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ABSTRACT: Rho is an enzyme that is essential for the growth and survival ofEscherichia coli, and
bicyclomycin (1) is its only known selective inhibitor. We show that metal (Cd2+, Ni2+, and Zn2+)
complexes of 1,4-dithio-2,3-dihydroxybutanes (2) serve as effective and potent rho inhibitors withI50

values that can exceed that of1. Maximal inhibition for ZnCl2 andL-dithiothreitol (2a) corresponded to
Zn2:L-DTT stoichiometry. TheI50 value for the 2:1 Zn-L-DTT solution was 20µM, which made it 3
times more potent than1 (I50 ) 60 µM). Kinetic studies showed that a Zn-L-DTT solution functioned as
a noncompetitive inhibitor with respect to ATP in the rho poly(C)-dependent ATPase assay and as a
competitive inhibitor with respect to ribo(C)10 in the poly(dC)‚ribo(C)10-stimulated ATPase assay. These
findings demonstrated that both1 and a Zn-L-DTT solution disrupted rho-mediated ATP hydrolysis but
that they inhibit using different mechanisms. Substitution ofL-DTT with 1,2-ethanedithiol in ZnCl2 solutions
led to a comparable loss of rho poly(C)-dependent ATPase activity, indicating that other metal chelates
can serve as efficient inhibitors. The site and pathway of rho inhibition by the putative metal-1,4-dithio-
2,3-dihydroxybutane chelates are discussed in light of the current data.

Rho-dependent transcription termination is a regulatory
process that controls the expression of genes in most
prokaryotes (1). In Escherichia coli, select termination events
require the presence of rho (2), and the disruption of rho
function leads to the loss of cellular viability.

Rho is a hexamer of 47 kDa identical subunits arranged
in a toroidal shape (2) with eitherC6/C3 symmetry (3) or
C6 symmetry in the absence of ATP (4). Mechanistic
investigations support a “tethered-tracking” pathway for rho
function (2) in which rho binds to specific RNA sequences
and then translocates (5′ f 3′) along the nascent RNA, using
binding sites located within the central hole in a process
fueled by Mg2+-mediated ATP hydrolysis (5). Transcript
termination results when rho encounters the stalled RNA
polymerase.

Rho is unique to most prokaroytic bacteria and thus is an
attractive macromolecular target for drug intervention. The
only reported selective inhibitor of rho is the natural product
and commercial agent bicyclomycin (1) (6). We have
demonstrated that1 both interferes with rho RNA tracking
and disrupts ATP hydrolysis (7, 8). In 1964, Cleland showed
that dithiothreitol (DTT,1 2a) and its isomer dithioerythreitol
(DTE, 2b) quantitatively converted disulfides to their cor-
responding thiols (9). These 1,4-dithio-2,3-dihydroxybutanes

(DTX, 2) have become the reagents of choice for protecting
sulfhydryl groups in enzymes. Here, we report that select
metal-DTX species inhibit rho by a unique pathway and
that these agents can surpass1 in potency.

MATERIALS AND METHODS

Materials. Bicyclomycin was provided as a gift from
Fujisawa Pharmaceutical Co., Ltd. (Osaka, Japan), and was
purified by three successive silica gel chromatographies using
a 20% methanol/chloroform solution as the eluant. [γ-32P]-
ATP (6000 Ci/mmol) was purchased from Perkin-Elmer
(Boston, MA); Bio-Spin 6 columns were from Bio-Rad
(Hercules, CA), and PEI-TLC plates used for ATPase assays
were obtained from J. T. Baker, Inc. (Phillipsburg, NJ). Poly-
(C) was from Sigma (St. Louis, MO) and was dissolved in
100 µL of TE buffer and dialyzed against aqueous 1.0 M
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potassium phosphate (pH 7.0, 8 h, twice, 4°C) using Slide-
A-Lyzer cassettes from Pierce (Rockford, IL). All other
chemicals were reagent grade.

