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Two-Dimensional Crystals of Enzyme-Effector Complexes: Ribonucleotide
Reductase at 18-A Resolution’
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ABSTRACT: The B1 subunit of ribonucleotide reductase formed two-dimensional crystals when bound to
an effector nucleotide linked to lipids in planar layers at the air/water interface. The effector lipid consisted
of dATP coupled through the y-phosphoryl group and an e-aminocaproyl linker to phosphatidylethanolamine.
Two-dimensional crystals of B1 reductase, like those of antibodies and cholera toxin obtained previously,
formed under physiologic conditions of pH and ionic strength, with no precipitant added to the solution.
There was, however, a requirement for dTTP in the solution, presumably to ensure binding of the JATP-lipid
at only one of two effector sites on the enzyme. Diffraction from the crystals extend=d to 18-A resolution
in negative stain, with unit cell parameters a = 110 A, » = 277 A, and v = 90°. Image analysis revealed
the B1 dimer as a pair of roughly cylindrical objects, each 105-109 A in length and 31-34 A in diameter.

Ribonuclcoside-diphosphate reductase is an enzyme of broad
regulatory significance, present in both prokaryotes and eu-
karyotes (Thelander & Reichard, 1979; Martin & Gelfand,
1981; Follman, 1982; Reichard & Ehrenberg, 1983). It
catalyzes and controls the reduction of ribonucleoside di-
phosphates to deoxyribonucleotides and thus partitions nu-
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cleotides between RNA and DNA synthesis. The catalytic
and regulatory properties of the enzyme derive from the in-
teraction of two types of subunit in a double dimer and from
a remarkable set of allosteric effects. In Escherichia coli, the
dimers are known as B1 (177 000 daltons) and B2 (87 000
daltons) and contain binding sites for effectors (nucleoside
triphosphates) and a source of reducing power (dithiols and
a stable free radical), respectively. Mechanistic studies have
been limited by a lack of structural information. The dimers
separate during purification, and single crystals of each dimer
have been obtained, but X-ray diffraction analyses have not
been completed (Joelson et al., 1984). We report here on
imaging the B1 dimer by formation of two-dimensional crystals

© 1987 American Chemical Society
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on lipid layers and electron microscopy.

The lipid layer crystallization technique depends on specific
binding of macromolecules to lipid-ligands in planar lipid
layers. Binding orients and concentrates the macromolecules
in two dimensions, and diffusion of the lipids facilitates
crystallization (Uzgiris & Kornberg, 1983; Ribi and Kornberg,
unpublished results). This approach has the advantages of
rapidity, the requirement for only microgram amounts of
material, and the possible extension to molecular complexes.
The first application of the technique was to a monoclonal
anti-dinitrophenyl-IgG, with N-[e-[(2,4-dinitrophenyl)-
amino]caproyl]phosphatidylethanolamine as the lipid-ligand.
Linear and hexagonal arrays of the IgG formed under a range
of solution conditions (Uzgiris & Kornberg, 1983), and
electron micrographs gave diffraction extending to about 20-A
resolution (Reidler et al., unpublished results). Recently, the
approach was used to study cholera toxin bound to lipid layers
containing its natural receptor, the ganglioside GM;. Rec-
tangular lattices of the toxin and derivatives were obtained
under various conditions, and the structures were determined
at about 15-A resolution (Ludwig et al., 1986; Ribi et al.,
1987).

In the present study, we synthesized a lipid-linked nucleotide
for binding the ribonucleotide reductase Bl dimer to lipid
layers. B1 reductase crystals formed under essentially phys-
iologic conditions, indicating that our previous successes with
monoclonal IgG and cholera toxin were not due to some pe-
culiarity of antibody structure or natural association of toxin
with membranes but rather that the lipid layer crystallization
technique may be generally useful for imaging molecular
complexes under conditions of interest.

