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ABSTRACT: The interaction of initiation factor IF1 with 30s ribosomal subunits was measured quantitatively 
by fluorescence polarization. Purified IF1 was treated with 2-iminothiolane and N- [ [ (iodoacety1)- 
amino] ethyl] -5-naphthylamine- 1 -sulfonic acid in order to prepare a covalent fluorescent derivative without 
eliminating positive charges on the protein required for biochemical activity. The fluorescent-labeled IF 1 
binds to 30s subunits and promotes the formation of N-formylmethionyl-tRNA complexes with 70s  ri- 
bosomes. Analyses of mixtures of fluorescent-labeled IF1 and 30s  ribosomal subunits with an SLM 4800 
spectrofluorometer showed little change in fluorescence spectra or lifetimes upon binding, but a difference 
in polarization between free and bound forms is measurable. Bound to free ratios were calculated from 
polarization data and used in Scatchard plots to determine equilibrium binding constants and number of 
binding sites per ribosomal subunit. Competition between derivatized and nonderivatized forms of IF1 was 
quantified, and association constants for the native factor were determined: (5 f 1) X lo5 M-I with IF1 
alone; (3 .6  f 0.4) X lo7 M-' with IF3; (1.1 f 0.2) X lo8 M-' with IF2; (2.5 f 0.5) X lo8 M-' with both 
IF2 and IF3. In all cases, 0.9-1.1 binding sites per 30s subunit were detected. Divalent cations have little 
effect on affinities, whereas increasing monovalent cations inhibit binding. On the basis of the association 
constants, we predict that greater than 90% of native 30s subunits are complexed with all three initiation 
factors in intact bacterial cells. 

D u r i n g  initiation of protein synthesis in bacteria, the 70s 
ribosome dissociates into subunits, the 30s subunit forms a 
preinitiation complex with N-formylmethionyl-tRNA 
(fMet-tRNA,)' and mRNA, and the 50s subunit joins the 
preinitiaton complex to form a 70s initiation complex capable 
of entering the elongation phase [for reviews, see Maitra et 
al. (1 982) and Grunberg-Manago et al. (1978)l. This process 
is promoted by three initiation factors: IF1 (MI 8119), IF2 
(MI 97 300 and 79 700) and IF3 ( M ,  20 668). IF3 helps 
dissociate ribosomes and is associated with mRNA binding. 
IF2 is involved with fMet-tRNA binding and hydrolyzes GTP. 
IF1 stimulates the rate of ribosome dissociation and generally 
assists in the actions of the other two factors. In spite of 
extensive efforts over the past 15 years, the detailed molecular 
mechanisms of action of the initiation factors remain unclear. 

Elucidation of the pathway of initiation and of possible 
translational control mechanisms requires a detailed knowledge 
of the kinetic parameters for the various reactions involved. 
Studies of the rates of binding of fMet-tRNA and mRNA by 
membrane filtration (Gualerzi et ai., 1977; van der Hofstad 
et al., 1978) and spectrophotometric (Wintermeyer & 
Gualerzi, 1983) techniques indicate that their binding may 
be either a random or an ordered process. We have focused 
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on the interaction of the initiation factors with 30s subunits, 
initially using radiolabeled factors and sucrose density gradient 
centrifugation to monitor binding (Fakunding & Hershey, 
1973; Heimark et al., 1976; Langberg et al., 1977). Whereas 
these studies showed that individually the stability of 30s 
binding is IF3 > IF2 > IF1, this method is unsuited to 
quantitative kinetic studies. More recently we used fluores- 
cence polarization techniques to determine the equilibrium 
association constants (K,) for 30s subunits and IF2 (Weiel 
& Hershey, 1982) and IF3 (Weiel & Hershey, 1981). 
Fluorescence polarization allows measurement of the binding 
of a small, covalently derivatized initiation factor with the 
relatively large 30s ribosomal subunit. The K,  for IF3 and 
30s subunits is 3.1 X lo7 M-' and does not change appreciably 
in the presence of the other factors. The K,  for IF2 alone is 
2.7 X lo7 M-' but increases to 1.8 X lo8 M-' in the presence 
of IF1 and IF3. In the work reported here, we prepared an 
active fluorescent derivative of IF1 and measured the K, for 
IF1 and 30s subunits with and without the other factors. The 

Abbreviations: met-tRNA, N-formylmethionyl-tRNA; IF, 'initia- 
tion factor; PAGE, polyacrylamide gel electrophoresis; SDS, sodium 
dodecyl sulfate; NEPHGE, nonequilibrium pH gradient electrophoresis; 
BME, &mercaptoethanol; TEA, triethanolamine; 2-ITL, 2-imino- 
thiolane; F-IF1, fluorescent-labeled IFl;  1,5-IAEDANS, N-[[(iodo- 
acetyl)amino]ethyl]-5-naphthylamine- 1 -sulfonic acid; Tris-HC1, tris(hy- 
droxymethy1)aminomethane hydrochloride; EDTA, ethylenediamine- 
tetraacetic acid. 
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combined results for the three factors begin to provide a 
quantitative analysis of this complex system. 

MATERIALS AND METHODS 
1,SIAEDANS (Hudson & Weber, 1973) was from Po- 

lysciences Inc.; acrylamide and triethanolamine were from 
Kodak; phosphocellulose P- 1 1 was from Whatman; Sephadex 
G-50, DEAE-Sephadex, and course Sephadex (3-25 were from 
Pharmacia. Initiation factors were purified from Escherichia 
coli MRE 600 as previously described (Hershey et al., 1977) 
and were greater than 95% pure as judged by PAGE in SDS 
buffer. The 30s subunits were prepared from tightly coupled 
70s ribosomes by centrifugation at high pressure (47 500 rpm 
in a Beckman TI-14 rotor) and low magnesium (2 mM free 
Mg2+) to separate 30s and 50s subunits in a hyperbolic su- 
crose gradient (Weiel & Hershey, 1981). Subunits were stored 
in small aliquots in liquid nitrogen, thawed, and used that day 
only. The 30s subunits were activated before use by heating 
at 40 "C for 15-20 min in 50 mM Tris-HC1, pH 7.6, 20 mM 
Mg(OAc),, 200 mM NH,Cl, and 2 mM dithioerythritol 
(Zamir et al., 1971). 

