organometallic substrate and the first actinide com-
pounds of any type to be coordinated in a 5! rather
than a %% fashion to the cyclopentadienyl moiety (from
ferrocene). II is also the first example of a compound
to contain two 7%-Cp;U moieties bound to the same
ligand.

Compounds I and II are formed by the reaction in
THF at —30° of (%5-C;H;);UCl® with ferrocenyl-
lithium® or 1,1’-dilithioferrocenetetramethylethylenedi-
amine,” respectively. Both compounds are very sensi-
tive to oxygen and moisture; II is a green crystalline
solid formed in 60 % yield and I is a brown solid, forming
in 759, yield.®

II is nonvolatile, decomposing above 190° to give
ferrocene and a brown intractable solid while I sublimes
easily under vacuum above 180°. Mass spectra of T
show several important peaks at mje 618 (M+), 553
(M — Cp), 433 (Cp;U), 368 (Cp.U), 186 (Cp,Fe), and
121 (CpFe). The spectrum is completely consistent
with a structure based on w-bonding of three of the Cp
rings to the uranium and ¢-bonding of a Cp ligand from
ferrocene to uranium.

Infrared spectra® of both I and II are also consistent
with the proposed structures. Absorptions are present
which are derived from both %! and %% coordinated
cyclopentadienyl! vibrations.

The nmr data for I are also in accord with the above
formulation. The 15 protons of the #5-Cp;U group ap-
pear as a sharp singlet at & —2.33'! which is in the
region found for these protons by others.¢ The five
protons of the unsubstituted cyclopentadienyl ligand on
ferrocene appear as a sharp singlet at 6 —1.64, a shift
of over 5.7 ppm from free ferrocene. The signals for
the four protons on the substituted ring which come
much further upfield were found but could not be
located exactly, coming roughly at § —13 and —30.
The furthest upfield signal is assigned to the two «
protons. Marks#® and Streitwieser!? have explained
these shifts in terms of large contact contributions. A
mechanism which involves the bonding of the R groups
(ferrocene here) to uranium is then seen as a covalent
contribution from filled ligand MO’s to vacant f
orbitals.

No nmr data could be obtained for II due to its low
solubility. It is insoluble in almost all organic solvents
except THF, in which it is only very sparingly soluble.

Magnetic susceptibility data are listed in Table I
The susceptibility for the monosubstituted derivative is
in the same range as other Cp;UR derivatives.t The
susceptibility of II presents an interesting contrast.
Preliminary results at variable temperatures indicate

(5) L. T. Reynolds and G. Wilkinson, J. Inorg. Nucl. Chem., 2, 246
(1956).

(6) M. D. Rausch, G. A. Moser, and C. F. Meade, J. Organometal.
Chem., 51, 1 (1973).

(7) J1.7. Bishop, A. Davison, M. L. Katcher, D. W, Lichtenberg, R. E.
Merrill, and J. C. Smart, J. Organometal. Chem., 277, 241 (1971).

(8) Elemental analyses were performed by Schwarzkopf Microanalyt-
ical Laboratories. Caled for I: C, 48.56; H, 3.90; U, 38.49; Fe,
9.03. Found: C, 47.56; H, 5.21; U, 38.13; Fe, 8.62. Calcd for II:
C, 45.73; H, 3.64; U, 45.31; Fe, 5.32. Found: C, 45.52; H, 3.70;
U, 45.52; Fe, 4.97.

(9) Mulls were prepared in a drybox and made with dry, deoxygenated
Nujol and Fluorolube.

(19(20) F. A, Cotton and T. J. Marks, J. Amer. Chem. Soc., 91, 7281
9).

(11) The chemical shifts were calibrated using the upfield peak of the
solvent THF, assumed to be 1.79 ppm.

(12) A. Streitwieser, Jr., D. Dempf, and G. N. LaMar, J. Amer. Chem.
Soc., 93, 7343 (1971).
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Table I. Magnetic Susceptibility Data

Compound 108y Meft
I 2708 2.60
I 5852 3.67

@ Data at 310°K., % Data at 288°K.

that, in the range from 300 to 60°K, there is continual
increase in susceptibility as temperature decreases. It
has been shown that other Cp;UR derivatives display
temperature-independent paramagnetism below 100°K.
This phenomenon could be due to large spin-orbit
coupling constants, strong ligand field splitting due to
the ferrocene moiety, or perhaps to effects arising from
having two Cp;U groups bound in relatively close
proximity to the same ligand.