EXPERIMENTAL PROCEDURES

Materials. ¢ Aminocaproic acid, tert-butyl pyrocarbonate
(t-BOC), dicyclohexylcarbodiimide (DCC), phospholipase A,
(Crotalus durissus), and silica gel (250 mesh) were from
Sigma. Thin-layer chromatography (TLC) plates and prep-
arative TLC plates (E. Merck Darmstadt) were from Am-
erican Scientific Products, L-a-Dioleoylphosphatidyl-
ethanolamine (PE) and egg phosphatidylcholine (PC) were
from Avanti Polar Lipids, and aminocaproyl-PE was syn-
thesized as described below or purchased from Avanti.

Analysis. The progress of reactions and purity of final
products were assessed by TLC on silica gel 60 F254 plates
developed with chloroform-methanol-water (10:6:1 v/v).
Adenine was revealed by UV quenching, phosphorus with
molybdenum blue spray (Dittmer & Lester, 1964), and 3?P
by autoradiography. Phospholipase A, digestion was per-
formed as described (Worthington Enzyme Manual, Worth-
ington Biochemical Corp., Freehold, NJ) with modifications:
0.5 mg of lipid was dried in a glass vial and dispersed by
sonication in 100 xL of assay buffer containing 0.0005% Triton
X-100. One unit of enzyme was added, and lipid hydrolysis
was monitored by extraction with chloroform-methanol (4:1
v/v) and TLC. Phosphorus determination was as described
(McClare, 1971). 'H NMR spectra were recorded with an
NMC300 Nicolet spectrometer with CDCl, and Silanor-C
(Merck) as solvents. Liquid secondary ion mass spectra
(LSIMS) were taken with an MS-50 mass spectrometer (Mass
Spectrometry Resource, University of California, San Fran-
cisco, CA).

dATP-Aminocaproyi-PE. t-BOC-aminocaproic acid [93
mg, 4.0 X 107* mol, prepared as described (Moroder et al.,
1976)] and DCC (167 mg, 8.1 X 10™* mol) were combined
in 1 mL of dry dichloromethane and stirred at room tem-
perature for 40 min. A precipitate of dicyclohexyl urea was
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removed by filtration through glass wool, and the filtrate was
added to 75 mg (1.0 X 10 mol) of PE in 1 mL of dry di-
chloromethane and 150 uL of dry pyridine. The mixture was
stirred for 2 h, diluted with 1 volume of acetone, and applied
to a column of silica gel. The column was washed with
chloroform-acetone (1:1 v/v) and eluted with chloroform-
methanol under low pressure (10 psi). The solvent was re-
moved in vacuo yielding 65 mg of t-BOC-aminocaproyl-PE
(68% yield based on starting PE). Infrared (KBr pellet):
bands at 1660 cm™ (carbonyl) and 3400 cm™ (amide).

The amino-protecting group was removed from 65 mg of
t-BOC-aminocaproyl-PE as described (Paltauf, 1976) by
bubbling with dry HCI gas in 5 mL of dry chloroform with
stirring for 30 min at 0 °C. HCI and solvent were removed
in vacuo, and the residue was fractionated on a silica gel
column, yielding 31 mg of aminocaproyl-PE (53% yield based
on t-BOC-aminocaproyl-PE). Digestion with phospholipase
A, demonstrated an intact phospholipid by conversion to a
lysophospholipid. Infrared (KBr pellet): bands at 3350 and
3210 cm™ (amine). LSIMS. Caled for C47HgeOoN,P: 856.
Found: 856.