Buffer A contained 10 mM potassium phosphate, pH 7.5, 
0.1 mM EDTA; 7 mM P-mercaptoethanol (BME); 5% gly- 
cerol, and KCl as indicated in millimoles per liter in par- 
entheses. Buffer B contained 10 mM Tris-HC1, pH 7.6,7 mM 
BME, and total monovalent salt (KCI + NH4Cl) and Mg- 
(OAc), as indicated in parentheses. Buffers for fluorescent 
modification contained mixtures of TEA adjusted to pH 8.0 
with HC1, and TEA free base, at the concentrations and 
proportions indicated. 

General Methods. Protein concentrations were determined 
by the method of Schaffner and Weissmann (1973). SDS/ 
PAGE was run according to the technique of Maize1 (1 97 1) 
and Laemmli (1970). Nonequilibrium pH gradient electro- 
phoresis (NEPHGE) in 10% acrylamide gels was essentially 
as described by OFarrell et al. (1977) for the first dimension. 

Fluorescent Deriuatization of IF1. 2-Iminothiolane (2-ITL) 
hydrochloride (Pierce Chemical Co.) (1 32 nmol) was freshly 
dissolved in 8.2 pL of 500 mM triethanolamine (TEA) free 
base and 8.2 pL of 500 mM TEA-HC1, pH 8.0. A solution 
of 1,5-IAEDANS (132 nmol) in 163 pL of 10 mM TEA-HCl, 
pH 8, was added, followed immediately by highly purified IF1 
(0.9 mg; 11 1 nmol) in 163 pL of buffer A (600). The mixture 
was stirred for 24 h at 4 OC in the dark. The reaction was 
stopped by adding 5 pL of 0.25 M glycinamide and 0.25 M 
BME (about a 10-fold excess over 2-ITL and 1,5-IAEDANS). 
IF1 and its derivatives were separated from low molecular 
weight reagents on a coarse Sephadex G-25 column (0.6 cm 
X 22 cm) pretreated with 1 mL of a mixture containing 4 mg 
of lysozyme, 0.8 mM 1,5-IAEDENS, and 0.8 mM 2-ITL in 
50 mM TEA and 50 mM TEA-HCl, pH 8.0. The stopped 
F-IF1 reaction mixture was loaded onto the column with 
16-cm hydrostatic pressure and eluted with buffer A (0) a t  
0.12 mL/min into 0.5-mL fractions. The column fractions 
were monitored for protein concentration and fluorescence 
intensity, and the early eluting protein and fluorescent peak 
(fractions 6 and 7) contained about 90% of the recovered 
protein and was well separated from later eluting fluorescent 
material. F-IF1 derivatives were recovered in about 40% 
overall yield. 

Fluorescence Measurements. Fluorescence intensity, po- 
larization, and lifetime were measured on an SLM 4800 
spectrofluorometer (SLM/Aminco) equipped with single 
diffraction monochromators, radio-frequency modulation tank, 
and Glan-Thompson polarizers. Data was collected and an- 
alyzed on an H P  9825A computer and an H P  9826A plotter 
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(Hewlett-Packard). Polarization was measured in the T 
configuration with the excitation polarizer in the stem and the 
vertical and horizontal analyzers in the two arms. Excitation 
was at 337 f 8 nm, and emission was measured through 
matched 470- or 500-nm cutoff filters (Schott) in both arms 
of the T. 

F-IF1 titrations were run at several fixed 30s concentrations 
for each combination of IF2 and IF3. Cuvettes were presoaked 
in a solution of bovine serum albumin (BSA) and lysozyme 
(roughly 0.3 mg/mL each), to limit protein loss on cell walls, 
and then rinsed in buffer. Except where noted, samples 
contained buffer B (100, 5 ) ,  heat-activated 30s subunits, and 
IF2 and IF3 at 300 nM excess over 30s subunits. Before 
F-IF1 was added, the offsets on the instrument were adjusted 
to give zero readings for vertical and horizontal emission from 
horizontal excitation, and then vertical and horizontal scat- 
terings from this blank were measured with vertical excitation 
(Vb and Hb). F-IF1 was then titrated into the sample to raise 
the F-IFl:30S ratio from 0.25 to 3 or 4, without significantly 
altering the 30s concentration. For concentrations of 30s 
subunits under 1 pM, 2-30 pL of F-IF1 in buffer B (100, 5 )  
was added to 1-mL samples in a 10 mm X 10 mm cuvette. 
To conserve material at higher concentrations, F-IF1 was 
diluted in buffer B (100, 5 )  with 30s subunits, IF2, and IF3 
as in the blank; 2-50 pL of this F-IF1 solution was added to 
0.1-mL samples in a 3 mm X 3 mm cuvette. 

Polarization was determined after each addition of fluor- 
escent factor in a modification of the procedure described by 
(Weiel & Hershey, 1981, 1982). Fifty single measurements 
(0.25 s each) were collected for each of three values: V = 
vertical excitation, vertical emission; H = vertical excitation, 
horizontal emission; correction factor C, the ratio of vertical 
to horizontal emission with horizontally polarized excitation. 
Polarizations were calculated from averages of these sets of 
50 readings: 

( V -  V b ) / c -  ( H - H b )  

( V -  V b ) / c  + ( H -  Hb) 
P =  

Measurements were repeated until P was stable, i.e., until there 
was no consistent drift. Then further readings (generally 10 
or more) were taken, and a weighted average of these P's was 
calculated. 

Polarization Data Analysis. Linear regression procedures 
(Worthing & Geffner, 1949) were modified for variable errors 
in both x and y directions using successive approximations to 
find the least-squares fit. The ratio of bound to free F-IF1 
(Fb/Ff)  was computed from observed polarization P by 

Fb Qf ( p - p f )  
Ff Qb ( p b - p )  

where Qf/Qb (the ratio of free to bound quantum yield) was 
determined from spectral data and from intensity measure- 
ments during F-IF1 titrations. Polarizations for free and bound 
F-IF1 ( P f  and Pb) were determined as previously described 
(Weiel & Hershey, 1981; Dandliker et al., 1964). The amount 
of F-IF1 bound to 30s (Fb) was determined from this bound 
to free ratio and M, the amount of F-IF1 added: 

(1) - = -- 

Native IF1 is present in the F-IF1 preparation due to in- 
complete derivatization, so the standard Scatchard plot 
(Scatchard, 1949) was modified. Assuming IF1 and F-IF1 
have the same maximum number of binding sites, the equi- 
librium equations are 
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for nonderivatized IF1 $ N H 2  
~ - N H ,  II 

for fluorescent-labeled IF1 

Fb 

Kaf = Ff(nR - Nb - Fb) 
where R is the concentration of ribosomal subunits, n is the 
number of sites per subunit, and Nb is the amount of non- 
derivatized IF1 bound. From eq 3b 

Fb/Ff KafnR - Kar(Fb + Nb) (4) 
Model 1. If derivatization did not change IFl’s affinity 

constant (Kan = Kaf), then the ratio of bound IF1 to total IF1 
(W) would be the same as that of bound F-IF1 to total F-IF1, 
so Nb = Fb(W/M).  Substituting this into eq 4 gives 

and dividing by R 

where Tis the total amount of IF1 derivatives added (M + 
W). A plot of ( F b / F f ) / R  vs. (Fb/R)(  TIM) should thus give 
a straight line as on a standard Scatchard plot, with a slope 
of -Kaf = -Kan and an intercept on the x axis of n. 

