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Metal Dependency for Transcription Factor Rho Activation
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ABSTRACT: TheEscherichia colirho transcription termination factor terminates select transcripts and rho
activity requires Mg". We investigated whether divalent metal ions other thaA"\gtalyze rho-dependent
ATP hydrolysis to ADP and iHn vitro. The effects of 11 divalent metal ions (Be C&", C#", Co*,

CW*, Hg?", Mn?*, Ni2*, S, VO?2+, Zrn?") on ATPase activity were determined in the absence and
presence of MgGl Without MgCh, Ca*, Cd?*, Co**, Ci2t, Hg?t, Mn?+, Ni2+, VO?*, and Zi#* activated

ATP hydrolysis with either hyberbolic (g Co**, Cw*t, Hg?t, VO?*), peak velocity (Céf, Mn?t,
Zn?t), or sigmoidal (N#") rate acceleration curves.?Srwas found to be a nonactivator and?Bean
inhibitor of rho-dependent ATPase activity. The metals’ effects were compared withavig gave different

rank orders when either the velocCitynfax, Vpeay Or the efficiency ¥ma/Kwm, VpealKm) of ATP hydrolysis

was used as the determinant (Mg?t ~ Mn2* > Zn?* > Co?* > Ni?t ~ C#* > Ca™ > Cwt > Hg?*"

~ VO?; VIKy: Mg?" > Mn?t > Ca&" > C?t > Zn?t > Cwt > Ni?t > Hg?t > Cd?*). Mg?* proved

to be the most effective divalent metal. We observed that the metal-dependent rates were affected by
metal ion interactions with rho, RNA, and the buffer constituents. Significantly, replacement of the
octahedral Mg" ion by metals that typically prefer coordination spheres less than si& (Cd?*, Ni2",

V0?2, Zr?*) led to ATPase activity, suggesting that the putativeMP?~ coordination sphere in rho
does not need to remain fully intact for ATP hydrolysis.

The Escherichia colirho factor rho 1) is composed of Mg?*t is the predominant metal cofactor kh coli metal-
six identical 47-kDa proteins of 419 amino acidy.(Rho dependent ATPase$2). Studies have also demonstrated that
terminates transcripts synthesized by RNA polymerase atMg?" can be replaced in vitro to provide ATPases of varying
specific sites on DNA template8,(4). A tethered tracking  efficiencies (3—17). Selective substitution of the metal
mechanism has been proposed for enzyme function wherebycofactor by other metals provides information on the
rho advances along the nascent RNA in a process fueled byelectronic, structural, and catalytic requirements necessary
ATP! hydrolysis and leads to the disruption of the RNA for enzymatic processes similar to insights learned from site-
polymerase-transcription complex and release of the tran- specific mutagenesis and substrate struetaiivity studies.
script 3, 4). The essential nature of the rho factor in Gram- We show in this investigation that rho supports other divalent
negative bacterial processes has been demonstrated througimetals but that their efficiencies for ATP hydrolysis depends
the use of temperature-sensitikze coli mutants in rho §— on their concentrations and their interactions with biological
7) and the introduction of an inactivated plasmid copy of macromolecules and the reaction constituents.
rho into the genomes].

Mg?* is necessary for rho-mediated ATPase activity. In METHODS AND MATERIALS
the absence of Mg, no ATP hydrolysis occurs9( 10). We
have shown that Mg functions as a nonessential activator
where MgATP? is the likely substrate for ATP hydrolysis
and a second Mg is required for maximal ATP hydrolysis
(12).

Materials. Bicyclomycin was a gift from Fujisawa Phar-
maceutical Co., Ltd., and was purified by three successive
silica gel chromatographies using 20% methanol-chloroform
as the eluant.)}-*2P] ATP (6000 Ci/mmol) was purchased
from Perkin-Elmer (Boston, MA), Bio-Spin 6 columns were

T This work was supported by the National Institutes of Health Grant from Bio-Rad (Hercules, CA)’_ and PEI-TLC plates used for
GM37934 and the Robert A. Welch Foundation Grant E1381 (W.R.W.). ATPase assays were obtained from J. T. Baker, Inc.

