.
protection was seen from16 to —13 and between-3 and Therefore, we favor the idea that photo-cross-linking yields
—1 on the template strand.§). The weak cross-linking at  at different base positions in the promoter to some extent
—8 and at—4 on the nontemplate strand, and the weak reflect the proximity and strength of individual basamino
contact at position—6 on the template strand are also in acid residue contacts.
agreement with the footprinting data. Our results are different The Hofmeister Effect; lonic and Nonionic Interactions
from the OH radical footprinting results at positier10 1U Protein-DNA interactions are strongly susceptible to neutral
on the template strand (Figure 2, panels B and C), wheresalts in moderate concentrations (611M) because of their
we see cross-linking but OH radical footprinting indicated electrostatic and lyotropic effects. Electrostatic effects may
no protection by the polymerase. On the other hanet, 141, depend on the ionic strength and sign of the charge. Lyotropic
OH radical footprinting data showed contact with the effects are mostly independent of the charge. These effects
nontemplate strand. Here, it must be noted that we aremay stabilize or destabilize the native structure of macro-
concerned with cross-linking via the C5 atom facing the molecules. Salts may alter the structure of water at pretein
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DNA interfaces and/or influence the interactions between

the negatively charged phosphate oxygens in DNA and the

positively charged amino acid side chains (see ¥¥s56

for reviews). The salts in the Hofmeister series are good kD
candidates for a systematic approach to understand these

effects. We tested some cations and anions in the Hofmeister 204 —
series to ask whether a particular contact is ionic or not. To 121 —
test for nonionic interactions, we used acrylamide as a probe. 107

The decrease in cross-link yield was quantitated for each

IU substitution using phosphor images of cross-linked bands 54 ——
in SDS-polyacrylamide gels (data not shown). The results

from these data are summarized in Table 1. As discussed 37—
above, the salt effects are probably quite complex. But some 245
general conclusions can be drawn from Table 1. The 22 5
magnitude of the effect is more predominant with anionic 20 —
competitors than with the cationic competitors. In general,

) ! : g
the Hofmeister effect halds for the anions, i.e., 30 FiGURE 3: Proteolysis of cross-links obtained witt8 IU promoter.

citrate > _(_)Ac in reducing_ cross-linking at eaph pr_omoter The figure shows a typical tris-gly SBS0% acrylamide gel
base position (Table 1). With respect to the cations, it appearscontaining cross-link samples that were digested with two proteases.
that NH;© competes more effectively than Ffgor K* at The numbers indicate the positions of markers (left) and the

