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ABSTRACT: The three ribonucleic acids (RNAs) from Es-
cherichia coli ribosomes were isolated and then labeled at their
3’ ends by oxidation with periodate followed by reaction with
thiosemicarbazides of fluorescein or eosin. Ribosomal subunits
reconstituted with the labeled RNAs were active for poly-
phenylalanine synthesis. The distances between the 3’ ends
of the RN As in 708 ribosomes were estimated by nonradiative
energy transfer from fluorescein to eosin. The percentage of
energy transfer was calculated from the decrease in fluores-
cence lifetime of fluorescein in the quenched sample compared
to the unquenched sample. Fluorescence lifetime was mea-
sured in real time by using a mode-locked laser for excitation
and a high-speed electrostatic photomultiplier tube for de-

Small angle X-ray diffraction data from the small subunit
of Escherichia coli ribosomes indicated a structure that could
be accurately represented by an ellipsoid of revolution having
axes of 55 X 220 X 220 A (Van Holde & Hill, 1974). The
corresponding values for the 50S subunit were 115 X 230 X
230 A. The distance between the centers of mass of the two
subunits in 70S particles was estimated to be 93 & 15 A (Koch
et al., 1978). Proteins and RNA! appear not to be uniformly
distributed in either 30S or 50S subunits of E. coli ribosomes.
Small-angle neutron scattering data indicate that the central
region of both subunits is relatively rich in RNA with the
ribosomal proteins distributed toward the exterior of the
particles (Crichton et al., 1977; Stuhrmann et al., 1978).
The approximate location of the 3’ end of the 16§ RNA
in 30S subunits is indicated by several lines of evidence. Using
immunoelectron microscopy, Olson & Glitz (1979) concluded
that the 3’ end is located on the upper portion of the platform
region of the 308 subunit. They employed antibodies against
a dinitrophenol derivative covalently attached to the 3’ end
of the 16S RNA. Using the same approach, Stoffler et al.
(1980) found that the 3’ end of the 16S RNA is not buried
and that antibody attachment sites are located between the
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tection of fluorescence. The distances between fluorophores
attached to the 3’ ends of 16S RNA and 5S RNA or 23S
RNA were estimated to be about 55 and 71 A, respectively.
The corresponding distance between the 5S RNA and 23S
RNA was too large to be measured reliably with the available
probes but was estimated to be >65 A. Comparison of the
quantum yields of the labeled RNAs free in solution and
reconstituted into ribosomal subunits suggests that the 3’ end
of 16S RNA does not interact appreciably with other ribo-
somal components and may be in a relatively exposed position,
whereas the 3’ ends of the 5S RNA and 23S RNA may be
buried in the 708 ribosomal subunit.

groove and the large lobe of the 30S subunit. Shatsky et al.
(1979) used the same technique with a phenyl lactoside de-
rivative covalently linked to the 3’ end of the 16S RNA. They
found the 3’ terminus to lie in the groove between the side
“ledge” and the “head” of the subunit at the level of the top
of the ledge. Zimmermann distinguished three domains of 16S
rRNA which correspond roughly to the 5, central, and 3’
regions of the molecule (Zimmerman, 1980). Small subunit
proteins S7, S9, S13, and S19 bind to the 3’ domain. S1
appears to interact specifically with nucleotides in the region
of the bulge loop involving nucleotides 10-14 from the 3’ end
(Yuan et al., 1979). Immunoelectron microscopy indicates
that these proteins are located in the head (Stéffler et al., 1980)
or platform (Lake, 1980) region of the 30S ribosomal subunit.
The same general location is indicated by immunoelectron
microscopy using antibodies against N5, N°-dimethyladenosine
(Politz & Glitz, 1977). Two successive residues of this
modified base occur at positions 24 and 25 from the 3’ end
of the 16S RNA.

The 3’ end of the 16S rRNA can be cross-linked to a
number of ribosomal proteins (Rinke & Brimacombe, 1978)
and to IF-3 (Van Duin et al., 1975), thus suggesting that this
portion of the molecule may retain considerable flexibility in

! Abbreviations used: RNA, ribonucleic acid; rRNA, ribosomal
RNA; tRNA, transfer RNA; poly(U), poly(uridylic acid); Mg(OAc),,
magnesium acetate; Tris, 2-amino-2-(hydroxymethyl)-1,3-propanediol;
EDTA, ethylenediaminetetraacetic acid; DNase, deoxyribonuclease;
RNase, ribonuclease; ATP, adenosine 5'-triphosphate; GTP, guanosine
5’-triphosphate; AMP, adenosine 5’-phosphate.
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intact particles. Approximately 50 nucleotides at the 3’ end
of 16S RNA are particularly sensitive to chemical modification
and hydrolysis by ribonuclease, suggesting that they are in a
relatively exposed position in 30S subunits (Zimmermann,
1980). Periodate-oxidized, 3’-terminal ribose of 16S RNA
in 30S subunits could react with proflavine semicarbazide but
was unreactive in 70S ribosomes (Schreiber et al., 1979), thus
suggesting that this end of the molecule is near the surface
of the 30S particle that interacts with the 50S subunits.

