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ABSTRACT: DNA-dependent R N A  polymerase (RPase) from Escherichia coli contains 2 mol of intrinsic 
Zn(II)/mol of core enzyme (a2&3’). In techniques analogous to those employed with the Zn(I1) metal- 
loenzyme aspartate transcarbamoylase [Hunt, J. B., Neece, s. H., Schachman, H. K., & Ginsberg, A. (1984) 
J.  Biol. Chem. 259, 14793-148031, we show that titration of core or holoRPase with 10 or 16 equiv, 
respectively, of the sulfhydryl reagent p-(hydroxymercuri)benzenesulfonate (PMPS) results in the facile 
release of 1 mol of Zn(I1) [B-site Zn(II)] in a reaction totally reversible with the addition of excess thiol 
provided no metal chelator is present. If ethylenediaminetetraacetic acid (EDTA) is present, reversal of 
the PMPS-enzyme complex results in formation of a Zn, RPase [A-site Zn(II)]. This enzyme retains full 
transcriptional activity relative to Zn2 RPase on both calf thymus (nonspecific) and T7 (a-dependent, specific) 
DNA templates. If the core enzyme-PMPS complex is incubated with a large excess of another metal such 
as Cd(I1) followed by thiol treatment, a hybrid ZnACde RPase is formed. Direct treatment of the enzyme 
with excess Cd(I1) also gives rise to a hybrid ZnACdB RPase. Transcription by these enzymes is also 
comparable to that of the starting Zn2 enzyme. Isolation of in vivo synthesized Coz RPase and Cd2 RPase 
and treatment of either enzyme with PMPS/EDTA results in formation of a CO, and Cd, enzyme, re- 
spectively. Co(1I)A and Cd(II)A enzymes show 123 and 7696, respectively, of the elongation rates on T7 
DNA observed for the Zn(I1) enzyme. Visible absorption spectroscopy of the Co2 enzyme exhibits four 
d-d transition bands positioned a t  760 ( E  = 800), 710 ( E  = 900), 602 (e = 1500), and 484 (e = 4000) nm. 
In addition, two charge-transfer bands are found at  350 ( E  = 9600) and 370 (e = 9500) nm. Only the Co(I1) 
ion bound at  site A is associated with this unique set of intense d-d transitions. The positions and intensities 
of both the visible and chargetransfer bands of Co(II), W a s e  approximate those shown by Co(I1)-substituted 
metalloenzyme sites where the ligands are four S rather than mixed S ,N or S,O sites. 

D N  A-dependent RNA polymerase (RPase)’ from Es- 
cherichia coli is a complex, multisubunit Zn(I1) metalloenzyme 
(M, =450000) consisting of the subunit arrangement of afi@’u 
[review by von Hippel et al. (1984)l. Subunit u confers upon 
the catalytically competent core enzyme promoter specific 
recognition in the transcription of RNA chains (Chamberlin, 
1974). More limited information exists concerning the role 
that each of the subunits plays in the transcription process with 
the possible exception of the /3 subunit (Yura & Ishihama, 
1979; Zillig et al., 1976). Mutant forms of the enzyme in- 
sensitive to the initiation inhibitor rifamycin without exception 
contain base changes in the coding sequence for the /3 subunit 
(Rabussay & Zillig, 1969; Iwakura et al., 1973). Thus, the 
B subunit almost certainly plays a role in the initiation of RNA 
chains. The p’ subunit, on the other hand, appears to con- 
tribute to template binding due perhaps to its strongly positive 
charge at neutral pH (Zillig et al., 1970). Topological ex- 
periments by Meares and co-workers suggest that the path of 
the growing RNA chain occurs proximate to both /3 and p’ 
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subunits with the involvement of u subunit only through two 
to three rounds of nucleotide incorporation (Hanna & Meares, 
1983a,b). Chemical cross-linking experiments between RPase 
subunits (Hillel & Wu, 1977) and between the enzyme and 
promoter-containing DNA (Park et al., 1980) are consistent 
with this picture. None of the individual subunits alone, nor 
a p-p’ heterodimer, possesses significant transcriptional activity 
(Yarbrough & Hurwitz, 1974). 

The precise role, structural or catalytic, played by the two 
intrinsic Zn(I1) ions in the transcription process is not well- 
defined. Limited data provided by complete denaturation of 
RPase, isolation of denatured subunits, and renaturation and 
assessment of Zn(I1) binding by individual subunits suggest 
that one Zn(I1) is associated with the p’ subunit, while the 
other is either bound by the /3 subunit or present at the /3-p’ 
interface (Wu et al., 1977; Miller et al., 1979; Chatterji & 

’ Abbreviations: PMPS, p-(hydroxymercuri)benzenesulfonate; PAR, 
4-(2-pyridylazo)resorcinol; EDTA, ethylenediaminetetraacetate; DTT, 
dithiothreitol; TNG buffer, 10 mM Tris-HC1, pH 7.9, 0.2 M NaCI, and 
5% glycerol; RPase, RNA polymerase; Tris-HC1, tris(hydroxymethy1)- 
aminomethane hydrochloride; SDS-PAGE, sodium dodecyl sulfate-po- 
lyacrylamide gel electrophoresis; M, metal. 
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Wu, 1982a, Chatterji et al., 1984; Solaiman & Wu, 1984, 
1985). 

Isolation and characterization of a CO, RPase synthesized 
in vivo showed only subtle differences in catalytic and bio- 
physical properties compared to the Zn, enzyme (Speckhard 
et al., 1977). Spectroscopic studies on a ColZn, hybrid im- 
plicated the bound Co(I1) as directly involved in binding the 
initiating nucleotide and thus integral to the catalytic mech- 
anism (Chatterji & Wu, 1982b; Chatterji et al., 1984). 
Mechanisms of enzymatic polymerization of both RNA and 
DNA are not uniformly Zn(I1) dependent, since E.  coli DNA 
polymerase (Mildvan & Leob, 1979) and T7 RNA polymerase 
(Coleman, 1974), previously believed to contain intrinsic 
Zn(II), have recently been shown not to contain Zn(I1) in 
cloned and overproduced preparations (Walton et al., 1982; 
King et al., 1986). 

To avoid potential ambiguities inherent in complete dena- 
turation and reconstitution of a large multimeric enzyme such 
as RPase, we sought more gentle methods to exchange the 
intrinsic metals with those possessing more useful spectroscopic 
properties, such as Cd(I1) and Co(I1). In this paper, we 
present a nondenaturing methodology that results in the for- 
mation of Zn,, Co,, and Cdl enzymes in addition to a Zn,Cd, 
metal hybrid enzyme. The separate spectroscopic properties 
of the two metal binding sites for Co(I1) are distinguished. 
The potential respective functions of both Zn(I1) ions in RPase 
function are discussed. 

MATERIALS AND METHODS 
Materials. Ribonucleoside triphosphates, PMPS,' and 

heparin (grade I) were obtained from Sigma Chemical Co. 
while PAR was from Eastman Kodak Corp. Chelex 100 
(200-400 mesh), Bio-Gel A-5m, and Bio-Rex 70 resins were 
purchased from Bio-Rad Laboratories. DEAE-Sephadex 
(A-25) was from Pharmacia while phosphocellulose P-1 1 was 
obtained from Whatman. [3H]ATP, [cY-~~P]UTP, and 65ZnC1, 
were from New England Nuclear Corp. while 'I5CdC1, was 
purchased from Amersham Corp. DNA from calf thymus was 
a Calbiochem product while T7 DNA was obtained as de- 
scribed (King et al., 1986). Heparin-agarose was prepared 
as outlined by Davison et al. (1979). Stock solutions of 
Tris-HC1 and NaCl were routinely subjected to passage 
through Chelex X-100 to reduce the level of Zn(I1) contam- 
ination. 

