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ABSTRACT: A coumarin derivative was covalently attached to either the amino acid or the 5 end of
phenylalanine-specific transfer RNA (tRNAF), Its fluorescence was quenched by methyl viologen when
the tRNA was free in solution or bound to Escherichia coli ribosomes. Methyl viologen as a cation in
solution has a strong affinity for the ionized phosphates of a nucleic acid and so can be used to qualitatively
measure the presence of RNA in the immediate vicinity of the tRNA-linked coumarins upon binding to
ribosomes. Fluorescence lifetime measurementsindicate that the increase in fluorescence quenching observed
when the tRNAs are bound into the peptidyl site of ribosomes is due to static quenching by methyl viologen
bound to RNA in the immediate vicinity of the fluorophore. The data lead to the conclusion that the
ribosome peptidyl transferase center is rich in ribosomal RNA. Movement of the fluorophore at the
N-terminus of the nascent peptide as it is extended or movement of the tRNA acceptor stem away from
the peptidyl transferase center during peptide bond formation appears to result in movement of the probe

into a region containing less rRNA.

In early ribosome research, it was generally assumed that
ribosomal proteins would have a key function and that
ribosomal RNA (rRNA) would serve as the scaffold upon
which these proteins were held in place (Fellner, 1974). Later,
rRNA was postulated to be directly involved in ribosomal
function with profound implications for the nature of very
early self-replicating forms and evolution (Noller & Woese,
1981). To date, no catalytic function has been definitively
attributed to any ribosomal protein. We have suggested that
the ribosome as a functional entity may serve to align
aminoacyl-tRNA and peptidyl-tRNA molecules so that
peptide bond formation can take place by a displacement
reaction without direct mediation of a protein catalytic center
(Hardesty et al.,, 1986). These considerations have been
extended to further arguments that rRNA is the key functional
component of ribosomes (Raue et al., 1990; Noller, 1991).

Several segments of rRNA have been directly implicated
in ribosome function, including elongation factor G and
elongation factor Tu binding to 23S rRNA (Thompson et al.,
1982; Skold, 1983; Moazed et al., 1988), antibiotic association
with 16S rRNA (Moazed & Noller, 1987a) and 23S rRNA
(Moazed & Noller, 1987b), antibiotic resistance with 23S
rRNA (Cundliffe, 1986), mRNA binding (Shine & Dalgarno,
1974),and tRNA interaction with 23SrRNA and 16STRNA
(Schwartz & Ofengand, 1978; Barta et al., 1984; Moazed &
Noller, 1990). Many of the rRNA segments which interact
with these and other translational components are single-
stranded regions such as those in domain V of the 23S rRNA
which have been implicated as part of the peptidyl transferase
center, the site at which peptide bond formation occurs (Noller,
1991).
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We have used fluorescence techniques to examine a number
of structural and functional features of Escherichia coli
ribosomes with fluorophores covalently attached to specific
sites on tRNAs, ribosomal proteins, or mRNA (Odom et al.,
1990; Picking et al., 1992; Czworkowski et al., 1991; Hardesty
et al.,, 1992). During the course of these studies, we have
developed a method to qualitatively assess changes in the
relative amount of nucleic acid in the immediate vicinity of
a fluorescent probe covalently attached to free and ribosome-
bound tRNAFP analogues. The method is based on the
observation that methyl viologen (MV2*)! binds tightly to
DNA (K, = 1.8 X 105 M!) (Fromherz & Reiger, 1986),
which greatly enhances its efficiency to quench fluorescence
from probes such as ethidium bromide that are intercalated
intodouble-stranded DNA (Atherton, 1988). The mechanism
of quenching most likely involves photoinduced electron
transfer from the coumarin excited singlet state. Although
the process does not involve actual complex formation between
fluorophore and quencher, the quenching behaves in typically
static fashion in that the lifetime of the ethidium bromide
remains constant (Atherton, 1988). MV2* also quenches
coumarin fluorescence by an electron-transfer mechanism
(Jones et al., 1984).