Model 2. If derivatization perturbs F-IF1 binding (Kat # 
K,,), then Nb can be estimated by dividing eq 3a by eq 3b, 
solving for N b / N f  

Fb/Ff = KafnR - KafFb(l + w / M )  (sa) 

( F b / F f ) / R  = Kafn - Kar(Fb/R)(T/M) (5b) 

(6) 
Nb Fb Kan 

N f  Ff Kaf 
- = -- 

and using this ratio analogously to eq 2: 

Dividing by eq 2 and multiplying both sides by Fb give an 
estimate of Nb on the basis of Kaf/Kan and W / M  

Substituting this Nb into eq 4 gives 
I 

(7) 

This differs from eq 5a only by the factor multiplying W / M  
on the right. At high Fb/Ff, this factor approaches 1 and the 
curve of (Fb /Ff /R  vs. (Fb /R) (T /M)  approaches the straight 
line expected if Kaf = Kan; thus, the upper points (low F-IF1 
concentrations) were used to determine Kaf and n. As excess 
F-IF1 and IF1 were added, the extent of deviation from the 
expected line was used to quantify Kaf/Kan, a measure of the 
perturbation caused by derivatization. IF1 binding for the 
lower points (high F-IF1 concentrations) was calculated from 
the Kaf estimated from upper points. Solving eq 3b for Nb 

(9) 
This estimate of Nb was used to calculate N b / N f ,  which was 
plotted vs. Fb/Ff according to eq 6 to give a line through the 
origin with a slope of Kaf/Kan. This ratio was then used to 
calculate Kan from Kar. 

Two meihods were used to evaluate the affinity constants 
and stoichiometries thus determined. The residual error (RE) 
was computed from the square root of the weighted average 
of the squared distance between points observed and predicted 
from Fb/Ff by solving eq 8 for Fb. The validity of initial values 

Nb = nR - (Fb/Ff)  /Kaf - Fb 

@NH, 2 - I T L  
I1 lIFIl -NH-c (CH, la  - SH 

@NH, 0 
II = II 

I-+H++ I~F~~-NH-c(cH,),-s-cH~cNH(cH~),-NH 

FIGURE 1: Synthesis of fluorescent IF1. 

was confirmed by cyclic approximation: the “bound” axis was 
adjusted by using K,f/Kan according to eq 8, and a new Kaf 
was determined from this corrected Scatchard plot using all 
points. Nb was then recalculated from the new Kaf and used 
to estimate Karl&,,, which could then be used for another 
correction cycle. 

Lifetime Measurements. The excitation beam was modu- 
lated by refraction through 19% ethanol in H 2 0  oscillating 
in standing waves at 5.97, 17.91 1, or 29.853 MHz (referred 
to as 6, 18, or 30 MHz). Lifetimes were calculated from the 
average of 10-20 sets of 10 single measurements of fluores- 
cence demodulation and phase delay (Spencer & Weber, 
1967). Samples were 0.4 pM free F-IF1,0.4 pM F-IF1 with 
1 pM 30s subunits, 1.5 pM IF2, and 1.5 pM IF3 [both in 1 
mL of buffer B (100, 5) in 10 mm X 10 mm cuvettes], and 
0.5 pM F-IF1 with 4 pM 30s [in 0.1 mL of buffer B (100, 
5) in a 3 mm X 3 mm cuvette]. For each sample, lifetimes 
were estimated from phase (7,) at all three frequencies. 
Calculated T~ and T, from pairs of frequencies were used to 
resolve heterogeneous components (Weber, 198 l), and com- 
ponents were fit to data from all three frequencies at once by 
a parabolic approximation least-squares search. 

RESULTS 
In 

studying the interactions of IF1 with ribosomes, the use of the 
intrinsic fluorescence of IF1 is impractical because of con- 
tributions by the much larger amounts of protein in the ri- 
bosome. We therefore needed to prepare a covalent fluorescent 
derivative of IF1 whose absorption spectrum does not overlap 
that of the ribosome. In addition, the derivatization reaction 
should not greatly alter the activity of the factor. In previous 
work, we found that acylation of apparently any one of the 
lysine e-amino groups or the N-terminal a-amino group is 
sufficient to inactivate IF1 (J. Kolberg and J. Hershey, un- 
published results). Furthermore, the protein lacks a cysteine 
residue, nor can the two tyrosines act as targets since modi- 
fication of either one destroys activity (Gualerzi & Pon, 1981). 
We therefore chose to treat IF1 with 2-iminothiolane (2-ITL), 
which converts an amino group to an amidino group, thus 
preserving its positive charge, and generates a free sulfhydryl 
group. The strongly fluorescent aminonaphthylsulfonate group 
can be attached by treating the sulfhydryl group with 13 -  
IAEDANS. These reactions are shown in Figure 1. 

Highly purified IF1 (greater than 97% pure) was treated 
with a small molar excess of 2-ITL and 1,SIAEDANS as 
described under Materials and Methods. Pilot reactions were 
run to empirically determine the concentrations of reagents 

Preparation of Fluorescent-Labeled IF1 (F-IFl) .  
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FIGURE 2: NEPHGE analysis of F-IF1 derivatization. The F-IF1 
preparation described in the text was subjected to nonequilibrium pH 
gradient electrophoresis in 10% polyacrylamide slab gels (100 X 150 
mm) with migration from acid to base (left to right in figure). The 
gel was illuminated with UV light and photographed through a 500-nm 
cutoff filter. Subsequently, the gel was fixed in 20% TCA, stained 
with 0.04% Coomassie Blue R250 (Pierce), 0.05% Crocein Scarlet 
(Sigma), 0.5% CuS04 in 27% ethanol, 10% acetic acid, and destained 
in 0.5% CuS04 in 12% ethanol-7% acetic acid. The negative and 
the stained gel were scanned with a Cary 210 spectrophotometer 
(Matthews, 1984) to record fluorescence intensity (-) and protein 
(-). Fluorescence and protein signals are on arbitrary scales adjusted 
to match the height of the major Fl-IF1 peak. The relative areas 
under major protein peaks and minor peaks to their left are the 
following: Fo-IFl, 52 * 3% of the total; F1-IF1, 37 * 3%; F2-IF1, 
10 * 2%; F3-IFl and higher derivatives, 1 * 4%. 