many positions except at3, where K and M@t are the  Proteolytic fragments (right).
more effective competitors. These results may suggest thatare 10 fragments in the 222.5 kDa size range, 17
ionic interactions strongly influence either by directly af- fragments in the 20:220.8 kDa size range, and 10 fragments
fecting cross-linking and/or indirectly by modifying the in the 18-18.2 kDa size range. All these fragments could
microenvironment of the interactions at the polymerase potentially fall within the resolution of the gel. The assign-
promoter binding interfaces. Some interactions may involve ment became even more complicated when trypsin, which
salt bridges between DNA backbone phosphate oxygens anctuts on the carboxyl side of both Arg and/or Lys, was used.
basic side chains, which may be competed out by the probingClearly, high-resolution cross-link mapping using gel elec-
agent. Surprisingly, acrylamide, a neutral hydrophobic trophoresis alone was of very little use in the case of T7
molecule, increases cross-link yield up to 2-fold at certain RNAP. However, when the results from MALDI-TOF,
positions (Table 1). This may indicate a hydrophobic amino acid composition analysis, and gel electrophoresis
(nonionic) effect that is involved in some contacts. At other were used in combination, we were able to map the cross-
positions, either there was no effect (N in Table 1) or there linked fragments with a high degree of confidence. This
was a slight decrease (minus sign in Table 1). In summary, procedure was carried out in the following manner.
while anionic and cationic interactions are involved in  Cross-linking was carried out on a large scale{20 mg
promoter binding, hydrophobic effects do influence the of T7 RNAP/batch). The cross-linked material was precipi-
contacts at certain positions, specifically-é2, —4, and—17. tated with ammonium sulfate to remove most of the non-
Mapping Polymerase Regions Interacting with the Melting cross-linked DNA, and the precipitates were run on prepara-
Domain of Promoter To map a contact in the melting tive polyacrylamide-SDS denaturing gels. The bands
domain of promoter, we specifically placed IU-a8 in the containing the®?P-labeled cross-linked T7 RNAP were
template strand. Cross-linking was carried out first on a identified by autoradiography of the wet gels. This material
preparative scale, and then the cross-linked T7 RNAP waswas similar to the cross-link band seen in lane 1 (uncut) of
digested with several types of proteases to assess the stabilitfFigure 3. The radioactive gel pieces were cut out from the
and the complexity of the cross-link digestion pattern. A large gels and soaked in a buffer solution containing trypsin (see
number of discrete and stable radiolabeled fragments wereMaterials and Methods). After prolonged digestion, the
seen with a number of proteases. Figure 3 is an example ofpeptides were electroeluted from the gel pieces. The peptides
an autoradiogram of a polyacrylamid&DS gel showing the  containing the cross-linked DNA were specifically purified
partial proteolytic digestion pattern obtained witt83 1U in two steps. First, they were adsorbed on to quaternary
promoter cross-linked to T7 RNAP. Both clostripain (en- amine membrane filters and the non-cross-linked peptides
doproteinase Arg-C, which cuts on the carboxyl side of arg) were mostly washed away with a low-salt solution. The
and endoproteinase lys-C (which cuts on the carboxyl side cross-linked peptides were eluted with a high-salt solution
of lys) gave rise to a plethora of fragments ranging from at and further purified by anion-exchange HPLC procedures
least 18 kDa to>78 kDa under conditions of partial that were similar to those described previoudy, 32). The
digestion. These fragments can be mapped at best with artHPLC was repeated several times to accumulate sufficient
accuracy of+200-500 Da using acrylamide gels (Figure —3 IU promoter-T7 RNAP cross-links for the purpose
3). A computer-generated map of T7 RNAP digest with endo carrying out mass spectrometry and amino acid composition
lys-C or clostripain gave rise to thousands of possible analysis of peptides. Figure 4A shows the anion-exchange
fragments. For example, the smallest discernible endopro-HPLC traces of the second step purification of cross-linked
teinase lys-C (or clostripain) fragments in Figure 3 were 22, peptide(s) that were obtained from trypsin digestion of cross-
20.5, and 18K kDa. (Note that the masses in Figure 3 werelinks between the-3 IU promoter and T7 RNAP. We moni-
given after subtracting the mass of the 23 nt DNA.) In the tored the absorbance at different wavelength signals and care-
computer-generated endo lys-C mass bank of peptides, therdully analyzed the absorption spectrum of each HPLC peak

—78
——48

8
33 3

—22

_—1820.5
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A of HPLC peaks (Figure 4B) and the absorption spectra of
i the peaks. The DNA delinking reaction could have occurred
by either a cleavage of the cross-link and/or by cleavage
*/J\/\\" near an anomeric carbon in the nucleic acid Balseour
A experience, this procedure was necessary because the pep-
230 tides and DNA generally carry opposite charges, and the
_‘/_,/\_)\__\_,‘ Asgo matrices and ionization conditions for obtaining optimal
MALDI spectral signals with peptides are different from
_,_,/\_{\—A\\__ those used for DNA. The naked peptides were then subjected
Assg to MALDI-TOF and to amino acid composition analysis.
Figure 5 is a mass spectrum of the peptides from-t3e
— " f319 cross-link. There are four major discernible mass peaks in
. the mass spectrum, viz., 7070, 5464, 3986, and 2612. These
° mass determinations are accurate to less #famu. These
Retention Time fragments matched with the following strings of amino acid
residues: 57#642 (obs. mass: 7070; exp. mass 7070),
Cross-linked 577—627 (obs. mass: 5464; exp. mass 5461), 614-647
Peptides peptides (obs. mass= 3986; exp. mass- 3980), and 609632 (obs.
without DNA\ / mass 2612; exp. mass 2607). These assignments are based
on the assumption that there was a conservation of mass after
the photochemistry and the reversal of the DNA from
peptides. The following was the determined amino acid
composition (avg. mol. %). The actual numbers from the
sequence are given in parentheses: A (9.4) 10.0; C (0) 0;
Asx (D + N) (13.8) 16.8; GIx (E+ Q) (13.4) 15.6; F (0) O;
G (9.2) 13.8; H(0) 0; 1 (4.7) 5.8; K (6.2) 7.2; L (7.8) 10.2;
M (1.6) 1.9; P (0) 0; R (3.1) 2.9; S (6.3) 6.4; T (12.5) 18.3;
V (12.5) 16.4; W (1.6) not determined; Y (3.1) 3.1. The
determined amino acid composition matched the expected
composition to a very good approximation within the
acceptable error for quantitative determinations (ca. 10%).
[U AM Lk Some amino acids are represented in greater quantities than
| | : | expected, probably because of the presence of minute
0 15 30 amounts of contaminating peptides. An important sign is that
Retention time (min) F, C, and P were absent in the determined composition, as
FIGURE 4: (A) Isolation of the—3 IU cross-linked peptides by expected, and that the observed number of Y matched with

