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The nature of the equatorial ligands spanning the dirhodium core was shown to affect the ability and mechanism
of various lantern-type complexes to inhibit transcription in vitro. The inhibition of transcription by Rhy(u-O,CCF3)s,
Rh,(u-HNCOCF;)4, and [Rhy(u-O,CCH3)o(CH;CN)g]** appears to proceed predominantly via binding of the complexes
to T7-RNA polymerase (T7-RNAP) and is dependent on the concentration of enzyme and Mg?* ions in solution.
The concentrations of the aforementioned complexes required to inhibit 50% of the transcription, Ciyx>°, are similar
to that measured for activated cisplatin, whereas a significantly higher concentration of Rhy(u-HNCOCHS3), is required
to effect similar inhibition; the inhibition induced by Rh,(«-HNCOCHS3), does not involve binding to T7-RNAP. The
spectral changes observed for each complex upon addition of enzyme are consistent with Rhy(-O,CCF3)s, Rh,-
(u-HNCOCF3)4, and [Rhy(u-0,CCH3),(CH3CN)s]** binding to the enzyme and may involve partial displacement of
the equatorial (eq) groups by the Lewis basic sites of T7-RNAP. In contrast, addition of enzyme to solutions of
Rhy(-HNCOCH;), does not result in significant spectral changes, a finding consistent with lack of enzyme dependence
in the transcription inhibition. These differences in reactivity and transcription inhibition mechanism among complexes
with different bridging ligands are explained by variations of the Lewis acidity of the axial (ax) sites in the series
of complexes Rhy(u-O,CCF3)a, Rhy(u-HNCOCF3)s, and Rhy(u-HNCOCHS3),. The Lewis acidity of the ax sites is
expected to affect the initial interaction of the complexes with the biomolecules, followed by their rearrangement to
eq positions if the bridging ligands are labile.

Introduction ics 29 daunorubicin®**and cisplatin?*among other* 2
. ) o . Most of these drugs inhibit the transcription process through
Disruption of transcription and related processes IS rec- yhqir interaction with the template DNA, binding to the
ognized as a principal mode of action of potent antitumor promoter sequence or to other sequences in the template,
and antiviral agents currently in use or undergoing clinical and DNA modification or damage’® In some cases
trials* including actinomycin B, anthracycline antibiot-  ,\yever, the suppression of transcription arises from drug
binding to the active site of RNA polymerase or by blocking
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Figure 1. Schematic diagram of the dirhodium complexes.

the DNA/RNA channéf+?5or targeting transcription factof®.
Although many of these drugs are effective, a current concern
is drug-induced resistance and the efficacy of each drug
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1, were found to significantly increase the survival rate of
mice bearing Ehrlich ascité8;moreover, the LD50 value
of Rhpy(u-HNCOCHR;)4 bothin vitro (U937 and K562 human
leukemia cells and Ehrlich ascitic tumors) aindvivo was
reported to be of the same order of magnitude as that of
cisplatin3® Although the mechanism of action of the dirhod-
ium complexes and their mode of binding to double-stranded
DNA (dsDNA) remain unknown, it has been established
that the complexes inhibit DNA replication in vitfd.In
addition, we recently reported that it requires a lower
concentration of Rifu-O,CCHs)s and [Rh(u-O.CCH;),-
(phen))?" (phen= 1,10-phenanthroline) than cisplatin to
inhibit 50% of the transcription by T7-RNA polymerase
under similar experimental conditions in vittlt appears,
however, that the dirhodium(ll,Il) complexes achieve inhibi-
tion through binding to the enzyni&whereas cisplatin is
well known to covalently bind to ds-DNA by forming
primarily 1,2-d(GpG) intrastrand cross-links, which result
in the hijacking of various proteins to the platinated sites,
thus disrupting their normal function and the transcription
process? ! In particular, it is thought that the binding of

against certain cancers but not others, which demands the¢he HMG-domain proteins to the major cisplatin 1,2-

search for new compounds as potential future dfigs.
Dirhodium(ll) tetracarboxylate complexes, RirO.-
CR), (R = Me, Et, Pr, Bu; Figure 1), exhibit carcino-
static activity against Ehrlich ascites and leukemia L1210
tumors33 More recently, these and related compounds have
also been shown to be potent antibacterial and antitumor
agents* The fluorinated complexes Rx-O,CCF), and
Rhy(u-HNCOCHR;)4, whose structures are shown in Figure
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intrastrand cross-links enhances cisplatin cytotoxicity by
blocking the repair of these lesiof’sThe properties of the
various dirhodium(ll,Il) complexes reported to date, includ-
ing their binding to nucleobasé$,*® dinucleotides® and
DNA dodecamer single strands,make them valuable

candidates as potential antitumor drugs. Herein, we have

undertaken the evaluation of the ability of various dirhodium-
(11,11) complexes to inhibit transcriptiom wvitro.
The bacteriophage T7-RNA polymerase (T7-RNAP) sys-

tem was chosen for this study because its transcription

reaction is one of the simplest in natdfé?The polymerases

in other organisms, such as bacteria, archaea, and eukaryotes,

are multisubunit and transcription often requires transcription
factors working in conjunction with the polymera$e>° The
single-subunit T7-RNAP enzyme is capable of initiation,

elongation, and termination, and its mechanism and kinetics
have been investigated extensively and are well under-

stood> 53 Despite these differences, the similarity of the
active site of T7-RNAP to that of all other polymerases
renders it an ideal model systef>®