Preparation of RPase. RPase was purified from E.  coli 
1200 cells (grown in yeast/tryptone broth to -3 /4  log stage) 
by the method of Burgess and Jendrisak (1975) through the 
Bio-Gel A-5m step. Further chromatography on phospho- 
cellulose in the presence of 50% glycerol yielded purified ho- 
loRPase and core enzyme (Gonzalez et al., 1977). With the 
quantitative assay of Chamberlin et al. (1979) (described 
below), the fraction of active molecules varied from 25 to 50% 
in multiple preparations, typical of values in the literature from 
this assay. A u subunit preparation was obtained by chro- 
matography of RPase isolated from the Bio-Gel column, on 
Bio-Rex 70 in series with a DEAE column (Lowe et al., 1979). 
The u fraction was approzimately 60% pure as judged by 
SDS-PAGE electrophoresis. 

Isolation of in Vivo Synthesized Co, and Cd, RPases. E .  
coli 1200 cells were grown in M63 minimal media supple- 
mented with 5 X l V  M CoCl2 or CdC1, at 37 OC as described 
by Speckhard et al. (1977). To reduce trace contamination 
of Zn(I1) to levels less than 5 X lo-* M, the potassium 
phosphate component of the media was treated with Chelex 
100, while all growth flasks were acid-washed and exhaustively 
rinsed with metal-free water. In all cases, cells were first grown 
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in 100 mL of minimal media supplemented with the indicated 
metal ion. After several serial 100-mL cultures, growth was 
then scaled up to 1-L glass carboys or to a 10-L fermentor. 
Cells were isolated when stationary phase was reached. For 
small-scale isolation of RPase (10-15 g of cells), a method 
employing heparin-agarose was utilized on the basis of those 
described by Chamberlin et al. (1983) and Davison et al. 
(1979). The RPase was further purified by gel filtration 
chromatography and/or phosphocellulose in 50% glycerol. 

RNA Polymerase Assay. For routine assays, 100-pL re- 
action mixes contained 40 mM Tris-HCl, pH 7.9, 20 mM 
MgCl,, 10 mM j3-mercaptoethanol,O.35 mM EDTA, and 0.4 
mM each of [3H]ATP, CTP, GTP, and UTP. [ cY-~~PIUTP 
was often used in place of [3H]ATP, while 20 pg/mL bovine 
serum albumin was present in some assays. Typically, 1-2 
pg of RPase (22-44 nM) and 50 pg/mL calf thymus DNA 
or 78 pg/mL T7 DNA (3 nM) were present unless otherwise 
noted. Exogenous u subunit was added to core enzyme 
preparations as indicated in the figure legends and tables. 
Reactions were initiated by transfer to a 37 OC water bath, 
allowed to proceed for 10 min, and terminated by placement 
on ice. To determine the amount of acid-insoluble RNA, an 
aliquot of each reaction mix (45-65 ML) was spotted onto 
3MM (Whatman) filter discs (prewetted with 5% trichloro- 
acetic acid) washed, dried, and subjected to liquid scintillation 
counting (King et al., 1986). 

For determination of specific rates of elongation by RPase 
on T7 DNA with the quantitative assay of Chamberlin et al. 
(1979), 1-mL reaction mixes were prepared as described 
(Chamberlin et al., 1979), and 100-pL aliquots were removed 
at 2, 3, 4, 5, and 6 min following initiation of transcription 
at 30 OC and analyzed for both acid-precipitable RNA and 
transcript length. RNA transcripts produced per unit time 
were subjected to electrophoresis on 37 X 16 X 0.02 cm 0.5% 
agarose/ 1.75% polyacrylamide [0.08% in bis(acrylamide)] gels 
in 40 mM Tris-HC1, 20 mM sodium acetate, and 2 mM 
EDTA, pH 7.5, as described by Chamberlin et al. (1979). 
Average transcript sizes were determined by comparison with 
the migration of major RNA transcripts produced by T7 
RPase on T7 DNA (Golomb & Chamberlin, 1974). The basis 
of this assay is that under the ionic conditions employed all 
molecules that are able to do so will initiate chains at the 
Al-A3 promoters and begin elongation in the first 90 s at 30 
OC. Heparin (100 pg/mL) is then added to prevent reiniti- 
ation. Elongation continues at a constant rate for native RNA 
polymerase (17 s-I) until a strong terminator is encountered 
at 7720 bp, which takes about 6-8 min. The specific activity 
is determined as the amount of [ C Y ~ ~ P ] U M P  incorporated into 
RNA per minute per milligram of RPase added. A maximum 
value of 550 nmol min-' mg-' was estimated from the observed 
elongation rate, 17 sd, determined by Chamberlin et al. (1979), 
if 100% of the molecules could initiate at one of the three 
promoters. A specific activity less than 550 provides an ap- 
proximation of the percent molecules in a preparation capable 
of initiating and elongating RNA chains. Typical RPase 
preparations following literature methods contain 25-50% 
active molecules as accessed by this assay. 

Reaction of RNA Polymerase with PMPS. RPase was 
dialyzed into metal-free 10 mM Tris-HC1, pH 7.9, 0.2 M 
NaCl, and 5% glycerol (TNG buffer) to remove thiol and 
EDTA. PMPS was added from a stock solution (4 mM based 
on weight) prepared in distilled H 2 0  or 50 mM Tris-HC1, pH 
7.9, and an aliquot of enzyme was assayed by the standard 
assay except that 8-mercaptoethanol was omitted. Zn( 11) 
released by reaction of the enzyme with PMPS was determined 
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at 23 OC in quartz cuvettes (0.75-1.0 mL) with 1 X lo-" M 
4-(2-pyridylazo)resorcinol (PAR) and 1.5-2.5 pM core RPase 
or holoRPase in TNG buffer. The formation of the Zn- 
(11)-PAR2 complex was monitored at 500 nm and converted 
to moles of Zn(I1) released with eSOO = 6.6 X lo-, M-' cm-' 
for Zn(I1)-PAR, (Hunt et al., 1984). For large-scale treat- 
ment of RPase with PMPS, 12 or 35 equiv of the reagent was 
added to enzyme samples dialyzed into TNG. 

PMPS was in contact with the enzyme for 10 min at 23 O C  

after which time the reaction was reversed with 1 mM DTT 
followed by dialysis. For those samples containing excess Cd, 
sequential dialyses were required against TNG, 10 mM 
EDTA, and 1 mM DTT followed by TNG, 1 mM EDTA, 10 
mM DTT, and 1 mM o-phenanthroline and finally TNG, 0.1 
mM EDTA, and 0.1 mM DTT, each for 24 h at 4 OC. As 
a control, an untreated RPase sample (or that treated with 
PMPS in the absence of EDTA) was carried through the same 
manipulations. 