HPLC. The HPLC method was as follows. Buffer A: 10 mM (€ expected number. Some amino acids (e.g., W) are

sodium phosphate (pH 6.%) 20% acetonitrile. Buffer B: 400 mm  difficult to quantitate because they are unstable or destroyed.
sodium phosphate (pH 6.%) 20% acetonitrile. Buffer B (6 100%) G is generally overrepresented in protemucleic acid

linear ramp in 12 min and 2 mL fractions were collected. The arrow conjugates. Estimations of (E Q) and (D+ N) are often

shows the elution position of the cross-links. (B) Separation of : it : ; ;
naked peptides from cross-linked peptides. Samples of the Cross_compllcated by deamidation of the amide residues during

links were treated with acid as described in the text and purified &cid hydrolysis and by poor recoveriesy.
by C18 reversed-phase. The HPLC method was as follows. Buffer ~We identified the cross-linked fragments based on the
A: 0.1 M TEAA (pH 7.0) in water. Buffer B: 0.1 M TEAA (pH  fgllowing rationale. (1) Since cross-linking probably occurred

7.0) + 80% acetonitrile. Buffer B (6100%) linear ramp in 30 o4 5 gingle amino acid residue, all the major peptides in the
min and 1 mL fractions were collected. The fractions were

lyophilized and subjected to microchemical procedures as described™aSS Spectrum should overlap in their primary sequence
in refs 31 and 32). because they represent the same cross-linked site. This

inference is reasonable based on the fact that a single discrete
and counted thé&P signal from the DNA in the same peak. band representing the-3 cross-link was always seen in
Using this information, the peak fraction of interest (indicated SDS—acrylamide gels indicating a homogeneous product
by the arrow in Figure 4A) was collected. The presence of (e.g., see Figure 2B and Figure 3, lane 1). The well-
the DNA in this peak fraction was confirmed by the presence characterized photochemistry of IU results in a single cross-

Absorbance ————

o

[=)]
—_
N

A 230

of the 2P label and the broad transition between 2880 link per IU residue (see the introductory portion of this article
nm in the absorption spectrum that is usually expected for aand the first paragraph of the Results, and the refs. therein).
peptide-DNA conjugate (data not shown). (2) The intensity of the mass peaks in the spectrum was

To facilitate the identification of the peptides by mass inversely proportional to the size of the fragments (Figure
spectrometry, we delinked the DNA from the peptides by 5). After extensive digestion of the cross-links over a long
acidifying (pH 2-3) the cross-links with 0.1% TFA at 37  period of time (see Material and Methods), one would expect
°C for 4—10 h. Following this procedure, the material was the distribution of fragments to be skewed toward smaller-
further purified by reversed-phasen pair HPLC (Figure
4B). This procedure resulted in about 50% of the peptides  2pgrsonal communication from Dr. Tad Koch, University of
without DNA, an estimate that was based on the intensity Colorado at Boulder, CO.
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amounts of peptides.) (3) The computer-generated masses
70004 = of a great majority of partial and complete tryptic peptides
[Ce] .
6000 could not be matched with the observed masses because they
were totally outside the range of accuracy of our mass
2 50007 S determinations. Therefore, these peptides were ruled out from
3 4000 a & < consideration. There were many other peptides that came
© 3000 J ! g Q closer, within+=30—50 amu of the observed masses. These
Muw,j\]”\\ v R peptides were also not considered because their end points
2000 ki MJ\W\J\\N did not overlap with each other, and when they did overlap,
1000+ : ] : : . the peptides did not match the masses in the observed mass
3000 4000 5000 6000 7000 spectrum within the accuracy of our mass determinations.
Mass (m/z) These categories of peptides were also not considered further.
Ficure 5: MALDI-TOF mass spectrum of the purified peptides (4) To 99”“”“ the_ identity .O.f the pep_tldes, amino acid
that were cross-linked to the3 1U. composition analysis of a purified cross-link was carried out.