The change in MV2* quenching of fluorescence from
coumarin attached to phenylalanine of Phe-tRNA upon
binding to the ribosomal P site was studied. Fluorescence
lifetime measurements indicate that the large increase in
quenching that is observed is primarily due to static quenching

1 Abbreviations: MV2*, methyl viologen (1,1’-dimethyl-4,4’-bipyri-
dinium dichloride); CPM, 3-(4-maleimidophenyl)-7-diethylamino-4-
methylcoumarin; CITC, 3-(4-isothiocyanatophenyl)-7-diethylamino-4-
methylcoumarin; 5’-CITC-tRNAPhe, yeast tRNAPhe labeled at its 5’ end
with CITC; 5’-CITC-NAcPhe-tRNA, yeast 5-CITC-tRNAP* aminoa-
cylated with phenylalanine, which was then acetylated at its a-amino
group; CPM-SAcPhe-tRNA, yeast tRNAPh aminoacylated with phe-
nylalanine which was then mercaptoacetylated at its a-amino group and
labeled with CPM; poly(Phe), polyphenylalanine; poly(Ala), polyalanine;
poly(Ser), polyserine; poly(U), poly(uridylic acid); poly(A), poly(adenylic
acid); anti-CPM IgG, rabbit polyclonal immunoglobulin G specific for
CPM.
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by MV2* bound to rRNA in the immediate vicinity of the
amino acid of Phe-tRNA in the peptidyl transferase center
of the ribosome.

MATERIALS AND METHODS

Materials

3-(4-Maleimidophenyl)-7-diethylamino-4-methylcou-
marin (CPM) and 3-(4-isothiocyanatophenyl)-7-diethylami-
no-4-methylcoumarin (CITC) were from Molecular Probes,
Inc. (Eugene, OR). Purified yeast and E. coli tRNAPhe,
ethidium bromide, GTP, and methyl viologen (MV?*) were
from Sigma Chemical Co. (St. Louis, MO). [“C]Phenyla-
lanine was purchased from ICN Radiochemicals, Inc. (Irvine,
CA). Otherchemicals wereof reagent grade. The preparation
of E. coli ribosomal subunits has been described previously
(Odom et al., 1980).

Methods

Preparation of Fluorescent tRNAF* Derivatives. Yeast
tRNAPhe |abeled at its 5’ end with CITC (5/-CITC-tRNAPhe)
was prepared by a modification of the method of Mochalova
and co-workers (Mochalova et al., 1982) as previously
described (Odom et al., 1990). The 5'-labeled tRNAPhe was
aminoacylated and acetylated at the a-amino group to give
5-CITC-NAcPhe-tRNA. The preparation of yeast Phe-
tRINA which has been mercaptoacetylated at its «-amino group
and subsequently labeled with CPM (to give CPM-SAcPhe-
tRNA) is described in the same reference.

Aminoacylation and Acetylation of tRNAPk. Yeast
tRNAPhe (gither 5-CITC-tRNAPFP or unlabeled tRNAFhe
for the preparation of CPM-SAcPhe-tRNA) was aminoa-
cylated with the aminoacyl-tRNA synthetase fraction present
inthe 0.5 M KCl wash of rabbit reticulocyte ribosomes (Odom
et al., 1990). The reaction mixture contained 50 mM Tris-
HCI (pH 7.5), 20 mM magnesium acetate, 120 mM KCI, 2.5
mM dithioerythritol, 3.75 mM ATP, 60 uM [4C]Phe (100
Ci/mol), 10 4340 units of tRNAPP, and 40 ug of protein from
the synthetase fractionina final volume of 1 mL. Themixtures
were incubated for 30 min at 37 °C, phenol-extracted, and
then ethanol-precipitated. AlltRNA derivatives were purified
by reversed-phase high-performance liquid chromatography
(HPLC) (Odom et al., 1990).

Binding of tRNA to Ribosomes. Nonenzymatic binding
of the tRNAPhe derivatives to the P site of E. coli ribosomes
was carried out by a procedure similar to that of Wurmbach
and Nierhaus (1979). Briefly, the tRNA (10-30 pmol), poly-
(U) (60 ug), 50S ribosomal subunits (300 pmol), and 30S
subunits (300 pmol) were mixed in 50 mM Tris-HCI (pH
7.5),100 mM NH,4Cl, 15 mM magnesium acetate, and S mM
2-mercaptoethanol (buffer A) in a final volume of 0.6 mL.
Binding was allowed to proceed for 15 min at 37 °C unless
otherwise indicated. The coumarin moieties were also bound
by anti-CPM IgG in buffer A. The anti-CPM IgG was
prepared as described (Picking et al., 1992).

