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ABSTRACT. Asp537 and Asp812 are essential in the catalytic mechanism of T7 RNA polymerase. The
mutants D537N and D812N have no detectable activity whereas the mutants D537E and D812E have
significantly reduced activity relative to the wild-type. The hypothesis that these two amino acids act as
metal-binding ligands has been tested using EPR with\is the metal ion. Mit is able to substitute

for Mg?* in transcription by T7 RNAP on templates containing the T7 promoter?*NMgd Mr?* compete

for binding sites, with the former having lower affinity. ¥nbinding to the wild-type enzyme and the
mutants D537N, D812N, D537E, D812E, and Y649F was measured over the concentration range of 25
uMto 1.5 mM. The data were analyzed by nonlinear least-squares fits to the binding isotherms, and the
analysis gave approximately two ¥mbinding sites in all cases and<a for the wild-type of~340uM.

The Kq4 value for the mutant Y639F, in which Asp537 and Asp 812 are not mutated, is comparable to the
value for the wild-type. M#" binding to the double mutants, D537N/D812N and D537E/D812E, appears

to be nonspecific. Th&y values of the Asp~ Asn mutants are only-25 times larger than the value for

the wild-type, in contrast to the drastic diminution of enzymatic activity in the mutants. The geometry
of metal binding to these Asp residues may be crucial in determining the catalytic competen¢e. Mn
binding to the wild-type enzyme in the presence of nucleotides, measured by flow dialysis, is characterized
by two Mr?*t-binding sites with aKy value of ca. 15QuM. The similarity in values oKy with and

without nucleotide suggests that nucleotides do not have a drastic effect ¥nbiiding. Our results
indicate that monodentate carboxylate oxygens of both conserved Asp residues bridge the two metal ions.

The transcription process in which RNA is synthesized highlighted the similarities of the putative active sites among
on a DNA template plays a central role in biology, and RNA the polymerases whose X-ray structures have been deter-
polymerase is the enzyme responsible for the trnascriptionmined (Olliset al., 1985; Kohlstaedet al., 1992; Jacobo-

process. Understanding the mechanism of RNA polymerase-Molina et al., 1993; Sousat al., 1993; Daviest al., 1994:
catalyzed RNA synthesis will enhance our basic knowledge pelletieret al, 1994).

qf gene expression. The RNA polyme_rase frpm T7 bacte- How these functionally significant amino acids, Asp537,
riophage is well suited for mechanistic studies on many L

aspects of transcription because it is a single-subunit enzyme ys631, Tyr639_, '.—“5811’ and Aspg12, partmpatg In carying
(99 kDa) and can be overproduced (Davankbal, 1984) out the trgnscrlptlon process has yet to be equdated. .TWO
for biochemical and biophysical studies. In recent years, of the residues .(As.p537.and ASPglz) play especially critical
there has been steady progress in elucidating the active sitd0l€S because if either is substituted by Asn, a neutral but
of this enzyme, an imperative in understanding the mecha- |sos_ter|c amino acid, the enzyme is totally |nact|v§ (Osumi-
nism of RNA synthesis. A functional group responsible for Daviset al, 1992). The aim of the present work is to test
promoter specificity has been identified (Rasktral, 1992),  the hypothesis that Asp 537 and/or Asp 812 serve as ligands
and several catalytically essential and significant functional for one or more divalent cations (normally kg, either as
groups have been identified through site-directed mutagenesighe free metal ion or complexed with the substrates,
studies (Osumi-Davist al., 1992, 1994; Bonnest al., 1992, nucleoside triphosphates (NTPs). Asp was mutated to Asn
1994) and deletion studies (Mookhtiat al, 1991). The  or Glu. In each case, the replacement side chain in the
participation of several regions of the polypeptide chain to mutant has the potential to bind to a metal ion, but the
form the active site has been indicated (Delastial., 1991; changes in charge for Asn and the longer side chain of Glu
Knoll et al, 1992). The crystal structure of the enzyme are expected to impact the dissociation constants if Asp537
solved at 3.3 A (Sousat al, 1993) has confirmed the or Asp 812 coordinates to MiYMg?*. CD, fluorescence,
biochemical studies mentioned above, and has shown theand calorimetric studies of these mutants found no detectable
layout of the important functional groups. It also has jmpact of these mutations on protein folding or stability

Osumi-Davis et al, 1994). EPR, flow dialysis, and
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although Mi* is somewhat larger than Mg it can take possible impact of errors due to reproducibility of sample
the place of Mg" in many biological reactions, including  positioning in the resonator, the spectrum was recorded twice,

RNA synthesis. and the average peak height values for the two spectra were
combined. Reproducibility of average peak heights was
EXPERIMENTAL PROCEDURES better than 3%. Plots of signal intensity vs Mrconcentra-

Wild-Type and Mutant T7 RNA Polymeraséghe meth-  tONn were linear.
odology to produce the mutants has been described previ- Cohn and Townsend demonstrated the use of EPR spectra
ously (Osumi-Daviset al, 1992). The purification of the  to determine Mn(ll)-binding constants (Cohn & Townsend,
wild-type and mutant enzymes was based on the procedurel954). They showed that the amplitude of peaks in the first-
of Grodberg and Dunn (1988) with the following modifica- derivative spectrum of MH in aqueous solution was
tions. All traces of EDTA had to be eliminated in the case proportional to the concentration of ¥fhand that coordina-
of Mn?*-binding experiments. Therefore, the purification tion of the Mr#* resulted in such extensive broadening of
procedure was modified to exclude EDTA throughout the the EPR spectrum that bound Ktnwas not detectable in
three column purification steps, although it was used in the the presence of free Mh. It has been shown, for example,
initial lysis steps. This modification did not decrease the that addition of a 4-fold excess of MnADRo a solution of
pverall enzyme activity. The purified enzyme was stored pn2+ had negligible impact on the EPR signal (O’Sullivan
in 50% glycero-20 mM sodium phosphate, pH 7.8, g cohn, 1966). The extensive broadening of the signal for
containing 100 mM NaCl and 1 mM dithiothreitol (DTT).  the hound MA" is due to the increase in zero-field splitting
For EPR experiments, the enzyme in the storage buffer was, 4 jncrease in tumbling correlation time relative to free
filtered through a Biogel P-6DG desalting column, which Mn2* (Meirovitch & Poupko, 1978). In this method for
was preequilibrated with 10 mM Tris-HCI, pH 8.0, contain- determining MA*-binding C(;nstants for a protein, it is
ing 150 mM KCI (binding buffer) and was then concentrated assumed that all decrease in the intensity of the EPR signal