The studies of the mechanism of transcription by T7-
RNAP and the structures of various key intermediates
provide a detailed picture of the enzyme’s actiér?® A
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Figure 2. Schematic representation of (a) the transcription process and
(b) the active site of T7-RNAP showing binding of Ffgions.

schematic representation of the overall T7-RNAP transcrip-
tion process, which starts with binding of the enzyme to the
promoter sequence of the template DNA, is shown in Figure
2a517%357 |t has been shown that, following this initial
binding, the initiation complex (IC) undergoes a number of
abortive cycles that result in the production of short mMRNA
transcripts that are 2 te-6 nucleotides in length5357.58
When the transcript reaches a length~af—8 nucleotides,
a transition takes place to the elongation complex (EC),
which ultimately produces a long mRNA transcript®3:57:58
The crystal structure of the T7-RNAP enzyme (99 kDa) has
been reporte as well as that of the adduct with lysozyiiie,
the complex with the ds-DNA promoté&¥the IC82 and EC
complexe$364 The structure of the IC complex has been
shown to be similar to that of the resting enzyme, whereas
significant structural reorganization occurs during the transi-
tion to the EC compleX®

The active site of T7-RNAP is composed of two Mg
ions bound to two aspartate residues, Asp537 and Asp812,
with a binding constant of 5.« 10* M2, for each ion
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binding to the two ligands in an equivalent manffett [Rhy(u-O2CCHg),(CH3CN)e] (BF4)-2° were prepared according to
should be pointed out that these two carboxylate groups in literature procedures and characterized by standard methods.
the active site are conserved in all polymerases, and theirActivated cisplatingis [Pt(NHs)o(OH;);]*", was prepared by react-
mutation results in strongly impaired activy.’* It has been ing an aqueous solution of cisplatin with 1.97 equiv of AgNGr
shown that the two aspartate residues in T7-RNAP simul- 1 day at room temperature in the dark. The reaction mixture was
taneously bind to both ions providing the two Rigion centrifuged for 10 min (Jouan A12-14 microcentrifuge) tp remove

talvtic site (Fi 2% In additi it has b h AgCl. The aqueous layer was separated from the precipitate, and
ca aY ic site (Figure 2by. n' adaition, 1t has been S own. the solution was centrifuged for another 10 min; this process was
that, in T7-RNAP, the terminal carboxylate group is posi-

. . - . e ; repeated twice.
tioned near the active site and its esterification results in a pethods. The transcription assay has been previously re-

decrease in the Mg-dependent catalytic activify:" ported388Lin thein witro transcription experiment, the pGEM linear
Given that dirhodium tetracarboxylate complexes are DNA template (12Q:M bases) was used with T7-RNAP, resulting
known to be powerful inhibitors of transcriptidathis study in two transcripts of length 1065 and 2346 bases, and each trial

explores the effect of the structure variation of the bridging was conducted 3 times. The transcription reaction was conducted
ligands on the quantity of MRNA produced. The molecular for 30 min at 37°C (40 mM Tris/HCI, pH= 8.0) in nuclease-free
structures of the complexes investigated,®FO.CR); (R water in the presence of 1.25 units of T7-RNAP, 8 mM MgQb
= CHs, CFs), Rh(u-HNCORY), (R = CHs, CFy), andcis mM l_\l_aCI, and 1.0 mM of gach ATP, QTP, QTP, and UTP. The
[Rhy(u-0,CCHy)o(CHsCN)eJ2+, are shown in Figure 1. In the inhibition _of mRNA production by the dirhodium complexes was
2\E2 3 el . detected in vitro by the measurement of the mRNA produced upon
experiments reported herein only the_ long mRNA transcripts addition of increasing amounts of metal complex to the assay. The
are detected (Figure 2a), and the differences in the amountegncentration of each complex at which 50% of the RNA is
of MRNA produced as a function of various experimental transcribedCi,%°, was calculated by interpolation of the integrated
conditions are attributed to variations in the mechanism of areas of the imaged mRNA signal of each lane of the gel conducted
inhibition. The present results are compared to those obtainedwith various concentrations of a given complex. Modifications of
in the presence of cisplatin, and possible binding motifs of these methods were utilized in the various control assays, including

the complexes to the enzyme are discussed. those designed to determine the role of binding of the complexes
to T7-RNAP. The effect of the Mg ion concentration, using 7.5
Experimental Section and 15 mM MgC}, on the transcription reaction in the presence of
) ) ) ) the various dirhodium adducts was monitored by comparing the
Materials. The starting material Rfi-O,CCH)4 was a gift from mRNA produced both in the presence and absence of the metal