dATP was condensed with aminocaproyl-PE as described
(Knorre et al., 1976) with modifications. The disodium salt
of dATP was adsorbed on DE-52 (Whatman), washed with
10-50 mM triethylammonium bicarbonate, and eluted with
500 mM triethylammonium bicarbonate (pH 7.0). The re-
sulting triethylammonium salt of JATP (72 mg, 10~ mol) and
100 uCi of the triethylammonium salt of [a-3?2P]dATP (Am-
ersham) were mixed, dried in vacuo, and dissolved in 1.5 mL
of chloroform-methanol (4:1 v/v). DCC (38 mg, 1.8 X 10™*
mol) was added, and the mixture was kept for 2 h at room
temperature. A precipitate of dicyclohexylurea was removed
by filtration through glass wool, and the filtrate was added
to 25 mg (2.9 X 1075 mol) of aminocaproyl-PE, 50 uL of dry
diisopropylethylamine, and 0.7 mL of dry chloroform. The
mixture was stirred at room temperature for 35 h and then
fractionated by preparative TLC, yielding a mixture of two
components, each of which contained adenine and 3?P. The
ratio of adenine to *?P remained constant throughout purifi-
cation. The major component (Rf 0.2) was resolved from the
minor one (R,0.3) by silica column chromatography, yielding
12 mg of dATP-aminocaproyl-PE (30% yield based on am-
inocaproyl-PE). Digestion with phospholipase A, demon-
strated an intact phospholipid by conversion to a lyso-
phospholipid. 'H NMR (CDCl,): § 7.3 (m, 2, aryl-H), 5.3
(m, 4, —CH=CH—), 1.0 (s, 6, CH;). LSIMS. Calcd for
Cs7H,03sN7050P4: 1329, Found: 1351 (major), 1367 (minor),
1343 (major), 1389 (minor). The LSIMS peaks were inter-
preted as the monosodium salt (1351) and its lipid peroxidized
form (1367) and the disodium salt (1373) and its lipid per-
oxidized form (1389).

Surface Pressure Measurements. Teflon or glass troughs
(3-em? surface area, 1| mm deep) were filled with water or
buffer [0.1-0.3 M NaCl, 10 mM tris(hydroxymethyl)-
aminomethane hydrochloride (Tris-HCI), pH 7.4, 5 mM
MgCl,], and lipids (0.5 mg/mL) in chloroform—-hexane (1:1
v/v) were applied to the surface. Lateral pressures were
monitored with time by the Wilhelmy plate method (M&bius
et al., 1969).

Crystallization and Electron Microscopy. For electron
microscopy of single B1 particles, frozen aliquots of B1 re-
ductase [9 mg/mL, prepared as described (Brown et al,,
1969)] were thawed and diluted to 10 pg/mL with a buffer
containing 100 mM NacCl, 15 mM MgCl,, 5 mM spermidine,
and 15 mM Tris-HCI (pH 7.6) at 4 °C. Droplets of protein
solution were placed on carbon-coated electron microscope



7976 BIOCHEMISTRY

grids for 2-5 min at room temperature (grids were made
hydrophilic by treatment with amylamine and glow discharge).
After removal of the majority of the solution by blotting, the
grids were washed with 1 drop of distilled water and then
stained for 30-60 s with 1% uranyl acetate.

For preparation of rectangular lattices, aliquots of Bl
(described above) were diluted to 250 ug/mL with a buffer
containing 100 mM NaCl, 5-15 mM MgCl,, 2-10 mM
spermidine, 2 mM dTTP, and 15 mM Tris-HCI (pH 7.6) and
kept at 4 °C for 0.5~1 h. Droplets of B1 solutions (14 uL)
were then placed in Teflon wells (4-mm diameter, 1 mm deep),
and the surfaces of the droplets were coated with 0.25-0.5 uL.
of a lipid mixture containing 7.4 X 10~ M dATP-amino-
caproyl-PE and 5.1 X 10™* M egg PC (molecular weight based
on dioleoyl form, in chloroform—hexane-methanol, 10:10:0.5
v/v), followed by incubation in a humid chamber at room
temperature for 24-48 h. Electron microscope grids, freshly
coated with carbon, were floated on the wells (carbon facing
the solution) for 5 min, withdrawn, washed with 1 drop of
distilled water, and then stained for 30-60 s with 1% uranyl
acetate. Micrographs were recorded with minimal electron
doses (10-15 electrons/A? per image) on a Philips EM 400
operating at 100 kV. Image processing was performed ac-
cording to standard methods (Amos et al., 1982).