Bacterial Strains and Plasmids.Wild-type rho fromE.
coli was purified as described by Mott (10) from strain
AR120 containing plasmid p39-ASE (11). Rho purity was
determined by SDS-PAGE, and protein concentrations were
measured according to the Lowry assay (12).

Rho Poly(C)-Dependent ATPase Assay (13).The ribo-
nucleotide-stimulated ATPase activity of rho at 32°C was
assayed by the amount of32P-labeled inorganic phosphate
hydrolyzed from ATP after separation on PEI-TLC plates
(prerun with water and dried) using 0.75 M potassium
phosphate (pH 3.5) as the mobile phase. Reactions were
initiated by adding ATP (varying concentrations) and 0.5
µCi of [γ-32P]ATP to the solution containing 40 mM Tris-
HCl (pH 7.9), 50 mM KCl, 100 or 250 nM poly(C), 100 or
250 nM rho (monomer), and MgCl2 (1 or 10 mM). The TLC
plates were exposed to PhosphorImager plates (Fuji and
Molecular Dynamics) (3 h), scanned on a Storm 860 PC
PhosphorImager, and analyzed using ImageQuant version 5.0
from Molecular Dynamics. The initial rates of the reactions
were determined by plotting the amount of ATP hydrolyzed
against time. Each reaction was performed in duplicate, and
the results were averaged.

Inhibition of Rho Poly(C)-Dependent ATPase ActiVity by
Metal-D,L-DTT Chelates.ATPase assays were carried out
as described in the preceding section using a six-channel,
multiwell procedure (14). The reactions (100µL) were run
with 250 µM ATP in the presence of the metal-DL-DTT
(1:1) solution (0-500µM) and 1 mM MgCl2. Samples were
preincubated at 32°C for 2 min, and then ATP was added.
Five 1.4µL aliquots were spotted onto PEI-TLC plates after
15 s and then at selected times (10-300 s) thereafter. Plates
were analyzed as described previously. Each reaction was
performed in duplicate, and the results were averaged.

Inhibition of Rho Poly(C)-Dependent ATPase ActiVity by
the Zn-L-DTT Chelate. Stoichiometry of the Inhibitor.The
poly(C)-dependent ATPase assays were carried out as
described in the preceding section using an eight-channel,
multiwell procedure (14). The duplicated reactions (100µL)
were run with 250µM ATP and 10 mM MgCl2 in the
presence of 0, 2.5, 5, 10, 20, 40, 80, 160, and 320µM ZnCl2.
Each of the preceding experiments was then repeated in the
presence of 0, 2.5, 5, 10, 20, 40, 80, 160, and 320µM L-DTT,
resulting in a 9× 9 reaction matrix. Samples were prein-
cubated at 32°C for 2 min prior to ATP addition, and five
1.4 µL aliquots were spotted onto PEI-TLC plates every 15
s. The plates were treated as described previously. The data
were analyzed using SigmaPlot 2001 using the XYZ triplet
line plot function and plotted as a color-coded, three-
dimensional mesh and contour plot (Figure 2A). The
fractional inhibition (0.1, 0.2, ..., 0.9) in the contour plots
was determined from the inhibition curves. Concentration
combinations of Zn2+ andL-DTT that gave equal fractional
inhibition were plotted (Figure 2B).

Kinetics of Rho Poly(C)-Dependent ATPase ActiVity and
Inhibition by the Zn-L-DTT Solution (1:1).ATPase assays
were carried out as described in the preceding section using
a six-channel, multiwell procedure (14). The reactions (100
µL) were run with 2.5, 5, 10, 20, 40, 80, 160, 320, and 640
µM ATP in the presence of 10 mM MgCl2. Each series was

repeated in the presence of 10, 20, 40, 80, or 160µM Zn-
L-DTT solution (1:1). Samples were preincubated at 32°C
for 2 min prior to ATP addition, and five 1.4µL aliquots
were spotted onto PEI-TLC plates after 15 s and then at
selected times (10-300 s), depending upon the ATP
concentrations. Plates were analyzed as described previously.
Each reaction was performed in duplicate, and the results
were averaged.