Johnson-Matthey and was used without further purification. Acet- complexes at each Mg ion concentration.

amide, trifluoroacetamide, trifluoroacetic acid, trifluoroacetic an- All metal stock solutions were dissolved in pureGHexcept for
hydride, ciplatin, AgNQ, and anhyd_ro_us chlorgbenzene We_re that of Rh(u-HNCOCHR)4, which was prepared in 7:39/MeOH
purchased from Aldrich. Agarose,.ethldlum bromide, EDTA, TI’IS/ (vIv) due to the limited solubility of the compound in®. Control

HCI, MgCl,, and RNA loading solution were purchased from Sigma gy periments indicate that the amount of methanol introduced into
and used as received. The pGEM linear DNA control template gach transcription assay from the stock solution does not interfere
(3995 bp) was purchased from Promega, whereas the T7-RNA;;iih transcription.

polymerase (50 unisL) and 5< RNA transcription buffer were The extinction coefficient of bacteriophage T7-RNA polymerase
purchased from Life-Technologies (Rockville, MD). irO-- at 280 nm &g = 138 000 M2 cm%) was calculated from the

CCRy)a,™ 7 Rip(u-HNCOCR)s,"" Rhy(u-HNCOCHy),,"®® and amino acid sequence by a method reported in the litefitarel

- - was estimated to be 153 uM in the stock solutions used for the
(66) gggﬁgﬁqﬁi};%é gg‘tolr:{ ﬁ.lg.z,.OsumrDaws, P. A Woody, R-W.  ghactroscopic titrations.
(67) Larder, B. A.; Purifoy, D. J.; Powell, K. L.; Darby, Glature 1987, Instrumentation. Absorption measurements were performed on
327, 716-717. a Shimadzu UV 1601PC spectrophotometer. The ethidium bromide

(68) (a) Osumi-Davis, P. A.; Aguilera, M. C.; Woody, R. W.; Woody, A. i 0 i
Y. 3. Mol. Biol. 1992 226 3745, (b) Osumi-Davis, P. A Sreerama. stained agarose gels (1%) were imaged on an Alphalmager 2000

N.; Volkin, D. B.; Middaugh, C. R.; Woody, R. W.; Woody, A. Y. transilluminator (Alpha Innotech Corp.).
Mol. Biol. 1994 237, 5—-19. (c) Woody, A.-Y. M.; Eaton, S. S; . .
Osumi-Davis, P. A.; Woody, R. WBiochemistry1996 35, 144— Results and Discussion
152.
(69) (a) Bonner, G.; Patra, D.; Lafer, E. M.; SousaFRIBO J.1992 11, Transcription Inhibition. The inhibition of transcription

3767-3775. (b) Bonner, G.; Lafer, E. M.; Sousa, R.Biol. Chem. ; ;
1004 269, 25120-25128. by each metal complex was determined by recording the

(70) Date, T.; Yamamoto, S.; Tanihara, K.; Nishimoto, Y.; Matsukage, A. imaged mRNA produced during the transcription reaction

Biochemistry1991, 30, 5286-5292. . . as a function of complex concentration, while keeping the
(71) Polesky, A. H.; Dahlberg, M. E.; Benkovic, S. J.; Gindley, N. D. F.; . .
Joyce, C. M.J. Biol. Chem1992 267, 8417-8428. concentrations of all other components constant. A typical
(72) gautigam, C. A.; Steitz, T. ACurr. Opin. Struct. Biol1998 8, 54— imaged gel is shown in Figure 3a for Rh-HNCOCR;),,
(73) Lykke-Andersen, J.; Christiansen, Nucleic Acids Res1998 26, where the produced mRNA decreases relative to the control
5630-5635.
(74) Rempel, G. A.; Legzdins, P.; Smith, H.; Wilkinson, IBorg. Synth (79) Doyle, M. P.; Bagheri, V.; Wandless, T. J.; Harn, N. K.; Brinker, D.
1972 13, 90. A.; Eagle, C. T.; Loh, K.-L.J. Am. Chem. Sod.99Q 112, 1906-
(75) Cotton, F. A.; Felthouse, T. Raorg. Chem 198Q 19, 2347-2351. 1912.
(76) Telser, J.; Drago, R. $norg. Chem.1984 23, 1798-1803. (80) Pimblett, G.; Garner, C. D.; Clegg, W. Chem. Soc., Dalton Trans.
(77) Dennis, A. M.; Korp, J. D.; Bernal, |.; Howard, R. A.; Bear, J. L. 1986 1257-1263.
Inorg. Chem.1983 22, 1522-1529. (81) (a) Fu, P. K.-L.; Turro, CChem. Commur2001, 279-280. (b) Fu,
(78) Ahsan, M. Q.; Bernal, I.; Bear, J. Ilnorg. Chem.1986 25, 260~ P. K.-L.; Bradley, P. M.; Turro, Clnorg. Chem2003 42, 878-884.
265. (82) Gill, S. C.; von Hippel, P. HAnal. Biochem1989 182 319-326.
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(a) 1 2 3 4 5 6 complexes were not added. Owing to the known preference
of adenine and its derivatives to bind axially to dirhodium-
(I,11) complexes33a44.8387 transcription inhibition experi-
ments were conducted in the presence of additional ATP.
Assuming a binding constant for dirhodium complexes with
ATP of ~10® M1 (1:1 axial adduct§? an increase in ATP
from 1 to 2 mM would be expected to result 30%
Template e G Gan G b increase in transcription inhibition when keeping all other
DNA conditions constant. No difference in the amount of mMRNA
produced was observed upon this 2-fold increase in ATP
concentration with [RE(I1,11)] ~ Ci,n>°, an indication that a
- D S e Rhy(I1,1) —ATP adduct is not the species that inhibits
MRNA transcription. Furthermore, the presence 6fl6 uM of free
- ligand (CRCOOH, CECONH,, CH;CONH,, CH,CN), dur-
ing the transcription assay, does not result in changes in the
amount of mRNA produced, a fact inconsistent with a
mechanism that involves the dissociated ligand as the species
inducing the inhibition. Furthermore, it was recently shown
that theCi,n°° of Rh(lll) is quite high (1.25 mMP thus, it
is clear that the mechanism of inhibition by the dinuclear
complexes differs significantly from that of the free rhodium
ion.
Enzyme Concentration DependenceThe possible role
of the complexes binding to the enzyme as their mechanism
Y Sy S a— of transcription inhibition was investigated by comparison
of the relative amount of mRNA produced upon 3-fold
[Rh2(1-HNCOCF3)4] / uM increase in the concentration of T7-RNAP in the presence
Figure 3. (a) Ethidium bromide stained agarose gel (1%) of transcribed Of each complex, while keeping the concentration of all other
mRNA in the presence of various concentrations op(RHNCOCHs)a. components constant. The ratio of the relative mRNA