to the desired level using Centricon microconcentrators . S . i
- is due to coordination to the protein. The following control
(Amicon, Beverly, MA). . . .
experiments were done in the absence of protein to check

bu?fLejtfev:/SasFarseEgTh?gg f#%ﬁ;diﬁgséiegﬁf;'er:tesnt% t;lrlled\llri]a%e that components of the buffer or species added in binding
9 P constant studies did not cause changes in thé"\ignal.

possible aggregation of T7 RNA polymerase and the Donnan X . ; . .
effect that might arise at the concentration levels used. For-rhl;peak heights and line widths in an aqueous solution of
Mn2* were indistinguishable from those in a spectrum at the

transcription assays, 50 mM Tris-HCI, pH 7.9 (or 40 mM same concentration in binding buffer. Addition of 150 mM

Tris-HCI, pH 7.9, plus 10 mM KCI), containing 1 mM DTT ;
and 0 05Fi00 mMngg+ or 0 05_2)0 mM Mn2+gwas used KCl or 100 mM Mg to the buffer had no detectable impact
' ' 4+ on the MR EPR spectrum. Protein-containing solutions

Fresh stock solution of Mt in binding buffer was prepared , .
each day. Tris (ultra pure) was from United States Bio- WEre more viscous than controls, and, therefore, the impact

chemical or from Sigma Chemicals. KCI (ACS certified) of viscosity was checkgd by gddition of glycerol to the buffer
and MgCh-6H,0 (ACS certified) were from Fisher Scien- 10 make the relative viscosity of the buffer comparable to
tific. MnCl,+4H,0 (99.99%) was from Aldrich, and Mng} that of the protein solution containing 5@00uM T7 RNA
4H,0 (AR, ACS certified) was from Mallinckrodt. polymerase. Addition of 24% glycerol had no impact on
EPR EPR spectra were recorded at 9.38 GHz on a Bruker the Mr?™ EPR signal, within experimental error.
ER200D or a Bruker ESP380E EPR spectrometer with a Data Analysis Standard curves correlating EPR signals
rectangular Thy, resonator containing a quartz variable- and the concentrations of Mh in binding buffer were
temperature dewar insert. EPR samples were contained inconstructed and used to determine the freeMmncentra-
0.4 x 4.0 mm flat slides supported in a thin-walled Teflon tion in the presence of protein. Each day a standard curve
holder positioned with the 4.0 mm dimension perpendicular was constructed and compared with previous standard curves
to the direction of the external magnetic field (Eaton & Eaton, for reproducibility. A standard curve of EPR signal versus
1977). the concentration of MnGlfrom an atomic absorption
Spectrometer settings were 3350 G center field, 750 G standard also was constructed as a control and compared with
sweep width, 1 min scan, 16 G magnetic field modulation that obtained with reagent-grade MaCIEPR spectra of
amplitude at 100 kHz, and 20 mW microwave power. This varying concentrations of Mt in the presence of T7 RNA
microwave power does not cause saturation of the signal. polymerase were obtained, and the concentration of bound
The peak to peak line widths in the spectrum of Min M2+ was calculated by subtracting the concentration of free
buffer are about 22G. The selection of 16 G modulation Mn2*, determined by EPR, from the total Rinconcentra-
amplitude was a compromise between the need for improvedyiq, - Based on the EPR data, binding isotherms (the number

tsrllgngl—tc_)—n?se .ra.t'o. forl_specrt]ra atdlp\;v ct:_oncgntratlons gnd of metal ions bound per protein molecule versus free metal
€ desiré 1o minimize fine shape distortion by overmodu- ions) were constructed, and a nonlinear least-squares fit was

Iatlon.. The modulatlon. amplitude was held constant for all btained using the Axum program (TriMetrix, Seattle, WA).
experiments. Two to eight scans were signal-averaged, an he model fom equivalent noninteracting sites:

the background signal was subtracted. Within experimental
uncertainty, there was no change in line width as a function ot ot
of Mn?* concentration, and, therefore, the average peak-to- r=nMn""]/(Kq + [Mn7])) 1)
peak height of the six hyperfine lines in the first-derivative

spectra was used to relate the EPR signal intensity to freegave a satisfactory fit. The model for two classes of
Mn?* concentration. For each sample, to minimize the noninteracting sites:
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r = n,[Mn*"]/(Ky, + [Mn?*])) + the presence of protein, (cpg)is determined experimen-
o4 ot tally. The concentration of free Mh, [Mn?];, is calculated
NIMn=" ]/ (K, + [Mn*']) (2) using eq 5. [Mn]is the initial Mr?™ concentration at

did not converge to a stable solution. The same procedure f= (cpm)gy/(cpm), 3)

was applied to the binding isotherms constructed from flow-

dialysis. (cpm)g, = (cpm),f (4)
Flow Dialysis The dissociation constants for Ktnin the ot ot

presence of nucleotides were measured by the method of [Mn“"]¢ = [(cpm)s{(cpm)g [MN“7]; (5)

flow dialysis (Womack & Colowick, 1973) in which the rate o i o
of dialysis (proportional to the concentration of the free Successive titration points corrected for diffusion and volume

state. The flow cell was constructed based on a designinitial conc+entration of MA" and T7 RNA polymerase, the
adapted for microscale applications (Muise & Holler, 1985). bound Mri" concentration can be calculated, and a binding