Circular Dichroism Spectroscopy. CD spectra were de- 
termined at 23 OC on core RPase solutions (0.1-0.2 mg/mL 
in 10 mM Tris-HCI, pH 7.9, 0.2 M NaCl, 0.08 mM EDTA, 
0.08 mM DTT, 5% glycerol) over a 0.2-cm path on a Cary 
61 circular dichrograph operating at 50 millideg full scale. 
Deviation between repeat scans at 220 nm was typically 1 
millideg. 

Absorption Spectroscopy. Visible absorption spectra were 
collected on enzyme solutions (0.3-0.4 mL, 3-8 mg/mL) in 
masked quartz cuvettes with a Cary 219 spectrophotometer. 
Spectra obtained for Co(I1) enzymes were converted to spectra 
of the Co(I1) chromophores alone by subtracting the contri- 
butions from the ultraviolet absorption and scattering by the 
same concentration of the native Zn(I1) enzyme. 

Protein Concentration. RPase concentrations were deter- 
mined with Ai:? = 0.65 for holoRPase and 0.58 for core 
enzyme (Burgess, 1976). values were corrected for light 
scattering. Concentrations were also determined by the 
Coomassie blue binding assay (Bradford, 1976) with bovine 
serum albumin as the standard; satisfactory agreement (& 10% 
of expected values based on A28o) was typically obtained. 

Atomic Absorption. Zn(I1) content was determined by 
flame atomic absorption on an Instrumentation Laboratories 
Model 157 atomic absorption spectrometer. Cd(I1) and Co(I1) 
values were obtained with a graphite furnace attachment with 
the pyrolysis and atomization temperature protocols set as 
recommended by the manufacturer. Enzyme samples analyzed 
for Cd(I1) were diluted into 0.1% HNO,, and 10 ML was 
subjected to analysis, while Co( 11) samples were first dialyzed 
into distilled H,O and 40 pL was analyzed. 

RESULTS 
Characterization of Reaction of PMPS with RPase. 

Sulfhydryl reagents are known to inhibit RPase (Harding & 
Beychok, 1973; Yarbrough & Wu, 1974). Figure 1 compares 
the concentration dependence of the inhibition of core enzyme 
by PMPS when transcribing on calf thymus DNA (panel A), 
of core enzyme when supplemented with u subunit transcribing 
on T7 DNA (panel B), and of holoenzyme transcribing on T7 
DNA (panel C). The number of equivalents of PMPS re- 
quired for 50% inhibition is 6-8, while 12-14 mol of 
PMPS/mol of RPase are required to totally inhibit. These 
results are similar to those previously noted with the related 
compound PCMB (Harding & Beychok, 1973). Reversal of 
the PMPS-enzyme reaction with P-mercaptoethanol results 
in nearly complete restoration of the original enzymic activity. 
Recovery of activity is similar in the presence or absence of 
the chelator EDTA. 
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FIGURE 1: Inhibition of RPase activity during a titration with PMPS. 
(A) Core RPase (0.65 MM) in TNG buffer was titrated over time 
with successive aliquots of a concentrated stock solution of PMPS 
to give the indicated number of equivalents relative to RPase. At 
10 min after each addition, an aliquot of enzyme was assayed for 
activity on calf thymus DNA as described under Materials and 
Methods. The residual activity is expressed as a fraction of the activity 
observed before the addition of PMPS. (B) The same experiment 
as in (A) was carried out except that core RPase supplemented with 
exogenous u to 70% maximal stimulation (to give 0.53 pM holoRPase) 
was titrated with PMPS and the activity assessed on T7 DNA. (C) 
The same as in (B) except that purified holoRPase (0.44 pM) was 
used with the activity determined on T7 DNA. In each case, after 
the final addition of PMPS, separate aliquots were treated with 3.5 
mM &mercaptoethanol with and without 2 mM EDTA. These 
measurements represent recovered activity, which varied between 60 
and 90% following the 2.5-h incubations above; in all cases, similar 
recoveries were noted in the presence and absence of EDTA. 

Studies on the titration of another Zn(I1) metalloenzyme, 
aspartate transcarbamoylase (ACTase; subunit composition 
c6r6), with PMPS showed that the organomercurial promotes 
sequential release of each of the six Zn(I1) ions bound to four 
sulfhydryl groups in each of the six r chains. This reaction 
induces dissociation of the catalytic (c) and regulatory (r) 
subunits. The release of Zn(1I) from ATCase can be moni- 
tored by complex formation between extruded Zn(I1) and the 
high-affinity indicator dye 4-(2-pyridylazo)resorcinol (PAR). 
Zn(I1)-PAR, exhibits an absorption maximum at 500 nm 
(Hunt et al., 1984). Figure 2A illustrates the formation of 
a complex between PAR and Zn(I1) as core RPase is titrated 
with PMPS. The reaction is linear up to a level of 10 equiv 
of PMPS, while further addition of PMPS, 35-50 mol equiv, 
gives rise to no additional change in the amount of Zn(I1)- 
PAR2 complex formed. Four different core enzyme prepa- 
rations showed 0.98 f 0.13 equiv of Zn(I1) to react with PAR. 
The remaining mole of Zn(I1) in the enzyme does not react 
even after a 17-h incubation with excess PMPS. 

Figure 2B demonstrates that when purified holoRPase is 
used in place of core enzyme, a somewhat greater number of 
mole equivalents of PMPS is required before the maximum 
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Table I: Metal Content and Enzymatic Activity on Calf Thymus DNA of Native and PMPS-Treated Core RPases 

enzyme + treatment’ 
sp act. [nmol of AMP incorp recovered 

Zn(I1) (mol) Cd(I1) (mol) (10 mi$’ (mg of protein)-’] activity 
core RPase 1.7 f 0.15 748 f 56 100 
core RPaseb 1.77 841 112 
core RPase + PMPS + thiol 1.8 f 0.1 793 106 
core RPase + PMPS + EDTA + thiol 1.0 f 0.1 729 97 
core RPase + PMPS + Cd(I1) 0.86 0.92 f 0.11 761 102 
core RPase + Cd(I1) 1.01 0.84 782 105 

“Enzyme preparations are treated with PMPS etc. as described under Materials and Methods. buntreated RPase carried through the exhaustive 
dialysis procedure outlined for PMPS-treated samples as described under Materials and Methods. 

Table 11: Metal Content and Enzymatic Activity on T7 DNA of Native and PMPS-Treated Core and HoloRPases 
sp act. [nmol of UMP 
incorp min-’ (mg of 
protein)-’] (% act. 

enzyme + treatmento Zn(I1) (mol) Cd(I1) (mol) designation recovered)* 
core RPase 1.85 Zn2 137 (100%) 
core RPase + PMPS + EDTA + thiol 1.08 ZnA 115 (84%) 
core RPase + PMPS + Cd(I1) 0.86 0.92 f 0.11 ZnACdB 145 (106%) 
holoRPase 2.16 Zn2 190 (100%) 
holoRPase + PMPS + EDTA + thiol 0.99 ZnA 191 (100%) 

OEnzyme preparations treated as outlined under Materials and Methods. bDetermined with the quantitative assay of Chamberlin et al. (1979). 
Core enzyme was supplemented with exogenous u subunit to give rise to -85% maximal stimulated activity. The absolute activities of native core 
RPase + u and holoRPase above cannot be strictly compared since one preparation was not derived from the other. 

absorbance is reached; however, 1.0 mol of Zn(I1) is also 
released from this enzyme (Table I). Thus, the presence of 
u subunit has little effect on the release of Zn(I1) from RPase 
by PMPS. 