Key (lane no., [RK1,ID] («M)): 1, 0.0; 2, 2.4; 3, 3.6; 4, 4.8; 5, 0.60; 6, .
7.2. Both the DNA template and mMRNA are imaged on the gel (labeled). Produced in the presence ok3and 1x enzyme Rend3x/

(b) 80

60

%(Inh)
=y
[=]

20 |

(b) Plot of percent transcription inhibition, % Inh, as a function ob@®h 1x), for each complex was calculated from eq 1,
HNCOCR), concentration. The linear fit was used to calcul@ig®® value
and to estimate the binding constant (see text). REnz(3X/1X) — P(3><)/P(1><) (1)

lane (no metal complex, lane 1) as the complex concentration

is increased (lanes-®). The concentration of each complex where P(3x) and P(1x) represent the percent mRNA
required to inhibit 50% of the transcriptiorGi,>°, was produced in the presence ofCinn°° metal complex relative
determined from interpolation of plots of percent inhibition to that in the absence of inhibitor under the same experi-
as a function of increasing complex concentration. A typical mental conditions, using 7.5 and 2.5 units of enzyme,
plot is shown in Figure 3b for Rfu-HNCOCR),, and the respectively. ThéRe,{(3x/1x) values calculated for all the
Cinn®° values for all the complexes are listed in Table 1. The complexes, as well as the percent mRNA transcribed, are

measureCin,*° value for activated cisplatirgis-[Pt(NHs)- summarized in Table 1. A value &&,(3x/1x) ~ 1.0 for
(OH2),%t, is 4.1uM under similar experimental conditions ~ a given complex is indicative of a mechanism of transcription
(Table 1). It is evident from Table 1 that @&, values inhibition that does not proceed via binding of the complex
for Rhy(u-O,CCFs), and Rh(u-HNCOCF,), are comparable  to the enzyme with a binding constakigF"? > 10 M1

to that of activated cisplatin, whereas that of ,@h under these experimental conditions (assuming a 1:1 complex

HNCOCH), is larger by a factor of 3. In contrast, tk,>° between the RYll,Il) complex and the enzyme and 100%
of [Rhy(u-O,CCHg)2(CH3CN)g)?t is lower than that otis- inactive Rh-bound T7-RNAP). Conversely, if enzyme
[Pt(NHs)2(OH,)2]2* by a factor of 2 under similar experi-  binding to the dirhodium complex (witkg:="2 > 10* M~%;
mental conditions. see Supporting Information) is necessary for inhibition to
Various control experiments were conducted to rule out take place, additional enzyme is expected to result in
the participation of other species in the inhibition. To ensure . .
that the dirhodium complexes do not cause degradation of &% SIS L, Howard R. A.; Kimball, A. P.; Bear, J. lnorg. Chem.
the transcribed mRNA or interfere with the ethidium bromide (84) Pneumatikakis, G.; Hadjiliadis, N. Chem. Soc., Dalton Tran979
'mag”.]g' each complgx was aned (at 1)) N Cinr*) (85) ?A%?(T,SI??.Yamazaki, HJ. Chem. Soc., Chem. Comma&@8Q 186—
following the transcription reactions conducted in the absence 188.
of inhibitors. In all cases, the presence of the added (86) (a) Farrell, NJ. Chem. Soc., Chem. Comma88Q 1014-1016. (b)
complexes did not result in a decrease of the mRNA g, ';?thr)?r:IJNRJ Isrfrzgégﬁ)ﬁgaer?,lgl%i:nﬁ'of6slt7r112§.5byn1984 2,525~