The topographical location of the 3’ end of 23S RNA in
50S subunits is poorly defined. LS, L18, and L.25 appear to
have binding sites in the 120-nucleotide sequence beginning
600 residues from the 3’ end of the molecule (Branlant et al.,
1977). The same sequence may provide a point of interaction
with the 5S RNA. A binding site for L1 occurs in the adjacent
5’ sequence. These and other data have led Zimmermann to
place the 3’ domain of the 23S RNA near the center of the
chairlike 50S subunit. 5S RNA appears to be located in this
same general area (Zimmermann, 1980). A strong binding
site for L25 occurs between residues 69 and 110 of 5S RNA.
Guanine residues at positions 24 and 69 are strongly protected
from kethoxal modification by L18 (Garrett & Noller, 1979).
The 3’ end of 23S RNA is fully accessible for reaction with
proflavine semicarbazide in both 50S subunits and 70S ribo-
somes; however, the 3’ end of 5S RNA has low reactivity
suggesting that it may be buried in 50S subunits or in intact
ribosomes (Schreiber et al., 1979).

Here we describe the results of experiments in which non-
radiative energy transfer was used to estimate the distance
between fluorophores attached to the 3’ ends of the three
ribosomal RNAs. Distances are determined relative to R,
the distance at which the energy transfer proceeds at half of
its maximum rate. We have evaluated R, from the equation
(Forster, 1959)

Ry = 9.79 X 103(Qqn~42))/6

where Q is the quantum yield of the energy donor under the
experimental conditions but in the absence of an acceptor,
is the refractive index of the medium, «? is an orientation factor
for dipole—dipole transfer, and J is the spectral overlap integral
given by

J; “FV)e()A? dA

J @
J; FOUA2 dA

where F()) is the relative fluorescence intensity of the donor
at wavelength A (in units of centimeters) and e()) is the molar
extinction coefficient of the acceptor at this wavelength.

One can experimentally determine the efficiency (E) of the
energy transfer by measuring the fluorescence lifetime of the
donor both in the presence and in the absence of the acceptor.
The efficiency is given by

E=1~-71/1

where 7, is the lifetime of the donor without the acceptor and
7 is the lifetime in the presence of the acceptor. This efficiency
can be related to the distance (r) between the donor and
acceptor via

r=Ry(E1 - 1)1/

Fluorescein and eosin were chosen to be the energy donor
and acceptor, respectively, not only because they can be bound
specifically to the 3’ terminus of the rRNAs, but also because
they have a large spectral overlap integral. The reliability of
the measurements is discussed.

ODOM ET AL.

Experimental Procedures

Materials

E. coli K12, strain A19, was a kind of gift from Drs. K.
Nierhaus and H. G. Wittmann, Berlin, for early experiments.
5-Fluorescein thiosemicarbazide was synthesized in our lab-
oratory by reacting fluorescein isothiocyanate with hydrazine.
Recently, both fluorescein thiosemicarbazide and eosin thio-
semicarbazide have been purchased from Molecular Probes,
Inc. (Plano, TX). Casein hydrolysate, glucose, poly(ethylene
glycol)-4000, phosphocreatine, and creatine phosphokinase
were obtained from Sigma Chemical Co. (St. Louis, MO).
Autolyzed yeast extract powder was from Yeast Products, Inc.
(Clifton, NJ), and sucrose (RNase free) and urea (ultra pure)
were from Becton Dickinson Immunodiagnostics (Orangeburg,
NY). Poly(U) was obtained from Miles Research Products,
Inc. (Elkhart, IN) and ['*C]phenylalanine (420 Ci/mol) from
ICN Life Sciences (Irvine, CA). Phenol and dimethylform-
amide were redistilled before use. All other chemicals used
were reagent grade.

Solutions. Solution A contained 20 mM Tris-HCI (pH 7.7),
10 mM MgCl,, 1 mM dithioerythritol, and 0.1 mM EDTA.
Solution B contained 50 mM Tris-HCI (pH 7.7), 10 mM
MgCl,, 1.0 M NH,Cl, 1 mM dithioerythritol, and 0.1 mM
EDTA. Solution C contained 20 mM Tris-HCI (pH 7.5), 1
mM MgCl,, 0.1 M NH,CI, 1 mM dithioerythritol, and 0.1
mM EDTA. Solution D contained 10 mM Tris-HCI (pH 7.5),
10 mM MgCl,, 30 mM NH,CI, and 6 mM B-mercapto-
ethanol. Solution E contained 10 mM Tris-HCI (pH 7.6), 50
mM KCI, and 1% methanol. Solution F contained 30 mM
Tris-HCI (pH 7.4), 20 mM Mg(OAc),, 500 mM KCI, and
1 mM dithioerythritol. Solution G contained 20 mM Tris-HCI
(pH 7.5), 4 mM Mg(OAc),, 400 mM NH,C], 1 mM dithio-
erythritol, 0.2 mM EDTA, and 6 M urea. Solution H con-
tained 10 mM Tris-HCI (pH 7.6), 10 mM Mg(OAc),, 100
mM NH,C], and 4 mM §-mercaptoethanol.

All solutions were made up from glass-distilled, deionized
water. Contact with detergent-washed plasticware was strictly
avoided to minimize contamination from fluorescent deter-
gents, which adhere to plastic. The pH of all solutions was
adjusted at room temperature.

Methods

(I) Growth of E. coli. E. coli K12, strain A19, was grown
in a 250-L fermenter (New Brunswick Scientific Co., New
Brunswick, NJ) containing 180 L of medium made from 1 kg
of casein hydrolysate, 1 kg of yeast extract, 250 g of K,HP-
043H,0, 500 g of MgSO,7H,0, and 500 g of glucose. The
medium was inoculated from a 5-L culture containing 50 g
of casein hydrolysate, 50 g of yeast extract, and 25 g of
K,HPO,3H,0. This culture was grown from a 25-mL ov-
ernight culture that contained the same medium plus 25 mg
of glucose. E. coli cells were harvested in early log phase (A5
~ 0.5).