*To whom all correspondence should be addressed. Email: (Phillipsburg, NJ). SDSPAGE was performed using the
hagoéféi';??m“g“ti%‘;-g%misw University of Houston Xcell SureLockapparatus, and NuPage Novex#2% Bis-

§ Department of Biology and Biochemistry, Univeréity of Houston. 111S _gels and MQPS SDS Running Buffer (20x) were

' University of North Carolina. obtained from Invitrogen (Carlsbad, CA). Poly(C) was from

1 Abbreviations: ATP, adenosiné-&iphosphate; DTT, dithiothreitol; Sigma (St. Louis, MO) and was dissolved in 1400 of TE

EDTA, ethylenediaminetetraacetic acid; PEI-TLC, poly(ethyleneimine) ; ; i
thin-layer chromatography; SDSAGE, sodium dodecyl sulfate- buffer and dialyzed against aqueous 1.0 M potassium

polyacrylamide gel electrophoresis; TE, THEI and EDTA, Tris, tris- phosphate, pH 7:0 (8 h,x2 4 °C), using S"de'A'LyZ?r
(hydroxymethyl)aminomethane. cassettes from Pierce (Rockford, IL). All other chemicals
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were reagent grade. All metals salts (Mg@eChL, CaCh, o)

CdChL, CoCh, CuSQ, Hg(OAc), MnCl,, NiCl,, SrCh, H 0
VOSQ,, ZnCkL) were purchased from Sigma-Aldrich (St. \//
Louis, MO) and were the highest grade available. = HJ N

Bacterial Strains and Plasmid&Vild-type rho fromE. g H HO H
coli was purified as described by Motlg) from strain HO CHj
AR120 containing plasmid p39-ASHEY). Rho purity was HO
determined by SDSPAGE, and protein concentration was 1

measured according to the Lowry assag)(
Remaal of Endogenous Mg from Rho.Rho treatment  Alternatively, the metals may adversely interact with either

was carried out as previously describdd)( rho, poly(C), or ATP and prevent rho-mediated ATP hy-
Poly(C)-Dependent ATPase Assay (21) for RhouAtitn drolysis.
by Divalent Metal lons.The Mg**-free rho (spin column The potential metal-dependent profiles can be grouped into

purified) ribonucleotide-stimulated ATPase activity at°&8 the four patterns previously predicted by London and Steck
was assayed as follows. Reactions were initiated by adding(22). First are hyperbolic metal activation curves. These
ATP (200 uM) and 0.5uCi [y-32P] ATP to the solution curves show MichaelisMenten kinetics and contain one
containing 40 mM TrisHCI (pH 7.9), 50 mM KCI, 100 nM Vmax and oneKy, value for the substrate MTP?", where
(unless otherwise indicated) poly(C), 100 nM (unless other- M2* can be any divalent cation. Second are metal activation
wise indicated) rho (monomer), and one of the following curves that increase with increasing metal concentration and
salts: MgC}, BeCh, CaC}, CdCh, CoCh, CuSQ, Hg(OAC), then decrease as the metal concentrations further increase.
MnClIy, NiCl,, SrChL VOSQ,, or ZnCh, (0—4 mM). Aliquots These velocity curves exhibit a peak velocitpear Third

(1.4 uL, 5x) were spotted every 15 s on PEI-TLC plates are activation curves that show a sigmoidal shape for the
and chromatographed. The amounf#i-labeled inorganic ~ ATP hydrolysis rate versus total ¥ concentration. The
phosphate hydrolyzed from ATP after separation on PEI- sigmoidal shape provides information about cooperative
TLC plates (prerun with water and dried) using 0.75 M processes for ATP hydrolysis where metal binding at one
potassium phosphate (pH 3.5) as the mobile phase wassite either enhances or diminishes ATP hydrolysis at another
measured by exposure to Phosphorimager plates (Fuji andsite. However, care must be taken when interpreting sig-
Molecular Dynamics) (34 h), scanned on a Storm 860 PC moidal curves for metal activation, since metals can randomly
Phosphorimager, and analyzed using Molecular Dynamic’s bind to protein or other biomolecules leading to similarly
ImageQuant 5.0 software. The initial rates of the reactions shaped activation curves. Fourth are experimental plots that
were determined by plotting the amount of ATP hydrolyzed show no activation with increasing metal concentrations. This
against time. Each reaction was performed in duplicate, andcase refers to metals that are incapable of catalyzing the
the results were averaged. hydrolysis of ATP or that may actually inhibit the reaction.