RESULTS

A lipid-linked nucleotide was a natural choice for binding
the Bl dimer to lipid layers. There are three nucleotide-
binding sites on each B1 polypeptide, one for substrates and
two for effectors (Thelander & Reichard, 1979). ATP, dATP,
dTTP, and dGTP bind at one effector site (“h site”) and
modulate the substrate specificity of the enzyme, assuring a
balanced distribution of the four deoxynucleotide products.
ATP and dATP bind at the other effector site (“l-site™), raising
and lowering the overall activity of the enzyme, respectively.
We made use of dATP binding in the present studies because
the affinity for JATP is the highest at both sites and because
binding may be directed to one site or the other (Brown &
Reichard, 1969). Alone, dATP shows a 17-fold preference
for binding at the h site (dissociation constant of 0.3 X 1077
M, compared with 5 X 107 M at the | site), whereas in the
presence of excess dTTP binding occurs exclusively at the |
site.

For linkage of dATP to a lipid, the y-phosphoryl group of
the nucleotide was coupled through an e-aminocaproyl linker
to dioleoyl-PE. The rationale for this structure is as follows:
substituents at the y-phosphoryl position of dATP do not
prevent binding to ribonucleotide reductase (Berglund &
Eckstein, 1974); the insertion of a caproyl linker between PE
and a dinitrophenyl group was important for binding of po-
lyclonal anti-dinitrophenyl antibodies to lipid vesicles (Six et
al., 1973) and for crystallizing a monoclonal antibody (Ribi
and Kornberg, unpublished results), presumably to avoid steric
hindrance of binding to the lipid layer; and a dioleoyl lipid was
used to assure lateral mixing with other unsaturated phos-
pholipids in lipid layers.

Synthesis of dATP-aminocaproyl-PE was carried out in two
steps. First, tert-butylcarbonyl-e-aminocaproic acid was joined
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FIGURE 1: Effect of dATP-aminocaproyl-PE on the reduction of CDP
by ribonucleotide reductase. In two separate experiments, aqueous
dispersions of dATP-aminocaproyl-PE, sonicated until clear, were
added in the amounts indicated to reaction mixtures containing all
reagents required for optimal reduction of CDP (Brown et al., 1969),
with and without ATP (panel a) or dTTP (panel b). Results are
expressed as percentage of controls with no addition of dATP-
aminocaproyl-PE, corresponding to 10 enzyme units (no ATP) and
18 units (+ATP) in panel a and | unit (no dTTP) and 3 units
(+dTTP) in panel b.

in an amide linkage to PE and the tert-butylcarbonyl group
was removed, to form e-aminocaproyl-PE. Second, dATP was
coupled to the amino moiety of aminocaproyl-PE in a reaction
specific for the y-phosphoryl group of many nucleoside tri-
phosphates (Knorre et al., 1976). The intermediate, amino-
caproyl-PE, may be generally useful in the synthesis of lip-
id-linked ligands.

Binding of dATP-aminocaproyl-PE to ribonucleotide re-
ductase was demonstrated by the effect on enzyme activity
with CDP as substrate. Low concentrations of dATP (0.1-1
uM) stimulate the reaction through binding at the h site, while
tenfold higher concentrations are inhibitory due to additional
interactions at the | site (Brown & Reichard, 1969). Sonic
dispersions of dATP-aminocaproyl-PE gave no stimulation
at low concentrations but inhibited the enzyme at higher
concentrations (Figure 1). Inhibition can be attributed to
binding at the I site, since it was reversed by ATP but not by
dTTP. Apparently, dATP-aminocaproyl-PE binds only at the
1 site or binds simultaneously at both sites, but even at a low
concentration it does not bind exclusively at the h site, possibly
due to its high local concentration in lipid vesicles or to steric
inhibition of binding at the h site.
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FIGURE 2: Electron micrographs of negatively stained single particles
of Bl reductase. (a) Bl randomly adsorbed to a hydrophilic electron
microscope grid. Three examples of particles showing a division of
protein density into two components are circled. Scale bar, 600 A.
(b) (}:ﬂlery of individual particles at high magnification. Scale bar,
200 A.