(2) Preparation of 70S Ribosomes and Ribosomal Sub-
units. The procedure described by Nierhaus & Dohme (1979)
was followed with minor modifications. Frozen E. coli (300
g) was ground with alumina in solution A; DNase was omitted.
After two low-speed centrifugations to remove alumina and
cell debris, 70S ribosomes were collected by centrifugation for
4 h at 35000 rpm in the Ti-45 rotor (Spinco, Beckman In-
struments, Palo Alto, CA). The pellets were suspended in
solution B, kept on ice overnight, and centrifuged for 5 h at
35000 rpm in the Ti-45 rotor to collect the ribosomal particles.
The pellets were resuspended in solution C, and the aggregates
were removed by low-speed centrifugation. The ribosomal
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suspension was stored frozen at -80 °C in aliquots of 20 000
A260 units.

One of these aliquots was loaded onto a 7.5-40% sucrose
{w/v) gradient in solution C in a Ti-15 zonal rotor (Beckman
Instruments, Palo Alto, CA). After centrifugation (15 h at
30000 rpm) 30S and 50S ribosomal subunits were collected
separately and precipitated with poly(ethylene glycol)-4000.
The subunits were collected by centrifugation, resuspended
in solution D at a concentration of 400600 Ay, units/mL,
and stored frozen at —80 °C in small aliquots.

(3) Preparation of Ribosomal RNA. 50S ribosomal sub-
units were extracted with phenol as described in detail by
Nierhaus & Dohme (1979). The 23S and 5S RNAs were
separated by chromatography on Sephadex G-100 as described
in the same reference. About 1000 Ay, units of 23S plus 5S
RNA in a total vlume of 3 mL was loaded on a 2 X 120 cm
column equilibrated in solution E.

The 16S RNA was extracted from 30S ribosomal subunits
with phenol and sodium dodecyl sulfate as described above
for the extraction of 508 subunits. Care was taken to keep
the concentration at <400 4,4 units/mL.

(4) Preparation of Total Proteins (TP) from Ribosomal
Subunits and Subunit Reconstitution. (a) TP30 and 308
Reconstitution. The procedures of Traub & Nomura (1968)
as modified by Hardy et al. (1969) were followed for isolation
of a fraction containing the total protein from the 30S subunit,
TP30, and for reconstitution of 30S particles containing labeled
168 RNA. Briefly, the procedures are extraction of the total
proteins with acetic acid, dialysis against 8 M urea, 1 mM
dithioerythritol, and 30 mM Tris-HCI (pH 7.4), and finally
passage over a Sephadex G-25 column equilibrated with so-
lution F. The column procedure was instituted by us in lieu
of dialysis. The concentration of TP30 was determined from
the A3, reading by assuming 1 A, unit equals 10 equivalent
units of TP30 (Nierhaus & Dohme, 1979). The total recon-
stitution involves incubation of 16S RNA and TP30 for 1 h
at 42 °C in 30 mM Tris-HCI (pH 7.4), 330 mM KC}, 20 mM
Mg(OAc),, and 1 mM dithioerythritol. Activity of recon-
stituted 30S particles routinely was measured by poly(U)-
dependent polyphenylalanine synthesis.

(b) TP50 and Reconstitution of 50S Subunits. The methods
described the Nierhaus & Dohme (1979) were followed for
isolation of unfractionated proteins from the 50S subunit,
TP50, and for reconstitution of 50S subunits containing labeled
58 RNA and/or 23S RNA. Briefly, these methods involve
extraction of the total proteins with acetic acid, precipitation
with acetone, redissolution in solution G, and dialysis for three
1-h periods against a similar solution without urea that is
adjusted to pH 6.0 with acetic acid. The pH of 6.0 is ex-
tremely important to prevent precipitation of the proteins
during dialysis. The concentration of TP50 is determined from
the absorbance at 230 nm, 1 A,;, unit being equal to 10
equivalent units of TP50 (Nierhaus & Dohme, 1979). The
total reconstitution involves incubation of 23S RNA, 58 RNA,
and TP50, first for 20 min at 44 °C at 4 mM Mg(OAc), and
then for 90 min at 50 °C at 20 mM Mg(OAc), in the re-
constitution mixture described by Nierhaus & Dohme (1979).
Assay of reconstituted 50S was by poly(U)-dependent poly-
phenylalanine synthesis.

(5) Poly(U)-Dependent Polyphenylalanine Synthesis. Po-
lyphenylalanine synthesis was measured in an assay containing
the following components in a total volume of 100 uL: 25 mM
Tris-HCI (pH 7.5), 12-14 mM MgCl,, 150 mM NH,CI (25
mM NH,CI plus 100 mM KCI when reconstituted 30S sub-
units were assayed), 3 mM dithioerythritol, 4 mM B-mer-
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captoethanol, 0.8 mM ATP, 0.05 mM GTP, 5 mM phos-
phocreatine, 2.5 ug of creatine phosphokinase, 4 ug of tRNA
(isolated by phenol extraction from rabbit liver and de-
acylated), 20 ug of poly(U), ~60 ug of E. coli postribosomal
supernatant (concentrated and partially fractionated by pre-
cipitation with ammonium sulfate at 70% saturation), 5 X 10~
M [*C]Phe (5 Ci/mol), and 30S and 50S ribosomal subunits
modified or reconstituted as indicated for the individual ex-
periments, generally 0.8 4,4, units of 50S ribosomal subunits
with the optimal amount of 30S ribosomal subunits, usually
0.45-0.5 Ay units. The reaction mixture was incubated for
30 min at 37 °C. Then 100 uL of 1 N NaOH was added and
the incubation continued for 5 min at 37 °C. Protein was
precipitated with 5% trichloroacetic acid and collected on glass
fiber filters (Schleicher & Schuell, No. 30), and its radioac-
tivity was determined by liquid scintillation in 10 mL of a
counting fluid containing 5 g of 2,5-diphenyloxazole/L of
toluene. Under these conditions polyphenylalanine containing
~2100 pmol of phenylalanine was synthesized.