and reaction time required to give about one dansyl group per 
IF1 molecule. This level of derivatization should result in the 
attachment of label to a large fraction of the molecules but 
minimize highly labeled factors which may be less active. The 
extent of reaction was followed by PAGE as will be described. 
Under the conditions used, the reaction with 2-ITL is rate 
limiting, whereas 1,5-1AEDANS reacts with the generated 
sulfhydryl groups relatively rapidly. The F-IF1 products 
subsequently were separated from reagents by passage through 
a Sephadex G-25 column as described under Materials and 
Methods. That the F-IF1 preparation contains dye covalently 
linked to protein was shown by PAGE in SDS buffers, where 
the fluorescence comigrated with the factor (results not 
shown). 

Characterization of F-IFl. In order to determine the 
number of fluorescent probes added to IF1, the F-IF1 prep- 
aration was subjected to NEPHGE in 10% polyacrylamide 
gels as shown in Figure 2. Such gels separate the various 
derivatives of IF1 according to the number of probes added, 
by taking advantage of the negative sulfonate group on the 
naphthyl rings. The fastest migrating (most basic) molecule 
is nonderivatized IF1 (Fo-IFl), which is detectable by protein 
staining but shows no fluorescence. Monoderivatized IF1 
(FI-IF1) migrates more slowly and shows both fluorescence 
and protein staining. Lesser amounts of F,-IFl are seen and 
little or no F,-IFl is detected. The ratio of fluorescence to 
protein stain in F,-IF1 is about twice that seen for FI-IFI, as 
expected. The minor amount of protein staining material 
found between Fo-IF1 and FI-IF1 is presumably due to de- 
rivatization of IF1 by 2-ITL, since such material is undetected 
in nontreated samples of IFl,  but no attempt was made to 
further characterize the minor forms. The sum of Fo-IF1 and 
the minor nonfluorescent material is 52% of the protein. 
F,-IFl corresponds to 37%, F2-IF2 to lo%, and higher de- 
rivatives to 1% of the protein. Therefore, on the average there 
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FIGURE 3: Sucrose gradient analysis of F-IF1 binding to 3 0 s  subunits. 
Mixtures of 75 pmol of 30s subunits and 75 pmol of F-IF1 with or 
without 150 pmol of IF2 and 150 pmol of IF3 were incubated 15 min 
at 30 OC in 0.1 1 mL of buffer B (100, 5) and centrifuged in 5-204 
sucrose gradients as previously described (Langberg et al., 1977). 
Fractions (0.2 mL) were analyzed for absorption at 254 nm and for 
fluorescent intensity with 337-nm excitation, 16-nm slit width, and 
470-nm emission filters: samples with IF2 and IF3 (H); samples 

are 0.6 fluorescent probe per IF1 molecule in this preparation, 
a value in reasonable agreement with the value of 0.5 obtained 
by direct measurements of protein concentration and 
fluorescence intensity, assuming no change in the quantum 
yield of 1,s-IAEDANS on reaction with 2-ITL-derivatized 
IF1. 

The biologial activity of F-IF1 was tested in two assay 
systems. Its binding to 30s  subunits was monitored by 
fluorescence intensity following sedimentation in sucrose 
density gradients. As shown in Figure 3, F-IF1 binds to the 
30s subunit when IF2 and IF3 are included in the binding 
reaction but is not found in the 30s region of the gradient when 
the other factors are omitted. This dependence on IF2 and 
IF3 for IF1 binding to 30s subunits is consistent with earlier 
studies with [l4C]CH3-IF1 (Langberg et al., 1977). The re- 
sults show that F-IF1 is capable of specific factor-dependent 
binding to 30s  subunits but do not indicate whether deriva- 
tization may have altered quantitative aspects of the inter- 
action. A second assay employed was the stimulation of 
fMet-tRNA binding to 70s  ribosomes in the presence of 
A-U-G and IF2 (Hershey et al., 1977). The activity of limiting 
amounts of this F-IF1 preparation was 90% of that for non- 
derivatized IF1. Since about 50% of the F-IF1 preparation 
is presumably unaltered, it is possible that the activities of 
F-IF1 derivatives are more impaired in this assay than the 
results above suggest. Nevertheless, it is clear that derivati- 
zation has not severely inactivated the F-IF1 and that the 
preparation is therefore suitable for more detailed studies. 

Fluorescence Spectra and Lifetimes of F-IFl. A change 
in the quantum yield of F-IF1 upon binding to ribosomes 
would allow a relatively straightforward measure of the extent 
of binding of the factor. We therefore measured and compared 
the spectra of F-IF1 free and bound to 30s subunits. ,When 
excited at 337 nm, the corrected fluorescence emission spec- 
trum of F-IF1 has a maximum at approximately 490 nm, 
similar to the emission from 1,5-IAEDANS in 60% ethanol 
(Hudson & Weber, 1973). Essentially no change in the in- 
tensity of emission and only a small shift to shorter wavelengths 
are seen on binding F-IF1 to 30s subunits in the presence of 
excess IF2 and IF3, after correcting for intrinsic fluorescence 
from 30s and the other factors (Figure 4). No significant 
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Table I: Fluorescent Lifetimes‘ 

F-IF1 
(ns) 

(A) Lifetimesb 

F-IF1 + 30s 
(ns) 

F-IF1 + 30s + 
IF2 + IF3 

(ns) 

6 MHz TP 
7, 

18 MHz T~ 

Tm 
30 MHz T~ 

7, 

10.7 f 0.7 
12.2 f 1.5 
10.1 * 0.5 
11.3 * 1.2 
6.9 f 0.9 
9.9 f 0.9 

15.5 f 1 . 1  
14.1 f 1 . 5  
12.6 * 0.9 
14.9 * 0.4 
10.3 * 2.1 
13.9 f 2.2 

10.9 f 0.8 
14.4 f 1.0 
7.9 f 0.4 

11.5 f 2.0 
6.5 f 0.4 
9.8 f 0.3 

(B) Resolved ComponentsC 
‘1 (all) 72 (a21 TI (4 7 2  (a2) TI (4 72 (a21 

- __ 
average 4 f 2 7 2 3 f i 5 ) -  1 3 f 5 ( 7 7 f i 5 )  5 i 4 ( 1 0 & 7 )  i 8 * 3 ( 9 0 & 7 )  s * i ( 4 1 * 5 )  i 8 * 4 ( 5 9 & 5 )  
best fit 2.7 (17) 12.6 (83) 3.9 (10) 16.2 (90) 4.0 (39) 16.5 (61) 

“Lifetimes for F-IF1 free or in 30s  complexes were measured as described under Materials and Methods. bLifetimes (in nanoseconds) at three 
frequencies. eResolved components calculated either by weighted averages of components resolved from frequency pairs, or by a least squared error 
search best fit estimate from all three frequencies. 