Poly(C)-Dependent ATPase Assay for Rho Zatton by Finally, the second and third kinetic patterns can be combined
Divalent Metal lons in the Presence of MgCReactions ~ Where a peak velocity is observed, but only if the initial
were initiated by adding ATP (20@M) and 0.54Ci [y-*2P] ~ activation curve is sigmoidal.

ATP to the solution containing 40 mM TrdCI (pH 7.9), A. Divalent Metal Actiation of Rho in the Absence of
50 mM KCI, 100-250 nM poly(C), 106-250 nM nonspin  MgCl. The roles of the 11 divalent metals @eCé&", CcF*,
column-treated rho (monomer), Mgdll or 10 mM), and ~ Co*", CW**, Hg?*, Mn?*, Ni#*, SP*, VO, Zrt) were

0—4 mM of one of the following salts: BeglCaCh, CdCh, investigated in rho-dependent processes and then compared
CoCb, CuSQ, Hg(OAc), NiCly, SrCh, VOSQ;, or ZnCh. with Mg?*, the metal cofactor. For each metal, we pretreated
The reactions were analyzed as described above. wild-type rho with 20 mM EDTA to deplete the protein of

residual metals and removed the excess EDTA and the metal
EDTA complex by a spin columrl(). We determined that
rho retained 15% or less of residual poly(C)-dependent
ATPase activity, and upon addition of 10 mM MgC+90%

Poly(C)-Dependent ATPase Assays for Rho in the Pres-
ence of Bicyclomycifl). The inhibition of ribonucleotide-
stimulated ATPase activity of Mg-depleted rho in the
presence of either MggIMnCl,, or ZnCh was measured at L
32°C using a six-channel, multiwell procedurkl]. Reac- activity of the yntreated sample was recov_ered. The rates of
tions were initiated by mixing 20@M ATP containing 0.5 ATP hydro_ly3|s were measured at 12 divalent metal ion
4Ci [y-%2P] ATP to a solution containing 40 mM THSCI concentrations (1.9, 3.8, 7.8, 15.6, 31.3, 62.5, 125, 250, 500,
(pH 7.9), 50 mM KCI, 100 nM poly(C), 100 nM rho 1OQQ, 2000, 400@M), and the residual£15%) ATPase
(monomer), using either Mgel200 M) or MnCl, (200 activity from the spin column treated rho was subtracted from

M) or ZnCl, (100 4M) as the divalent metal source, ahd "€ Observed activity.

concentrations ranging from 0 to 4@M. The reactions were ~ Our results show that the divalent metals can be grouped

analyzed as described above. into four classes based on their metal activation profiles. First,
Mg?t, Cat, Cot, CUPt, Hg?t, and VG exhibited Michae-

RESULTS lis—Menten kinetics. Ctf, Mn?", and Zi#* fall in the second

group showing peak velocities at different metal concentra-
We envisioned numerous pathways by which metals could tions. Within this category, we found that €dand Zr#*
affect rho-mediated poly(C)-dependent ATP hydrolysis. The showed curves with sigmoidal behavior. The third group
metal ion may assist ATP binding, catalyze ATP hydrolysis, contained only Nit, which showed a sigmoidal activation
and chaperone ATP and ADP from the hydrolysis site. pattern rising to a constakf,. at high metal concentrations.
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Ficure 1: Metal activation of rho exhibiting a hyberbolic curve.
The reactions were conducted using a solution (@00containing
ATPase buffer, rho (100 nM (monomer)), poly(C) (100 nM), ATP
(200 M), and various concentrations of total?Mat 32°C. The
average velocities of two determinations are plotted witFM#),
Co*" (m), Ca* (gray triangles), C8 (x), Hg?" (*), and VO**
(gray circles).
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Ficure 2: Metal activation of rho exhibiting a peak velocity. The
reactions were conducted using a solution (120 containing
ATPase buffer, rho (100 nM (monomer)), poly(C) (100 nM), ATP
(200 uM), and various concentrations of total?Mat 32°C. The
average velocities of two determinations are plotted wit#M¢),
MnZ™ (H), Zrn?*t (gray triangles), and Cd (x). Inset: metal
activation of rho exhibiting a peak velocity and sigmoidal behavior
at rho divalent metal concentrations.