We have designated the “PMPS-removable” Zn(I1) as B-site 
Zn(I1) and the “PMPS-insensitive” Zn(I1) as A-site Zn(I1). 
Reversal of the core RPase-PMPS complex with thiol must 
dissociate the Zn(I1)-PAR2 complex, since a Zn, RPase is 
reconstituted containing 1.8 mol of Zn(II)/mol (Table I). 
However, if the RPase-PMPS complex is treated with EDTA 
prior to thiol reversal, only 1 .O mol of Zn(I1) is found in this 
enzyme (Table I). These series of steps thus provided us with 
a means of preparing ZnA RPase with quantitative recovery 
of transcriptional activity relative to the starting Zn, enzyme 
(Table I). 

Given the observation that PMPS significantly perturbs the 
environment about one of the two intrinsic Zn(I1) ions, it was 
reasoned that the exchange of this removable Zn(I1) site with 
other metals would be possible. Indeed, it was found that a 
large excess of Cd(I1) incubated with the RPase-PMPS 
complex followed by reversal of the complex with thiol and 
exhaustive dialysis gives rise to 1 mol of Cd(I1) stably inte- 
grated into the enzyme presumably at the B site. A large 
excess of Cd(I1) presented to RPase in the absence of thiol 
also results in a stable ZnACdB hybrid RPase, suggesting that 
formation of the enzyme-PMPS complex is not an obligatory 
intermediate in the Cd(I1) exchange reaction (see below). 

Catalytic Properties of ZnA, ZnAcdB, and Zn, muses .  The 
metal contents of enzymes prepared as described above and 
their transcriptional activities on calf thymus DNA are given 
in Table I. All enzyme species give approximately identical 
activities relative to the native (Zn,) enzyme. The activities 
of the same core enzymes supplemented with u and tran- 
scribing from a u-dependent promoter are shown in Table I1 
and compared to the activities of ZnA and ZnAZnB holoenzyme 
preparations. The slightly lower activities of the enzymes 
derived from core reflect undersaturation with u (see complete 
titration in Figure 3 below). Finally, no significant difference 
in the ability of any of these metallo RPases to locate a pro- 
moter and utilize the strong termination sequence at 7720 bp 
on T7 DNA was noted (data not shown). 

I I I 1 1 

0 8 16 24 32 4 0  

equiv PMPS 
FIGURE 2: Zn(II) release from RPase during a titration with PMPS. 
(A) Core enzyme (3.5 pM) in 1.0 mL of TNG buffer containing 0.1 
mM PAR was titrated at  ambient temperature over time with suc- 
cessive additions of stock PMPS to give the indicated number of 
equivalents relative to RPase. Following the addition of the reagent, 
the absorbance at  500 nm was monitored until constant and then 
recorded. The spectrophotometer was adjusted to zero absorbance 
units prior to the first addition of PMPS such that subsequent readings 
represent AASWnm. The arrow represents the expected change in 
absorbance if 1.0 mol of Zn(I1) is released from the enzyme. (V) 
Absorbance of the same sample after reaction with 1 mM DTT. (B) 
A similar experiment was carried out as in (A) except that 1.82 p M  
holoRPase in 0.7 mL of T N G  and 0.1 mM PAR was titrated with 
succesive aliquots of stock PMPS in replicate experiments. The 
maximum average absorbance represents 1.05 mol of Zn(I1) complexed 
by PAR. 

Titration of ZnA and Zn, core enzymes with u subunit 
reveals nearly identical abilities of the activator to enhance 
promoter-specific transcription of both enzymes on T7 DNA 
(Figure 3A). Titration of a fixed amount of T7 DNA with 
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FIGURE 3: (A) Stimulation of transcription by ZnA and Zn, core 
RPases on T7 DNA by exogenous u subunit. A total of 1.0 pg of 
ZnA RPase (0) or Zn, RPase (0) was incubated with the indicated 
amount of partially purified u preparation and subjected to assay in 
duplicate on T7 DNA. The ordinate indicates the cpm incorporated 
into RNA as described under Materials and Methods. (B) Titration 
of T7 DNA with ZnA and Zn2 core RPases supplemented with a 
constant ratio of u. A total of 7.8 pg of T7 DNA was incubated with 
the indicated amounts of ZnA RPase (0) and Zn2 RPase (0) sup- 
plemented with 0.32 pg of u/pg of enzyme (-85% maximal stimu- 
lation; cf. panel A). The ordinate is the same as panel A. At the 
indicated concentrations of enzyme and DNA, the range of RPase:T7 
DNA molar ratios varied from 2.3 to 50. 

Zn, and Zn, enzymes supplemented with a constant ratio of 
u shows identical rises in AMP incorporation, suggesting that 
the ability to utilize specific promoter sequences is not sig- 
nificantly affected by the loss of ZnB. In other words, neither 
the rate of transcription nor the binding of enzyme to a specific 
promoter appears dependent on ZnB. 

Since RPase preparations typically exhibit a significant 
fraction of molecules unable to initiate RNA chains as judged 
by the quantitative assay (Chamberlin et al., 1979), it was 
necessary to investigate whether the specific activity of the 
starting preparation affected the ability of PMPS to give rise 
to an enzyme population with 1 mol of Zn(I1); i.e., do inactive 
and active molecules exhibit differential reactivities to PMPS? 
For example, a preparation with 50% active molecules all of 
which contain -2 mol of Zn(I1) could, after reaction with 
PMPS/EDTA, result is a heterogeneous population containing 
50% inactive apoRPase as a result of PMPS treatment and 
50% Zn, active molecules unaffected by PMPS. If this were 
the case, the starting activity would significantly effect the 
resulting metal stoichiometries obtained following treatment 
with PMPS/EDTA. As shown in Table 111, enzyme prepa- 
rations with specific activities ranging from 3 to 50% active 
molecules exhibit -2 mol of Zn(I1) and give rise to prepa- 
rations with -1 mol of Zn(I1) following PMPS/EDTA 
treatment. Thus, inactive and active molecules alike appear 
to undergo Zn(I1) release by PMPS. 
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Table 111: Metal Content and Enzymatic Activity on T7 DNA of 
Various HoloRPase Preparations prior to and following 
PMPS/EDTA Treatment 

Zn(I1) 
sp act. [nmol of following 

UMP incorp PMPS/ 
holoRPase min-l (mg of EDTA 
ureuaration uroteinV1' Zn(II) (moll treatment 

1 16 1.98 1.13 
2 35 2.10 1 .oo 
3 126 1.8 f 0.1 1.0 f 0.1 
4 192 2.10 1 .OOb 
5' 255 1.85 1.08 

' Determined with the quantitative assay of Chamberlin et al. 
(1979). A specific activity of 550 indicates 100% functional RPase 
molecules in a preparation (Chamberlin et al., 1979); the above prep- 
arations vary from -3 to 46% active molecules. bReflects Zn(I1) 
content of exhaustively dialyzed RPase-PMPS complex prior to thiol 
reversal. cThis preparation was assayed and chromatographed on 
Bio-Rex 70, and the core enzyme was collected and treated with 
PMPSIEDTA. 