The formation of lipid layers containing dATP-amino-
caproyl-PE was monitored by measuring surface pressures at
the air/water interface. Monolayers of pure dATP-amino-
caproyl-PE spread on water as described (Gaines, 1966) gave
similar pressure—area profiles to dioleoylphosphatidylcholine
(dioleoyl-PC), with collapse on compression to about 48
dyn/em. However, films of dATP-aminocaproyl-PE spread
on a fixed surface area over salt solutions (see Experimental
Procedures) were unstable, collapsing within minutes of for-
mation. This instability was overcome by adding other lipids.
A mixture of egg PC and dATP-aminocaproyl-PE in a 9:1
molar ratio formed monolayers as stable as those of pure egg
PC, and films of roughly this composition were used to
crystallize the reductase B1 dimer.

In the absence of lipid layers, the B1 dimer adsorbed to
electron microscope grids, but no ordered arrays were observed
even at high protein concentrations (0.25-1.0 mg/mL), ar-
guing against the formation of arrays in solution prior to the
crystallization procedure. At low protein concentrations (10
ug/mL), single particles of B1 were discernible (Figure 2).
In the presence of lipids and with dTTP in the solution, three
types of ordered arrays of the Bl dimer were obtained, de-
pending on the conditions. Poorly ordered arrays formed at
low magnesium concentrations (2—5 mM), during extended
incubation (3-9 days) at a reduced temperature (4 °C) (Figure
3a). These arrays appeared multilayered and gave diffuse
diffraction extending to only '/3; A™' (Figure 3b). Parallel
rows of filaments formed at high magnesium concentrations
(50-100 mM), during 2-3 days at either 4 or 23 °C. The
filaments were 143-A wide, with an axial periodicity of 113
A (Figure 3c), and when well aligned, gave diffraction ex-
tending to about !/,, A~ (Figure 3d). True two-dimensional
crystals formed in the presence of 5-15 mM magnesium and
2-10 mM spermidine, during 1-2 days at room temperature
(Figure 4a,b). Diffraction extended to !/, A~! (Figure 4c)
and revealed a rectangular unit cell with parameters a = 110
+3A,h=277+2A, and y =90° & 2°, Tilted specimens
showed discrete diffraction to a comparable resolution, indi-
cating that the crystals were single layered. A thickness of
roughly 33 A was estimated from views of crystal edges.

When dATP-aminocaproyl-PE was omitted from the lipid
layers or when 1.5 mM dATP was added to the solution, there
was little protein on the grid and no arrays, showing that
specific protein binding was required for success of the pro-
cedure. Omission of dTTP caused a marked reduction in array
formation. Presumably dTTP prevents dATP-amino-
caproyl-PE from binding at a second site on the protein (the
h site, see above) and possibly dTTP binding stabilizes the
protein. The use of PC, which made up 90% of the lipid layers,
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FIGURE 3: Electron micrographs of Bl reductase and two-dimensional
arrays in negative stain and corresponding optical diffraction patterns.
(a) Arrays formed as described (see Experimental Procedures) except
with 5 mM MgCl,, 1-5 mM dithiothreitol, and no spermidine, during
1-14 days at 4 °C. Scale bar, 1000 A. (b) Optical diffraction pattern
of arrays shown in (a). (c) Arrays formed as described except with
50~100 mM MgCl; and no spermidine at 4 or 23 °C. Scale bar, 1000
A. (d) Optical diffraction pattern of arrays shown in (c).
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FIGURE 4: Electron micrographs of two-dimensional rectangular
crystals of B reductase in negative stain (a and b), formed as described
under Experimental Procedures, and optical diffraction pattern (c).
Scale bars: (a) 1500 A; (b) 1000 A.