Further studies with this type of compound are in
progress to clarify the nature of the uranium-carbon ¢
bond, particularly with respect to f orbital involvement.
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Paramagnetic Rare Earth Ion Probes of Transfer
Ribonucleic Acid Structure
Sir:

Numerous recent investigations!~® have demon-
strated that chelated rare earth ions may be used as
nmr shift reagents to study the structure of molecules
in organic solvents. Recently, however, Williams,
et al.,” studied the binding of bare rare earth ions to the
enzyme lysozyme in aqueous solution.® In this com-
munication we report the first use of bare lanthanide
ions as nmr shift reagents in an investigation of the
structure of tRNA molecules in HyO. These molecules
are very important biologically since they are respon-
sible for translating the genetic code, and consequently,
there is considerable interest in their structure in solu-
tion. We have already shown in a series of high
resolution nmr studies that the cloverleaf model is the
correct description of the base pairing structure of at

(1) C. C. Hinckley, J, Amer. Chem. Soc., 91, 5160 (1969).

(2) 1. J. Uebel and R, M. Wing, J. Amer. Chem. Soc., 94, 8910 (1972).

(3) R. M. Wing, T. A, Early, and J. J. Uebel, Tetrahedron Lett., 41,
4153 (1972).

(4) W. D, Borrocks, Jr., and J. P, Sipe, 111, J. Amer. Chem. Soc., 93,
6800 (1971).

(5) R.von Ammon and R. D. Fischer, Angew. Chem., Int. Ed. Engl.,
11, 675 (1972).

(6) R.E.Sievers, Ed., “‘Nuclear Magnetic Resonance Shift Reagents,”
Academic Press, New York, N. Y., 1973,

(7 K. G. Morallee, E. Nieboer, F. J. C, Rossetti, R, J. P. Williams,
A. V. Xavier, and R. A. Dwek, Chem. Commun., 1132 (1970).

(8) W. D. Phillips, C. E. Looney, and C. K. Ikeda, J. Chem. Phys., 27,
1435 (1957).
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Figure 1. The primary sequence of yeast tRNAF?e arranged in the
cloverleaf model: U. L. RajBhandary, S. A. Chang, A. Stuart,
R. D. Faulkner, R. M. Hoskinsen, and H. G. Khorana, Proc.
Nat. Acad. Sci. U, §.,57,751 (1967).

least six different tRNA molecules,®!? including yeast
tRNAFre (tRNAPhe denotes the transfer RNA respon-
sible for reading the codon for the amino acid phenyl-
alanine). (See Figure 1.) Since the four helical arms
of the cloverleaf structure are presumed to be regular
“A” form RNA helices, ¢ most of the important tertiary
structure of the molecule would be established if the
relative orientation of the four short double helical
stems in the molecule could be determined. The fact
all four stems intersect in a common region greatly
constrains the number of different ways the molecule
may be folded, and therefore relatively little additional
information is needed. Paramagnetic lanthanide metal
ions could be used to provide some of this information
if the necessary experimental conditions are satisfied.!®
In this communication we show that lanthanide metal
ions do bind to RNA molecules and that the bound ions
give rise to observable paramagnetic shifts of proton
nmr resonances and we identify one of the binding
sites.

Chromatography on benzolated DEAE-cellulose?¢-V
was used to isolate tRNATP from soluble RNA of
brewer’s yeast. tRNAF" in a 0.1 M NaCl and 0.0!
cacodylate buffer at pH 6.0 was put in a specially con-
structed Wilmad nmr micro cell and a measured amount
of the lanthanide chloride, dissolved in doubly distilled
water, was added. Spectra were obtained with a Varian

(9) R. G. Shulman, C. W, Hilbers, D. R, Kearns, B. R. Reid, and
Y. P. Wong, J. Mol. Biol., 78, 57 (1973).

(10) Y. P. Wong, D. R. Kearns, B. R. Reid, and R. G. Shulman,
J. Mol. Biol., 72, 725 (1972).

(11) D. R, Lightfoot, K. L. Wong, D. R, Kearns, B. R. Reid, and
R. G. Shulman, J. Mol. Biol., 78, 71 (1973).

(12) Y. P. Wong, D. R. Kearns, R. G. Shulman, T. Yamane, S.
Chang, J. G. Chirikjian, and J. R, Fresco, J. Mol, Biol., 74, 403 (1973).

(13) D. R. Kearns and R. G. Shulman, Accounts Chem. Res., 7, 33
(1974).

(14) S. Arnott and D. W, L. Hukins, Biochem. Biophys. Res. Com-
mun., 48, 1392 (1972).