Fluorescence Measurements. A Model 8000 photon-
counting spectrofluorometer from SLM-Aminco (Urbana, IL)
was used for steady-state fluorescence determination as
previously described (Rychlik et al., 1983). Spectra were
measured at 1-nm intervals with a scanning rate of 1 s per
wavelength increment. Allsamples had anabsorbance of less
than 0.01 at the excitation wavelength to avoid an inner filter
effect. Unless otherwise indicated, all fluorescence measure-
ments were taken in a volume of 0.6 mL and at a temperature
of 20 °C. Steady-state anisotropy measurements were made
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as described (Odom et al., 1984) with excitation of coumarin
fluoresence at 385 nm and emission at 475 nm.

Fluorescence lifetime measurements were carried out at
the Center for Fast Kinetics Research at The University of
Texas at Austin. A mode-locked, synchronously pumped,
cavity-dumped, frequency-doubled pyridine 1 dye laser with
excitation at 385 nm and single-photon-counting detection
(FWHM 70 ps) was used in a standard configuration as
described (Harriman et al., 1992).

Quenching of Fluorescence with Methyl Viologen. Steady-
state fluorescence was used to determine the Stern—Volmer
quenching constants of MV?2* for ethidium bromide and
coumarin dyes under a variety of conditions (Stern & Volmer,
1919). The fluorescence intensity of the sample was measured
in the absence and presence of increasing concentrations of
MV?2+, The degree of fluorescence quenching was plotted as
Fo/F versus MV2* concentration where Fy is the fluorescence
intensity in the absence of MV2* and F is the intensity at a
given concentration of MV2*, The Stern—Volmer quenching
constant (Kq) is given by the slope of this plot. Where the
slope deviated from linearity, the initial slope of the plot was
used to determine Kq.

Insome cases, the Stern—Volmer plots curved upward which
generally indicates the occurrence of both dynamic (diffusive)
and static (nondiffusive) quenching processes (Lakowicz,
1983). These two separate quenching constants were deter-
mined by plotting the apparent Ko {[(Fo/F) - 1]/[Q]} ateach
MV2+ concentration versus the MV2* concentration ([Q])
(Lakowicz, 1983). The slope of this plot gives the product of
the diffusive quenching constant (Kp) and the static quenching
constant (Ks). The y-axis intercept gives the sum of Kp and
Ks. Each constant can be calculated from the quadratic
equation K* — KI + s = 0, where [ is the y-axis intercept and
sis the slope. Once the two constants are known, it is possible
to distinguish Kp from Kg by measuring fluorescence lifetime
changes in response to the quenching agent. Lifetime
measurements only reflect diffusive quenching and so can be
used to calculate Kp. Insome cases where only one constant
is observed or one constant represents a predominant form of
quenching, the main type of quenching can be determined as
being diffusive or static by changing the temperature at which
the quenching is measured. Diffusive quenching increases as
the temperature increases due to the resulting increased rate
of diffusion. Static quenching decreases as the temperature
increases due to destabilization of complex formation.

When Kp is known, it is possible to determine the degree
of protection a fluorophore is given from diffusional quenching
by small molecules in the solvent. This is determined by
dividing Kp by the fluorescence lifetime of the probe in the
absence of quencher (Kp/ 7o) to give the bimolecular quenching
rate constant (kg) which is a direct measure of the rate at
which the probe and quenching agent collide. This value
decreases when a probe is shielded within a macromolecular
complex, for instance, after binding of anti-coumarin IgG as
indicated by the results given below.

RESULTS

Double-Stranded RNA Mediates the Methyl Viologen
Quenching of Ethidium Bromide Fluorescence. Our initial
objective was to compare MV?2* quenching of fluorescence
from ethidium bromide (EB) intercalated into RNA with the
well-documented results for EB in double-stranded DNA. EB
intercalates into double-stranded DN A with a binding constant
of 2.6 X 106 M~! (Gaugain et al., 1978) with 0.4 EB/base pair
atsaturation (Fromherz & Reiger, 1986). Intercalationresults
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Table I: Methyl Viologen Quenching of Ethidium
Bromide Fluorescence

conditions? Kq (M)
ethidium bromide alone (500 pmol) 9
+100 ug of tRNAPhe 1.2 x 104
+60 ug of poly(U) 9
+20 ug of poly(A) no quenching