(6) Oxidation and Labeling of Ribosomal RNAs. (a) 5S
RNA. 5S RNA at a concentration of 50 A,/mL or less was
oxidized at its 3’ end by incubation with 0.09 M sodium
periodate in 0.1 M sodium acetate, pH 5.0, for 90 min at room
temperature in the dark. At the end of the incubation KCI
was added to a final concentration of 0.2 M, the solution was
allowed to stand on ice for 10 min, and the precipitate of
potassium periodate was removed by centrifugation for 5 min
at 10000g. The supernatant was passed over a Sephadex G-25
column equilibrated with 0.1 M sodium acetate, pH 5.0, to
remove remaining periodate. The combined fractions from
the Sephadex G-25 column were labeled by incubation in the
dark for 2 h at room temperature with either 1 mM eosin
thiosemicarbazide or 2 mM fluorescein thiosemicarbazide.
Appropriate amounts of these labels were added from 0.1 M
stock solutions in dimethylformamide. At the end of the
incubation the samples were extracted 3 times with equal
volumes of 70% phenol to remove most of the unbound label.
The phenol was stored frozen after redistillation, and water
was added just before use. After the phenol extraction the
samples were made 0.1 M in KCl and precipitated with 2
volumes of 95% ethanol at —20 °C. The ethanol precipitation
was repeated twice, after which the samples were taken up in
the desired buffer.

(b) 168 and 23S RNA. 16S or 23S RNA at concentrations
of no more than 200 or 400 A, units/mL, respectively, were
oxidized by incubating with 0.09 M sodium periodate in 0.1
M sodium phosphate, pH 7.0, for 2 h at 0 °C in the dark. KCl
then was added to a final concentration of 0.2 M, and the
precipitate of potassium periodate was removed as described
for 5S RNA. The supernatant then was passed over a
Sephadex G-25 column equilibrated with 0.05M sodium
phosphate, pH 7.0, to remove remaining periodate. The
samples from the Sephadex G-25 column, in 0.05 M sodium
phosphate, pH 7.0, are labeled as follows. 16S RNA is in-
cubated for 1 hin the dark at room temperature with 1 mM
eosin thiosemicarbazide or 2 mM fluorescein thiosemi-
carbazide. 23S RNA is incubated 2 h at 0 °C with 1 mM
eosin thiosemicarbazide or 2 mM fluorescein thiosemi-
carbazide. The samples are then treated as described for 58
RNA, except that, just prior to ethanol precipitation, 2 volumes
of 0.1 M KCl are added. This dilution is necessary to prevent
precipitation of sodium phosphate by the ethanol.

The thiosemicarbazide adducts tend to degrade above pH
8 and at elevated temperatures (Dulbecco & Smith, 1960).
Samples of labeled RNA and ribosomal subunits were rig-
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Table I:

Spectral Properties of Ribosomal RNAs Labeled at Their 3' End with Fluorescein or Eosin

Amax (R) € (Amay) (X107%) max emission (A) 0,
rRNA free RNA  insubunits free RNA in subunits free RNA insubunits free RNA in ribosomes
fluorescein
58 494 494 69 66 520 520 0.55 0.29
168 492 497 69 65 518 520 0.55 0.52
23S 492 494 69 66 518 520 0.49 0.23
eosin
5S 520 525 91 91 544 544 0.048 0.052
16S 522 526 91 91 542 542 ND¢ 0.072
238 522 525 91 91 541 542 0.069 ND¢@
¢ ND = not determined.
' ' l ' ' > Table II: R, and Limits from Fluorophore Orientation
z
2 location of
wl
Z fluorophore polarization  half-height limits
§ w fluorescein eosin RS2 (acceptor)b of Q(r'[r)¢
2 & 58 168 49 0.41 0.90-1.03
3 g | 168 58 54 0.36 0.91-1.06
E: S| 238 168 47 0.41 0.90-1.03
- é | 16S 238 54 0.40 0.90-1.03
> - 58 238 49 0.40 0.90-1.03
s z 238 58 47 0.36 0.91-1.06
& \\\ E ¢ R, is the distance for half-maximum energy transfer assuming
s S x? =1/,, b Excitation (acceptor) = 490 nm, and emission = 535
350 400 450 500 550 600 nm; excitation (donor) = 353 nm, and emission = 520 nm. This
X (nm) yields values of <0.05 in all cases. € As determined by the full

FIGURE 1: Absorbance and fluorescence spectra of fluorescein- and
eosin-labeled 16S RNA in 30S ribosomal subunits. All spectra were
scaled to the same height. Quantitative relationships may be calculated
from the € and Qg values given in Table I. FA and FF indicate the
absorbance and emission spectra, respectively, of fluorescein-labeled
16S RNA reconstituted into 30S ribosomal subunits; EA and EF are
the absorbance and emission spectra, respectively, of 30S subunits
containing eosin 16S RNA.

orously maintained under cold, dark conditions except as re-
quired for specific experimental procedures.