Table IV: Molar Ellipticities at 221 nm of Various 
Metal-Substituted Core RPases 

core RPase' [e] (deg cm2 dmol-I) 
Zn2 -10300 
ZnA -10051 
ZnACde -9 325 
Cd, -10529 

'Metal stoichiometries for Zn2, ZnA, and ZnACdB enzymes are in- 
dicated in Table I1 while that for the Cd, enzyme is given in Table V. 

Circular Dichroism Spectroscopy of Zn,, ZnACdB, and Zn2 
Core RPases. To be sure that no major conformational 
changes occurred during the various treatments of the enzyme, 
near-UV circular dichroic spectra were obtained for Zn,, 
ZnACdB, and Zn, core enzymes. All exhibited two negative 
extrema at 206 and 221 nm with the ratio of the values of their 
molar ellipticities essentially unchanged (spectra not shown). 
All enzymes exhibited similar molar ellipticities at  221 nm 
(Table IV). The [e] value observed for Zn, (native) core 
RPase is in good agreement with the value of 10 500 deg cm2 
dmol-' reported by Levine et al. (1980). The [e] value for the 
biosynthesized Cd2 core enzyme (see below for preparation) 
is also given in Table IV and is identical with that of the Zn, 
enzyme. 

Investigation of Metal Exchange Properties of Zn,, 
Cd2Zn2-PMPS, and Zn, RPases. Extended dialysis of native 
E. coli RPase against 1-10 mM EDTA for 72 h fails to remove 
any intrinsic Zn(I1) from the enzyme (cf. Table I) (Wu et al., 
1977). To examine in more detail the metal exchange behavior 
of both native and PMPS-complexed enzymes, we employed 
the equilibrium binding protocol of Coleman and Vallee 
(1960). The presence of 65Zn(II) at  100- and 2000-fold 
mol/mol excess results in only partial exchange at  one site, 
presumably B site (Table V). When the RPase-PMPS 
complex is treated with a 200-fold mole excess of 65Zn(II), 
atomic absorption analysis indicates 100% recovery of Zn(I1) 
in the final product (Le., -2 mol of Zn(I1)). However, only 
0.16 mol of 65Zn(II) is present in the final enzyme (Table V). 
The low but significant level of 65Zn(II) incorporation pre- 
sumably represents very slow exchange at the PMPS-modified 
site. At a 2000-fold mole excess of 65Zn(II), a significantly 
greater amount of the exogenous metal, Le., approaching - 1 
mol/mol, is incorporated into the final Zn, enzyme (Table V). 
As expected, if the RPase-PMPS complex is dialyzed against 
1 mM EDTA and exogenous 65Zn(II), the final product shows - 1 mol of Zn(I1) and no 65Zn(II) incorporation. Both Zn, 
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Table V: Metal Exchange Properties of Various Metal-Substituted RPases' 

enzvme 

(A) 65Zn(II) Exchange 
Zn(I1) before % activity retained 

x-fold excess dialvsis (mol) 65zn(11) Zn(I1) after 65Zn dialvsis 
after dialysis (mol) 

Zn, core 100 1.71 0.27 1.67 
Zn, holo 2000 1.87 0.59 1.77 
Zn, holo-PMPSb 200 1.73 0.16 1.74 65c 
Zn2 holo-PMPS 2000 1.87 0.83 1.89 
Zn, holo-PMPS + EDTAd 200 1.73 0 0.83 66' 

(B) lI5Cd(II) Exchange 
before dialysis (mol) after dialysis (mol) 

enzyme x-fold excess Zn(I1) Cd(I1) Zn(I1) I15Cd(II) Cd(I1) 
Zn2 holo 2000 1.87 n d  0.88 0.60 0.85 
Zn2 holo-PMPS 200 1.73 nd 0.89 0.34 0.49 
Cd, core 250 0.3 f 0.1 1.7 f 0.2 0.46 0.89 1.49 
Cd, core 2600 0.3 f 0.1 1.7 f 0.2 0.20 0.77 1.55 

(C) 65Zn(II) Binding 
% activity retained after dialysis (mol) 

enzyme x-fold excess Zn(I1) before dialysis (mol) 65Zn(II) Zn(I1) after a s i n  dialysis 
Zn, core 100 1 .oo 0.20 1.15 

ZnA holo + DTT' 200 0.90 0.18 nd 
ZnA holo 200 0.90 0.17 nd 75 

"Carried out as described (Coleman & Vallee, 1960) on 0.9-1.0-mL aliquots of enzyme (1.0-2.5 pM in TNG) dialyzed against 100 mL of TNG 
supplemented with the appropriate concentration of 65Zn(II) or llSCd(II) to give the indicated mole excess of exogenous metal. Once equilibrium was 
reached, the enzyme samples were placed in fresh TNG and finally dialyzed exhaustively against 2 to 3 changes of TNG and 10 mM EDTA until 
significant change in protein-associated cpm ceased to occur. Protein and metal analyses were then performed on the dialysis bag contents. b A  total 
of 1 mM DTT was added to reverse the RPase-PMPS complex; 0.1 mM DTT was included in all subsequent dialyses. 'Specific activity (quanti- 
tative assay) = 80 f 14 nmol of UMP incorp m i d  mg-l after dialysis. dA total of 1 mM EDTA was present in all buffers. CSpecific activity 
(quantitative assay) = 81 f 2 nmol of UMP incorp min-l mg-I after dialysis. fnd, not determined. #A total of 1 mM DTT present in all buffers. 

Table VI: Metal Content and Transcriptional Properties of Various M2 and MA RPases4 
incorp rate 

sp act. (nucleotide 

Zn, 1.70 622 223 17.9 f 0.5 
ZnA 0.90 609 166 16.8 f 1.8 

20.8 f 0.1 co2 10.1 2.0 f 0.4 318 73 f 13 
COA 1.0 f 0.1 265 50 21.7 
Cd2' 0.3 f 0.1 1.7 f 0.2 168 6 0 f  5 12.6 
CdA' 0.45 f 0.05 0.55 f 0.05 183 64 13.3 

RPase Zn(I1) (mol) Co(I1) (mol) Cd(I1) (mol) calf D N A ~  T7 DNAC S-l)d 

"MA enzymes were prepared from M2 by PMPS/EDTA treatment followed by exhaustive dialysis as described under Materials and Methods. All 
of the assays using T7 DNA as template presented in this table and elsewhere in this paper represent sequential assays of acid-precipitable "P-labeled 
mRNA resulting from initiation at the A,, A2, and A3 promoters, coupled with identification of the transcript lengths by gel electrophoresis of the 
labeled transcripts. At times of 2, 4, 5, 6, 8, and 15 min after initiation, aliquots were removed from the reaction mix; 10% was used to determine 
TCA-precipitable counts and the remainder prepared for gel electrophoresis. The radioautography of the final gels of the transcripts produced at the 
sequential time points uniformly showed progressive increase in average mRNA length over the first 6 min and then leveled off at the expected 
average length of 7133 bases expected from initiation at the three A promoters and termination at the terminator for E. coli RNA polymerase at 
7720 bp on the T7 genome. At least 90% of the mRNA consisted of this transcript after 6-8 min of reaction, with only a small percentage of 
read-through typical of this terminator. The native Zni and the Zn,, Co,, CO,, Cd,, and Cd, enzymes all showed the same pattern of mRNA 
development with correct termination. The only differences were the small variations in time development of the mRNA as reflected in the calculated 
elongation rates. bNanomoles of UMP of incorp (10 min)-l (mg of protein)-'. Values are representative to 10-15%. 'Nanomoles of UMP incorp 
min-' (mg of protein)-I as determined with the quantitative assay (Chamberlin et ai., 1979). Conditions: 2 pg of RPase (44 nM) and 78 pg T7 DNA 
(3 nM) in 1 mL. dCalculated from T7 RNA transcript gels. The uncertainty when given represents the range of two independent experiments. 
'Since these enzvmes have significant Zn(I1) Dresent in the A site, the observed incorporation rates represent an upper limit. 

and Zn, enzymes exhibit indistinguishable specific activities 
following extended dialysis against 65Zn(II), which represents 
65% of the input activity of the native enzyme (Table VA). 