Be*™ and St* lie in the fourth group and did not catalyze
ATP hydrolysis, and thus no activation profiles were
observed.

For the first group, maximal ATP hydrolysis rates were
observed at metal concentrations of 280 and higher, and
the order of activation was Mg > Co?* > C&" > Cw@t ~
Hg?t ~ VO?2*. Within this group, the best activator, ¥ig

Weber et al.
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Ficure 3: Metal activation of M§" and N?*. The reactions were
conducted using a solution (1Qf.) containing ATPase buffer,
rho (100 nM (monomer)), poly(C) (100 nM), ATP (200/), and
various concentrations of totalat 32°C. The average velocities
of two determinations are plotted with ¥ig(®) and N?* (H).

the activity remained. The hyperbolic drop of the Zn€lirve
beyond the peak velocity suggested that inhibition occurred
by the divalent metal binding to a specific site. Finally, for
Cc?* the peak velocity of 4.&mol/min/mg was reached at
65 uM [Cd?*]ia and slowly tapered off over the higher
concentration range. €t and Zi#" exhibited a sigmoidal
shape in the hydrolysis rate at low metal concentrations.

Preliminary experiments with Mngkhowed that adding
10 mM MnCL to the poly(C)-dependent ATPase assay
mixture led to the precipitation of a colorless solid. The
presence of poly(C) caused the precipitate, which increased
with Mn?* concentration, and the precipitate contained rho
(SDS-PAGE analysis, data not shown). We concluded that
the precipitate was a Mh—poly(C)—rho complex. Support
for this notion comes from the report that ncomplexes
with poly(C) and leads to an increase in the helicity of the
homopolymer and precipitation of the coiled compl&8)(

We have attributed the loss of ATPase activity for Win
after the observed peak velocity to the formation of this
precipitate. No precipitates were observed for the two other
metals, Cé&" and Zrf*, which showed peak velocity (data
not shown), indicating that the factors contributing to these
peak velocities differed from M.

Ni?* was the only divalent metal studied that showed
sigmoidal rate acceleration at low metal concentrations
plateauing at a constai,,x at high metal concentrations
(Figure 3).

Two metals-Be*tand S#t—showed no activity in the

hydrolyzed ATP nearly 10 times faster than the three poorest Poly(C)-dependent ATPase assay when tested between 0 and

activators, Cé&r, Hg?", and VG,
Three metals, Cd, Mn?", and Zrt", showed peak

4000uM total metal concentration.
In Table 1, we summarize the dissociation const&a (

velocities when concentrations were progressively increasedfor each MATP complex at 25C (24—26) along with the

from 1.9 to 400Q«M (Figure 2). The Mg" activation curve
is included in the figure for comparison. The peak velocity
for Mn2* (11.9umol/min/mg) was observed at 25, and
the VpeakWas found to be similar to the Mg Vimax, making
both metals equally effective in hydrolyzing ATP at low
metal concentrations. Above 250/ [Mn?*]ia the velocity
rapidly diminished, reaching 10% of maximum activity at
4000uM. The peak velocity of Z& was 9.4umol/min/mg
at a [Zrf"]ita Of 1254M and then decreased to zero at 1000
uM. We observed a hyperbolic loss in rho activity beyond
125 uM [ZN?iorar, @and at 19QuM [ZN?"]iora ONly 50% of

observed maximal velocities for each metal, Kagapp), and

the Hill constants for the velocity curves, and we calculate
the Vinal/Ku and VyealKn values. These numbers are a
measure of the efficiency of each metal in rho-mediated ATP
hydrolysis. The larger th&/Ky value, the more efficient
the enzyme in hydrolyzing ATP.