(15) B. Bleaney, C. M. Dobson, B. A. Leving, R. B. Martin, R. J. P.
Williams, and A. V. Xavier, J. Chem. Soc., Chem. Commun., 791 (1972).

(16) E. Wimmer, 1. H. Maxwell, and G. M, Tenner, Biochemistry, 7,
2623 (1968).

(17) M. Litt, Biochem. Biophys. Res. Commun., 32, 507 (1968).
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Figure 2. The proton nmr spectra of tRNAF?e at 300 MHz with
no added lanthanide icns, with added Eu®* ions, with added Pr3+
ions, and with added Dy3* ions. The three spectra with added
lanthanide ions have an ion/tRNA ratio of about 1: 1.

HR 300 field sweep spectrometer and a Nicolet 1020A
computer for signal averaging. The nmr spectra of
tRNAPre with no added lanthanide metal ions, with
Eu?+ ions added, with Pr3+ ions added, and with added
Dy ions (approximately 0.001 M) are shown in
Figure 2.

Resonances in the low field (11-15 ppm) spectrum of
tRNAFte gre due to ring nitrogen protons'® which are
slowly exchanging with the solvent because of their
involvement in Watson-Crick base pairs. These
resonances have previously been assigned to specific
base pairs.!! The addition of small amounts of
lanthanide ions noticeably shifts many, but not all, of
these resonances, as can be seen in Figure 2. It was
possible that the observed shifts were due to a structural
change rather than a paramagnetic effect, but this
possibility is ruled out by comparing the effects of Eus*
and Pr3* ions in Figure 2. Focusing on peak A it can
be seen that Eu®+ caused an upfield shift whereas Pr3+
ions caused a downfield shift of peak A, and this is
expected since these two ions are known to give para-
magnetic shifts in opposite directions.®>®® Dy?3*
usually produces shifts ca. ten times larger than Eu®*
and Pr3*, but it is 40 times worse in causing line
broadening.!® Therefore, the fact that Dy3- ions, at a
low Dy*/tRNA ratio (1/1), completely changed the
entire spectrum is not unexpected.

At the present time we cannot make specific assign-
ments of all the resonances which are shifted by the
lanthanide ions; however, the lowest field resonance at
14.4 ppm has been unambiguously assigned to base
pair AU, Since this is one of the resonances most
affected by addition of the paramagnetic ions, we con-
clude that the strongest metal binding site is located
close to AUs.

The work described here demonstrates it is feasible
to use rare earth ions as paramagnetic probes of tRNA
structure. Since the binding of just one lanthanide

(18) D. R, Kearns, D. J. Patel and R. G. Shulman, Nature (London),
229, 338 (1971).

(19) W. D, Horrocks, J. P. Sipe, and D, Sudnick, “Nuclear Magnetic
Resonance Shift Reagents,” R. E. Sievers, Ed., Academic Press, New
York, N. Y., 1973, p 53.
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metal per tRNA shifts more than one resonance, it is
evident the shifts in the nmr spectra contain information
about the three-dimensional structure of the tRNA
molecule. When the nmr shift data are combined with
the assignment of resonances to specific Watson~Crick
base pairs, the known distance and directional depen-
dence of the paramagnetism of the lanthanide metal
ions, and information derived from optical studies,?® we
may be able to determine the complete folding pattern
of the tRNA molecules in solution.

Acknowledgments. The support of a U. S. Public
Health Service Grant (GM 10449) and a Biomedical
Science Support Grant (RR 07010-06) from the General
Research Branch Division of Research Resources,
Bureau of Health Professions, Education and Man-
power Training, National Institutes of Health, is
gratefully acknowledged. We also thank Mr. Frank
Bosco of Wilmad Glass Co. for his cooperation.

(20) See communication by J. M. Wolfson and D. R. Kearns, J.
Amer. Chem, Soc., 96, 3653 (1974).