produced relative to the control lanes, to which metal 530.
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Table 1. Metal Complex Concentrations Required To Inhibit 50% of the Transcrip@a:®, Relative Effect of [T7-RNAP] and [M&] on mRNA
Production, and I, Values of the Bridging Ligands

metal complex Cinn®YuM % MRNA 1x EnZ % MRNA 3x En2 RenA3x/1x)¢ Rug?+(2x/1x)d pKa
Rhp(u-0O,CCRs)4 5.3 57 80 1.4 0.5 0.52
Rhy(4-HNCOCR)4 4.8 60 88 1.5 0.5 10.36
[Rhy(u-O2CCHg)2(CH3CN)g] 2 2.6 46 93 2.0 0.7 4.75
Rhp(u-HNCOCHs)4 12 65 62 1.0 1.0 15€1
cis-[Pt(NHs)2(H20)72+ 4.1 70 71 1.0 1.0

a2.5 units of T7-RNAP (%). P 7.5 units of T7-RNAP (X). ¢ Ratio of mMRNA produced per unit time in the presence oft8 that with 1x T7-RNAP,
each relative to the reaction under the same conditions in the absence of metal complex (see text). Average of 3 trials (Ratoca@f)mRNA produced
per unit time in the presence of 15 mM to that with 7.5 mM#gons, each relative to the reaction under the same conditions in the absence of metal
complex. Average of 3 trials (6% erro§From ref 94.f From ref 95.

decreased inhibition or higher amount of MRNA produced, Additional evidence that the binding of Kh-HNCOCR),,
thus resulting ifRen{3x/1x) > 1.0. In such cases, a higher Rhy(u-O,CCR)4, and [Rh(u-O,CCH;s)2(CH3CN)gl?" to the
relative amount of unbound T7-RNAP will be available to enzyme plays an important role in transcription inhibition is
produce mRNA when the enzyme concentration is increased,apparent from experiments in which the complexes were
while the inhibitor concentration is held constant{&;,>°). incubated with T7-RNAP for 30 min at 37C prior to the
Activated cisplatin, which is known to inhibit the transcrip- addition of the nucleotides and the DNA template, which
tion process via binding to the template DNA and not the jnitiated the transcription process. For example, preincubation
enzyme'?** does not induce an increase in the amount of 4f 2 4 yM Rh,(u-HNCOCF,). with T7-RNAP results in
transcribed mRNA upon 3-fold increase in T7-RNAP per 35(4)9, enhanced transcription inhibition, whereas similar
unit rga_chon time, thus resulting Ren{(3x/1x) = 1.0 (Table preincubation of T7-RNAP with R¥u-HNCOCH), or

1). Similar results are also observed for,RRHNCOCH;) activated cisplatin results in no change in the transcribed

.(Tr?bbl.f. 1)ihc?r(1jS|stent tV\."th Ia rr;ae_:cg_anlsr?ﬂ(])_f transclnptLon MRNA (compared to experiments with no preincubation of
inhibition that does not involve binding of this complex to o\ AP with the metal complexes).

the enzyme. For R{u-O,CCR;)4, Rhp(u-HNCOCH),, and ) o )
[Rhy(1-0,CCHs)2(CHsCN)J2*, however, a relative increase Possible Inhibition Mechanisms.For Rhp(u-O,CCR)s,

in the MRNA produced is observed per unit reaction time Rhe(#-HNCOCR),, and [Rh(u-0,CCHy)o(CH:CN)e]*", all

upon 3-fold increase in T7-RNARRE(3x/1x) > 1.0), a of which inhibit transcription via binding to T7-RNAP,
finding indicative of inhibition that involves binding of the ~ various possible mechanistic schemes can be envisioned.
dirhodium Comp|exes to T7-RNAP (Tab|e 1) Assuming a There are pOSSibiIitieS that include interference with the
1:1 complex between the rhodium complexes and T7-RNAP, function and binding of the enzyme to the template DNA.
which results in 100% inhibition of the bound enzyme, plots In one scenario, inhibition may proceed via binding of the
of % Inh vs [Rh]o will have a slope of~100Kgr,") and an complexes to the template DNA or to both the enzyme and
intercept of 0. Such a plot and the linear fit of the data is the DNA, which may lower the affinity of the latter to the
shown for Rh(u-HNCOCH;), in Figure 3b. This treatment  former. Alternatively, the association of the rhodium com-
of the inhibition data results iKgF"2 ~ 1 x 10° M~ for plexes to T7-RNAP may interfere with the binding between
Rhy(u-0,CCFs)s and RR(u-HNCOCHR), and KgpF™ ~ 2 x the enzyme and the template.