Rho Poly(dC)‚Ribo(C)10-Dependent ATPase Assay (15).
The ribonucleotide-stimulated ATPase activity of rho at 32
°C was assayed by the amount of32P-labeled inorganic
phosphate hydrolyzed from ATP after separation on PEI-
TLC plates (prerun with water and dried) using 0.75 M
potassium phosphate (pH 3.5) as the mobile phase. Reactions
were initiated by adding 200µM ATP and 0.5µCi of [γ-32P]-
ATP to the solution containing 40 mM Tris-HCl (pH 7.9),
50 mM KCl, 200 nM poly(dC), 100 nM rho (monomer),
ribo(C)10 (various concentrations), and 10 mM MgCl2, and
five 1.4µL aliquots were spotted onto PEI-TLC plates every
15 s. Plates were analyzed as described previously. Each
reaction was performed in duplicate, and the results were
averaged.

Kinetics of Rho Poly(dC)‚Ribo(C)10-Stimulated ATPase
ActiVity and Inhibition by the Zn-L-DTT Solution (1:1).
ATPase assays were carried out as described in the preceding
section using a six-channel, multiwell procedure (14). The
reactions (30µL) were run with 0.75, 1.5, 3, 6, 12, 24, 48,
and 96 µM ribo(C)10. Each series was repeated in the
presence of 10, 20, 40, and 80µM Zn-L-DTT chelate.
Samples were preincubated at 32°C for 2 min prior to ATP
addition, and five 1.4µL aliquots were spotted onto PEI-
TLC plates after 15 s and then at selected times (10-300 s)
thereafter. Plates were analyzed as described previously. Each
reaction was performed in duplicate, and the results were
averaged.

Promiscuity Tests for the Zn-L-DTT Solution (1:1) and
Bicyclomycin.The rho poly(C)-dependent ATPase activity
measurements were conducted using a solution (100µL)
containing rho [100 nM (monomer)], poly(C) (100 nM), ATP
(200µM), MgCl2 (10 mM), and either Zn-L-DTT solution
(1:1) (0-800 µM) or 1 (0-400 µM) at 32 °C for a 2 min
preincubation. The average velocities of two determinations
are plotted. Each of the preceding experiments was then
repeated as follows: the preincubation times were varied,
the rho and poly(C) concentrations were increased to 1µM,
and the reaction mixture contained 0.1 mg/mL BSA. The
reactions were analyzed as described above.

Inhibition of Rho Poly(C)-Dependent ATPase ActiVity by
Zn Chelates.The poly(C)-dependent ATPase assays were
carried out as described in the preceding section using a six-
channel, multiwell procedure (14). The reactions (100µL)
were run with 200µM ATP in the presence of 0, 25, 50,
100, 200, and 400µM Zn solution (1:1) (Zn-2-mercaptoeth-
anol or Zn-1,2-ethanedithiol). Samples were preincubated
at 32°C for 2 min prior to ATP addition, and five 1.4µL
aliquots were spotted onto PEI-TLC plates every 15 s. Plates
were analyzed as described previously. Each reaction was
performed in duplicate, and the results were averaged.

RESULTS

CdCl2, MnCl2, NiCl2, and ZnCl2 in DL-DTT-free buffer
solutions all activated rho poly(C)-dependent ATP hydrolysis
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in the absence of MgCl2 (14). Surprisingly, after adding an
equimolar amount ofDL-DTT to solutions containing either
CdCl2, NiCl2, or ZnCl2 in the presence of MgCl2 (1 mM),
we saw a pronounced loss of rho activity (I50): 60 µM for
CdCl2, 160µM for NiCl2, and 55µM for ZnCl2 (Figure 1).2

However,DL-DTT (0.1-0.3 mM) alone or in combination
with either MnCl2 (Figure 1) or MgCl2 did not inactivate
the enzyme. Thus, we concluded that the DTT-mediated
inactivation process was metal specific.