Consistent with the data in Table I, equilibrium dialysis 
experiments with excess Il5Cd(II) gives rise to an enzyme with 
1 mol each of Zn(I1) and Il5Cd(II) (Table V). Likewise, 
presentation of the PMPS-complexed RPase with nonra- 
dioactive Cd(I1) prior to thiol reversal results in formation of 
a ZnACde hydrid RPase (Table I). When a 200-fold mole 
excess of '15Cd(II) is presented to the Zn2-PMPS complex 
in a dialysis experiment, the final product also contains - 1 
mol of Zn(I1) with -40% of the B sites occupied by IrSCd(II). 
Thus, Cd(1I) and the organic mercurial can act independently 
of one another in displacing the B-site Zn(I1) as demonstrated 
by the ability of exogenous Il5Cd(II) to exchange with one of 

the Cd(I1) ions in the Cdz core RPase (Table V). 
Given the relatively poor ability of RPase to exchange the 

B-site Zn(I1) with 65Zn(II) with or without PMPS, the ability 
of Zn, RPase to reassociate with exogenous 65Zn(II) was 
investigated. As shown in Table V, the Zn, enzyme exhibits 
little capacity to rebind a second equivalent Zn(I1) once a 
metal-free B site has been present. Examination of the relative 
activities of the Zn, enzyme samples following dialysis against 
65Zn(II) indicates some loss of activity (28%) but not greater 
than that shown by the Zn2 enzyme under comparable con- 
ditions (35% loss) (Table VC). 

Preparation and Properties of Co2 and Cdz RPases and 
Their Treatment with PMPS. E .  coli 1200 cells were grown 
on Zn(I1)-depleted M63 minimal media supplemented with 
either 5 X 10" M C0C12 or CdC12 as outlined under Materials 
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FIGURE 4: Visible absorption spectra of Co, RPase (8.27 mg/mL) 
(-) and Co, RPase treated with 35 equiv of PMPS (--) minus the 
spectra exhibited by the same concentration of the Zn2 enzyme in 
TNG buffer. The molar absorptivities were calculated from the 
observed absorption and the molar concentration of RPase (assuming 
a M, 450000). Co, RPase was found to contain 1.8 0.1 mol of 
Co(I1). Addition of EDTA followed by thiol did not significantly 
alter the observed Co2-PMPS - Zn, spectrum; further, the CO, - 
ZnA difference spectrum is essentially superimpable upon this latter 
spectrum. The Co, enzyme so isolated contained 1.0 & 0.1 mol of 
Co(I1) and a negligible amount (10.1 mol) of Zn(I1). Note: For 
bands above 425 nm e calculated per mole of RPase corresponds to 
e per one Co(II), since only one site gives rise to these bands. Below 
400 nm, e per mole of RPase has contributions from both sites (cf. 
Figure 5). 

and Methods. The data in Table VI show that Co2 and Cd2 
enzymes were obtained with in vivo substitution efficiencies 
of - 100 and -70-8095, respectively. A portion of each of 
these enzymes was treated with PMPS/EDTA under the 
conditions that yield a Zn, protein. Atomic absorption analysis 
of these enzymes reveal approximately 1 mol of Co(I1) or 
Cd(I1) in substituted enzymes (Table VI), providing further 
evidence for the specific placement of these metals into the 
original Zn(I1) sites of the enzyme.2 

Each MA enzyme (where M stands for metal) retained 
82-10895 of the activity in the starting M2 enzyme on calf 
thymus DNA consistent with the results presented thus far. 
Similar relative activities were observed with the quantitative 
assay of Chamberlin et al. (1979) on T7 DNA. As pointed 
earlier, the specific activity of a particular preparation of RPase 
is characteristic of that preparation and is not directly com- 
parable with another; however, all molecules able to synthesize 
RNA chains do so at  a characteristic rate (1 7 s-I for the native 
E. coli enzyme) (Chamberlin et al., 1979). Thus, as a means 
to compare the specific transcriptional efficiencies of the 

The metal contents and "'Cd(I1) exchange behavior characteristic 
of the biosynthesized enzyme obtained from the Cd(I1)-supplemented 
cells are consistent with approximately 40-50% occupation of the A site 
with Zn(I1) with 100% Cd(I1) at the B site, Le., a 40/60 mixture of 
ZnACdB and CdACdB enzymes. Upon PMPS/EDTA treatment, the 
B-site Cd(I1) is removed, and a 40/60 mixture of ZnA and CdA enzyme 
results. Consistent with this interpretation is the rather facile exchange 
of - 1 g at Cd(I1) with Il5Cd(II), the B-site Cd(I1) (Table V). This 
partial occupation of the A site with Zn(I1) was not observed in bio- 
synthesized Co(I1)-RPase. 

I 
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FIGURE 5: Reversible effect of PMPS on absorption spectrum of Co, 
RPase. Absorption spectra for Coz RPase (8.27 mg/mL) in TNG 
buffer were recorded under three conditions: (1) enzyme alone, (2) 
plus 35 equiv of PMPS, and (3) following the addition of DTT (0.1 
mM to reverse the enzyme-PMPS complex; no EDTA was present 
in these buffers). (--) Co, RPase-PMPS minus Co, RPase; (-) 
Co, RPase-PMPS + thiol minus Co2 RPase. Atomic absorption 
analysis of the exhaustively dialyzed enzyme from this series of 
manipulations indicated 1.7 & 0.2 mol of Co(I1). Note that the small 
differences above 425 nm represent slight band shifts between the 
Co, RPase-PMPS complex and Co, RPase (see text). 

various MA and M, enzymes, their rates of nucleotide incor- 
poration into RNA chains (i.e., the rate of elongation) were 
determined. These are the pertinent values with which to 
compare the activities of various metallo RPases. As shown 
in Table VI, elongation rates ranging from 13 to 22 s-l were 
obtained; note that ZnA = Zn, = 17 s-l, CO, = Co2 = 21 s-l, 
and CdA = Cd, = 13 s-l. 