Claude R. Jones, David R. Kearns*

Department of Chemistry, University of California
Riverside, California 92502

Received February 1, 1974

Europium as a Fluorescent Probe of Metal Binding
Sites on Transfer Ribonucleic Acid. I. Binding to
Escherichia coli Formylmethionine Transfer
Ribonucleic Acid

Sir:

Rare earth ions have been used in different ways to
study the structure and function of tRNA.!=¢ Kayne
and Cohn, for example, have demonstrated that rare
earth ions can substitute for divalent Mg**+ ion in pro-
moting the aminoacylation of tRNA molecules.! In
studies of the X-ray diffraction of yeast tRNAP?r, Kim,
et al., used rare earth ions to obtain isomorphous re-
placement of the Mg?* ion in their tRNAZF?e crystals. 23
Formoso recently studied the binding of Tb3+ to mono-
nucleotides and mixed RNA.¢ The accompanying
communication describes the first application of rare
earth ions as shift reagents in a high resolution nuclear
magnetic resonance investigation of tRNA structure.?
In the present communication we show how optical
emission spectroscopy can be used to obtain informa-
tion about the locations of binding sites and both kinetic
and equilibrium data on the interaction of Eu3* with
tRNA molecules. Inthe experiments described here we
have examined the binding of Eu3* to E. coli tRNAMet,

E. coli tRNA™et (lot No. 15290, aminoacylation
activity 10097) was kindly provided by Dr. A. D. Kel-
mers, Oak Ridge National Laboratory, Oak Ridge,
Tenn. For present studies the tRNA was reprecipitated
from ~1 mg/ml solutions two-three times with ethanol.
To remove metal cations, pellets containing 3-5 mg

(1) M. S. Kayne and M. Cohn, Biochem. Biophys. Res. Commun., 46,
1285(1972).

(2) S. H. Kim, G. Quigley, F. L. Suddath, A. McPherson, D. Sneden,
J. J. Kim, J. Weinzierl, P. Blattman, and A. Rich, Proc. Nat. Acad. Sci.
U.S., 69, 3746 (1972).

(3) S. H. Kim, G. Quigley, F. L. Suddath, A. McPherson, D. Sneden,
J. J. Kim, J. Weinzierl, and A. Rich, Science, 179, 285 11973).

(4) C. Formoso, Biochem. Biophys. Res. Commun., 53, 1084 (1973).
1(51 C. R. Jones and D. R, Kearns, J. dmer. Chem. Soc., 96, 3651
(1974).
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Figure 1. The effect of E. coli tRNAMet on the steady state Eus™
fluorescence in H,O (Eu®t = 10~* M). The insert shows the pri-
mary sequence of E. coli tRNAfMet arranged in the cloverleaf
structure,

were dissolved in 1 ml of solution containing 25 mM
(Na) EDTA, 0.5 M NaCl and 50 mM (Na) cacodylate,
chilled in water, dipped into a 70-75° water bath for 20
sec, and then plunged into ice water. The tRNA was
dialized first against NaCl and buffer solution and then
against pure H,O. After flash evaporation down to 10
mg/ml (based on the standard 1 mg = 20 A4, units = 40
nmol, in this experiment A, was measured in 0.1 M
NaCl and 50 mM cacodylate, pH 7). The concentrated,
metal free, desalted tRNA was then renatured by slowly
dializing in 0.1 M NaCl and 50 mM cacodylate at pH 7
at 5°. Renatured tRNA in water was then dialized
against a 25-fold larger volume of NaCl-buffer in D,O
(99.7%). A 10-2 M stock EuCl; solvent was prepared
from the hexahydrate (Alfa Inorganics, lot No. 113072)
which was diluted in either D,O or H,O to a standard
solution 10—* M Eu® with 100 mM NaCl and 50 mM
cacodylate, pH 7.0.

The variation in the steady state fluorescence intensity
with the Eus+/tRNA ratio (Figure 1) indicates that the
peak intensity is obtained when there are three Eus+ per
tRNA molecule and that there is a decrease in the in-
tensity when the ratio is either raised or lowered. The
complex behavior of the steady state intensity indicates
that more than one type of binding site is involved, and
this is clearly demonstrated by the lifetime measure-
ments.

In the absence of tRNA, the Eu’t emission decayed
exponentially with a lifetime of 7 = 1.44 msec in D,O.
In the presence of tRNA, the decay could be fitted by a
sum of exponentials using a single long lifetime of 1.95
msec and a range of shorter lifetimes (0.8-1.3 msec).
The results of the lifetime measurements (obtained in
D,0) are presented in Figure 2 where the integrated
intensity due to the shorter lived and to the long lived
(1.95 msec) component are plotted separately. From
these data we see that, as the Eu3+ solution is titrated
with tRNA, there is a steep rise in the intensity of the
short-lived emission until a peak value is reached for a
Eu*+/tRNA ratio of 3:1. Further addition of tRNA
leads to a decrease in the intensity of the short-lived
component and an increase in the long-lived component
which plateaus at a ratio of Eu+/tRNA = 1.0.

There are additional experimental observations which
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