We focused our studies on ZnCl2 with DTX and defined
the parameters that governed metal chelate inhibition of rho
poly(C)-dependent ATPase activity. Data were obtained after
preincubating (2 min at 32°C) the inhibitor, rho, and poly-
(C) in the buffer solution prior to adding ATP to initiate the
assay. First, we examined the effect of DTX stereochemistry
on rho poly(C)-dependent ATPase inhibition. The three
stereoisomers for DTX areD-DTT, L-DTT, and themeso
form, dithioerythritol (DTE).L-DTT, DL-DTT, and DTE are
commercially available. Slight differences in theI50 values
were observed for the 1:1 ZnCl2-DTX solutions (0-800
µM) as we varied the chelator (I50 values, 60µM for Zn-
DL-DTT, 50 µM for Zn-L-DTT, and 60µM for Zn-DTE;
data not shown) in the presence of 10 mM MgCl2. This
finding indicates that the inhibitor-protein interaction was
independent of the DTX configuration. Next, we determined
the ZnCl2:DTT stoichiometry for maximal inhibition. DTT
has been reported to give metal complexes with different
stoichiometries depending on the metal:DTT ratio and their
solution concentrations (17). We conducted a 9× 9 matrix
experiment in which both the ZnCl2 and theL-DTT concen-
trations ranged from 0 to 320µM (Figure 2A). The data
showed that maximal inhibition (decreased rho activity)
occurred when the ZnCl2:L-DTT ratio was 2:1 (Figure 2B,
red line) and that inhibitory activity diminished as the ZnCl2:
L-DTT ratio approached 1:2 (Figure 2B, blue and green
lines). TheI50 value for the 2:1 Zn-L-DTT solution was 20
µM, which was 3 times more potent than1 (I50 ) 60 µM)
(6, 18).

We then investigated the mechanism of Zn-L-DTT (1:1)
inhibition of rho ATP hydrolysis with respect to both ATP

and ribo(C)10. Figure 3A shows the double-reciprocal plot
of 1/V versus 1/[ATP] at various Zn-L-DTT (1:1) concen-
trations in the poly(C)-dependent ATP hydrolysis assay (10
mM MgCl2). The graph indicates that the Zn-L-DTT (1:1)
solution inhibited the conversion of ATP to ADP and Pi by
a noncompetitive pathway, with respect to ATP. When the
intercepts and slopes of the double-reciprocal graphs were
plotted against the Zn-L-DTT (1:1) concentrations, we
obtained straight lines (Figure 3A, inset), suggesting that the
inhibitor bound at a unique, noninteracting site with aKi of
60 µM. A similar kinetic finding has been reported for1 (Ki

) 20 µM) (18). Figure 3B depicts the inhibition kinetics for
Zn-L-DTT (1:1) solutions in the poly(dC)‚ribo(C)10-
stimulated ATPase assay (10 mM MgCl2). We found that
the Zn-L-DTT (1:1) solution was a competitive inhibitor
with respect to ribo(C)10. This finding differed from1, which
showed a mixed inhibition pattern (7). TheKM for ribo(C)10

was measured as 4µM in the absence of inhibitor and
increased to 20µM at 80 µM Zn-L-DTT chelate. For the
Zn-L-DTT (1:1) solution, we observed aKi of 28 µM
(Figure 3B, inset). Thus,1 and Zn-L-DTT solution (1:1)
both disrupted rho-mediated ATP hydrolysis, but they
functioned by different pathways.

With the use of high-throughput and virtual screening
techniques, the number of new lead compounds for drug
development has dramatically increased. The validity of some
of these new leads has been questioned (19), and attention
is now focused on determining the inhibition pathway for
these compounds and whether the inhibitors exhibit enzyme
specificity. Compounds that exhibit nonspecific interaction
have been defined as “promiscuous inhibitors”. We tested
the inhibitor specificity of Zn-L-DTT complexes. TheI50

(30 µM) value for Zn-L-DTT (1:1) solutions was not
affected appreciably either by adding BSA (0.1 mg/mL) (I50