0.6 cm diameter, 0.8 cm height) and a lower chambe.§ corrections were made for the volume increase due to the

uL capacity; 0.15 cm in diameter, 0.2 cm in height), @ddition of titrant, and the loss of Mhdue to elution during

separated by a dialysis membrane (Spectra/Por, moleculatthe_ 15 min dialysis. Unde_r our flow dialysis conditions in
weight cutoff 12 006-14 000). The lower chamber was which the GTP (_:oncentratlo_n was kept at 0.5 mM and the
connected to the pump and fraction collector and was flushedMn®* concentration was varied from 0 to 3, most of
with the same buffer present in the upper chamber, at a ratethe€ M#* will be complexed with GTP since thi¢q of the

of 200uL/min. The cell was secured in a small water bath Mn*"—ATP complex is~14 uM (Mildvan & Cohn, 1966).

to keep the reaction temperature Steady at23 OC' and The rate of M@+ elution across the dla|ySI_S membl’ane (MW
the water temperature was monitored with a YSI tele- cutoff 12006-14 000) was the same, within experimental
thermometer, Model 42SC (Yellow Springs Instruments, Inc., Uncertainty, in the presence of 0, 0.1, or 0.5 mM GTP. The
Yellow Springs, OH). The reaction solution in the upper €ffect of the protein on the rate of dialysis was also
chamber was 10@L containing ca. 3950 uM T7 RNA addressed: (1) the ionic strength of the buffer was high
polymerase and 0.5 mM GTP in binding buffer. This enough to alleviate the_Donnan effect, and _(2) variation of
solution was stirred with a tiny magnetic bar and titrated the enzyme concentration from 39 to A did not have
with a manganese cocktail Mn2* and Mr#* in binding an observable effect on the rate of elution.

buffer. As controls, titration experiments were performed  Iranscription Assay and Steady-State Kineticthe

as above in the absence of T7 RNA polymerase. Binding procgdures for the transcription assay and steady-state
of Mn?* to T7 RNA polymerase was followed by measuring kinetics have been described (Osumi-Daeisal, 1992,

the amount of radioactivity that became nondiffusable due 1994). Specific conditions are described in the legends for
to binding to the enzyme and was analyzed, with some Figure 5 and for Tables 1 and 2.

modifications, based on the method of Norby and Jensen Templates and Radioaeg Nucleotides Steady-state
(1988). For a given concentration of ®m 15 eluent kinetic parameters were obtained using 22 base pair (bp)
samples per titration were collected in a period of 15 min. oligonucleotide templates containing the T7 promoter plus
Exploratory experiments demonstrated that 15 min was five additional nucleotides: 'sSTAATACGACTCACTAT-

adequate for the dialysis to achieve steady-state. The numbefGGACT-3 is the nontemplate strand of template A; 5

of titrations per fresh aliquot of enzyme was limited ted. ~~ TAATACGACTCACTATAGGTAC-3' is the nontemplate

(15-60 min) to minimize any deleterious effects such as sFrand. of template U. These ohgonucleoud_gs were synthe-

denaturation of enzyme or volume changes that might arise.Sized in the Macromolecular Resource Facility at Colorado

One milliliter of the scintillant Ecoscint A (National Diag- ~ State University. o _

nostics, Atlanta, GA) was added to each tube, the tubes were PT713 plasmid DNA linearized with endonucledzznH|

well mixed, and counted in a Beckman LS7800 liquid Was used as a template to study the effect ofMon the

scintillation counter (Beckman Instruments, Inc., Irvine, CA). Synthesis of 60 nt run-off tr_anscrlpzts. 32
Construction of Binding Isotherm from Flow Dialysis sz‘e radioactive 32UC|€'0tldeS(1{3 P]GTP, [-32PJUTP,

Data. In order to construct the binding isotherm, several [@-*PJATP, and pi-*P]JCTP were purchased from Amer-

independent experiments were performed to obtain the Sham Life Science Inc. (Arlington Heights, IL).

desired range of Mif concentrations and to assess reproduc- RESULTS

ibility. Free Mr?* concentration in the reaction cell contain-

ing protein was calculated from the radioactivity in the cell EPR Probe for Residues Asp537 and Asp812 as Metal-

as follows. The rate of dialysis in the absence of protein Binding Sites We have studied Mit binding to the wild-

was established by successive titrations of buffer plus 0.5type T7 RNA polymerase and to mutants in which Asp537

mM GTP with a radioactively labeled Mh solution of and/or Asp812 have been replaced by Asn or Glu using EPR

known concentration and specific activity. The plot of the at room temperature~23°C). The metal ion normally used

activity eluted at steady-state, (cpgm)versus the radioactiv-  for T7 RNA polymerase activity is My, but it is EPR-

ity in the reaction cell at each titration point, (cpgnpives silent because its orbitals are filled, whereas’Mhas five

a slopef (eq 3), from which the expected radioactivity, unpaired electrons in 3d orbitals and is EPR-active.>Mn