WAVELENGTH (nm) 
FIGURE 4: Spectra of bound and free fluorescent IF1. Samples in 
buffer B (100,5) contained 150 nM free F-IF1 (---) or 150 nM F-IFl, 
160 nM 3 0 s  subunits, 480 nM IF2, and 480 nM IF3 (-). Spectra 
were measured on the SLM 4800 with excitation wavelength at 337 
nm, 16-nm excitation slit width, and 8-nm emission slit width. A 
glycogen reference was used to control for lamp fluctuation. Intrinsic 
fluorescence and scattering from 30S, IF2, and IF3 were measured 
and subtracted from the bound F-IF1 spectrum, and a fivepoint sliding 
regression analysis was applied to smooth the resulting difference 
spectrum. 

difference was detected between free F-IF1 and F-IF1.30S, 
though interference from the high levels of 30s (>>1 pM) 
needed to bind F-IF1 in the absence of IF2 and IF3 was too 
strong to allow accurate interpretation of the F-IF1.30S 
emission spectrum (results not shown). We conclude that there 
is no significant difference in the quantum yield of F-IF1 in 
the free and bound states and therefore that we cannot use 
fluorescence intensity to measure F-IF1 binding. 

An alternative approach to distinguishing bound and free 
F-IF1 is to measure fluorescence polarization, as was done in 
evaluating the ribosome binding of fluorescent derivatives of 
IF2 and IF3 (Weiel & Hershey, 1981, 1982). A change in 
polarization may reflect an altered rate of rotation of the probe 
and/or an altered lifetime of emission. Therefore, fluorescent 
lifetimes for free F-IF1, F-IF1-30S, and F-IF1.30S.IF2.IF3 
were estimated by phase delay and fluorescence demodulation 
at three modulation frequencies as described under Materials 
and Methods. As shown in Table I, no single lifetime is 
consistent with all the observations for any of the three sam- 
ples; at least two components with significant intensities must 
be present in each case. Heterogeneous components ( t  and 
t2) were resolved from data for pairs of frequencies (Weber, 
1981), and the weighted averages from all three pairs are 

Table 11: Polarization of F-IF1 Bound to 30s’ 
-IF3 +IF3 

-IF2 0.11 * 0.01 0.104 f 0.006 
+IF2 0.140 * 0.002 0.181 f 0.001 

“ P b  values for 30S.F-IFl complexes with or without 300 nM excess 
of IF2 or IF3 over ribosomes were determined (Dandliker et al., 1964) 
by extrapolation to zero F-IF1 infinite 30s  subunits. 

reported. Alternatively, the two lifetimes were calculated by 
using data from all three frequencies at once, as described 
under Materials and Methods. Both methods of calculation 
give comparable results, namely, that free F-IF1 exhibits a 
minor component, t l  (about 20% of emission), with a lifetime 
of about 3 ns and a major component, t2  (about 80% of the 
emission), with a longer lifetime of about 13 ns (as will be 
discussed). As seen in Table I, both t ,  and t2 are slightly 
shorter for free F-IF1 than for F-IF1 bound to 30s with or 
without IF2 and IF3. The small differences between free and 
bound F-IF1 are not expected to complicate interpretations 
of the polarization data described in the following section. 

Polarization of F-IFI. The polarization of free F-IF1, Pf,  
was measured in buffer B (100, 5 )  in the absence of ribosomes 
and other initiation factors. The Pf  values do not change over 
the concentration range 4-220 nM F-IF1; the weighted av- 
erage of Pf  is 0.042 f 0.001. IF2 and IF3 have no effect on 
Pf, suggesting that under these conditions F-IF1 does not bind 
to other initiation factors in the absence of ribosomes. Next, 
the polarization of 100 mM F-IF1 was measured in the 
presence of an equimolar amount of 30s subunits. The po- 
larization increases only slightly to about 0.06 (see Figure 5, 
open symbols at 0 factor add). However, when increasing 
amounts of one of the other initiation factor is added, P in- 
creases to about 0.10 with IF2 and to 0.08 with IF3 (Figure 
5). The effects on P saturate at roughly 100 nM factor in both 
cases. Similar titrations, but in the presence of the third factor, 
also show an increase in P, with both curves saturating at P 
= 0.145. The increases in P could be due either to enhanced 
binding or to changes in the polarization of bound F-IF1 (Pb) 
caused by interactions of the factors with the fluorescent probe. 
The latter could occur only on the surface of the 30s subunit 
since IF2 and IF3 do not influence the Pf  value in the absence 
of ribosomes. 

We next measured the polarization of F-IF1 fully bound 
to 30s subunits (Pb), with or without a 300 nM excess of IF2 
and IF3 over 30s subunits, using the double-extrapolation 
method of Dandliker et al. (1964). The Pb values reported 
in Table I1 are all significantly higher than Pf  and are suitable 
for using polarization values to distinguish bound and free 
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FIGURE 5: Effects of IF1 and IF3 on the polarization of F-IFl-30s 
subunit mixtures. Polarization was measured with samples in buffer 
B (100,5) containing 100 nM F-IF1 and 100 nM 30s  subunits. (Panel 
A) Samples also contained 200 nM IF3 (m) or no IF3 (0) with varying 
IF2. (Panel B) IF2 at 300 nM (m) or no IF2 (0)  and IF3 as shown 
were added. Lines are theoretical polarization values based on Pr, 
Pb, and Kaf from Tables I1 and 111, assuming that IF2 binds to 30s 
subunits with an affinity of 5 X 10' M-' in the presence of IF1, or 
1 X lo8 M-I in the presence of IF1 and IF3 (Weiel & Hershey, 1982), 
and that IF3 binds with an affinity of 3.1 X lo7 M-' with or without 
other factors (Weiel & Hershey, 1981). 