10° M~ for [Rh(u-O,CCHg)o(CHCN)g]?*. Assuming com- A 2-fold increase in template DNA concentration does not
petitive binding for the dirhodium complexes with ATP (L:1  4¢tect the inhibition by these complexes; however, it has been
complex,Kgnate ~ 10° M™) % the slopes of the plots of % g5y 1o decrease the inhibition by the DNA-binding drug

i Enz -1 -
gré:és [ha]drgsult SN}EF‘(“)Z 2 giosa:\z/' 4f°r1;h§/l(‘fl cisplatin®® For example, the percent mRNA produced
2CCF), and Rh(u- Fs)a andKgy x remains constant in the presence of M Rhy(u-

for [Rhy(u-0,CCH;)2(CH:CN)e " (Supporting Information). HNCOCER), upon 2-fold increase in template DNA concen-

Similar dependence of transcription inhibition on the tration. These results are not unexpected, since it has been

enzyme concentration per unit reaction time was recent- ) . .

shown that neutral dirhodium complexes bind duplex DNA
ly reported for Rh(u-O,CC and [Rh(u-O,CCH),- . .
y rep Bu-0:CCHy)s [RB(u-OCCH)z with binding constants of-10°* M~1.38 Under the present

(phen}]?" .38 The greatest effect on enzyme concentration is ! " :
observed for [RKu-0:CCHs)2(CH:CN)JJ2*. This finding experimental c_:ondmons, the concentration of free DNA
could be related to stronger binding of the complex to T7- €MPplate remains largely unaffected by the presenceof
RNAP due to electrostatic interactions that are not possible “M Ri(I1,11) complex (Supporting Information). Therefore,
for neutral complexes or could be related to greater lability Pinding of the complexes to template DNA is an unlikely
of the monodentate equatoriabdj acetonitrile ligands mechanism of inhibition. The binding of the complexes to
relative to eq bidentate bridging ligands in the other the enzyme, such that it interferes with blndlng of T7-RNAP
complexeg Although multiple simultaneous mechanisms to the DNA promoter sequence, can also be ruled out. Owing
of inhibition are possible, for the transcription inhibition to the strong binding of the enzyme to the promoter, with a
experiments that exhibit dependence on the enzyme con-binding constant-10® M~1,%3 a complex concentration of 4
centration, the dominant mechanism of inhibition must uM (~Cinn>%) with KrE™ ~10° M~1 does not result in a
involve enzyme binding to the complex. significant decrease in the calculated enzyme-bound template
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(a)

[l

+2 M92+
P —

-2 Mg2+

(T7-RNAPY-(Mg?"),

i

concentration of M§" ions would result in less transcribed
MRNA, relative to that with the same increase in¥gpn
concentration in the absence of metal complex (Figure 4b).
The values oRyg2+(2x/1x) listed in Table 1 were calculated

No from the ratio of the percent mMRNA produced in the presence

Transcription Transcription of ~Cinn° of a given complex with 7.5 mM (t) and 15
(b) mM (2x) MgCl,. The changes in mRNA produced, with a
+Rhy +2 Mg** . 2-fold increase in M§" ion concentration, in the presence
'Rh2 = e '(M92 )2 of 4.1uM activated cisplatin and 12M Rhy(u-HNCOCH),,
are similar to that observed in the absence of metal complex
ﬂ ﬂ ﬂ (Table 1), thus resulting iRug2+(2x/1x) = 1.0. These results
N N N ; . .
Transcc;ipﬁon Transctr:ipﬁon Transeription are consistent with lack of enzyme concentration dependence

on the transcription inhibition for both complexes discussed
above. In contrast, for the complexes that exhibit enzyme-
dependent transcription inhibition, namely RhO,CCFs)a,
ha(/A-HNCOCE)4, and [Rh(/l-OzCCl‘b)z(CHgCN)e]2+, there

is a significantly lower increase in mMRNA produced, relative
to that in the absence of metal complex at j@®Kl)] ~

Figure 4. Schematic representation of the equilibrium of Mgons
binding to R7-RNAP resulting in transcription in (a) the absence and (b)
the presence of competitive binding by a dirhodium complex.