Visible Absorption Spectroscopy of Co2 and CoA RPases. 
Substitution of Co(I1) into the intrinsic Zn(I1) sites of RPase 
provides a useful spectroscopic probe of the geometric ar- 
rangement about the metal ions as well as being indicative of 
the ligand donor atoms in the case of sulfur. Figure 4 presents 
the visible absorption spectra associated with the Co, enzyme. 
Three discrete d-d electronic transitions positioned at 760 (t 
= 800), 710 (e = 900), and 602 nm (t = 1500) and a broad 
intense absorption band centered at  about 484 nm (t = 4000) 
are present. The first three transitions correspond approxi- 
mately to those observed by Speckhard et al. (1977) at  -750, 
703, and 584 nm for Co2 RPase, although our measured molar 
extinction coefficients are considerably greater (see Discus- 
sion). In the region between 350 and 400 nm, several tran- 
sitions appear with significantly greater t values: 370 (t = 
9600) and 350 nm (t = 9500). These transitions most likely 
arise from sulfur to Co(I1) charge transfer, thus suggesting 
the presence of cysteine ligands to one or both intrinsic Co(I1) 
ions. Figure 4 also gives a typical spectrum exhibited by the 
CoA enzyme formed by treatment of the Co, enzyme with 
PMPS/EDTA, subsequent reversal with thiol, and exhaustive 
dialysis. As can be seen, in the 400-800-nm region this enzyme 
shows almost identical intensities and minor band displace- 
ments relative to the Co2 enzyme from which it originated. 
The major difference in this spectrum lies in the near-UV 
charge-transfer region; the intensities of the 370- and 350-nm 
transitions are reduced significantly. A qualitatively similar 
spectrum is obtained for the Co2 RPase-PMPS complex, and 
if EDTA is present to form the Co, RPase on addition of DIT, 
there is no effect on the absorption spectrum (Figure 4). 
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Recall that if the PMPS-enzyme complex is reversed in the 
absence of EDTA, a M2 species is formed (Table I). Figure 
5 presents the spectral evidence for the reformation of at least 
one M-S bond as Co(I1) rebinds to the B site. The dashed 
curve represents a difference trace of the Co, RPase-PMPS 
complex less that of the starting Co2 enzyme. Note again, 
relatively minor alterations associated with the 400-800-nm 
region with a large negative absorption band centered about 
370 nm. The solid curve indicates the difference spectrum 
resulting when the Co, RPase-PMPS complex is reversed with 
thiol without chelator present, a reversal that also restores most 
of the minor band shifts above 500 nm. Ninety percent of the 
near-UV charge-transfer intensity is restored, suggesting the 
re-formation of the S-Co(I1) bond(s) displaced by the mer- 
curial. Atomic absorption analysis shows 1.7 mol of nondia- 
lyzable Co(I1) in this enzyme species. 

DISCUSSION 
As a basis for understanding the regulation of transcription, 

a comprehensive knowledge of the relationship between 
structure and function of RNA polymerases must be attained. 
Prokaryotic RPases are multisubunit Zn(I1) metalloenzymes 
and are largely homologous in subunit organization (cu2j3/3’a) 
among organisms. The enzyme from E. coli has emerged as 
the prototype bacterial RPase, since the majority of the de- 
tailed mechanistic studies have been carried out with this 
enzyme. The enzyme from Bacillus subtilis appears compa- 
rable in subunit composition and zinc content (Halling et al., 
1977). 

The recent demonstration that the single-chain RPase en- 
coded by bacteriophage T7 contains no intrinsic Zn(I1) (King 
et al., 1986) and transcribes DNA at an absolute rate 5-10 
times that of most bacterial enzymes shows that Zn(I1) does 
not play an obligatory role in transcription mechanisms. Thus, 
the role played by each of the two intrinsic Zn(I1) ions in E. 
coli RPase in a more complex and controllable promoter- 
recognition sequence requires further definition. Previous 
studies employing complete denaturation and reconstitution 
of M1 and M2 RPases with various recoveries of activity have 
suggested catalytic, regulatory, and structural roles for either 
or both Zn(I1) ions (Chatterji & Wu, 1982a,b; Chatterji et 
al., 1984; Solaiman & Wu, 1984, 1985). The ability to remove 
one of the intrinsic Zn(I1) ions differentially by the 
PMPS/EDTA method offers a new opportunity to study the 
structure and function of the two sites independently under 
nondenaturing conditions. 

Examination of the role of Zn(I1) in other Zn(I1) metal- 
loenzymes of defined crystallographic structure including 
carbonic anhydrase, carboxypeptidase, alkaline phosphatase, 
alcohol dehydrogenase, and aspartate transcarbamoylase re- 
veals that in some instances Zn(I1) acts catalytically in the 
formation of mechanistic intermediates, while in others Zn(I1) 
is involved in the stabilization of tertiary and/or quaternary 
structure. Aspartate transcarbamoylase (ATCase) provides 
an example where Zn(I1) plays an exclusively structural role 
in the maintenance of the interface between catalytic (c) and 
regulatory (r) chains of the protein (c6r6) (Monaco et al., 
1978). In this enzyme, all four sulfhydryl groups of each of 
the six r chains are involved in coordinating each of the six 
Zn(I1) ions. Hunt et al. (1984) showed that treatment of 
ATCase with successive equivalents of the mercurial p-(hy- 
droxymercuri)benzenesulfonate (PMPS) resulted in the linear 
release of Zn(I1) ions from the protein until all 24 r chain 
sulfhydryls were titrated and the r and c chains had dissociated. 
Addition of thiol sufficient to reverse the mercurial reaction 
gave rise to reassociated protein of intact quaternary structure 

concomitant with the rebinding of Zn(I1) (Hunt et al., 1984, 
1985). 

The adaption of PMPS to zinc removal from E. coli RPase 
was an attempt to avoid the denaturation and refolding steps 
that are drawbacks of previous methods to remove or replace 
the intrinsic zinc ions. In the case of RPase, the fact that 
addition of 10-16 equiv of PMPS removes ZnB, but also in- 
hibits transcriptional activity (Figure l) ,  suggests that two 
classes of -SH groups are involved initially, since the 
PMPS-EDTA-thiol reversal restores activity, but not ZnB 
(Figure 2). A recent paper by Chertov et al. (1985) suggests 
that organic mercurials inhibit RNA elongation by preventing 
the ability of the enzyme to bind to promoter-containing DNA 
fragments. That we have observed largely similar binding 
capacities of Znl(Zn,) and Zn2 enzymes on T7 DNA A1 and 
A2 promoter-containing HpaII fragments (D. Giedroc and J. 
Coleman, unpublished observations) provides further support 
for the contention that removal of B-site Zn(I1) occurs as a 
separate consequence of the reaction with the mercurial distinct 
from the coincident loss of enzyme activity, which is restored 
without rebinding of Zn(I1) when thiol and EDTA are used 
(Figure 2). 

Exchange experiments with 65Zn(II) suggest that the 
presence of PMPS complexed to the Zn(I1) enzyme does not 
significantly increase the ability of 65Zn(II) to exchange with 
the B-site Zn(I1) (Table V). One interpretation of these data 
is that the so-called enzyme-released Zn(I1) actually remains 
associated with the enzyme through one or more non-sulfhydryl 
ligands following mercurial reaction such that diffusion of the 
Zn(I1) into the 65Zn(II) pool cannot occur readily. EDTA, 
however, must be able to chelate the Zn(I1) entirely from the 
modified protein molecule whereas it is unable to do so in the 
native state. Once all of the reagents have been removed from 
ZnA RPase, it has proved difficult to rebind metal ions of any 
type to the B site, suggesting that some local conformational 
perturbations may have occurred at the metal-free B site. 