F-IF1. 
Determination of Equilibrium Constants. Knowing Pr and 

Pb, and having shown that Qr/Qb = 1, we can calculate a 
bound/free ratio for F-IF1 from measured polarization (Fb/Ff)  
using eq 1 (see Materials and Methods). Increasing amounts 
of F-IF1 were titrated into mixtures of 30s subunits and 
factors as defined in the legend to Figure 6 ,  and polarization 
was measured as described under Materials and Methods. 
Bound over free F-IF1 ratios calculated from these polariza- 
tions were plotted according to the modified Scatchard eq 5a 
as shown in Figure 6 .  The data were analyzed by using two 
different models. In model 1, it is assumed that the equilibrium 
association constant for nonderivatized IF1 (K,,) is equal to 
that for fluorescent-labeled IF1 (K,,). In model 2, K,, is not 
assumed to be equal to Kd. For model 1, points on a Scatchard 
plot should fit to a straight line, as in Figure 6A (solid line) 
with IF2 and IF3 absent from the titrations. In the presence 
of IF2 and IF3, we employed linear regression analysis of all 
the points to generate the solid line shown in Figure 6B. This 
gives a 30% error in the slope [K,, = K,, = (1.0 f 0.3) X lo8 
M-'1, a stoichiometry ( n )  of 0.80 f 0.06 F-IF1 sites per 30s  
subunits from the x axis intercept, and a residual error of 0.183 
(Le., the average difference between the model and the data 
is about 18%). Curvature to the left indicates that nonderi- 
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BOUND F-IF1 X T I M  / 30s 
FIGURE 6: Scatchard plots of F-IF1 binding to 30s subunits. Po- 
larization was measured from samples containing 30s subunits with 
(panel B) or without (panel A) IF2 and IF3 in 300 nM excess over 
3 0 s  subunits, titrated with F-IF1. Bound/free F-IF1 ratios and bound 
F-IF1 were calculated from polarization and plotted according to eq 
5b under Materials and Methods. Lines were fit by linear regression 
(model 1) using all points (-) or high B/F points only (-). The- 
oretical curves from model 2 (see text) are shown for each subunit 
concentration. (Panel A) 500 nM 30s (0) (-) or 1000 nM 30s (A) 
(-.-). (Panel B) 10 nM 30s (0) (-), 30 nM 30s (A) (-.-) or 40 
nM 30s (w) (- - -). 
vatized IF1 binds more tightly than F-IF1 and thereby reduces 
the amount of bound F-IF1 when IF1 and F-IF1 are in excess 
over 30s  subunits. In other words, K,, appears to be larger 
than K,,. 

Values for K,, and K,f were determined as described under 
Materials and Methods. Linear regression analysis of the 
portion of the data generated with relatively low amounts of 
added F-IF1 gives Kd = (1.3 f 0.18) X lo8 M-' from the slope 
and n = 0.90 f 0.03 from the intercept (Figure 6B, dashed 
line). Competition between IF1 and F-IF1 at high IF1 to 30s 
ratios was then analyzed by using this K,, value to calculate 
Nb/Nf according to eq 9 and plotting this ratio vs. Fb/Ff  
according to eq 4. The slope of the line that fits these points 
and passes through the origin is Kaf/K,, = 0.53 f 0.06. This 
ratio of affinities is consistent with data from competition 
experiments where the ratio of fluorescent to nonfluorescent 
IF1 was varied by mixing nonderivatized IF1 with the F-IF1 
preparation (results not shown). K,, was then divided by this 
ratio to calculate K ,  = (2.5 f 0.45) X 108 M-'. The predicted 
Fb/Ff vs. Fb curves, with Kaf = 1.3 X lo8 M-', K,, = 2.5 X 
lo8 M-l, and n = 0.90, fit the data substantially better than 
the first model, giving a residual error of only 0.103 (curved 
lines, Figure 6B). Thus, IF1 binds to 30S.IF2.IF3 roughly 
twice as well as F-IF1. 

When the Kaf to K,, ratio was used to recalculate Nb for 
adjusted Scatchard plots as described under Materials and 
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Table 111: IF1 Association Constants and Stoichiometry' 
IF1 association IF1 sites residual relative affinity 

IF2 IF3 model constant K., (M-l) per 30s  error K.tIK.. 
- - 1 9 f  1 x 105 1.32 f 0.09 0.169 

2 5 f i x i 0 5  1.0 f 0.1 0.181 3.6 f 0.5 + 1 4.6 f 0.6 X lo7 1.39 f 0.06 0.132 
2 3.6 i 0.4 X lo7 lb 0.152 2.4 f 0.1 

2 1 . 1  f 0.2 x 108 0.99 f 0.04 0.107 0.86 f 0.08 

2 2.5 f 0.5 X lo8 0.90 f 0.03 0.103 0.53 0.06 

- 

- + 1 9 f  1 x 107 0.93 f 0.04 0.101 

+ + 1 1.0 f 0.3 X lo8 0.80 f 0.06 0.183 

"Association constants and stoichiometries were calculated for IF1.30S complexes as described under Materials and Methods and Results. Data 
analyses by models 1 (Kaf = Kan) and 2 (Kaf # Kan) are given under Materials and Methods. KaI was determined from a dissociation plot (Glaser 
et al., 1982). [30S]/[Bound/free F-IF11 vs. [3OS]/([3OS] - [bound F-IFl]) assuming one site per subunit; the slope of a line through the origin 
fitted to data ooints with hiah B/F yields KA = 1/K.. 

Methods, no significant change was seen in points with high 
Fb/Ff, confirming that the first approximation of Kd was valid. 
Cycles of adjusted Scatchard and competition plots using all 
points converged on Kaf = (1.4 f 0.12) X lo8 M-l, n = 0.96 
f 0.02, Kaf/Ka,  = 0.42 f 0.05, and K ,  = (3.4 f 0.49) X lo8 
M-' with a residual error of 0.088. These adjusted values fit 
the data slightly better but are not significantly different from 
the original estimates. 

Similar analyses were performed on the data obtained from 
titrations in the absence of IF2 and IF3 (Figure 6A) and with 
either IF2 or IF3 present (data not shown). Values for Kaf 
and K,, were calculated with both models and are reported 
in Table 111. There is good agreement for the K,, values 
between the two models except for the binding reaction con- 
taining IF2 and IF3. Table I11 shows clearly the influence 
of IF2 and IF3 on IF1 binding. In the absence of the other 
factors, IF1 binding is very weak. IF3 alone causes about a 
50-fold increase in the binding constant whereas IF2 alone 
stimulates it 100-200-fold. With the two factors together, the 
K ,  is increased up to 500-fold. There is a single IF1 binding 
site on the 30s subunit when IF2 is present, but in the absence 
of IF2, IF1, or at least F-IF1, may bind at more than one site. 