+60 ug of poly(U) and 20 ug of poly(A) 3.7 X 104

4 All samples were in buffer A, and the Stern-Volmer quenching
constant was measured with an excitation wavelength of 532 nm and an
emission wavelength of 600 nm. Methyl viologen was added directly to
the cuvettes used for fluorescence measurements. The intensity was
corrected for the slight dilution which occurred upon adding MVZ*,
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FIGURE 1: Determination of the quenching constants of methyl
viologen for CPM-SAcPhe-tRNA fluorescence. In part A, the
apparent quenching constants at various concentrations of MV2* are
plotted against the MV2* concentration for free CPM-SAcPhe-tRNA
(open circles) and CPM-SAcPhe-tRNA bound to poly(U)-pro-
grammed ribosomes (closed circles). The slope (s) is equal to the
product of the diffusive (Kp) and static (Ks) quenching constants
while the y-axis intercept () gives the sum of Kp and Ks. In part
B, the dotted lines are the Stern—Volmer plots for the MV2* quenching
of the fluorescence lifetimes of free (open inverted triangles) and
ribosome-bound (closed inverted triangles) CPM-SAcPhe-tRNA.
The slopes of these plots are equal to the Kp of MV2* for CPM-
SAcPhe-tRNA fluorescence. The solid lines in panel B represent
the Stern—Volmer plots of the steady-state fluorescence intensity of
free (open triangles) and ribosome-bound (closed triangles) CPM-
SAcPhe-tRNA. The quenching of free CPM-SAcPhe-tRNA (30
pmol) was measured in 0.6 mL of buffer A by adding increasing
amounts of MV?* (0-10 mM) directly to the cuvette used for
fluorescence measurements. The resulting intensities were corrected
for slight changes due to dilution upon adding MV?*. Bound CPM-
SAcPhe-tRNA fluorescence quenching was similarly measured after
incubation with 300 pmol of ribosomes and 60 ug of poly(U).

in a 12-fold increase in the fluorescence lifetime of EB;
however, the quenching of intercalated EB fluorescence by
MYV2*is several thousandfold greater than that of EB in water
(Fromherz & Reiger, 1986). This phenomenon has been
attributed to the ability of MV2* to form a mobile coat on the
surface of DNA due to electrostatic attraction. This brings
the intercalated fluorophore and quenching agent into close
proximity. In other words, DNA has a mediating effect on
the quenching reaction which occurs between MV2* and EB
(Atherton, 1988).

The ability of RNA to mediate MV2* quenching of EB
fluorescence was tested as shownin Table I. EB was quenched
by MV2*in the absence and presence of an 8-fold molar excess
of E. coli tRN APt in buffer A. Aswith DNA, the quenching
increased over a thousandfold in the presence of tRNAFhe,
indicating that it was able to bring EB and MV2* into reactive
proximity. MV?* quenching of EB fluorescence was even
greater when measured in the absence of buffer and salts
(data not shown) although this condition does not greatly
alter the fluorescence of EB. This observation supports the
conclusion of Atherton (1988) that MV2* binding to nucleic
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acid is primarily by electrostatic interaction with ionized
phosphates along the backbone of the chain and that this
interaction can be attenuated by the presence of competing
cations.

Poly(U) or poly(A), single-stranded RNA, does not affect
the quenching of EB fluorescence (Table I). Presumably,
this is due to the lack of double-stranded structure in these
RNAs and thus of EB intercalation, although they, like
tRNAPhe, are rich in negative charge and should still interact
with MV2*, Indeed, when the two are mixed, the resulting
double-stranded RNA affects the MV?* quenching of EB
fluorescence (Table I).