(cpm)sp, eluted at steady-state can be calculated from a givencan substitute for Mg in the transcription process catalyzed

initial radioactivity, (cpmj, in the reaction cell (eq 4). The by T7 RNA polymerase (see next section). FreeMyives

radioactivity eluted at steady-state for a given titration in an EPR signal, but the signal for protein-bound?¥is so
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Ficure 1: EPR spectra of MA in the absence and presence of
wild-type and mutant D537N in 10 mM Tris-HCI, pH 8.0,
containing 150 mM KCl at~23°C. (a) Wild-type. Solid curve,
Mn2* alone (150uM); dashed curve, MA (150 M) plus wild- 0.00 s s . . . x
type enzyme (214M). (b) D537N. Solid curve, M#t alone (150 0 200 400 600 800 1000 1200 1400
uM); dashed curve, MiT (150uM) plus mutant D537N (17@M). Mn**], (M)

broad that it is undetectable under the conditions used toF/GURE 2: Isotherms of MA" binding to the wild-type enzyme
observe the free Mt (see Experimental Procedures), and, gggt;}qnlf%m%ggﬁﬁén:tvgg %N +?1e18a;?al\gle: :Isstﬁé: Ir;u?nkf)eﬁ'o’
therefore, EPR can be used conveniently to construct theof mn2+ hound per protein molecule. (a) Wild-type (solid circles)
isotherm for metal ion binding to T7 RNA polymerase. The and D537N (empty circles). (b) Wild-type (solid circles) and
Mn?* EPR spectra in the presence and absence of the wild-D812N (empty triangles).

type and mutant D537N enzymes are shown in Figure 1 as
examples, and the binding isotherms of the wild-type, Table 1: Binding of MA" to Wild-Type and Mutant T7 RNA

D537N, and D812N mutant enzymes constructed from the Polymerases Measured by EPR

EPR data are shown in Figure 2. The data were analyzed enzyme n° Ke (uM)
by nonlinear least-squares fits to the binding isotherms as WT 1.7+£0.1 3394+ 46
described under Experimental Procedures, and the results are  D337N 2.0+£0.5 1601+ 518
tabulated in Table 1 for the wild-type and for mutants with D812N 20+03 7554 239
j . ; : D537E 1.8+0.2 690+ 116
single amino acid mutations, D537N, D812N, D537E, and D812E 24t 0.4 1136+ 316
D812E. The results show two Mhhbinding sites in all Y639F 1.7+ 0.1 315+ 51

Cas?s’ and the changesKg values observed on m_Utat'on. aMn2*-binding reaction mixture contained 10 mM Tris-HCI, pH 8.0,
of either Asp537 or Asp812 suggest that both Asp side chainscontaining 156-200:M enzyme, and varying Mt from 25 to 1500
participate in binding to both Mii. The relative standard  «M. Kqandnvalues fom equivalent noninteracting sites were obtained
deviations of theKy values range from 14% to 32%. These from non_linear least-squares _fits to the binding_ is_other*i'Mmber
deviations seem somewhat large, but they are not unreasongf metal ions bound per protein molecuteDissociation constant.
able in view of the fact that (1) the protein-bound #¥n
concentrations were obtained not from direct measurementsinvolve either of the two Asp residues (Asp 537 and Asp
but calculated as the difference between the total concentra-812) and its enzymatic activity is comparable to that of the
tion of Mn2" and the observed concentration of freen  wild-type. A nonlinear least-squares fit to the binding
as described under Experimental Procedures and (2) theisotherm (Figure 3) gives = 1.7+ 0.1 andKyq = 315+ 51
preparation of the sample solutions involved multiple pipet- uM (Table 1). These values are, within experimental error,
ting of small volumes. Scatchard plots (not shown) show a identical to those for the wild-type enzyme, which adds
straight line within experimental error, consistent with a further evidence that the two Asp residues participate in metal
single intrinsic dissociation constant. However, it must be binding.
noted that even if two intrinsic dissociation constants were Figure 4 shows a possible model of kirbinding to the
different by an order of magnitude, because of experimental Asp residue in the wild-type enzyme and the Asn residue in
scatter, it would be difficult to observe detectable deviations the mutant D537N or D812N that is compatible with our
from linearity (see Discussion). The double mutants, D537N/ EPR data. This model shows, for the wild-type enzyme,
D812N and D537E/D812E, with no detectable enzymatic the two metal ions bridged by a monodentate carboxylate
activity, show what appears to be nonspecific binding only oxygen of Asp537 and by a monodentate oxygen of Asp812.
(data not shown). For the Asn mutants, the amide oxygen replaces one of the
EPR experiments on Mn binding to the Y639F mutant  monodentate carboxylate oxygen (see Discussion). In the
were performed as a control since this mutant does notcase of the mutants D537N and D812N, the partial negative




148 Biochemistry, Vol. 35, No. 1, 1996 Woody et al.

1.50 T T a b

1.25
60 nt—

« 60 nt
1.00

i 12 0.8

0.75 B ~
E ;:: ';é 08
0.50 B E :: 3 04
2y N |
0.25 b b 1 2 3 5 10 2 1 2 3 5 10 20
Mg2+ (mM)} Mn2+ (mm)
0.00 ‘ ‘ ‘ l ‘
0 200 400 600 800 1000 1200
[
Mn™], (:M)
Ficure 3: Isotherm of MA" binding to Y639F mutant obtainec GpGpU=
by EPR in 10 mM Tris-HCI, pH 8.0, containing 150 mM KCI &
~23°C.
- 5
C C £
< * MY § E,
/ N s,
c—0 % o g,
= /
O/f \\m // \\O ’ 005 01 02 03 05 075 1 2 3 s 10
VS Mg2+ (mm)
wild-type
d
Co M2 Col
< / \\\ > GpGpUu—
c=0 Y o=(
=0 3 ,
/ S VRN
H,N N [
MZ+ - 8
D537N or D8I2N £
Ficure 4. Possible models for the Asp and Asn ligaimdetal g,
interactions. The two metal ions are bridged by monodel s
carboxylate oxygens of Asp537 and Asp812 for the wild-type, 05 01 02 03 05 07 1z 3 5 1
for the Asp— Asn mutants, an amide carbonyl oxygen reple MnZ+ (mM)
one of the monodentate carboxylate oxygens. FicUrRe5: Autoradiogram of 25% ureaPAGE of trimer synthesis