The determined amino acid composition of the major
sized fragments over the larger ones (e.g., see Figure 3, langeptides agreed with that of the peptide (residues-542)
3). The intensity of each peak from a separate peptide containing the cross-link. From the above reasoning, it
molecular ion species is somewhat representative of theimplies that the 609632 fragment may indeed be the
relative weighted average proportion of that peptide in the smallest cross-linked fragment. Furthermore, since the C-
mixture. (We hasten to add that MALDI signals cannot be terminus of the peptide with a mass of 5464 was residue
translated into an absolute quantitative measure of the relative627, the N-terminus of peptide with mass of 3986 was

FiGURe 6: The crystallographic model of T7 RNA polymerase was displayed on a Silicon Graphics workstation using INSIGHT Il program.
The coordinates are fron2). The molecule is shown in yellow sticks #Ffingers subdomain; B palm subdomain; & thumb subdomain.

The position of the promoter is shown in the cleft (DNA). The trajectory of the DNA is perpendicular to the paper. Important regions
contacting DNA are shown as van der Waals spheres. The region mapped in this work is in red; Y623 is in light purple; specificity loop
is in dark turquoise; active site D537 and D812 are in dark blue and gray, respectively; the contact in the thumb subdomian is in deep
purple.
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residue 614, and the N-terminus of the peptide with a massvicinity of the upstream—3 position (Figure 6). Recent

of 2612 was residue 609, the cross-link must be located crystal structures of ternary complexes of HIV-1 reverse
between residues 609 or 614 and residue 627. The phototranscriptase and Taq DNA polymerase suggest that the
chemistry of U cross-linking is very specific to Tyr and, to  fingers subdomain undergoes a significant conformational
a much lesser extent to Phe, His, and Met)( No other change leading to movement of the fingers closer to the palm
amino acids have been known to cross-link with IU because subdomain, effectively closing off the clei§ 59). Such a

of its peculiar photoreactive mechanism. Reading the se-conformational readjustment may also be visualized for T7
quence of T7 RNAP from residue 614 to 627, we noticed RNAP. This supposition is reasonable because T7 RNAP
that there is only one Tyr at position 623, but there was fingers appear to be taller than those of the Klenow fragment
neither a Phe, a His, nor a Met. This conclusion was also of poll or the HIV reverse transcriptas2g 60, 61), which
supported by the determined amino acid composition. [The may increase their flexibility. Alternatively, the DNA bubble
Met(s) are from the rest of the sequences from the peptide(including the—3 base) in the open complex may be wide
mixture.] Therefore, it is most likely that Y623 may have enough or may be somehow bent or distorted in an upward
been cross-linked te-3 IU on the template strand. Returning  fashion to contact the region shown in red in Figure 6.
to Figure 3 (endo Lys-C lane), we can now assign the \utagenesis of neighborhood residues R627, K631, T636,
fragments. We observed that the most intense bands Wereyg39, G640, and F644 indicated that this region was
22, 20.5, and 18 kDa. Among these three bands, the 20.50)ved in catalysisZ9, 62, 63). An insertion mutation near

kDa fragment was the tightest and the most intense, coqon 610 (K610) somewhat reduced promoter bindy (
suggesting that the cross-link must be in this fragment. The

20.5 kDa fragment most probably was from residues 611 to ACKNOWLEDGMENT
793, the 22 kDa fragment was probably from residues442 i _ )
642 and the 18 kDa fragment was probably from 577 or 578 ~ We thank Dr. David Jeruzalmi for supplying the T7 RNAP

to 740 or 741. The observed masses deduced from the gefrystallographic coordinates, Dr. B. T. Chait for suggestions/
exactly match the calculated masses. discussions regarding mass spectrometry, the protein/DNA

7 technology center at the Rockefeller University for help with
mass spectrometry and amino acid analysis, and Prof. Joshua
Lederberg for his general interest and support.
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