No correlation was observed in either the maximal velocity
for ATP hydrolysis ¥max Of Vpeay OF the efficiency of ATP
hydrolysis §//Kyv) values with theKp for the M-ATPZ~
complex. Of the three metals that bound ATP the most tightly
(VO?*t, Cwt, Ni2"), only Ni#t gave significant ATP hy-
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Table 1: Summary of the Divalent Metals for Rho Activation

KD (MATP)a VmaX(apps) Vpeak(app? KM(aPP)C \% KM(aPP)d n
M2+ (M) (umol min~t mg1) (umol min~t mg1) (uM) (x10° min~1) (Hill &
Mg?* 60.2 12.3 —/— 21.2 579 1
Be?t —/— 0.21 —/— n.df n.d. n.d.
ca* 107 3.13 —/— 7.3 428 1
Cr 43.6 —/—= 4.74 41.8 114 4.6
Co?t 21.9 7.65 —/— 21.8 351 1
Cu?t 0.7 1.54 e 6.8 227 1
Ho?t —I- 0.78 —I- 4.7 167 1
Mn2+ 16.6 —/—= 11.9 23.1 513 1
Ni2* 9.5 4.79 —/— 28.2 170 2.9
St 288 0.17 —/— n.d. n.d. 1
VOz* 0.2 0.78 o n.d. n.d. 1
Zn?t 14.1 —/— 9.98 33.6 297 55
none —/= 0.70 —/— n.d. n.d. n.d.

aKp(MATP) = [M2*]-[ATP)/[MATP] at 25 °C for Mg?" (24), Mn?" (24), Zr?* (24), Ni?* (24), C+ (24), C&*+ (24), Ca" (24), CU&t (25),
VO?* (26), SP' (24). ® Vimax O VpeakWere determined from the activation curve&y determined by estimating totalaconcentration at 0:¥max
or 0.5Vpear ¢ VIKy is @ measure for substrate specificity and efficierfchhe Hill constant was determined through nonlinear regressional analysis
(SigmaPlot 2001). n.d. = not determined because the values were too low to be accurately calculated.

drolysis. Correspondingly, metals that bound ATP poorly A 4
displayed excellent (MiJ), moderate (CH), weak (C&"),
or low (SP*) velocities for ATP hydrolysis. Thé&wapp)
values for the MATP?" substrates were not diagnostic of
metal efficiency Y/Ku). The Kypp for Mg?*, Mn?*, and
Co** were comparable; yet the efficienci@é/Kw or Vipeal
Kw) for Mg?" and Mr#™ were 1.5 and 1.6 times that of &g
respectively. Finally, inspection of the composite table
showed only two possible periodic trends. These were for
the series Mg, Ca", SP* (group 2A) and Zf", Cd?*, Hg?™
(group 2B). The group 2A metals all showed Michaelis
Menten kinetics. Furthermore, we observed a steady drop ]
in the Vimax and Vima/Km as we progressed down the group. Mg® Mn® Zn'* Co®* NI Cd™ Ca®* Cu* Hg™ vO** S Be®' none
A similar drop in theVpeak (Vmay and theVpealKm (Vmad B ™
Km) was observed for the group 2B metals as we proceeded
to metals with higher atomic numbers. The only exception  **
in the group 2A metals was Bg which produced no rho 500
poly(C)-dependent activity. We attributed this anomaly to
the formation of an ATP inhibitory transition state complex
upon binding to ADP (see Results, section By{29). A
nonlinear regression analysis program (SigmaPlot2001) was
used to determine the Hill coefficients, seen as the final 200
column in Table 1. Mg, C&", Co*t, Hg?", Mn?", SP*,
and VG showed a Hill coefficient of 1, while for Cd, 1
Ni?*, and Zi#* nranged from 2.9 (Ni*) to 5.5 (Zrt"). The 0
sigmoidal curves for Z#f, C?*, and NF™ may signify Mg Mn®  Ca*  Co  zn™ Cu NP Hg®  cd”
cooperative behavior; however, they may also suggestpgure 4: A: Maximal velocity for the divalent metals. The
additional binding sites on either poly(C) or rho. Thus, we velocities displayed are at either th¥fay or Vpeaxas derived from
view the Hill constants for these metals with caution and ﬂ:‘etir: :%tii\\//glté%r: (r:r:jé;/;ésfiitce?jpg?en?hoef ﬂggﬂ%ﬁ( BiolrE(/ﬁCi?[flle
have not associated a specific process to them. 0 - Listed M peal M