Effects of Mono- and Divalent Cations on F-IF1 Binding. 
Physiological salt conditions may affect IF1 binding in vivo, 
so the effects of ammonium and magnesium ions on F-IF1 and 
IF1 binding to 30s subunits were examined. No significant 
changes in Pf, Pbr Qf/Qb, or K d / K ,  were detected in the ranges 
of 50-150 mM NH4Cl or 2.5-10 mM Mg(OAc)2. Magne- 
sium has a relatively small effect on F-IF1 binding: a plot 
of log K,  vs. log [Mg2+] has a slope of -0.54 f 0.07, and the 
ratios of the K,'s at 2.5, 5 ,  and 10 mM M ~ ( O A C ) ~  are 
1.6:1.0:0.6 (data not shown). Ammonium has a much stronger 
effect: log K,  vs. log [NH4+] has a slope of -2.6 f 0.3; at 50, 
100, and 150 mM NH4Cl, the ratios of the K,'s are 4.5:1.0:0.23 
(data not shown). K,, for IF1 depends heavily on the presence 
of other initiation factors on the subunit (see above), and IF2 
binding is sensitive to salt (Weiel & Hershey, 1982); therefore, 
it is necessary to control for reduced IF2 binding at high salt. 
IF2 was increased in concentration to overcome its decreased 
affinity. At 150 mM NH,Cl, the K, for IF2 drops to roughly 
9 X lo6 M-' (Weiel & Hershey, 1982). Therefore, IF2 was 
raised from 0.3 pM excess to 5 pM excess to saturate 90% of 
the subunits at this low affinity; IF3 was also raised to 0.5 pM 
excess to counteract its slight salt sensitivity. Under these 
conditions, F-IF1 had an affinity for 30s of (0.5-3) X lo7 M-I 
at 150 mM NH4C1, considerably weaker than the Kaf of 1 X 
lo8 M-l observed at 100 mM NH4Cl. When IF2 was omitted, 
F-IF1 binding to 30s in buffer B (150, 5 )  was difficult to 
detect; Kaf was at most 1 X lo6 M-I, far less than the Kaf of 
at least 4 X lo7 M-' seen in 100 mM salt. Thus, experiments 
with either extra IF2 or no IF2 confirm that NH4+ affects 

F-IF1 binding directly, though an additional indirect effect 
through IF2 is not ruled out. 

DISCUSSION 
We have prepared covalent fluorescent derivatives of IF1 

in order to measure the equilibrium binding constant of the 
factor with the 30s ribosomal subunit using fluorescence po- 
larization. Inactivation of IF1 by acylation was avoided by 
treating the protein with 2-imioothiolane and IAEDANS. The 
F-IF1 preparation contains on the average about 0.6 dansyl 
group per factor, with very few factor molecules possessing 
more than two fluorescent groups (Figure 2). This heterolo- 
gous population of dansyl derivatives retains biological activity. 
F-IF1 binds stably to 30s subunits in the presence of IF2 and 
IF3 (Figure 3) and promotes Met-tRNA binding to 70s 
ribosomes. The effect of derivatization on IF1 binding was 
evaluated quantitatively from the polarization data. The 
method enables us to calculate the K,,'s for both nonderivatized 
IF1 and for the F-IF1 population (Table 111). F-IF1 binds 
about 2.5-fold more tightly than IF1 to 30s subunits in the 
absence of IF2. In the presence of IF2, this relationship is 
reversed, and nonderivatized IF1 binds nearly 2-fold more 
tightly than F-IF1. The different binding affinities calculated 
for the F-IF1 molecules reflect an average of possibly different 
values for each molecular species present. No attempt has 
been made to evaluate the relative contributions of the many 
expected monoderivatized species or of the species carrying 
two dansyl groups. 

Little or no change in the intensity of fluorescence occurs 
on binding F-IF1 to 30s subunits. Therefore, fluorescence 
polarization techniques were used to measure the extent of 
F-IF1 binding at equilibrium, as has been done previously with 
F-IF2 and F-IF3 (Weiel & Hershey, 1981, 1982). The dif- 
ference in polarization between free and ribosomebound F-IF1 
is 0.068-0.139, depending on the binding mixture, and is 
sufficient to calculate association constants. The rise in po- 
larization on binding to ribosomes is due primarily to an in- 
crease in the rotational relaxation time rather than to sub- 
stantial changes in fluorescence lifetimes (Table I). 

IF1 binds only weakly to 30s subunits in the absence of the 
other initiation factors ( K ,  I lo6 M-l). Addition of IF3 
enhances the affinity about 50-fold and IF2, about 150-fold. 
When both IF2 and IF3 are present, the affinity of IF1 in- 
creases up to 500-fold ( K ,  = 2.5 X lo8 M-l). The strong 
enhancement of IF1 binding by the other initiation factors 
previously has been observed qualitatively by measuring the 
binding of [I4C]CH3-IF1 to 30s subunits by sucrose gradient 
centrifugation (Langberg et al., 1977). The weak binding 
interaction of IF1 with 30s subunits reported by Gualerzi and 
Pon (1981) is consistent with our quantitative results, whereas 
the IF1 binding described by Van der Hofstad and co-workers 
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(1978) cannot be readily evaluated or compared because 
glutaraldehyde fixation was employed. In addition to being 
influenced by the presence of the other initiation factors, the 
K, for IF1 is very sensitive to ionic strength but less so to Mg2+ 
at 1 1 0  mM concentration. Similar behavior was observed for 
IF2 (Weiel & Hershey, 1982), whereas the affinity of IF3 for 
30s subunits is not greatly altered by either monovalent or 
divalent cations (Weiel & Hershey, 1981). 

The changes in K,, P b ,  and fluorescence lifetimes observed 
when IF2 and/or IF3 are included in the binding mixtures 
provide some insight into the interaction of all three factors 
on the surface of the 30s subunit. Besides the large increase 
in K,, the addition of IF2 causes Pb to rise from 0.1 10 to 0.140. 
The increase in P b  is not likely due to a change in the rotational 
relaxation time of the whole complex but rather suggests that 
IF2 influences the mobility of the dansyl probe in its micro- 
environment. The presence of IF2 also results in quantitative 
differences in the binding constants for derivatized (Kaf) and 
nonderivatized (Kan) IF1, consistent with a direct interaction 
with IF1 on the ribosome. In contrast, IF3 causes no sig- 
nificant change in P b  nor does it alter the K&,, ratio (Table 
111), which suggests that IF3 might not bind adjacent to IF1, 
The results reported here are conqistent with the structural 
model for initiation factor binding to 30s subunits based on 
cross-linking studies (Boileau et al., 1983), where IF2 binds 
contiguously to IF1 and IF3, but the latter two factors appear 
not to be in direct contact. 