(7) Determination of Factors Involved in Estimation of R,.
Absorption spectra were taken on a Cary 15 recording spec-
trophotometer. Fluorescence spectra were taken with the
steady-state photon-counting flucrometer [described by Odom
et al. (1978)]. Absorbance and emission spectra for fluor-
escein- and eosin-labeled 16S RNA that has been reconstituted
into 30S ribosomal subunits is shown in Figure 1. Note that
the intensities were adjusted to produce spectra of approxi-
mately the same peak height.

The data in Table I compare the absorbance and emission
maxima between free ribosomal RNA labeled with either
fluorescein or eosin thiosemicarbazide and the same RNA
reconstituted into ribosomal subunits. Only slight shifts to
longer wavelengths are observed in the latter cases. Also
indicated in Table I are the molar extinction coefficients, e,
at the absorbance maxima. These were obtained in the fol-
lowing way. A given amount of either fluorescein or eosin
thiosemicarbazide was weighed into 0.2 M NaOH, and thus
a standard solution of known concentration was obtained.
Also, both of the thiosemicarbazides were reacted with per-
iodate-oxidized AMP as a model compound. The spectrum
of a given sample of labeled RNA or RNA reconstituted into
subunits was taken at pH 7.6. The sample then was made 0.2
M in NaOH by adding !/, volume of a 10 M NaOH solution,
and after 1 h at 37 °C its spectrum was recorded. This
spectrum was then compared to the standard solution described
above with the results recorded in Table I.

The quantum yield, Q,, defined as the ratio of photons
emitted by a species to photons absorbed, is found by com-

width at half-maximum height of the function Q(r'/r). These
values were estimated from polarization data by the method of
Haas et al. (1978). r’is the distance between the donor and
acceptor pair calculated from R, for which x* = 2/,. r is the
actual distance between the donor and acceptor pair. Q(r'/r) is
the apparent distribution of distances between donor and acceptor
pairs estimated as described by Haas et al. (1978).

parison to a standard whose quantum yield is known (Frei-
felder, 1976)

Qx = IXQSAS
LA,

where x represents the unknown species, s represents the
standard, 7 is the integrated amount of fluorescence observed,
and A is the absorbance at the excitation wavelength. For the
data indicated in Table I, freshly prepared disodium fluorescein
in 0.10 M NaOH, @ = 0.92 (Weber & Teale, 1957), was used
as standard.

A value must be found for the orientation parameter, «?,
which can range from 0 to 4, in order to compute R, from
these spectral data. Although «? cannot be experimentally
determined, limits on its value can be estimated from
fluorescence polarization data (Haas et al., 1978). However,
if the donor and acceptor are free to tumble rapidly on the
time scale of the fluorescence, «* will average to a value of 2/,
(Forster, 1949). This value is assumed in the initial compu-
tation of Ry,. Haas et al. (1978) have tabulated limits on the
ratio r/r’ (where r is the actual distance between the donor
and the acceptor and 7’ is the calculated distance based on a
value of 2/4 for «?) as a function of the polarization of both
the donor and acceptor.

The fluorescence polarization data given in Table II were
obtained in the following way. The fluorophore was excited
with vertically polarized light in a steady-state photon-counting
fluorometer [described by Odom et al. (1978)], and the
fluorescence intensity was measured as a function of its po-
larization angle. The polarization, P, (Forster, 1951) is given
by
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_ U
Iy+1;

where I is the intensity of fluorescence polarized parallel to
the excitation light and 7, is the intensity polarized perpen-
dicular to the excitation. For simulation of the conditions
existing during the energy transfer experiments, fluorescein
was excited at 353 nm (the chosen laser line) whereas eosin
was excited at 490 nm (within the fluorescein emission band).
It was noted that the polarization of the fluorescein increased
when it was excited nearer its absorption maximum.

(8) Measurement of Fluorescent Lifetimes. A Nd:YAG
mode-locked laser (NG50, Quantel International, Sunnyvale,
CA) equipped with a Pockels cell is used to provide a light
pulse of ~30 ps full width at half of its maximum intensity.
The primary frequency of 1060 nm is passed through a tem-
perature-tuned frequency-doubling crystal and then through
an angle-tuned crystal in which third harmonic photons are
generated (Hansch, 1977) to give excitation pulses of ~3 mJ
at a frequency of 353 nm. Fluorescence is measured by an
all electrostatic high-speed photomultiplier tube (Model
VPM-152M, Varian Instruments, Palo Alto, CA) equipped
with seven stages of gain (total gain of ~10%), converted to
digital signals by a Tektronix R7912 digitizer, and analyzed
with an on-line computer (PDP-11T34, Digital Equipment
Corp., Maynard, MA).

Deconvolution of the fluorescence decay from the observed
signal was carried out by means of a least-squares program
similar to that described by Knight & Selinger (1971). A one-
or two-exponential function is convoluted with the impulse
response curve in order to generate a model for the observed
signal. The parameters of the trial function are then varied
s0 as to minimize the standard deviation of the model from
the observed signal.

Thus, a measurement of energy transfer between donor and
acceptor probes in ribosomes involves the following steps. (1)
The impulse response of the measuring system is obtained by
observation of laser light scattered from distilled water in a
quartz cuvette. (2) The fluorescence signal from the donor
fluorophore in the absence of an acceptor is determined. A
series of optical filters is used to exclude both scattered laser
light and any fluorescence from the acceptor which may occur
during step 3. For the case of fluorescein to eosin, a 398-nm
cut-on filter (KV 408, Schott Optical Glass, Inc., Duryea, PA)
with a transmission of 1073% at 353 nm was used to exclude
laser light, while a 10-nm band-pass filter with 50% trans-
mission at 500 nm and 10™% transmission on either side of
the peak transmission (Ditric Optics, Inc., Marlboro, MA) was
used to exclude any eosin fluorescence. (3) The fluorescence
from the donor in the presence of the acceptor was measured
under the same conditions as were used in step 2. In all cases,
the signals from 10 laser shots were combined to provide an
average response curve for analysis by the computer.