(Supporting Information). However, this concentration of
Rh(11,11) complex results in~50% transcription inhibition
(Table 1). Cinn®® (Table 1), withRug2+(2x/1x) between 0.5 and 0.7.
Reduction in the catalytic activity of T7-RNAP through These results are indicative of competitive binding between
binding of the rhodium complexes to the enzyme could result these dirhodium complexes and the Mdons, which are
in partial or total inhibition of a given Rkbound protein. It known to bind to the active site of the enzyme and are vital
is apparent from Figure 3b and numerous other similar to the transcription process (Figure 2B)A possible
inhibition experiments with the complexes that the mRNA interpretation of these findings is that the dirhodium com-
production decreases linearly with complex concentration. plexes bind more tightly than the Mgions to the two
Typically, for each complex, a given concentration is reached aspartate residues at the active site (Figure 2b), whose
at which no mRNA is observed (100% inhibition). A scenario binding constant has been reported tokagz = 5 x 10°
where the enzyme activity is reduced (less than 100%) M~18¢ [f this is indeed the case, then Kfgions would not
through binding of the complexes would be expected to result be able to displace enzyme-bound,ghll); therefore, any
in a plateau in the plot of % mRNA vs [Rhat a value enzyme deactivated by binding of dirhodium complexes
lower than 100% inhibition since even when all the rhodium would not be reactivated through the presence of excess
complex is bound, some mRNA should still be produced. Mg?" ions in solution. Assuming competitive binding
Furthermore, the linearity of the plots is indicative of a single between the Rhcomplexes and Mg ions at the active site
predominant mechanism of inhibition operative in this of Mg?*-free T7-RNAP and assuming that only the enzyme
complex concentration range under these experimentalwith two bound Md* ions is active and other forms are
conditions. The inactivation of T7-RNAP upon binding of 100% inactive, a value oRyg+(2x/1x) = 0.86 can be
these dirhodium complexes may take place through competi-calculated (Supporting Information). Although this ratio is
tion of Rhy(11,11) with Mg 2" ions for the Lewis basic residues larger than those measured, which range from 0.5 to 0.7
in the enzyme’s active site, which can be probed through (Table 1), the calculation clearly shows that under the present
the dependence of the transcription inhibition on the mag- experimental conditions this 2-fold increase in #¥gon

nesium ion concentration.

Magnesium lon DependenceBinding to the enzyme
appears to be an important mechanism for inhibition of

transcription for the complexes Rh-O,CCR)s, Rhp(u-
HNCOCR),4, and [Rh(u-0,CCHjz)2(CH3sCN)e]?". The bind-

concentration is expected to result in a valueRpfz+(2x/
1x) < 1.0 if competitive binding is taking place.
Binding of Complexes to T7-RNAP.Figure 5a shows
that, upon addition of 7.zM and 10.5uM T7-RNAP to a
solution containing 7aM Rhy(u-HNCOCH;)4 (40 mM Tris/

ing of these complexes to the magnesium-dependent activeHCIl, pH = 8), the observed changes in the electronic
site (Figure 2b) cannot be ascertained from the enzymeabsorption spectrum are minimal. These results are consistent
concentration dependence, since binding to other areaswith the lack of enzyme dependence of the transcription
involved in important functions, such as residues that make inhibition by Rh(«-HNCOCH;)4, indicating that there is little
specific contacts with the template DNA or that block the interaction between the complex and T7-RNAP. In contrast,
mMRNA exit channel are also possible. As shown schemati- addition of 7.5 and 10.5xM T7-RNAP to 75uM solu-
cally in Figure 4a, an increase in the concentration ofMg tions of RB(HNCOCR)4, Rhy(u-O,CCR)4, and [RB(u-Oo-
ions should result in a higher amount of activated enzyme CCHg)(CHs;CN)s]?* (40 mM Tris/HCI, pH= 8), all of which
(with two bound M@" ions) and, thus, enhanced production exhibit enzyme concentration dependent inhibition of tran-
of transcribed mRNA. If there is competitive binding of the scription, results in marked increase in the absorption in
dirhodium complexes with one or both Kfgions required the 350-370 nm region. The spectral changes for,(gh

for transcription (Figure 4b), in the presence~a€i,>° of a HNCOCHR), upon addition of enzyme are depicted in Fig-
given complex, it is expected that a 2-fold increase in the ure 5b. A similar increase in the absorption maximum at

Inorganic Chemistry, Vol. 43, No. 3, 2004 1181



0.15
[ (@)

0.10

Absorbance

0.05 |

0.00

03

02f 7 NA

Absorbance

0.1

0.0
300

400

500

A/ nm
Figure 5. Electronic absorption spectra in 40 mM Tris/HCI, pH 8 buffer
of 75uM (a) Rh(u-HNCOCR;)4 and (b) Ra(u-HNCOCFs)4 (—) and upon
addition of 7.5uM (---) and 10.5uM (— — —) T7-RNAP.

700

A < 400 nm was also recorded for 751 Rhy(u-O,CCHg)4
upon addition of 7.5 and 108M T7-RNAP (40 mM Tris/
HCI, pH = 8).3®

The spectral changes observed fop{RFO,CCR;)4, Rhp(u-
0,CCHa)s, Rp(u-HNCOCR)s, and [RB(O2CCHa)(CHsz-
CN)g]?" in this study are markedly different from those
previously reported for the binding of Rp-O.CCHs), and
[Rhy(u-O;CCHg)z(bpy)(OHy)2]*" (bpy = 2,2-bipyridine) to
human serum albumin (HSAS.For the latter compounds,
the blue shift of the lowest energy band (Mi¥1— MM ¢*)
is attributed to axialgX) binding of the dirhodium complexes
to the histidine residues in the protéihsince cysteine
binding is known to result in a dramatic increase in the
absorption in the visible regionl (< 550 nm) for RR(O»-
CCHg)4.8% The spectra for solutions of Riu-O,CCH)s
treated with HSA, however, reveal an increase in the
absorption atl < 400 nm, a spectral feature that was not
observed in the UV titration with histidin2 This increase
in intensity is not discussed by the auth8i.