In contrast, exchange experiments with ’lsCd [or nonra- 
dioactive Cd(II)] show that excess Cd(I1) presented to either 
the Zn enzyme-PMPS complex or the native Zn2 enzyme in 
the absence of EDTA gives rise, in both cases, to the formation 
of a mixed-metal hydrid ZnACdB enzyme (Tables I and V). 
Therefore, Cd(I1) alone in sufficient quantities seems able to 
displace the ZnB. The presence of one or more cysteinyl 
ligands to the B-site Zn(I1) is compatible with these findings 
given the greater ability of Cd(I1) as well as the organic 
mercurial, relative to 65Zn(II), to displace this Zn(I1) ion 
(Table V). 

No significant change in the ability of the native enzyme 
to bind to and transcribe RNA from a-requiring promoter 
sequences results from removal of B-site Zn(I1). Since the 
Zn, RPase shows little capacity to bind Zn(I1) at the B site, 
even in the presence of thiols (Table V), it seems unlikely that 
Zn(I1) rebinds to site B during the assay. To eliminate this 
possibility as far as possible, the assay of the Zn, enzyme was 
run in 1-2 mM EDTA without any effect on the rate of RNA 
synthesis. Consideration of the facile binding of Zn(I1) in 
RNA polymerase assays has recently been discussed in detail 
(King et al., 1986). Zn, and Zn2 holoRPases have similar 
rates of elongation along T7 DNA (Table VI). In the latter 
measurements, we have isolated the specific transcripts by 
radioautography of the RNA gels and quantitated the amount 
of mRNA by counting. Since the transcript lengths are 
identical between ZnA and Zn2 RPases, the absence of ZnB 
does not effect a-aided recognition and initiation, the elon- 
gation rate, or recognition of the specific terminator at 18.8% 
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of the T7 genome. The similarity of the secondary structure 
of the native, Zn,, and ZnACdB preparations is shown by UV 
circular dichroism spectroscopy (Table IV). 

The possible function of this “PMPS-removable” B-site 
Zn(I1) in RPase function cannot be directly ascertained from 
the present experiments. Aside from the obvious interpretation 
that this ion cannot be mechanistically crucial for RNA 
synthesis, B-site Zn(I1) perhaps plays an accessory role in 
maintenance of structure. We do not dismiss ZnB from playing 
any role in transcription, since it is entirely possible that 
transcription from promoters regulated by CAP or other 
transcription factors may be significantly altered by the loss 
of ZnB. Studies of such regulated promoters are presently 
under way. 

Since the basic polymerization reaction appears unaffected 
by removal of B-site ZnfII), the function of the A-site Zn(I1) 
can be probed directly. Specifically, Wu and Wu and co- 
workers through a variety of denaturation-reconstitution 
techniques have suggested that at least one of the two intrinsic 
M(I1) ions is catalytically critical, since the nucleotide base 
of an initiating nucleoside triphosphate appears to be close to 
the Co(I1) ion in a reconstituted Co,Zn, hybrid enzyme 
(Chatterji & Wu, 1982b; Chatterji et al., 1984). 

Visible absorption spectroscopy of Co2 and CO, RPases show 
that the visible “d-d” Co(I1) absorption bands are associated 
only with the A site (Figures 4 and 5). The positions and 
magnitudes of the d-d transitions of the CO, enzyme are 
consistent with this Co(I1) occupying a tetrahedral or distorted 
tetrahedral environment. In contrast, the B-site Co(I1) is 
essentially spectrally silent in the visible d-d transition region 
and therefore is possibly in an octahedral coordination geom- 
etry, perhaps with solvent access to at least one site. Both A 
and B sites have strong charge-transfer bands in the near 
ultraviolet, which suggests that both sites involve sulfur liga- 
tion. The visible absorption bands have much larger extinction 
coefficients than previously reported (Speckhard et al., 1977). 
This is partly due of course to assignment to a single Co(I1) 
site, but also to larger experimental absorption in our samples. 

In the case of A-site Co(II), the presence of two transitions 
in the 700-800-nm range accompanied by a somewhat weak 
and much broader maximum at about 600 nm and intense 
charge-transfer bands below 400 nm suggests a tetrahedral, 
tetrathiolate coordination about A-site Co(I1). Both band 
energies and intensities are similar to those shown by Co(I1) 
in other tetrathiolate coordination sites. The spectrum closely 
matches those of Co(I1)-substituted aspartate trans- 
carbamoylase (Johnson & Schachman, 1983), alcohol de- 
hydrogenase (structural site) (Maret et al., 1979), metallo- 
thionein (Vasak et al., 1981), and rubridoxin (May & Kuo, 
1978). All of these are known by crystallographic methods 
to have four thiolate ligands to each Zn(I1). These Co(I1) 
protein complexes and the model compound tetrathio(phen0- 
lato)cobaltate(II) (Swenson et al., 1978) all exhibit two 
transitions in the 700-800-nm range: one at 740-760 nm and 
another at 660-700 nm, as well as the near-UV charge-transfer 
bands. The presence of the charge transfer also appears as- 
sociated with relatively more intense visible transitions than 
found in the mixed N,O tetrahedral Co(I1) sites. Sulfhydryl 
groups have recently been implicated in metal binding by 
RPase, since potassium tetrathionate blocks reassociation of 
metal ions during reconstruction of urea-denatured apoRPase 
(Solaiman & Wu, 1985). 

A tetrathiolate coordination complex is electron-rich, which 
tends to restrict either expansion of the coordination sphere 
by electron-donating ligands or solvent access to the Zn(I1) 
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ion. Thus, if site A plays a direct role in catalysis, it may not 
do it by coordinating a substrate or template ligand but rather 
by providing essential conformational constraints. In this 
connection, we have not been able to observe consistent changes 
in the CO, RPase absorption spectrum by adding MgATP. 
While slight shifts in the position of the visible maxima oc- 
curred in some preparations when very high sensitivity dif- 
ference spectra were recorded directly, we are reluctant as yet 
to interpret these minor changes. A-site Zn(I1) is very tightly 
incorporated into the RPase structure, since no chelating agent 
or sufhydryl reagent that we have tested has been able to 
remove A-site Zn(I1). This site may be associated with p’.3 
We have found that relatively low concentrations of urea (2.5 
M), which do not normally labilize the A-site Zn(II), allow 
the PMPS/EDTA mixture to remove A-site Zn(II), producing 
an inactive apoRPase (D. Giedroc and J. Coleman, unpub- 
lished results). Previous studies have all required 6 M urea 
to remove all the Zn(I1) (Wu et al., 1977). 

In conclusion the gentle removal of one of the two Zn(I1) 
ions in E.  coli RPase by PMPS/EDTA treatment under 
nondenaturing conditions has allowed the separation of the 
functional and structural features of the two intrinsic Zn( 11) 
sites. The different absorption spectra when these two sites 
are occupied by Co(I1) establish one (site A) as tetrahedral, 
probably with four thiolate ligands. The other (site B) is easily 
removed by PMPS/EDTA and has no significant d-d ab- 
sorption bands when Co(I1) is substituted and is apparently 
some variant of octahedral geometry. The metal ion in the 
site B has no detectable effect on any of the steps in tran- 
scription including a-dependent promoter recognition. 

Registry No. Zn, 7440-66-6; DNA-dependent R N A  polymerase, 
90 14-24-8. 
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