Results

Activity of Labeled Ribosomal RNAs. The three E. coli
ribosomal RNAs were isolated from separated ribosomal
subunits by a procedure involving phenol as described under
Methods. Labeling was accomplished by reaction of the iso-
lated rRNA species with either fluorescein thiosemicarbazide
or eosin thiosemicarbazide following periodate oxidation of
the 3’-terminal ribose. The labeling reaction was carried out
to give a fluorophore/TRNA ratio of about 1:1 as determined
from their respective extinction coefficients. The corresponding
ratios were less than 0.05:1 for aliquots of the same rRNA
samples carried through an identical procedure except that
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FIGURE 2: Fluorescein-labeled 16S RNA in 30S and 70S ribosomal
particles. An aliquot of 30S ribosomal subunits (0.9 Ay units)
reconstituted with fluorescein-labeled 16S RNA was incubated without
(A) or with (B) 1.8 A4, units of 50S ribosomal subunits for 10 min
at 37 °C in solution H and then loaded on a 10-40% (w/v) linear
sucrose gradient in solution H. Centrifugation was for 18 h at 4 °C
at 20000 rpm (SW-41 rotor, Spinco). After centrifugation the
gradients were fractionated with automatic scanning of the absorbance
at 254 nm (solid line). Then the fluorescence of each fraction was
determined [excitation at 470 nm, emission at 515 nm (broken line);
peak fraction in panel A, ~16 X 10 cpm; peak fractions in panel
B, about 12 X 10® and 6 X 10° cpm)].

they were not subjected to periodate oxidation. The prepa-
rations used for the experiments reported below gave a single
fluorescent band corresponding to undegraded rRNA as
judged by polyacrylamide gel electrophoresis in formamide
(data not shown). Preparations for which a higher fluoro-
phore/rRNA ratio was observed or for which more than one
component was detected by gel electrophoresis were discarded.
These results indicate that the primary product formed during
the labeling reaction results in attachment of a single fluo-
rophore residue to the 3’ end of the rRNAs used in these
studies. The labeling ratios reported here are equivalent to
those found by Dulbecco & Smith (1960) for the reaction of
thiosemicarbazide with periodate-oxidized RNAs and are
consistent with the formation of a morpholine derivative similar
to the product proposed by Hansske et al. (1974) for the
reaction of hydrazides with periodate-oxidized nucleotides.
Labeling ratios of greater than unity have been interpreted
to indicate reaction of each of the two aldehyde groups formed
by periodaté oxidation of the ribose with a separate reactive
group thus yielding two fluorophore residues per RNA chain
(Reines & Cantor, 1974).

Labeled 16S RNA may be efficiently reconstituted into 30S
subunits. Absorbance measurements of the reconstituted
particles indicate a <10% loss of the label during the recon-
stitution. These reconstituted 30S particles can reassociate
with unmodified 50S subunits to form 70S ribosomes. Data
leading to this conclusion are shown in Figure 2 which depicts
a typical sucrose gradient profile of an aliquot of a sample
containing fluorescein-labeled 16S RNA in 30S subunits used
for an energy-transfer experiment. Similar results were ob-
tained with either fluorescein- or eosin-labeled 16S RNA.
Under the conditions used, about one-third of the labeled 30S
subunits combine with unlabeled SOS subunits to form stable
70S ribosomes. A very similar profile is obtained with 30S
subunits that have been reassociated with unlabeled 16S RNA.
The proportion of ribosomes in which energy transfer has
occurred, as judged by the weighting factor of each of the two
fluorescence lifetimes from the quenched and unquenched
species, consistently has been larger than the proportion of 30S
subunits that combine to form 70S ribosomes, as judged by
sucrose gradient analysis. The basis for this phenomenon is
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Table III:  Activity in Polyphenylalanine Synthesis of 308
Ribosomal Subunits Reconstituted with 3"-Modified 16S RNA¢

Table IV: Polyphenylalanine Synthesis with Ribosomes Having
508 Subunits Reconstituted with 3'-Labeled 23S or 5S RNA¢

[**C)Phe ['*C]Phe

incorporated relative incorporated relative

RNA (pmol) act. (%) 23S RNA 5SS RNA (pmol)  act. (%)
unmodified 16S 1008 100 unmodified unmodified 1580 100
eosin 168 990 98 fluorescein unmodified 1501 95
fluorescein 168 961 95 eosin unmodified 513 32
- - - - - unmodified fluorescein 1481 94
308 nbosomz_al subunits were recqnst}tuteq as descnbeq 1_mder unmodified cosin 1452 92
Method§. An aliquot of the re'constlt}xtlon.mmture containing 0.6 fluorescein eosin 1178 75
A, units of 308 was assayed in duplicate in the poly(U)- cosin fluorescein 330 21

dependent polyphenylalanine assay with 0.9 A,,, units of 508
subunits. Unmodified 308 subunits were assayed concurrently as
controls, The 308 particles reconstituted from unlabeled 16S
routinely gave 60-70% of the activity of these unmodified 308
subunits.

unclear. It may reflect the formation of loose 30S~50S com-
plexes that dissociate during sucrose gradient centrifugation.