In previous papers we reported that the affinity of IF2 for 
30s subunits is increased about 3-fold by IF1 and IF3 (Weiel 
& Hershey, 1982) while that for IF3 is not affected by other 
factors (Weiel & Hershey, 1981). Here we show that IF2 and 
IF3 cause increases in the K ,  for IF1 of roughly 150- and 
50-fold, respectively. Each of these studies was performed 
under equilibrium conditions. At each point in the titrations, 
measurements were repeated until P was stable, indicating that 
the binding reactions had reached apparent equilibrium. Also, 
in each study the same apparent equilibrium was approached 
from several directions by adding the fluorescent initiation 
factor before (e.g., Figure 5) or after (e.g., Figure 6) the other 
factors. However, the combined data are not consistent with 
a simple equilibrium model of factor binding: 

4 
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where *30S is the new subunit conformation. This confor- 
mation can be reached when IF1 and IF2 are bound to the 
subunit, but not when IF1 alone is bound. IF2 can bind to 
and dissociate from *30S.IF1, but IF1 cannot be released from 
the new conformation without returning to the original state: 
IF1 may be trapped in a pocket that only closes in the presence 
of IF2. This model fits the observed data if the product cup 
is about 2 and K* is about 100. The gradual increase in 
polarization seen on adding IF2 to a mixture of F-IF1 and 30s 
subunits (Figure 5A) may be due to an irreversible conversion 
of *30S.IF1 directly to 30S.IFl (dashed arrow in the diagram). 
Without this step, addition of substoichiometric amounts of 
IF2 would catalyze the convfersion of 30S.IF1 to *30S.IF1 
through 30S.IFl.IF2 and *30S.IFl.IF2. This would result 
in an abrupt 100-fold increase in the apparent K, for IF1, 
which is not consistent with the results shown in Figure 5 
assuming p b  for *30S.IFl is at least as high as that for 
30S.IF1. Therefore, the results suggest that a steady state is 
reached at low IF2. At saturating IF2 we observe a true 
equilibrium where 30SvIF2 and *30S.IFl.IF2 are the major 
species; the constant K,  is equal to a@K*Kl in the above di- 
agram. 

Analogous models are consistent with the data for inter- 
actions of IF3 with IF1 or IF2 on the 30s subunit, e.g., sub- 
stitute IF3 for IF2 in the model above. IF3-induced confor- 
mational changes in 30s subunits have been detected by 
physical and chemical methods (Pon et al., 1982). Similar 
techniques may provide evidence for conformational changes 
induced by combinations of initiation factors as proposed here. 
Additional polarization experiments such as F-IF1 titrations 
into solutions of 30s subunits with substoichiometric IF2 or 
IF3 would also be useful to test these models, especially with 
stopped-flow measurements of kinetic rate constants. 

The association constants measured for IF1, IF2, and IF3 
indicate that all three factors should essentially saturate their 
binding sites on the native 30s subunit in the intact E.  coli 
cell. The concentration of 70s ribosomes in the cell is about 
10 pM; since native ribosomal subunits represent about 10% 
of the total ribosomes, and the initiation factor to ribosome 
ratio is about 0.2 (Howe & Hershey, 1981), their concen- 
trations are about 1-2 GM. Using the K, = 2.5 X lo8 M-' 
in buffer B (100, 5 ) ,  we calculate that greater than 98% of 
the IF1 binding sites on 30s subunits will contain IFl.  If the 
intracellular ionic strength is comparable to buffer B (200, 
5) instead, extrapolation of the data on salt concentration 
effects gives a K, = 5 X lo6, which is still sufficient to saturate 
about 70% of the IF1 binding sites. It is therefore reasonable 
to conclude that native 30s subunits contain IF1 as well as 
other initiation factors. Work is in progress to determine the 
association constants for each of the initiation factors in other 
initiation complexes proposed for the pathway of initiation. 
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ABSTRACT: The influence of magnesium ion concentration on the equilibrium and kinetics of Artemia ribosome 
dissociation and subunit association has been studied by laser light scattering. Ribosomal aggregation was 
found to be reduced by additiog of 0.1-0.05 mM spermidine and KC1 concentrations of 100 mM. The 
ribosomes were found to be stable at  low [Mg2+], and the curves obtained for ribosomesubunit equilibrium 
were independent of the direction and origin of the magnesium ion titration. Thermodynamic parameters 
were obtained from the temperature-dependent equilibria and have been compared to those of wheat germ 
and Escherichia coli type A ribosomes. The entropy term calculated for the association of 40s and 6 0 s  
subunits is small, and the reaction is exothermic. The entropy term is negative, favoring subunit dissociation, 
and contributes less to the free energy than the enthalpy term. Rate constants for ribosome dissociation 
and subunit association have been determined. The reaction curves gave no evidence for sequential processes 
and were homogeneous. 

z e  reversible association and dissociation of ribosomal 
subunits play a central role in the process of protein biosyn- 
thesis in both eucaryotes and procaryotes. The ion-dependent 
association and dissociation equilibrium and kinetics of pro- 
caryotic Escherichia coli ribosomal subunits have been ex- 
tensively studied, but there is less data available for eucaryotic 
ribosomes. Some procaryotic protein biosynthesis is greater 
than an order of magnitude faster than eucaryotic protein 
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biosynthesis, kinetic and thermodynamic studies are of par- 
ticular interest in understanding the differences between 
protein synthesis in eucaryotes and procaryotes. The effects 
of a variety of cations on the equilibrium of eucaryotic wheat 
germ ribosomal subunits with 80s  monosomes has been ex- 
plored (Sperrazza et al., 1980, 1981; Sperrazza & Spremulli, 
1983; Moore & Spremulli, 1985), but no kinetic data were 
reported. Physicochemical studies have been carried out on 
Artemia (brine shrimp) ribosomes (Nieuwenhuysen & Clau- 
waert, 1981; Nieuwenhuysen et al., 1981; Donceel et al., 1982). 
Electron microscopy (Lake et ai., 1974; Boublik & Hellman, 
1978) and other physical techniques (Nieuwenhuysen & 
Clauwaert, 1981; Nieuwenhuysen et al., 1980) suggested 
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