The 12 divalent metals were classified by their maximal \éﬂﬂe:xj leaégj.gensgtr'ggddg;?ﬁilﬁeﬁ Ve values for VT,
rates ¥maxOr Vpea (Figure 4A) and their efficiencie®/fad ’ '
Km or VpealKn) (Figure 4B) for ATP hydrolysis (Table 2).  shown that divalent metal ions other than ¥gan catalyze
Using either of these two classification systems,?Mand rho poly(C)-dependent ATP hydrolysis. We then asked
Mn?* were found the best activators in the poly(C)-dependent whetherl inhibition was metal specific and focused on ¥Mn
ATPase assay. It was significant thatCavhich was aweak  and Zri#* (Figure 5). Both metals showed peak velocities in
activator based on itgn.x alone, was the third most efficient  their ATP hydrolysis rates (Figure 2). Accordingly, the metal
metal VmaKw) for ATP hydrolysis. concentrations employed (Mh 200 uM; Zn?*, 100 uM)

Bicyclomycin (1) is the only known natural product that were below the amount found to give maximal hydrolysis
selectively inhibits rho. We have demonstrated tHat rates. The effect ofl in the rho poly(C)-dependent ATP
interferes with RNA binding at the secondary site in rB6)( activity assay was determined at five inhibitor concentrations
and disrupts the nonessential Mgactivation process (25, 50, 100, 200, 40@M) and compared with the Mdg-
required for maximal ATP hydrolysid (). Our studies have  activated (200uM) rho sample. We observed simildg

12 A

10

8 4

Vmax or Vpeak (u mol/min/mg)

ViKy (10° min'y




1656 Biochemistry, Vol. 42, No. 6, 2003

Table 2: Effect of Metals on Rho Activity
Mg?*-free

% activity % efficiency 10 mM
metal (Vimax O Vpeay) (Vmax/Kwm Or VpealKwm) MgCl,
Mg?* 100 (e) 100 (e) n.d.
Be?t 2 (i) n.d. i
cat 25 (w) 74 (9) n
CPt 39 (m) 20 (w) n
Co*t 62 (g) 61 (g) n
Ccuwt 13 (p) 39 (m) i
Hg?* 6 (p) 29 (w) i
Mn?2*t 97 (e) 89 (e) n.d
Niz*+ 39 (m) 29 (w) n
Set 1(n) n.d. n
VO?Z+ 6 (p) n.d. n
Zn?t 81 (g) 51 (m) i

ae= excellent activator; g= good activator; n= moderate activator;
w = weak activator; p= poor activator; n—= nonactivating metal,
i = inhibitor; n.d.= not determined.
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Ficure 5: Bicyclomycin inhibition of divalent metal-mediated rho

Weber et al.

with rho, ATP, ADP, and poly(C). Included in this list was
Sr?*, a metal previously identified as either a nonactivator
or an inhibitor. The lack of inhibition by 3t in the presence
of MgCl; indicated that this metal did not inactivate rho under
these conditions, and thus is a nonactivator.

Four divalent metal ions (B&, Cuw", Hg?", Zn?t)
inhibited rho poly(C)-dependent ATP hydrolysis in the
presence of MgGI(10 mM) (Supporting Information, Figure
2). The extent and pattern of inhibition was metal dependent.
CW?* caused a modest loss of activity30%), while larger
decreases in activities were noted forrHgnd Zrf*. At 4000
uM Hg?" and Zri#t, rho inhibition was~50%. Nonhyperbolic
inactivation curves were observed forCuHg?", and Z#™,
suggesting that rho inhibition proceeded, in part, by a
nonselective process and Za@hibition was found to be
dependent on the Mggkoncentration. The estimatdeh
values for ZnCl were 190, 190, and 40QM in the presence
of 0, 1, and 10 mM MgGCl respectively (Supporting
Information, Figure 3). Furthermore, thg value for ZnC}
increased only slightly when the poly(C) concentration was
increased 10-fold (Supporting Information, Figure 4). These
findings indicated that the 2h inhibition process was
partially prevented by excess Ffgand that ZA" inhibition
did not occur by RNA complexation. Of the 10 metals tested
with 10 mM MgCh, only BeC} showed a clear inhibition
curve with anlso value of 63uM (Supporting Information,
Figure 2). At 100uM BeCl, we observed almost complete
loss of activity. Why Bé&"? Previous studies have shown
that BeX, (X = F, Cl; y = 2, 3) can bind with ADP to
generate an ATP transition state complex that resembles ATP
and inhibits ATP-dependent process2#<29). We suspect

poly(C)-dependent ATP hydrolysis. The reactions were conducted that a similar process occurred in our experiments when the

using a solution (10@L) containing ATPase buffer, rho (100 nM
(monomer)), poly(C) (100 nM), ATP (208M), and either total
MgCl; (200 uM) (), total MnCkL (200 uM) (gray squares), or
total ZnC}L (100uM) (A) and bicyclomycin as indicated at 32.
The average of two determinations are plotted. The obsevygd
([1] = 0 uM) at the given metal concentrations were 12.2, 11.7,
and 8.3umol min~1 mg! for Mg?*, Mn2*, and Zi#+, respectively.