(GpGpU) and 60 nt run-off transcripts with wild-type enzyme at
charge on the oxygen of the amide will be less than that of various metaltcc;ncentrﬁtiong,b?réd aﬂ?rofile ?g (t)het activitf)f/tat thos'et
the aspartate oxygen in the wild-type enzyme, and this will isnatmhz C?Qgggcgag?ﬁmanm M +y;nde|\?|lrsf-+o res neéltjicgl) r?rr:gcnp
dgcrease the affinity of M for these mutants, consistent synthepsis was carried out in 10%21M Tris-HCi, pHp7.9, 50ymM KCl,
with our EPR data. In the case of D537E and D812E, 1'mMm DTT, 20 nM enzyme, 50 nM pT71BanH|-linearized DNA,
although two carboxylates are available, the lengthened side5 uCi of [a-*P]UTP, 400uM GTP, and 5Q«M each of ATP, CTP,
chain decreases the affinity of these mutants for?i\in ~ and UTP, at 37C for 5 min. (c and d) Synthesis of GpGpU in

: g : the presence of 0.6510 mM Mgt and Mr?#, respectively. The
probably due to less than optimal binding site geometry. synthesis was carried out in the same buffer as in panels a and b,

The results in Table 1 show that th& values for the  containing 20 nM enzyme, 200 nM template U-TAATAC-
mutants D537E and D812N are not very different from each GACTCACTATAGGTAC-3), 2—4 uCi of [a-32P]JUTP, 400uM
other and are at most twice the value for the wild-type. Even GpG, and 10:M UTP at 37°C for 5 min. The bands of interest
the single mutant most strongly deviating from the wild- Were quantitated on a Molecular Dynamics Phosphorimager SP.
type, D537N, has &g value which is only 45 times larger ~ EStimated errors are:5%.
ype, ) d y g
than that of the wild-type. The changes were much larger investigated for the synthesis of pentamer GGACU by the
for the double mutants. Despite these relatively small wild-type and the mutants, D537E and D812E, and the results
decreases in metal ion affinity, the mutants D537N and are shown in Tables 2 and 3. The optimum concentration
D812N show no enzymatic activity (Osumi-Davis et al., of Mn?* for the wild-type enzyme-catalyzed transcription is
1992, 1994; see below and Discussion). ~1 mM, whereas that for the two Asp Glu mutants is~2

Mr?t as a Transcription Actiator. Mn?" is able to mM. These results are consistent with the binding data
substitute for Mg" in the synthesis of short oligonucleotide obtained by EPR, according to whidky values for the
transcripts on 22 bp templates containing the T7 promoter, interaction of Mi#*™ with the mutants D537E and D812E are
and of longer transcripts on pT7EanHI plasmid DNA, higher than that for the wild-type (Table 1). In all cases
catalyzed by T7 RNA polymerase. The effects ofafignd examined, the M# concentration necessary for the optimum
Mn2* concentration on the synthesis of trimer GGU and 60 enzymatic activity is less than the Ky concentration
nt RNA by the wild-type enzyme are shown in Figure 5. required for optimum activity. The mutants D537N and
Assays at various times ensure that we are working in the D812N do not have enzymatic activity for the synthesis of
linear range of production of the transcripts. ¥and Mg™* trimer, pentamer, or 87 nt RNA in the presence of-2B
concentration-dependent transcription activation also wasmM Mn?* or 0.5-100 mM Mg?*. We have also examined
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Table 2: Synthesis of Pentamer GGACU Activated by?Mh
(Keaapp (Min~)°

Mn2* (mM) WT D537E D812E
0.5 2.1+ 0.2 1.8+£0.2 0.940.2

1.0 8.1+ 1.4 5.2+ 0.4 7.6+ 3.0

2.0 6.1+ 1.7 5.7+ 0.7 8.2+ 3.0

3.0 4.9+25 5.6+ 0.8 6.5+ 2.5
10.0 3.2+ 0.6 3.0£0.7 1.5+0.3

a2 Enzyme assay solution contained940 mM GpG, 10«M ATP
and CTP, 400uM UTP, 20 nM enzyme, 200 nM template A
(5-TAATACGACTCACTAGGACT-3), varying MnCh, 40 mM Tris-
HCI, pH 8.0, 10 mM KCI, and 1 mM DTT® The (eadapp Values are
quantitated from experimental data (25% ur®AGE) by Phospho-
rimager SP.

Table 3: Synthesis of Pentamer GGACU Activated by?Mgy
(Kea)app (Min~?)°

Mg2* (mM) WT D537E D812E
1.0 4.04+0.2 2.9+ 0.4 1.2+ 0.4

2.0 6.5+ 0.2 47401 1.9+ 0.6

3.0 7.2+0.1 45+0.2 2.7£05

5.0 6.4+ 0.2 4.6+0.3 3.0+ 0.1
10.0 5.1+ 0.2 3.6+ 0.1 3.5+0.7
20.0 3.6+ 0.6 3.5+ 0.2 3.940.2
30.0 1.8+0.3 2.4+0.1 2.9+0.3
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Ficure 6: Competition of M@" with Mn?* for binding to T7 RNA
polymerase. The number of Mhbound to the wild-type enzyme
measured by EPR in 10 mM Tris-HCI, pH 8.0, containing 150 mM
KCl at ~23°C is plotted against Mg concentration (solid circles).
T7 RNA polymerase and M concentrations were kept at 200
uM, and Mg+ concentration was varied from 0 to 100 mM. Our
fit to the mathematical model for the two ligands binding to a single
class of binding sites is shown as solid triangles.

binding to a single class of binding sites (Munsen, 1983)
was used to fit our data, and the results are displayed along
with the experimental data in Figure 6. TKgvalue of~2

2 Experimental conditions were the same as in Table 2 except that mM for Mg?" gives the best fit to the data, judging from

Mg?" was used® The Keadapp Values are determined as in Table 2.