was also important in the procedure. Substitution of dioleo-
yl-PE for PC gave protein binding but no ordered arrays. Egg
monomethyl- and dimethyl-PE gave arrays, but the degree of
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FIGURE 5: Projection map of Bl reductase. (a) Levels of stain are
displayed in gray tones, and levels of protein density are indicated
by contour lines. The boxed area contains one unit cell [a = 110 A
(vertical direction) and b = 277 A (horizontal direction)]. Only images
of well-stained crystals, as in Figure 3b, were used in the analysis.
Crystals lightly embedded in stain, as in Figure 3a, gave processed
images with identical pairs of elongated objects, but residual electron
density was observed between unit cells along the b direction. (b)
A portion of the map in (a), with solid and dashed lines representing
positive and negative contours, respectively. The boxed area contains
one pair of elongated objects (B1 dimer).

order appeared less than with PC.

Noise-filtered images of the rectangular crystals showed
features suggestive of twofold rotational symmetry. On re-
fining the origin of the reciprocal lattice with projected sym-
metry p2, an average difference from centrosymmetric phases
of 15° was obtained for seven images. Fourier synthesis with
the symmetrized and averaged data gave a density distribution
with four elongated objects in the unit cell (Figure 5a, solid
contours in boxed area). Each object appeared to be divided
in three domains, with a large central peak of density (90 £
14, in arbitrary units % standard deviation) flanked by smaller
peaks (70 £ 14, average of smaller peaks). The elongated
objects were organized in pairs, with strongly staining regions
(Figure 5a, darkened areas) between pairs. The long axes of
objects within a pair did not lie parallel to each other but rather
made an angle of 6°-8° (Figure 5b, boxed region). Imposition
of the higher symmetries c2mm and p2gg would eliminate the
angle between the objects, while the remaining possible sym-
metry p2mg would not. ¢2mm symmetry seemed unlikely
because the reflection conditions were not satisfied and because
of a lack of mm symmetry in the diffraction pattern. p2mg
symmetry was also questionable due to the lack of mm sym-
metry in the diffraction pattern, but deviations from p2mg
symmetry in the density map (Figure 5) were small. We
preferred not to average over this symmetry, since the members
of a pair of elongated objects were then independently de-
termined and their similarity provided a measure of the quality
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of the density map. p2gg symmetry was ruled out, because
it would not allow the observed alternation of strongly and
weakly staining regions between the elongated objects.

DI1SCUSSION

The image analysis of Bl reductase crystals reported here
reveals elongated objects, approximately 105-109 A in length
and 31-34 A in diameter (contoured at a level where there
is contact between objects within a pair). A cylindrical object
of these dimensions would have a volume 71-88% of that
expected for a Bl monomer (density 1.31 g/cm?). It therefore
seems likely that a pair of objects (boxed in Figure 5b) con-
stitutes a B1 dimer. A test of this interpretation is to calculate
the density of protein packing in the unit cell. Two B1 dimers
occupy 45% of the unit cell volume (assuming a density of 1.31
g/cm3 for the protein and a cell thickness of 32.5 A), which
is in the range found for other protein crystals. Further ev-
idence in support of this interpretation comes from electron
micrographs of single particles of B1 reductase (Figure 2a).
In some particles, a division of the protein density into two
equal components could be seen (Figure 2b). The components
appeared elongated, with approximate dimensions of 100-110
A in length and 50-60 A in diameter. The greater diameter
of the components than in the crystals may have resulted from
flattening during adsorption to the carbon film and negative
staining,