values forl (50—60 «M) in all three metals. These results
indicated that the inhibitory activity fol in the poly(C)-

newly generated ADP bound with BeGh solution.

DISCUSSION

We have investigated the metal dependency for rho
activation. Lowery and Richardson also reported thetVig
Ca*, Cdt, Co’t, Cuw?t, Mn?t, and Z#* dependency for
rho activation in the poly(C)-dependent ATPase asiay. (
They classified these metals into three groups:?Mand

dependent ATPase assay was not affected by the decreas®in®" were termed rho ATPase activators,2GaCo?", and

of the Mg@?" concentration from the standard condition of
12 mM (31) to 200uM and that thds, for 1 did not change
when either MA" or Zr*™ was employed as the activating
metal.

B. Divalent Metal Actiation of Rho in the Presence of
MgCl,. To provide additional information concerning the

Cw?* were classified as slight inhibitors, andTand Zr#*

were found to be potent inhibitors. We first removed over
85% of the rho-bound MY by treatment with EDTA
followed by size-exclusion chromatographyl). No DTT

was added to the incubation and assay buffers because DTT
is known to bind metals32, 33). The metals tested in the

roles of divalent metals in rho activation, we repeated the Lowery and Richardson study were used, and their list was

poly(C)-dependent assays in the presence of 10 mM MgCl expanded to include Be Hg*", Ni**, SP*, and VG*. Many
and varying concentrations (10, 20, 40, 80, 125, 160, 250, of the tested divalent metals were found to activate rho, but

320, 500, 64uM) of the divalent metals. We chose Be
Cc&*, Cdt, Co*t, Hg?', Ni2f, Sk, vO?*, and Zrit* and
excluded MA" from this study since MnGlprecipitated the
poly(C)-rho complex.

Ni?*, C&", Cd*", Cc?*", VO?*', and St had negligible
effects on ATP hydrolysis rate in the presence of MgCl
(Supporting Information, Figure 1). This finding indicated
that at 10 mM MgCJ, Mg?" can effectively compete with

the rate of rho activation was dependent upon the metal and
its concentration.

Our classification for divalent metals was different than
that reported by Lowery and RichardsofQ). Table 2
summarizes the effect of the 11 divalent metals in the rho
poly(C)-dependent ATP assay on the observed velogjy(
Vpea @nd efficiency Yma/Ku, VpealKn) in the absence and
the presence of 10 mM MgglOn the basis of the observed

these metals for the essential sites in rho necessary for ATPvelocity Vmax Vpead, Mg? and Mr?™ were the most effec-
hydrolysis and that these metals do not adversely interacttive, followed by Zi#* and Cé* (good activators), Ni- and
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Cd* (moderate activators), €a(a weak activator), and
Cwt, Hg?", and VG (poor activators). On the basis of
efficiency (VmadKm, VpealKn), Mg?™ and Mr#+ again were
the most effective metals, followed by €aand Cé" (good
activators) and Cii (moderate activator). The rank order

for the good, moderate, and weak activators differed between
the two classification systems. In particular, we observed
that when the metals were ranked in terms of efficiency rather

than velocity, C&", Ci?", and Hg" were classified as better
activators, and Cd, Ni?*, and Zi#* were ranked as poorer
activators. Of these rank order changes?'Geas the most

dramatic, being classified as the third most efficient divalent
metal in this assay although its velocity was only 25% that

of Mg?*. The change in classification is due, in part, to the
apparenKy value for CaATP?~ (Kwapp) = 7.3 4M). This
value was nearly three times lower than the -KgP?~
(Kmeapp) = 21.2uM), indicating that rho has a higher affinity
for CaATP?™ than for MgATP?".