Results similar to those shown in Figure 2 also have been
obtained with 50S subunits reconstituted with either 5S RNA
or 23S RNA labeled with either eosin or fluorescein as de-
scribed above (data not shown). Here again, there is a <10%
loss of the label during reconstitution. These results indicate
that even the relatively large eosin moiety attached to the 3
ends of the ribosomal RNA does not appreciably interfere with
reassociation of the ribosomal subunits. Cantor and his co-
workers (Schreiber et al., 1979) found that 30S particles re-
constituted from periodate-oxidized 16S RNA that had been
reacted with proflavine semicarbazide would not form stable
70S ribosomes. The basis for this apparent discrepancy is not
clear.

Peptide synthesis using 30S subunits reconstituted with
labeled 16S RNA is shown in Table ITI. The results indicate
that attachment of fluorescein or eosin to the 3’ end or the
labeling procedure itself does not appreciably reduce the ac-
tivity of the 16S RNA for peptide synthesis. For these ex-
periments 30S subunits reconstituted with eosin or fluorescein
3’ labeled 16S RNA are compared in their activity to promote
poly(U)-directed synthesis of polyphenylalanine with 30S
subunits reconstituted with unlabeled 16S RNA. Poly-
phenylalanine synthesis was carried out with native 50S sub-
units. Typically, 30S ribosomes reconstituted with unlabeled
16S RNA exhibited about 60~70% of the activity of 30S
subunits that had not been reconstituted but incubated under
the conditions by which 30S subunits are reconstituted.

Typical results for 50S subunits reconstituted with either
58 RNA or 23S RNA labeled with either fluorescein or eosin
and native 30S subunits are shown in Table IV, Poly-
phenylalanine synthesis at near control levels is seen with all
combinations of fluorescein- or eosin-labeled 5S RNA and with
fluorescein-labeled 23S RNA. However, 23S RNA labeled
with eosin appears to have reduced activity. This may be due
to the relatively large size and mass of eosin. The lowest
activity (21% of the unlabeled controls) is observed with 50S
subunits containing fluorescein-labeled 5S RNA and eosin-
labeled 23S RNA. However, it appears that even in this worst
situation peptide synthesis can take place on labeled ribosomes,
since the degree of labeling approaches 100%. Polyphenyl-
alanine synthesis with eosin-labeled 23S RNA in 50S subunits
and fluorescein- or eosin-labeled 16S RNA in 30S subunits
was approximately as active as only eosin 23S RNA in 50S
subunits (data not shown).

Distances between 3’ Ends of 16S, 5S, and 23S RNA. The
rRNAs labeled at their 3’ end with either fluorescein or eosin
were reconstituted into the respective ribosomal subunits, and
then their fluorescence properties were analyzed as described

@ 508 subunits were reconstituted from TP50 and the RNA
indicated above as described under Methods. An aliquot, ~0.74
A ¢, Units, was assayed in duplicate with 0.45 A ,,, units of 308
ribosomal subunits for activity in poly (U}-dependent polyphenyl-
alanine synthesis, ‘A blank obtained with 308 subunits alone (60
pmol) was subtracted. Omission of 5§ RNA from the reconstitu-
tion nixture resulted in reduction of 508 activity to ~5%. Un-
modified S0S subunits were assayed concurrently as controls,
compared to which unlabeled reconstituted 508 particles exhib-
ited 40-60% activity.

Table V: Determination of Distances between the 3’ Ends of
Ribosomal RNAs in Ribosomal Subunits or Ribosomes

3’ label on RNA

E limits of 7%
fluorescein eosin (% quenching) r' (&) (R)

58 168 42 52 50-58
16S 5S 46 55 52-60
238 168 <15 >62
16S 238 16 71 69-79

58 238 <15 >65
238 58 <15 >63

¢ Calculated from the limits given in Table IL

in detail under Methods. Generally the sample used for de-
termination of energy transfer contained ~1 nmol of ribosomol
subunits in 0.5 mL of solution H. Data are obtained as a
computer-drawn curve of fluorescence intensity vs. time on
which the actual data points and the plot of the exponential
function derived by the computer to fit the data are shown.
Numerical values are given for lifetimes and zero time in-
tensities. First, the fluorescence lifetime from ribosomes la-
beled only with the donor is determined. For a typical ex-
periment in which energy transfer from fluorescein-labeled 58
RNA to eosin-labeled 16S RNA was to be determined,
fluorescein 58 RNA was found to have a lifetime of 2.94 ns.
This value for the fluorescence lifetime of the unquenched
species then was used as one component of the double-expo-
nential function fitted to the decay curve from the sample in
which fluorescein fluorescence was quenched by energy
transfer to eosin, i.e., in the sample containing both fluores-
cein-labeled 5S RNA and eosin-labeled 16§ RNA. By this
means a fluorescence lifetime of 1.72 ns was determined for
the fluorescein in ribosomes also labeled with eosin. This is
a 42% reduction in the lifetime of the unquenched species.
With an Ry, value of 49 A for this donor-acceptor pair (Table
I1), 42% quenching corresponds to distance of 52 A. This
calculation assumes a value of 2/, for x2. The distance of 52
A has probable distribution limits of plus 5.8 A and minus 1.5
A estimated by the method of Haas et al. (1978) for the
uncertainty of the value of the orientation factor, « (see Table
II and related text).