Table 4: Synthesis of Pentamer GGACU Activated by?Mgnd
Mn?t in the Same Reaction Mixtute

metal ions (Keadapp (Min~1)P
Mg?+ (mM) Mn2+ (mM) for WT

30.0 0.0 2311
30.0 0.001 2.3 1.0
30.0 0.01 17403
30.0 1.0 2.8:0.7
30.0 10.0 3.1 0.6

0.0 30.0 2.+0.7
20.0 0.0 2.6:1.0
20.0 1.0 2.6:1.0
20.0 10.0 2.4£0.2

the sum of the squares of the deviations between the
calculated and experimentally obtained valuesfof various
values ofKy. The Mr?* concentration was held at 2@01.

The larger deviations between the calculated and experi-
mental values of (Figure 6) at higher Mg concentrations
are attributable to larger experimental errors in determining
increments in free MAT. At higher Mg* concentrations,
additional M@* causes a small change in free ¥Mwhich

is difficult to measure accurately. The larger valuekaf

for Mg?* than Mrf* is in agreement with the transcription
data where the optimum concentration for ¥ds higher
than that of MA" (Figure 5). These observations are
consistent with known differences between binding constants
for the two metal ions (Irving & Williams, 1953): a given

2 Experimental conditions were the same as in Table 2 except that ligand generally binds to Mt more tightly than to Mg.

both Mg+ and Mr#+ were present in the same reaction solutiofhe
(Keaapp Values are determined as in Table 2.

the effect of M@" and Mr?*™ in the same reaction mixture
on the synthesis of GGACU catalyzed by the wild-type

Mr?t Binding Measured by Flow-DialysisSince it would
be difficult to distinguish binding of M#i to nucleotide from
Mn?* binding to protein, EPR experiments were limited to
obtaining data on the binary interaction of Knand the

enzyme, and the results are tabulated in Table 4. The resultenzyme. We measured the binding of Win the presence

illustrate that at 30 mM Mg, the value of Keaappincreases
slightly upon the addition of 1 and 10 mM N but the
value of Keapappis largely determined by the presence of 30
mM Mg?*. This is most clearly illustrated by the fact that
1 mM Mn?* leads to a Kcadapp Of 8.1 mirr?l, and 30 mM
Mg?* gives 1.8 mint (Table 3), whereas 1 mM M plus

30 mM Mgt gives 2.8 mint (Table 4). These results are
consistent with those in Figure 6 showing that at 200
Mn2* most of the bound Mt are displaced by Mg at 30
mM, and with the results in Tables 2 and 4 showing that the
effectiveness of M#t as a transcription activator is dimin-
ished at high concentrations (10 and 30 mM).

Mg?" as a Competitor to Mt Binding by EPR In the
previous section, it is shown that Kfnactivates transcription
as well as Mg", if not better. Competition experiments
show that M§" competes with M#"™ but at [Mg*]/[Mn?*]
> 1 (Figure 6). The mathematical model for two ligands

of nucleotides to the wild-type enzyme using a flow-dialysis
technique as described under Experimental Procedures. The
isotherm for Mrd* binding to the wild-type enzyme in the
presence of 0.5 mM GTP was constructed from several
independent experiments, and is shown in Figure 7. The
nonlinear least-squares fit to this binding isotherm gave

= 2.3+ 0.4 andKq = 148+ 48 uM, indicating somewhat
tighter binding but not a drastic reduction iy. The
experimental results obtained using flow-dialysis on wild-
type enzyme in the absence of 0.5 mM GTP are displayed
along with the data obtained by EPR in Figure 8. The
standard deviations resulting from the EPR measurements
are denoted with dotted curves to show the uncertainty due
to experimental scatter. This figure shows thatitvalues
obtained using flow-dialysis are a little higher, even in the
absence of 0.5 mM GTP, than those obtained using EPR.
Thus, in light of these observations, one can conclude that
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1.75 ' , the added M#" caused slight enhancement of the transcrip-
Lol 1 tion rate (see Results; Tables 2, 3, and 4; and Figure 6). These
. o results are contrary to earlier reports that #mloes not
1.25 | ° 1 replace M@" in a transcription reaction (Chamberlin & Ring,
ool %o 1 1973) and that added Mh in a transcription reaction
P . containing M@" inhibits transcription (Chamberlin & Ring,
0.75 | ° 1 1973; Coleman, 1983). The reason for these differences is
% not clear; however, the experimental conditions are very
e s 1 different.
ozst 2o ° 1 The crystal structure of T7 RNA polymerase at 3.3 A did
° not provide information on the metal ion binding sites since
0.00 0 100 150 a0 aeo 300 350 no divalent cations were present in the crystal. It was only

suggested that Mg may bind near the catalytically critical

. 7 Binding isofh ructed from flow-dialvsi D537 and D812 side chains (Sousa et al., 1993). Conse-
IGURE [ Inding Isotherm constructea rrom tflow-dialysis experi-

ments on MA" binding to 50uM wild-type enzyme in the presence gllj\lextly,l we use the results ofdthe_ preser|1t study, arllzl_ogy to

of 0.5 mM GTP in 10 mM Tris-HCI, pH 8.0, containing 150 mM polymerase structure, and prior results on metal binding

Mn™], (:M)

KCl at ~23°C. to other biomolecules to postulate a metal-binding environ-
ment.
179 ' ‘ The results of the EPR experiments indicate that not only

i 501 . 1 the wild-type T7 RNA polymerase but also the Asp single
ce mutants (D537N; D537E; D812N; D812E) bind two Rn

] with a single dissociation constant, within experimental error.