The value of having an image of the Bl dimer from two-
dimensional crystals, even at only 18-A resolution and in
projection, is immediately apparent when the image is com-
pared with those of single particles. Electron micrographs of
crystals show a consistent division of protein density into
elongated units (Figure 4b), whereas this division is only oc-
casionally apparent in images of single particles, presumably
due to the variable orientations of the individual particles
(Figure 2a). Moreover, the micrographs of crystals are readily
analyzed by Fourier methods, giving an averaged, noise-filtered
image, whose internal structural details may be discerned.
Images from two-dimensional crystals should continue to be
useful even after X-ray structures of Bl and B2 subunits have
been determined. Decoration of two-dimensional crystals of
B1 with B2 subunits may serve as a guide for combining the
X-ray structures of the individual subunits to produce a
structure of the entire complex. Decoration of two-dimensional
crystals can also be used to reveal binding sites of nucleotides
(as heavy atom derivatives), monoclonal antibodies, and other
interacting molecules.

There are a number of parallels between the present results
and those obtained previously with two-dimensional crystals
of monoclonal antibodies (Uzgiris & Kornberg, 1983) and
cholera toxin (Ludwig et al., 1986; Ribi et al., 1987). In each
case more than one type of crystal lattice formed. In all cases,
crystallization occurred under physiologic conditions of pH
and ionic strength, with no requirement for a precipitant or
other unusual component in the solution. There were sig-
nificant differences in the optimal time of crystallization,
temperature, and composition of lipid layers used. The re-
quirement for PC as opposed to PE layers in the case of the
B1 dimer was particularly striking. Cholera toxin crystallized
equally well with either lipid, whereas antibodies required pure
lipid-hapten with no additional phospholipids (Ribi et al.,
unpublished results). Our success in forming crystals with
three different combinations of protein and lipid—ligand, as
well as the parallels noted here, points to the generality of the
lipid layer crystallization technique. The importance of lipid
composition, comparative indifference to solution conditions,
and a facile approach for preparing a range of lipid-ligands
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provide some guidelines for the application of the technique
to other macromolecules.
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ABSTRACT: A 48-kilodalton phosphoprotein, termed T-protein or pT, isolated from wheat germ and purified
to homogeneity is found to inhibit the translation of tobacco mosaic virus (TMV) RNA in both wheat germ
and reticulocyte lysates. The translation of TMV RNA in both systems was inhibited over 80% by 8 uM
pT. There was no evidence to indicate that the reticulocyte lysate also contained a pT-like protein. pT
was rapidly phosphorylated in the wheat germ and reticulocyte lysates. Although the relationship between
pT phosphorylation and inhibition of protein synthesis is not known, there is evidence to indicate that complete
phosphorylation of pT is not required for inhibition. Furthermore, no significant differences in the kinetics
of inhibition of protein synthesis between prephosphorylated and unmodified pT were observed. Investigation
of the mechanism of inhibition indicated that neither the aminoacylation of tRNA nor the elongation of
nascent polypeptide chains was affected by pT. On the other hand, pT was found to prevent the formation
of the 80S initiation complex. This action of pT was not due to the binding of pT to the ribosomes. However,
the effect of pT was found to vary with the concentrations and types of mRNA used in the translational
system. These results suggest that pT may interact with specific region(s) of the mRNA and prevent its
translation. Alternatively, pT could block the translation of mRNA by binding to one or more of the initiation
factors that interact with mRNA to facilitate mRNA binding to the 43S preinitiation complex. On the
basis of the action of pT, it is tempting to speculate that this protein could play an important physiological
role in contributing to the dormancy of the wheat seed.

Although gene expression in both procaryotes and eucar-
yotes is controlled to a large extent at the level of transcription,
there is increasing evidence also for control at the level of
translation. In light of the complexity of the translational
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process, it is likely that the regulation of translation is also
complex, with different mechanisms operating at different
steps. Our understanding of the regulation of translation has
been derived mainly from studies of the nonnucleated eu-
caryotic cell reticulocyte [see reviews by de Haro et al. (1985)
and Moldave (1985)]. In the reticulocyte, the synthesis of the
a and 8 chains of globin is markedly dependent on the presence
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