) 40 µM) or by a 10-fold increase in rho concentration (I50

) 60 µM) (Figure 4) (19). Next, we examined the time
dependency for chelate inhibition since a well-behaved,
reversible inhibitor is typically not affected by incubation
time (19). Maximal inhibition was observed for the Zn-L-
DTT chelate after preincubation of the reaction mixture,
without ATP, for 2 min. Without preincubation, no loss of
rho activity was observed (Figures 4 and 5). When we tested
1 in a similar way, we found that itsI50 value (50µM) was
not significantly affected when BSA (0.1 mg/mL) was
included, when the rho concentration was increased (10-fold),
or when the inhibitor preincubation time was reduced to zero
(Figure 6). We then asked whether Zn-L-DTT (1:1) solutions
inhibitedE. coli RecA poly(dT)-dependent ATPase activity
(20, 21). Recent electron micrograph studies of rho and RecA
show that the cores of these proteins are structurally similar
(22 and references therein). ZnCl2 (125 µM) led to modest
reductions (0-30%) in the ATP hydrolysis rate for the poly-
(dT) concentrations (0-25 µM) that were tested (data not
shown). Addition of an equimolar amount ofL-DTT to the
ZnCl2 solution did not cause further reductions in the rate,
indicating that Zn-L-DTT complexes did not inhibit RecA
poly(dT)-dependent ATP hydrolysis. Similarly, no loss of
RecA ATPase activity was observed when1 (0-400 µM)
was included in the reaction solution. These collective
findings indicate that both the Zn-L-DTT complex and1
were selective, nonpromiscuous inhibitors and that binding
of the Zn-L-DTT solution (1:1) to rho was slow or the

2 An earlier study reported that CdCl2 and ZnCl2 rho solutions
maintained in buffer solutions containingDL-DTT inhibited rho and
that the inhibitory species was the divalent metal; see ref16.

FIGURE 1: Metal-DL-DTT (1:1) inhibition of rho poly(C)-depend-
ent ATPase activity. The reactions were conducted using a 100µL
solution containing ATPase buffer, rho [250 nM (monomer)], poly-
(C) (250 nM), ATP (200µM), MgCl2 (1 mM), and the metal-DL-
DTT solution (1:1) (0-500 µM) at 32 °C. The average velocities
of two determinations are plotted: Zn-DL-DTT (diamonds), Cd-
DL-DTT (squares), Ni-DL-DTT (triangles), and Mn-DL-DTT (times
signs).
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chelating species underwent structural reorganization prior
to binding.

We have made several attempts to determine if the Zn-
L-DTT solution (1:1) inhibited bacterial growth. Using
W3350E. coli and either a filter disk (23) or a liquid culture
(24) assay, we observed the apparent precipitation of the
inhibitor with no loss of bacterial growth when the Zn-L-
DTT solution (1:1) was added to the medium.

Next, we asked whether ZnCl2 solutions containing either
1,2-ethanedithiol or 2-mercaptoethanol inhibited rho poly-
(C)-dependent ATPase activity and compared the results to
those with L-DTT. The I50 value for ZnCl2 solutions
containing equimolar amounts of eitherL-DTT, 1,2-
ethanedithiol, or 2-mercaptoethanol in the presence of 10
mM MgCl2 was 45, 50, or 175µM, respectively (Figure 7).

Thus, we tentatively concluded that Zn-dithiol chelates were
more effective than Zn-mercaptoalkanol adducts in inhibit-
ing rho.

DISCUSSION

The transcription termination factor rho is an essential
protein necessary for Gram-negative bacterial growth (1).

FIGURE 2: (A) Zn-L-DTT inhibition of rho poly(C)-dependent
ATPase activity as a function of ZnCl2 andL-DTT concentration.
The reactions were conducted using a 100µL solution containing
ATPase buffer, rho [200 nM (monomer)], poly(C) (200 nM), ATP
(200 µM), MgCl2 (10 mM), and combinations of ZnCl2 (0-320
µM) and L-DTT (0-320 µM) at 32 °C. The average normalized
velocities (z-axis) of two determinations are plotted as a function
of total ZnCl2 (y-axis) and totalL-DTT concentration (x-axis). (B)
Zn-L-DTT inhibition isobals. The isobals (20, 40, ..., 100%) give
the degree of enzyme activity. The green, blue, and red lines cor-
respond to 1:2, 1:1, and 2:1 ZnCl2-L-DTT solutions, respectively.