MV?* Quenching of Ribosome-Bound CPM-SAcPhe-tRNA
Fluorescence. We have previously observed that MV2+
quenching of the fluorescence from a coumarin probe attached
to the a-amino group of synthetic alanyl-tRNAs is increased
more than 2-fold upon binding to poly(U)-programmed E.
coli ribosomes (Picking et al., 1992). A similar phenomenon
was observed for a coumarin probe at the a-amino group of
E. coliinitiator methionyl-tRNA upon binding to MS2 RNA-
programmed ribosomes (Picking et al., submitted for pub-
lication). These data indicated that the amino acid of
ribosome-bound tRNA is not protected from interaction with
small molecules in the solvent; however, these studies did not
provide clear evidence on the degree of accessibility of the
probes to collisional quenching by MV2*. To further inves-
tigate those findings, CPM-SAcPhe-tRNA fluorescence was
quenched by MV2* before and after binding to 70S ribosomes
inthe presence of poly(U). Thequenching data were analyzed
andareshownin Figure 1. Theapparent Ko{[(Fo/F)-1]/[Ql}
was plotted versus the MV2* concentration (Figure 1A). The
slope and the y-axis intercept of this plot were used to calculate
the diffusive and static quenching constants, Kp and K,
respectively, for both free and ribosome-bound CPM-SAcPhe-
tRNA; however, this plot does not indicate which of the two
obtained values is Kp and which is Ks. Kp was determined
by measuring the MV2* quenching of the CPM-SAcPhe-
tRNA fluorescence lifetime. In Figure 1B, Stern-Volmer
plots are shown for both the steady-state fluorescence and the
fluorescence lifetime quenching of CPM-SAcPhe-tRNA by
MV2+, The Stern-Volmer plot of the fluorescence lifetime
data (ro/7 versus [MV2*]) has a slope which is equal to Kp
and which is similar to one of the constants calculated from
the plot in Figure 1A. The remaining constant calculated
from Figure 1A is Ks. An upward curvature in the Stern—
Volmer plot of the steady-state fluorescence quenching by
MV2*, for free and ribosome-bound CPM-SAcPhe-tRNA,
indicates that both diffusive and static quenching processes
are taking place (Figure 1B). Comparison with the results
for the reaction product of CPM with 2-mercaptoethanol gives
an indication of the effect of the tRNA portion of CPM-
SAcPhe-tRNA on MV?2+ quenching. For CPM-2-mercap-
toethanol, Kp was 56 M1, and K was essentially zero (data
not shown). It should be mentioned that the lifetimes given
are average values. Usually a double-exponential fit to the
data indicated that the decay curves were made up of at least
two components. It appears likely that the emission may be
comprised of a large number or continuous distribution of
lifetimes, resulting in differences in the local environment of
the fluorophore that are related to differences in conformation,
solvation, mobility of the fluorophore, and other factors. Such
distributions of fluorescence lifetimes have been demonstrated
for fluorescence from tryptophan in proteins and analyzed in
terms of the dynamics of the structure of the protein (Alcala
etal., 1987). However, within the limits of the two-exponential
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Table II: Methy!l Viologen Quenching of CPM-SAcPhe-tRNA

position of Kp Ks To kq (Kp/70)
CPM-SAcPhe-tRNA M (MY (ns) M-1s™h)
free 45 51 2.6 1.7 X 1010
ribosome P-site-bound 38 186 4.0 1.0 X 1010
anti-CPM-bound 5 20 4.4 1.14 X 10°

fit to the observed data, methyl viologen quenching was similar
or identical for both lifetime components, suggesting that the
use of the average lifetime valueis an acceptable approximation
for the purpose of our analysis.

The results of MV2* quenching of CPM-SAcPhe-tRNA
agree with previous observations that ribosome binding
enhances the ability for MV2* to quench the fluorescence
from CPM-SAc-aminoacyl-tRNA (Table II). Thedata also
indicate that the amount of quenching due to diffusional
processes actually decreases from 45 to 38 M~ upon ribosome
binding. This is accompanied by an increase in fluorescence
lifetime. The results indicate that ribosome binding only
slightly reduces the amount of diffusion-limited collision which
can occur between the probe and its quencher, This point is
reflected by the decrease in the bimolecular quenching rate
constant (kq) upon ribosome binding (Table II).

The relatively small reduction in Kp and ky demonstrates
that the amino acid of Phe-tRNA, or at least the probe
covalently linked to it, remains largely exposed to the solvent
when the Phe-tRNA is bound into the ribosomal Psite. These
results can be compared directly with data for binding of the
coumarin probe of free CPM-SAcPhe-tRNA by anti-CPM
IgG (Table II) for which Kp is reduced to S M™! and 44 to
1.1 X 10° M1 s-1, Considered with changes in the emission
spectrum, quantum yield, fluorescence lifetime, and fluores-
cence anisotropy that occur upon interaction with IgG (data
not shown), the results indicate that the probe is buried within
a relatively hydrophobic pocket within the antibody where it
is largely shielded from MV2* in the solvent.