Dissociation constants for the mutants are larger than for

the wild-type enzyme (Table 1). In the double mutants,

1.25

1.00

0.75 much weaker and probably nonspecific binding is observed.
0.50 1 The possibility that the larger values Kf for the mutants
' . relative to the wild-type enzyme may be due to allosteric
0.25 |/ . effects cannot be ruled out. However, the increas&gn
for both metal ions when a single potential metal-binding
0.00 ‘ . ‘ ‘ ‘ ‘ ‘ ’ e = POt indl
0 200 400 600 80D 1000 1200 1400 1800 side chain is replaced by one with different coordination
Mo™], M) characteristics, the larger impact for double mutants than for

FicURE 8: Mn?* binding to the wild-type enzyme in the absence §ing|e mutants, and the proximity of the§e two ASp.grOUpS
of GTP measured by flow-dialysis and by EPR under the same N the X-ray crystal structure are most simply explained by
conditions as for wild-type enzyme in Figure 2. Open circles Proposing that both Asp carboxylates bind to both metal ions.
represent flow-dialysis data and closed circles EPR data. The solidThe results of the flow-dialysis experiments show that the
Cuxe is dann(‘zglit?leealralrelazt;:soqurjgsreirfgi:]o tpoeoiiitiﬁ?éﬁngeﬂ%d resence of nucleotides does not have a significant effect
::nun g?\d I?d cr)esulting frgm the no%lineargleast-squares fit. n thg Inte.rac.“on of M#f Wlth. the Wll_d-type enzyme. A
metal ion binding model consistent with our EPR and flow-
dialysis data is depicted in Figure 4. This model departs
rom the more common bidentate bridging mode of car-
oxylate oxygens to the metal ions. Instead, it uses mono-
dentate carboxylate oxygens of two Asp residues (wild-type)
or one Asp and one Glu (Asp to Glu mutants) or the amide
DISCUSSION oxygen of an Asn and a carboxylate oxygen of an Asp (Asp
— Asn mutants) to bridge the two metal ions. The metal to
We have explored by EPR and flow-dialysis usingn  metal distance is calculated to be about 3.4 A (Figure 4). If
the possibility that the two essential Asp residues are thewe assume that the two amino acids are not in the same
sites of metal binding. The transcription data show that'Mn plane, then the distance between thg 6f two Asp (or Asp/
can substitute for M as a transcription activator, thereby  Asn or Asp/Glu) residues is consistent with the values of
assuring us that the EPR and flow-dialysis results are the G, to C, distance of 5.2 A calculated from the X-ray
transcriptionally relevant. In addition, Mg competes for  coordinates (Sousa et al., 1993) deposited in the Brookhaven
the Mrf*-binding site at a significantly higher concentration Data Bank (Bernstein et al., 1977).
as observed in the EPR competition experiments, consistent A monodentate carboxylate oxygen of an Asp residue
with the transcription data. These differences betweefMg  bridging two metal ions has recently been observed in the
and Mr#* fit with general observations concerning the active site of kidney bean purple acid phosphotase tStra
properties of these two metal ions, and reinforce the argumentet al., 1995), and the metal-to-metal distance in this crystal
that the ions are binding at the same site on the protein. structure is 3.1 A. The 2 is coordinated by the amide
In our transcription studies, Mh can substitute for Mg oxygen of Asn201 analogous to the proposed binding in
as the metal ion transcription activator, and in all case that Figure 4. A monodentate carboxylate oxygen of Asp
we have studied, the Mh concentration necessary for coordinating two metal ions was also postulated for cAMP-
optimal enzyme activity is less than the optimal Mg  dependent protein kinase (Bossemeyer et al., 1993), and in
concentration. When varying concentrations of?¥Mwere the case of urease (Lippard, 1995), a carboxylate oxygen is
added to the transcription reaction containing 30 mMPMg  coordinated to a metal ion and hydrogen-bonded to an acidic

the values ofi andKq obtained in the presence of nucleotides
are in the same range as those determined from EPR, an
that the effect of nucleotides on the binding of WMo the
enzyme is small.
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Table 5: n andKy Values forn Equivalent Noninteracting Sites, when DNA is pr_esent. In the ternary C‘?mp'ex of rat DNA

Obtained from Simulated Binding Isotherms Generated Using the ~ Polymerasef with a DNA template-primer and ddCTP

Given Kg; andKg, Values (Pelletieret al.,, 1994), two metal ion sites were seen 4 A

Kaz (M) Kaz (M) Kq (uM) n apart, and the second metal ion was believed to enter the

339 160 226L 1.2 1,974 0.01 active site with the nucleotide substrate. It was observed
339 339 339+ 0.0 2.00+ 0.00 that dNTP binding in the binary and ternary complexes
339 800 479 2.9 1.934+0.01 differs (Sawaya et al., 1994). The crystal structures of the
339 1500 532k 7.5 1.76+0.02 Klenow fragment complexed with dNTP and pyrophosphate
339 2500 523t 9.7 1.58+ 0.02

(Beese et al., 1993) show these molecules binding in the
polymerase domain near many of the amino acids whose
mutation has an effect on catalysis (Polesky et al., 1990,
residue. In the active site of isopenicillftsynthase (Roach  1992). The authors, however, urged caution in extrapolating
et al, 1995), the amide oxygen of GIn330 was observed t0 the results from the binary complex to a model for the ternary
coordinate MA". complex.