FIGURE 3: (A) Zn-L-DTT inhibition of rho in the poly(C)-
dependent ATPase assay. The double-reciprocal plot of rho poly-
(C)-dependent ATPase activity vs ATP concentrations for varying
concentrations of the Zn-L-DTT solution (1:1). Values are the
averages of duplicate reactions. The inset shows a plot of the slopes
(diamonds) and intercepts (squares) vs Zn-L-DTT concentration.
(B) Zn-L-DTT inhibition of rho in the poly(dC)‚ribo(C)10-
dependent ATPase assay. The double-reciprocal plot of the poly-
(dC)‚ribo(C)10-dependent ATPase activity of rho with varying
concentrations of the Zn-L-DTT solution (1:1). Values are the
averages of duplicate reactions. The inset shows a plot of the slopes
(diamonds) and intercepts (squares) vs Zn-L-DTT concentration.

FIGURE 4: Promiscuity test for the Zn-L-DTT chelate. The
reactions were conducted using a 100µL solution containing rho
[100 nM (monomer)], poly(C) (100 nM), ATP (200µM), MgCl2
(10 mM), and Zn-L-DTT (0-800 µM) at 32 °C. The average
velocities of two determinations are plotted for the control
(diamonds), no preincubation (squares), a 10-fold concentration of
rho, poly(C), and ATP (triangles), and the standard condition with
0.1 mg/mL BSA (times signs).
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Despite the rho protein’s central importance in the cell
biology of these organisms, the only reported selective
inhibitor for this enzyme is the natural product, bicyclomycin
(1) (6). In this study, we document that select metal chelates

inhibit rho function by a unique pathway and that the
inhibitory activities of these chelates can exceed that of1.

Equimolar DL-DTT solutions containing either ZnCl2,
CdCl2, or NiCl2 inhibited rho poly(C)-dependent ATP
hydrolysis in the presence of MgCl2. Significantly, these
metals stimulated rho ATPase activity in the absence of
MgCl2 and DL-DTT (14). By comparison,DL-DTT (0.1-
0.3 mM) by itself or in combination with either MgCl2 (data
not shown) or MnCl2 (Figure 1) did not inactivate the
enzyme. We observed rho inhibition only when the metal
and chelator were both present.

We examined the ZnCl2-L-DTT inhibition and first
focused on the structure of the inhibitory complex. The rho
poly(C)-dependent inhibitory activities of equimolar solutions
of ZnCl2 and eitherL-DTT (I50 ) 45 µM) or ethanedithiol
(I50 ) 50µM) were comparable and were significantly higher
than that of an equimolar solution of ZnCl2 and 2-mercap-
toethanol (I50 ) 175 µM), suggesting that binding of metal
to DTT preferentially occurred through sulfur rather than
oxygen (Figure 7). We found slight differences in the extent
of rho inhibition for the Zn chelates of DTT (2a) and DTE
(2b) (data not shown), documenting that the stereochemical
disposition of the hydroxy groups did not affect rho inhibi-
tion. The stoichiometry for maximal rho poly(C)-dependent
ATPase inhibition corresponded to the Zn2-L-DTT chelate
(Figure 2). This stoichiometry differed from those of the
previously identified Zn-DL-DTT, Zn-(DL-DTT)2, and Zn3-
(DL-DTT)4 complexes (17). Thus, we suspect that the
structure of the Zn-DL-DTT rho inhibitory species is affected
by protein binding. Indeed, we observed that chelate inhibi-
tion required a 2 min preincubation period at 32°C (Figure
5). Although slow binding inhibitory processes may proceed
through changes in protein conformation, the preincubation
of 2 min was sufficient to obtain kinetic data that followed
a linear response when plotting the slope and intercepts from
the double-reciprocal plots (Figure 3A). Moreover, after the
2 min preincubation we did not observe further slowing of
the velocity curves, suggesting that steady state rates were
being reached within 2 min. We expect that additional details
of the inactivation process can be obtained from further study
of the time course for inhibition.