In contrast to diffusional quenching, the static quenching
of CPM-SAcPhe-tRNA increases over 3-fold concomitant
with ribosome binding (Table IT). Thissuggests that ribosome
binding results in placement of the probeinto a region relatively
rich in RNA that is accessible to MV2*, RNA involvement
is further suggested by the observation that quenching of CPM-
SAcPhe-tRNA fluorescence by iodide (negatively charged)
is almost completely abolished after ribosome binding (data
not shown). The data appear to indicate that the ribosome
holds the aminoacyl moiety of the tRNA tightly within the
peptidyl transferase center while the rRNA of the peptidyl
transferase center sequesters MV?2* in this region in much the
same way that MV?* is concentrated by double-stranded DNA.
It is important to note here that static quenching in this case
does not result from MV2* forming a ground-state complex
directly with the coumarin which would result in a perturbation
of the coumarin absorbance spectrum (data not shown).

Effect of Nascent Peptide Length on Static Quenching. In
previous studies, a relatively rapid decrease in Kq was observed
upon nascent peptide extension with coumarin at the amino
terminus of the growing peptide (Picking et al., 1992). To
measure the length of nascent peptide needed toexit the rRNA-
richregion of the peptidyl transferase center, increasing lengths
of poly(Phe) or poly(Ala) were synthesized witha CPM residue
attheiraminotermini. Nascent peptide extension was stopped
at specific times, and the incorporation of ['*C]phenylalanine
or [“Clalanine was measured. An average length of the
nascent peptides was calculated based on the known number
of active ribosomes in the sample (Picking et al., 1992). The

Table III: Methy! Viologen Quenching of CPM at the Amino
Terminus of Nascent Polyphenylalanine and Polyalanine

av nascent
peptide chain length
(amino acid residues)? Ko (MY Kp (M) Ks (M)

polyphenylalanine
1 224 38 186
4 154 30 124
13 127 11 116

polyalanine
1 225 45 180
6 180 38 142
10 160 36 124
20 125 40 85

4 Nascent polypeptide chain length was determined by measuring the
incorporation of ['4C]phenylalanine (25 Ci/mol) or ['*C]alanine (25
Ci/mol) and dividing by the concentration of active ribosomes as previously
described (Picking et al., 1992). The nascent peptide-bearing ribosomes
were isolated by gel filtration on Sephacryl S300 equilibrated with buffer
A.

data for the quenching of poly(Phe) and poly(Ala) are shown
in Table III. The Kp for poly(Phe) declines from 38 to 11
M1 at a chain length of 13 residues whereas the Kp, for poly-
(Ala) declines only slightly from 45 to 40 M~! at a chain
length of 20 residues. The corresponding values of Ks for
poly(Phe) and poly(Ala) as they are extended are 186 to 116
M-1 and 180 to 85 M, respectively. Poly(Phe) appears to
collapse into an insoluble mass in or near the peptidyl
transferase center as it is formed (Picking et al., 1991) which
may lead to the observed changes in both Kp and K for this
polypeptide; however, poly(Ala) is probably extended from
the peptidyl transferase center as an a-helix as it is formed
(Picking et al., 1992). The small decline in Kp as poly(Ala)
is extended indicates that it is not significantly shielded by the
ribosome from MV?* in the solvent as might be anticipated
if the N-terminal probe entered a tightly enclosed channel or
tunnel from which MV2* was excluded. The decline in K,
however, suggests that the N-terminus moves away from the
RNA-richregion as the peptide is extended. The distance for
the 20-residue peptide would be 30 A if the peptide was in the
a-helical conformation.

Effect of Movement of the 5’ End of tRNA on Static
Quenching. We have previously reported that the 5’ end of
tRNAPP may move more than 20 A toward ribosomal protein
L1 during the peptidyl transferase reaction on E. coli
ribosomes, whereas the nascent peptide, extended by a single
amino acid upon peptidyl transfer, moves no more than a few
angstroms (Odom et al., 1990). Movement of the deacylated
tRNA following peptidyl transferase might be associated with
achange in the local environment of that portion of the tRNA
that would be reflected by MV?* quenching. This possibility
was investigated using tRNAFP with a coumarin covalently
attached toits 5’-terminal phosphate (5’ CITC-tRNAPhe) and
its aminoacylated counterpart 5’-CITC-NAcPhe-tRNAFhe,
The aminoacylated and deacylated species were bound to poly-
(U)-programmed ribosomes, and the MV2* quenching of the
fluorescence from each was measured and compared with
their unbound counterparts.