An alternative to the proposed model with bridging Asp  Based on these cited studies and general background
carboxylates is one in which each Asp coordinates only one information from the literature, we interpret our results as
of the bound metal ions. Mutating one of these residues to being consistent with a model in which two metal ions,?¥g
Asn or Glu will increase th&, of the metal ion to which it and/or M+, are coordinated to the carboxylate oxygen of
binds, but should have little effect on the other metal ion. the catalytically essential and conserved Asp537 and Asp812.
To test this hypothesis, we have considered a model with It is to be emphasized that the EPR spectra do not directly
two intrinsicKy's: one held at 33@M, the wild-type value,  imply any particular coordination environment for the metal
and the other assigned values of 160, 339, 800, 2500, andons, except that it is of low symmetry. The binding
3400uM. We have generated theoretical Scatchard plots equilibria do not permit the preparation of samples in which
for this model to evaluate the extent of deviations from Mn2*+ is present only coordinated to the polymerase, and
linearity. The results show that deviations from linearity are hence EPR measurements that would in such a case reveal
perceptible, but allowing for experimental error, these the environment of the metal cannot be applied.
deviations from linearity will not be detectable. We have  The bound metal ions may be involved in facilitating the
then used nonlinear least-squares to fit the simulated bindingremoval of a proton from the'@H group to attack the
isotherms, assuming equivalent noninteracting sites. The q-phosphorous, the alignment of the incoming nucleotide,
n and Kq values obtained from these simulated isotherms and/or stabilization of the pentacoordinate transition state for
(Table 5) can be compared to those obtained from EPR transcription activation. The T7 RNA polymerase-catalyzed
experiments (Table 1). Note that the appaf€nincreases  transcription mechanism is also consistent with an in-line
by less than a factor of 2 whefu/Ka ~ 5 and decreases  mechanism; namely, the reaction proceeds with inversion
slightly for larger ratios of intrinsic constants. However, the of configuration at thex-phosphate (Griffiths et al., 1987).
apparent number of binding sites decreases significantly fromRrecently, a remarkable rate enhancemerit@?) in phos-

2 for K¢o/Ka1 ~ 5. This occurs because the two intrinsic phonate ester hydrolysis by two metal ions was reported
dissociation constants begin to be resolved. This predicted(Tsubouchi & Bruice, 1994) in a model system. In all these
behavior contrasts with what we observe (Table 1), in which cases involving two metal ion mechanisms, the details of
n remains essentially 2 wherel(g increases by factors of  metal participation may be different, but the general mecha-
2—5. Thus, our data indicate that the intrinsic dissociation nistic aspects are similar.

constants for both sites, while not necessarily equal, both  The EPR data are generally in agreement with the
undergo significant increases upon mutation. This strongly transcription data using Mg and Mr#*. However, theKq
supports a model in which both Asp537 and Asp812 are values of the metal ion complexes with the Asp mutants
bridges between both metals. D537N and D812N obtained from the EPR experiments are

There are precedents in the literature for bimetallic active at most 2-5 times theKy value for the wild-type, whereas
sites in polymerases. A phosphoryl transfer mechanism these mutants show no perceptible enzymatic activity. How
involving two metal ions was proposed initially from the can the small effect on the metal ion dissociation constants
structure of the 3-5' exonuclease domain of Klenow be reconciled with the drastic effect on enzyme activity? Four
fragment bound to a single-stranded DNA (tetranucleotide) possibilities can be suggested. (1) Although the ability of
and dTMP (Beese & Steitz, 1991). In this structure, the the two Asp mutants, D537N and D812N, to bind the 22 bp
metal-metal distance was 3.9 A, and the two metal sites template is not impaired (Osumi-Davis et al., 1992), the
were found to be different, one of them 5-coordinate and mutant enzymes may be incapable of forming open promoter
the other 6-coordinate. Some details of these metal-bindingcomplexes, thus causing enzymatic inactivation. (2) Asp537
sites were hypothetical, with thé-@H ligand modeled and  and/or Asp812 may participate in the reaction in some role,
the liganding waters postulated. Based on this model, ain addition to metal ion binding. For example, they might
polymerase mechanism was postulated (Steitz, 1993; Steitzact as a proton acceptor. This would be consistent with lack
et al, 1994). of activity in the Asp— Asn mutants, but significant activity

In the crystal of rat polymerasg soaked in MnGJ, two in Asp — Glu mutants. Although this might account for
Mn2+ appeared about 4 A apart coordinated to one Asp the essential character of one Asp, it seems rather unlikely
residue situated between the two metals ions, and theto be true for both Asp537 and Asp812. (3) The geometric
presence of dTTP did not significantly perturb the positions requirements for stabilization of the transition state are
of the two Mr#t (Davieset al, 1994). However it was  generally different and usually much more stringent than
suggested that the binding geometry of metals may differ those for ground states. Thus, small differences in the

339 3390 503t 9.7 1.47+£0.02
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positioning of metal ions, other ligands of the metal ions, P., Hizi, A., Hughes, S. H., & Arnold, E. (199%)roc. Natl.

water molecules, and other side chains could be induced by Acad Sci U.SA. 90, 6320-6324. o

the mutations. These might have only small destabilizing Knoll, D. A., Woody, R. W., & Woody, A-Y. M. (1992Biochim

effects on the metal ioAprotein interactions, but could have K Biophys Acta 1121 252-260. . :
. o ohlstaedt, L. A., Wang, J., Friedman, J. M., Rice, P. A, & Steitz,

much Ia_rg_er effect_s on the transition state stgbmzanon. 4 T A (1992) Science 2561783-1790.

Transcription requires that DNA and nucleotides are bound | jppard, S. J. (19955cience 268996-997.

to the enzyme. Our studies of the metal ion affinities of the Meirovitch, E., & Poupko, R. (1978). Phys Chem 82, 1920~

mutant enzymes have all been performed in the absence of 1925.

nucleotides and template. Conformational differences in the Mildvan, A. S., & Cohn, M. (1966)J. Biol. Chem 241, 1178~

transcriptionally active form of the enzyme may lead to ~ 1193.

dramatic differences in metal ion binding for Asp Asn Mookhtiar, K. A., Peluso, P. S., Muller, D. K., Dunn, J. J., &

: L9 Coleman, J. E. (1991Biochemistry 306305-6313.
mutants that parallel the difference in kinetics. Muise, O., & Holler, E. (1985Biochemistry 243618-3622.

Munsen, P. J. (1983)lethods EnzymoB2, 543-576.
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