The mechanism of Zn-L-DTT inhibition of rho was
investigated. The Zn-L-DTT solution (1:1) exhibited non-
competitive kinetics with respect to ATP in the poly(C)-
dependent ATPase assay (Figure 3A) and fully competitive
kinetics with respect to ribo(C)10 in the poly(dC)‚ribo(C)10

ATPase assay (Figure 3B). These results indicated that the
site of Zn-L-DTT inhibition is close to or at the rho
secondary RNA binding site (5, 25). The kinetic patterns
for the Zn-L-DTT complex differentiated this inhibitor from
1 where reversible, noncompetitive inhibition was observed
with respect to ATP in the poly(C)-dependent ATPase assay
(18), but mixed inhibition was observed with respect to ribo-
(C)10 in the poly(dC)‚ribo(C)10 ATPase assay (7). Thus, while
the two inhibitors disrupt ATP hydrolysis, they function by
different pathways.

Significantly, the stoichiometry of the inhibitory species
alone does not reveal the structure of the complex. Nonethe-
less, an important inference from our stoichiometric inhibi-
tion studies is that the Zn2+ likely interacts directly with the
protein (26) since Zn:DTT ratios of 1:1 or higher are required
for rho inhibition. These stoichiometries increase the likeli-

FIGURE 5: Effect of preincubation time on Zn-L-DTT inhibition.
The reactions were conducted using a 100µL solution containing
rho [100 nM (monomer)], poly(C) (100 nM), ATP (200µM), MgCl2
(10 mM), and the Zn-L-DTT complex (0-400µM) at 32°C. The
average velocities of two determinations are plotted for no
preincubation (diamonds), preincubation for 15 s (squares), prein-
cubation for 30 s (triangles), preincubation for 1 min (blue times
signs), preincubation for 2 min (red times signs), and preincubation
for 5 min (circles).

FIGURE 6: Promiscuity test for bicyclomycin. The reactions were
conducted using a 100µL solution containing rho [100 nM
(monomer)], poly(C) (100 nM), ATP (200µM), MgCl2 (10 mM),
and 1 (0-400 µM) at 32 °C. The average velocities of two
determinations are plotted for the control (diamonds), no preincu-
bation (squares), a 10-fold concentration of rho, poly(C), and ATP
(triangles), and the standard condition with 0.1 mg/mL BSA (times
signs).

FIGURE 7: Structure-activity relationship for a series of Zn2+

chelator solutions (1:1). The reactions were conducted using a 100
µL solution containing rho [100 nM (monomer)], poly(C) (100 nM),
ATP (200µM), MgCl2 (10 mM), and the Zn chelate (0-400µM)
at 32°C. The average velocities of two determinations are plotted
for Zn-2-mercaptoethanol (diamonds), Zn-1,2-ethanedithiol (times
signs), and Zn-L-DTT (circles).

Novel Rho Inhibitors Biochemistry, Vol. 42, No. 30, 20039125



hood that metal coordination sites are formally accessible
for binding to rho and permit us to speculate about the Zn2-
L-DTT binding site in rho. Inspection of the rho model
showed that histidines line the rho RNA tracking site (5).
Specific complexation of the Zn2-L-DTT chelate at one of
these sites is consistent with the full competitive inhibition
kinetics for Zn-L-DTT solutions obtained with respect to
ribo(C)10 in the poly(dC)‚ribo(C)10 ATPase assay (Figure
3B).

CONCLUSIONS

Our studies have documented the potent inhibitory activity
of Cd2+-, Ni2+-, and Zn2+-DTT chelates and provide the
basis for a new class of site specific rho inhibitors. While
we have focused on chelates that consist of Zn2+ and thiols,
we predict that the different coordination properties of metals
and the manifold structural properties of sulfur, oxygen, and
nitrogen ligands (27) will lead to the discovery of a diverse
library of rho inhibitors. Experiments are underway to
determine the site of inhibition and the enzyme specificity
of these novel inhibitors.
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