Data analyzed as described above for energy transfer be-
tween the 3’ ends of the three ribosomal RNAs are summa-
rized in Table V. Each value represents the average of at least
two independent experiments using different RN A prepara-
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Table VI: Fluorescence Intensities Determined on a Steady-State
Photon-Counting Fluorometer for Energy Transfer from
Fluorescein-Labeled 5S RNA to Eosin-Labeled 16S RNA

fluorescence at 500 nm

(cpm X 10%)
fluorophore 353nm® 480 nm?
none 0.4 0.6
fluorescein 5S 25.4 234
eosin 168 3.1 4.8
fluorescein 5§ + eosin 16S 19.6 152

@ Excitation wavelength,

tions. Time-resolved fluorescence for energy transfer between
the 3’ ends of 5S RNA and 23S RNA indicates a component
with a relatively long fluorescent lifetime. Typically, this
long-lived fluorescence has corresponded to a component with
a fluorescence lifetime indicating about 10% quenching.
However, this degree of quenching is too low to resolve de-
pendably. Quenching of less than 15% has been indicated in
Table V. This corresponds to a distance of >65 A. Energy
transfer of 16% from the 3’ end of 16S RNA to the 3’ end
of 23S RNA is at the lower limit for reliable determination.
This energy transfer corresponds to a distance of 71 A. Energy
transfer in the reverse direction from 23S RNA to 16S RNA
is smaller and is indicated as <15%. Note that the quantum
yield of fluorescein on both 5S RNA and 23S RNA is con-
siderably reduced compared to its quantum yield on 16S RNA
(Table I). This is the primary factor in the lower R, values
for energy transfer from 16S RNA (Table II). The quantum
yield for the fluorescein-labeled RNAs in free solution is ~0.5.
The quantum yield for the fluorescein thiosemicarbazide
reagent was determined to be 0.56. These results suggest that
the 3’ end of 16S RNA in ribosomes may be in an exposed
position in which it does not interact significantly with other
ribosomal components. In contrast, the quantum yield for
fluorescein on the 5S and 23S RNA is reduced in ribosomes
compared with that for fluorescein on free rRNA, suggesting
that the ends of these RNAs may be in positions in which the
immediate environment of the attached probe is altered by
other ribosomal components. Fluorescence intensities for the
experiment in which energy transfer from fluorescein-labeled
58 RNA to eosin-labeled 16S RNA were measured are shown
in Table VI. The reduction in fluorescein fluorescence by
using excitation light at 353 nm, the maximum of the laser
light, is ~349%, which can be compared with the value of 42%
calculated from the time-resolved fluorescence as described
above. The difference appears to reflect 50S subunits con-
taining fluorescein-labeled SS RNA that are not joined with
a 30S subunit containing eosin-labeled 16S RNA. This
phenomenon of incomplete association also has been observed
in the sucrose gradient profile shown in Figure 2.

Discussion

The probes attached to the 3’ ends of the three ribosomal
RNAs may be visualized as forming a triangle in 70S ribo-
somes in which the base is formed between the 5S RNA and
the 23S RNA. The longest side, ~71 A, is formed between
the 16S RNA and the 23S RNA. The shorter side between
the 5S RNA and 16S RNA is ~54 A (average of 5S to 16S
and 16S to 5S distances). The length of the base of the
triangle between the 5SS RNA and 23S RNA is too long to
be measured reliably with the probes used in this study. It
appears to be more than ~65 A.

The quantum yield of fluorescence on the 3’ end of 16S
RNA is consistent with a ribosomal model in which the 3’
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terminus lies in an exposed position on or near the platform
or neck of the 30S subunit. Evidence favoring this location
is considered in the introduction. The distances between the
3’ ends of the RNAs in the two subunits are considerably
shorter than the distance between the centers of mass of the
two ribosomal subunits, 93 + 15 A, as determined by neutron
scattering (Koch et al., 1978). The data presented here do
not favor a model of 70S ribosomes in which there is a physical
interaction of the 3’ region of the 16S RNA with the 3’ region
of either the 23S RNA or 5S RNA.

The reliability of the distances reported here is of primary
concern for further determination of ribosome structure. As
briefly explained under Methods, energy transfer is calculated
directly from the decrease in the fluorescence lifetime of an
energy donor in a donor—acceptor pair, thereby eliminating
the requirement for a separate quantitative determination of
the concentration of these pairs. Such a determination is
required in making energy-transfer calculations from changes
in fluorescence intensity. This fundamenta!l difference con-
stitutes a major advantage in the use of fluorescent lifetimes
over steady-state techniques. In our experience generally it
is difficult or impossible to accurately evaluate the concen-
tration of the donor—acceptor pairs in ribosomal systems of
the types employed here. Problems arise from incomplete
labeling, nonspecific binding of the dyes, loss of the dyes due
to photo or enzymatic degradation during the course of the
experiment, and incomplete binding of components such as
association of 308 and 50S subunits in some of the experiments
reported here.

Another source of potential error involves evaluation of the
factors required to calculate Ry, the distance at which energy
transfer occurs at half of its maximum rate between the do-
nor-acceptor pair. These factors have been evaluated under
the conditions of the experiments as described above. There
appears to be no source of major error in these determinations.
Furthermore, it should be noted that Ry is relatively insensitive
to small variations in any of the values considered above in
that they enter the calculation as a function raised to the !/
power. The limits due to the relative orientation of the
fluorophores have been established by using the procedure of
Haas et al. (1978) as described under Methods. These limits
are relatively narrow for the results presented here.

We believe sources of error other than determination of
fluorescence lifetimes or Ry are apt to be more serious. The
probes themselves are relatively large and are attached by side
chains of significant length. These side chains may be quite
flexible. Fluorescence from the probes shows a considerable
degree of depolarization. Thus, the position of the probes with
respect to the 3’ end of the RNA is not known precisely. Also,
it is entirely possible that the probes themselves cause a sig-
nificant perturbation of the structure. Despite these limita-
tions, we believe that the results described here demonstrate
the potential utility of fluorescence lifetime measurements for
determination of ribosome structure.
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