We have found C# and Zr#" to be significant rho
activators at low metal concentrations, while Lowery and

Richardson reported that these divalent metals to be potent OH

inhibitors. Why? The divalent metal concentration is part of
the answer. We used metal concentrations that spannéd 0
mM, while in the Lowery and Richardson investigation the
metal concentration was 1 mM. This difference explains, in
part, the result why ZnGlwas previously termed an
inactivator. We, too, found 1 mM Zn¢glo be an inactivator.
However, we observed that Zn®Vas a significant activator
at concentrations below 12aM. The effect of metal
concentration on rho activity did not explain why we
observed 1 mM CdGlto be an activator and Lowery and
Richardson classified it as a potent inhibitor. The different
findings have been traced to the DL-DTT present in the
buffer solutions employed in the Lowry and Richardson
study. We will report in a future paper our findings about
the potent rho inhibitory activities of met&ITT and metal
thiol chelates.

The effect of bicyclomycin was independent of the nature
of the metal. Replacement of MgGR00 mM) in the poly-
(C)-dependent assay by either MaQir ZnChL had no
appreciable effect on the inhibitory activity af(Figure 5).
We have reported that bicyclomycin disrupted RNA binding
to the secondary site in rhd8@) and interfered with the
nonessential Mg activation pathway for rho ATP hydrolysis
(11). The near equivalerit Iso values for Mg*-, Mn?*-, and
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FIGURE6: A: MgATP binding site in FATP synthase. Octahedral
coordination of Mg" in Fi-ATP synthase40). B: MgATP binding
site in rho. Projected octahedral coordination of2¥fpr rho based
on F-ATP synthase.

aided bypGlu181. Sequence comparison of all these residues
to E. coli rho showed that they are conserved (Figure 6B)
and are properly positioned in our model to bind to ATP
(Mg-ATP?"). Our study showed that rho activity was not
specific for the octahedral metal Kigand that the other six
coordinate metals, such as frand C&", can catalyze ATP
hydrolysis. Moreover, we found that the efficiencymf/

Kwm Or VpeadKn) of Mn?t was 89% that of Mg~ and C&"
was 74% of M@+ (Table 2), suggesting that these divalent
metal ions can effectively bind to the rho ATP hydrolysis
pocket. Interestingly, we found that rho can be activated by

Zr?*-initiated processes demonstrated that the antibiotic metals that often prefer coordination spheres less than six

inhibition pathway was metal independent.

(42). The five-coordinate (trigonal bipyramidal, square

Recent studies have drawn attention to the close structuralpyramidal) metals Co, Ni?*, and V&' activated rho. The

similarly of rho with thes-subunit in R-ATP synthase34—
38). Studies by Walker39) and Senior 40) have demon-
strated that Mg" ligation at the MgATP?~ binding site in
the S-subunit of R-ATP synthase proceeds by direct
coordination tofThrl56 and through bridging water mol-
ecules by hydrogen bonds £651u185 ang3Asp242 (Figure

rates Vmax Vpeay for these three metals were-61% of Mg?*

at 4000uM, and Cé* was found to be 61% as efficient
(VmadKw) as Mg+ (Table 2). Similarly, the four coordinating
cations ZiA* and Cd" were among the most effective metals
in the poly(C)-dependent assay. At 1281 Zn?*, the rate
of ATP hydrolysis was 81% of that observed for g

6A). The remaining positions in the octahedron around the making this divalent metal 51% as efficient as ¥M¢Table

Mg?" ion in F-ATP synthase are occupied by the ABP

2). Our finding that metals, which are generally tetra- and

and y-phosphate oxygens. Senior and co-workers have penta-ligated, were effective activators in the poly(C)-

further proposed that M@ TP?~ hydrolysis proceeds by an
in-line nucleophilic mechanism where the aligned water,
which displaces the-phosphate in MEATP (40, 41), is

dependent ATP assay suggested that conservation of the
putative MgATP?~ coordination sphere in rho need not
remain fully intact for ATP hydrolysis.
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CONCLUSIONS

Mg?* is essential for rho-dependent functions and without 17.

it ATP hydrolysis does not occur and rho-dependent tran-

scription termination ceases. We learned that many divalent 18:

metals support ATP hydrolysis in the rho poly(C)-dependent
ATPase assay, suggesting that flexibility exists in the
coordination sphere in rho for metal binding and catalysis.
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