Chifotides et al.

A possible explanation for these new spectral features is
the partial displacement of thexjligands of the dirhodium
compounds by electron-donating residues of the enzyme,
which would result in large structural and electronic changes
to the dinuclear core. Thekp values of the free protonated
ligands listed in Table 1 are found to correlate with the
lability of the bridging groupg?® It is evident from the K,
values that CHCONH" is the least labile (strongest base)
of all the ligands utilized in this study, which is in accord
with the lack of reactivity of Ri(u-HNCOCH;), with T7-
RNAP (Figure 5a). Moreover, the presence of the acetamide
bridging groups on the dirhodium core renders te
positions of RE(u-HNCOCH;), much weaker Lewis acids
with respect toax bonding’® which may also account for
its higher Ci,®° value compared to the other dirhodium
adducts (Table 1). Conversely, the electron-withdrawing
effect of the trifluoro (Ck) group renders the complexesRh
(u-HNCOCHR)4 and Rh(u-O,CCR;)4 less electron-rich and
therefore more susceptible tax binding (an effect in
agreement with the loweT;,>° values for these compounds).
These observations are consistent with inginteractions
of the enzyme with these dirhodium adducts followed by
rearrangement teqsites, if the bridging group is labifgb8%-92
The higherCin>° value for Rh(u-HNCOCHR;), as compared
to Rhy(u-O,CCFs)4 may be due to the potential hydrogen
bonding of the NH functional group on the trifluoroaceta-
midato ligand to the side groups of tla ligand; such
favorable hydrogen bonds have been documented for dirhod-
ium adducts with nucleobas#s?>:93

Conclusions

The nature of the bridging ligands spanning the dirhodium-
(IL,11) core was shown to affect the ability and mechanism
of the various complexes to inhibit transcriptiam zitro.

The results of this study indicate that inhibition of transcrip-
tion by Rh(u-O,CCRs)s, Rhp(u-HNCOCR)4, and [Rb(u-
0,CCH;)(CH3;CN)g]?* proceeds predominantly via binding
of the complexes to T7-RNAP and is dependent on the
concentration of enzyme and Klgions in solution. Since it

is known that two aspartate residues are bound to th& Mg
ions in the active site of the enzyme during transcription,
Mg?* ion concentration dependence of the inhibition by these
complexes suggests that competitive binding of the dirhod-

At the present time, the species that absorbs strongly injum complexes with the T7-RNAP active site is occurring.

the 350-370 nm region, formed in the presence of the
dirhodium complexes upon addition of T7-RNAP, remains

Another important finding is that the concentrations of these

unknown. Some possibilities, however, have been ruled out.(89) Crawford, C. C.;Matonic, J. H.; Streib, W. E.; Huffman, J. C.; Dunbar,

Addition of excess cysteine to 78V Rh,(HNCOCR;), (40
mM Tris/HCI, pH = 8), results in the appearance of a new
peak attmax = 412 nm which is not present in the spectra of
the compound in the presence of T7-RNAP (Figure 5b).
Furthermore, simplaxbinding of histidine residues or other
Lewis basic sites in the protein is unlikely, since such

K. R.; Christou, G.norg. Chem.1993 32, 3125-3133.

(90) (a) Perlepes, S. P.; Huffman, J. C.; Matonic, J. H.; Dunbar, K. R.;
Christou GJ. Am. Chem. Sod991, 113 2770-2771. (b) Crawford,
C. A.; Matonic, J. H.; Huffman, J. C.; Kirsten, F.; Dunbar, K. R.;
Christou G.Inorg. Chem.1997, 36, 2361-2371.

(91) Cotton, F. A,; Hillard, E. A.; Liu, C. Y.; Murillo, C. A;; Wang, W.;
Wang, X.Inorg. Chim. Acta2002 337, 233-246.

(92) Rotondo, E.; Mann, B. E.; Piraino, P.; Tresoldi,I@rg. Chem1989
28, 8, 3076-3073.

interactions do not result in marked spectral changes in the(93) Aoki, K.; Hoshino, M.; Okada, T.; Yamazaki, H.; Sekizawa, H.
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Effect of Equatorial Ligands of Rh(Il,Il) Complexes

dirhodium complexes required to inhibit 50% of the tran- CN)g]?" is dependent on the concentration of the enzyme
scription,Cinr?°, are comparable to that measured for activated and Mg ions, an interaction between these complexes or
cisplatin, whereas a significantly higher concentration of Rh  their partially solvated forms and the aspartate residues in
(u-HNCOCH;), is required to effect similar inhibition. Our  the active site of the enzyme is certainly a possibility. Studies
results show that the dominant mechanism of transcription aimed at gaining further understanding of these binding
inhibition by Rh(u-HNCOCH;), does not involve binding  interactions are currently in progress.
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