The Stern—Volmer quenching constants for free 5'-CITC-
tRNAPP and 5-CITC-NAcPhe-tRNA are nearly the same
(Table IV). When the deacylated derivative is bound to the
ribosomal E site, only a small increase in Kq is observed.
Analysis of fluorescence lifetime data for 5'-CITC-tRNAFhe
indicates that ribosome binding results in a small increase in
Ks which is largely offset by a small decrease in Kp so that
total quenching is nearly the same for the free and E-site-
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Table IV: Methyl Viologen Quenching of 5’-Labeled tRNAPhe
Derivatives

Kq Kp Ks
M) (M) (M)

tRNA derivatives position
5/-CITC-NAcPhe-tRNAPh  free 91 16 75
P-site-bound 122 12 110
5'-CITC-tRNAPhe free 90 18 72
E-site-bound 95 15 80
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FIGURE 2: Fluorescence spectra of acylated and deacylated tRNAPhe
labeled at the 5’ end with CITC. In part A, spectra are shown for
free 5/-CITC-NAcPhe-tRNA before (solid line) and after (long
dashed line) the addition of 8.3 mM MV2?*, The emission spectra
of ribosome-bound 5-CITC-NAcPhe-tRNA are also shown before
(short dashed line) and after (dotted line) the addition of 8.3 mM
MV2*, In part B, emission spectra of free deacylated 5-CITC-
tRNAPe are shown before and after adding 8.3 mM MV?* (solid
and long dashed lines, respectively); the spectra of ribosome-bound
5-CITC-tRNAP* are also shown before and after adding 8.3 mM
MV2* (short dashed and dotted lines, respectively). Excitation of
fluorescence was at 385 nm. In each case, 10 pmol of tRNA was
used; for binding, the samples were incubated with 60 ug of poly(U)
and 300 pmol of ribosomes for 15 min at 37 °C in a final volume of
0.6 mL of buffer A.

bound tRNA (Table IV). Conversely, the Ks for MVZ*
quenching of 5’-CITC-NAcPhe-tRNAP increases signifi-
cantly upon binding to the ribosomal P site; however, the
increase is less than that observed for the coumarin probes
attached at the a-amino group of Phe-tRNA. The Ky for
5-CITC-NAcPhe-tRNAP decreases from 16 to 12 M-I with
ribosome binding, but this relatively large percentage change
is offset by the much greater numerical increase in K (nearly
50%, Table IV). Bindingof 5-CITC-tRNAF"e, the deacylated
tRNA analogue, also results in a significant blue shift in the
emission maximum of the coumarin probe (from 480 to 477
nm), suggesting entry into a relatively nonpolar environment
(Figure 2). Conversely, 5'-CITC-NAcPhe-tRNAPhe only
shifts about 1 nm toward the blue, suggesting occupation of
a site which is more polar than that occupied by its deacylated
counterpart (Figure 2). These data may also suggest that the
acceptor stem of acyl-tRNA in the P site is also in an RNA-
rich region of the ribosome. The spectra shown in Figure 2
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also reveal the degree of quenching (observed as a decrease
in spectral intensity) given by 8.3 mM MV?Z* for each free
and ribosome-bound tRNA species. In no case did MV2+
cause a shift in the coumarin emission spectra which would
indicate a change in the environment surrounding the probes
upon MV?* addition (Figure 2).

The observation that the aminoacylated 5'-labeled tRNA
does not show as large an increase in MV2* quenching upon
ribosome binding as did the CPM-SAcPhe-tRNA may indicate
that the 5’ end of aminoacyl-tRNA lies further away from an
rRNA-rich region of the peptidyl transferase center, while
the 3’ end lies directly within this region. A 20-A movement
of the 5’ end of the tRNA appears to remove the 5’ probe to
a position in which MV2* quenching of its fluorescence is not
affected appreciably by rRNA.

DISCUSSION

The fluorescence lifetime data presented above show that
the increase in quenching of fluorescence from CPM-SAc-
aminoacyl-tRNA which occurs upon binding into the ribo-
somal P site is due entirely to an increase in static quenching
with only a small decreasein collisional quenching. Thelatter
results indicate that there is little shielding of the coumarin
probe from MVZ* by the ribosome; that is, the probe is
accessible to the solvent and to MV2+ (M, = 257) dissolved
in it even as the nascent peptide is extended from the peptidyl
transferase center during its synthesis. Incontrasttocollisional
quenching, however, static quenching increases markedly upon
binding of the acyl-tRNA to the ribosome, indicating MV?*
is concentrated in the immediate vicinity of the probe by a
mechanism that is independent of diffusion.

The extensive studies of MV2* quenching of fluorescence
from ethidium bromide intercalated into double-stranded
DNA provide insight into the mechanism that may be involved
in binding of MV2*, The primary factor in the interaction
appears to be electrostatic attraction between the positively
charged nitrogen atoms of the bipyridine and the ionized
phosphate residues along the backbone of the DNA which
forms what has been termed a “mobile coat” of MV2* along
the nucleic acid (Fromherz & Reiger, 1986). A similar
phenomenon appears to occur with RNA judging from the
quenching studies reported here. There is no evidence,
however, for interaction of MV?* with a protein. Indeed,
anti-coumarin IgG or its Fab fragment sharply decreases MV2+
quenching of CPM-SAcPhe-tRNA (Table II). These con-
siderations lead us to conclude that the observed increase in
static quenching upon binding of CPM-SAcPhe-tRNA tothe
ribosome is due to MV?* binding to RNA in the vicinity of
the peptidyl transferase center of the ribosome. This probably
involves some part of the 23S ribosomal RN A, probably within
domain V (Noller, 1991). Although it cannot be excluded
that binding of the aminoacyl-tRNA to the ribosome results
in folding of the 3’ end in such a way that the derivatized
amino acid is brought into close proximity with the body of
the tRNA, we believe this is very unlikely. The ribosome
must position the tRNA in the peptidyl site in such a way that
the ester bond linking the peptidyl moiety of the tRNA is
accessible toand chemically reactive with the free amino group
of the amino acid on the incoming aminoacyl-tRNA. Steric
requirements, as considered by Rich (1974) and Spirin and
Lim (1986), appear tostrongly favor an extended conformation
of the 3’ end of the tRNA.

Consideration of the mechanism by which MV2+ quenching
of fluorescence takes place provides an indication of the
distance between rRNA-bound MV?* and the fluorophore.
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MV?2*+ quenches ethidium bromide fluorescence by an electron-
transfer mechanism (Fromherz & Reiger, 1986; Atherton,
1988). The same mechanism, although less efficient, is the
basis for MV?* quenching of coumarin fluorescence (Jones
et al.,, 1984). Electron-transfer reactions do not normally
occur beyond a distance of 15 A, and the edge to edge distance
between donor and acceptor in most photoinduced electron-
transfer reactions is usually on the order of 10 A or less (Guarr
et al., 1983). It follows that the rRNA region which results
inincreased quenching of CPM-SAcPhe-tRNA fluorescence
upon ribosome binding is very near to or most likely within
the peptidyl transferase center itself. Deacylation of AcPhe-
tRNA results in rapid movement of the 5’ end of tRNAP
outof therRNA-richarea (see Table IV), and nascent peptide
extension causes the N-terminus of polyphenylalanine and
polyalanine to quickly exit the rRNA-rich area (see Table
III). Taken together, all these findings indicate that the
rRNA-rich region of the ribosome which causes enhanced
quenching of CPM-SAcPhe-tRNA fluorescence is relatively
compact and lies in the region where the aminoacyl portion
of tRNA is held prior to formation of the new peptide bond.
This may be the peptidyl transferase center itself.

These findings are consistent with previous results, men-
tioned in the introduction, specifically implicating the central
loop of domain V of 23S RNA as being in close proximity to
the peptidyl transferase center [reviewed by Noller (1991)].
Recently, Noller and his co-workers (Noller, 1992) reported
that 50S ribosomal subunits from Thermus aquaticus retain
most of their ability to form a peptide between fMet-tRNA
and puromycin after the subunits had been incubated with
proteinase K and extraction with phenol to remove 95% of the
ribosomal protein. The results provide strong evidence that
the peptidyl transferase function of 508 subunits is mediated
by RNA. The results presented here appear to be entirely
consistent with this conclusion.
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