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ABSTRACT The signal recognition particle (SRP) is a ri-
bonucleoprotein consisting of six distinct polypeptide compo-
nents and one molecule of small cytoplasmic RNA (7SL RNA).
The particle was previously shown to function in protein trans-
location across and protein integration into the endoplasmic
reticulum membrane. Homogeneous signal recognition parti-
cle preparations were visualized by electron microscopy (i) af-
ter negative staining, (if) by dark-field imaging of unstained
specimens, and (iij) by platinum-shadowing. The results of
each of these different techniques indicate that the signal rec-
ognition particle is a rod-shaped particle 5-6 nm wide and 23-
24 nm long.

The signal recognition particle (SRP) is an 11S ribonucleo-
protein consisting of six distinct polypeptides (M, 72,000;
68,000; 54,000; 19,000; 14,000; and 9,000) (1) and one mole-
cule of RNA (300 nucleotides, termed 7SL RNA) (2). SRP
was shown to function as the cellular adapter between the
cytoplasmid protein-translation apparatus and the mem-
brane-associated protein-translocation machinery of the en-
doplasmic reticulum (3, 4). By use of a cell-free translation
system programmed with specific mRNAs and supplement-
ed with purified SRP and/or microsomal membranes the fol-
lowing sequence of events has been determined: (i) Transla-
tion of any mRNA begins on free, cytoplasmic ribosomes.
(ii) If the nascent chain contains a signal sequence that desig-
nates the protein as a candidate to be translocated across
(secretory or lysosomal proteins) or integrated into (integral
membrane proteins) the endoplasmic reticulum membrane,
then SRP tightly interacts with the translating ribosome and
reversibly arrests protein synthesis (4). (iii) This elongation
arrest is released only by direct interaction of SRP with the
SRP receptor (5, 6), an integral membrane protein of the en-
doplasmic reticulum, specifying that the correct target mem-
brane has been reached. The functional ribosome-mem-
brane junction is formed and translocation of the nascent
polypeptide proceeds by an unknown mechanism.

As described above, SRP is a well characterized, relative-
ly small particle and has been purified to homogeneity. A
multiplicity of interactions with other cellular structures has
been described (for a recent review on SRP function see ref.
7). For our understanding of the molecular details of these
events, extensive structural information on SRP will be re-
quired. Here, our first attempts to visualize SRP by a variety
of electron microscopic techniques indicate that the particle
can be described as an elongated cylinder.

MATERIAL AND METHODS

Isolation of SRP. SRP was salt-extracted from canine pan-
creatic microsomes and purified by chromatography on
aminopentylagarose followed by velocity sedimentation in
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sucrose gradients as previously described (8, 9). The 11S
peak was collected, quick-frozen in liquid nitrogen and
stored at —80°C until used. The SRP preparations used in
these studies were enzymatically active (9) and >95% pure
as judged by analysis on Coomassie blue-stained NaDod-
SO,4/polyacrylamide gels as well as on ethidium bromide-
stained urea/polyacrylamide gels (2).

To stabilize SRP activity, we included 0.01% Nikkol (a
nonionic detergent: octaethyleneglycol monododecyl ether;
Nikko, Tokyo, Japan) in all buffers (1, 9). The detergent was
omitted in the final sucrose gradient centrifugation step, to
avoid its possible interference in the imaging techniques.
Control experiments showed that in negative stain (bright
field) and unstained (dark field) preparations the structures
observed were indistinguishable whether prepared in the
presence or absence of Nikkol.

Specimen Preparation. Specimens were supported on thin
carbon films (about 2 nm thick) made by indirect deposition
(10). These films were supported by carbon-backed fenes-
trated cellulose acetobutyrate films on 3-mm, 200-mesh cop-
per microscope grids. SRP, stored at a concentration of 200-
350 pug/ml in 12% (wt/vol) sucrose/50 mM triethanolamine -
HOACc, pH 7.5/500 mM KOAc/5 mM Mg(OAc),/1 mM di-
thiothreitol, was diluted to a concentration of 2-10 ug/ml
with 10 mM triethanolamine:HOAc, pH 7.5/1 mM
Mg(OAc),/0.2 mM dithiothreitol. Samples were centrifuged
at 10,000 X g for 10 min and applied to grids by injection (11)
at a final concentration of 1-5 ug/ml. To modulate their ad-
hesive properties, some carbon films were pretreated with
100 mM HOACc (10). After 1 min, specimens were washed
with distilled deionized water.

Specimens were negatively stained with 1% (wt/vol) phos-
photungstic acid, wicked, and air-dried. Specimens for criti-
cal-point drying were applied in the same manner as above to
carbon films or to freshly cleaved mica. The substrate subse-
quently was passed through solutions of increasing ethanol
concentrations (steps of 20%) up to 100% ethanol, followed
by increasing concentrations of amyl acetate up to 100%.
The sample was then dried in a critical-point drying appara-
tus (Denton Vacuum, Cherry Hill, NJ) above the critical
point of CO,.

Particles critical-point-dried on mica were shadowed by
thermal evaporation of Pt/C pellets (Ladd Research Indus-
tries, Burlington, VT) at a distance of 11 cm. Specimens
were shadowed in the primary direction for 30 sec, rotated
90°, and shadowed for an additional 5-10 sec. The shadow-
ing angle estimated from latex spheres shadowed in a similar
fashion was 10 + 2°. After shadowing, a thin film was evapo-
rated directly onto the mica substrate. The film was floated
off onto water, transferred to grids covered with carbon-
backed fenestrated plastic, and photographed in tilt-beam
dark field for improved contrast.

Electron Microscopy. Micrographs were taken on a Phillips
EM 300 electron microscope at 80 kV at nominal magnifica-
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Fic. 1. Bright-field electron micrographs of SRP negatively
stained with phosphotungstic acid. (a) Large uniformly stained ar-
eas. Structures indicated are rod shapes (asterisks), circular struc-
tures (triangles), and an aggregate (arrowhead). (Bar = 50 nm.) (b)
Presentation of 104 of 144 putative molecular images from one mi-

Proc. Natl. Acad. Sci. USA 82 (1985)

FiG. 2. Dark-field electron micrographs of unstained SRP. (a)
Overview. Structures indicated are rod shapes (asterisks), a circular
structure (triangle), and an aggregate (arrowhead). (Bar = 50 nm.)
(b) Enlargements of typical structures. Particles spread in the pres-
ence or absence of the nonionic detergent Nikkol are intermixed.
For comparison, see the first two images in the second row, spread
in the presence and absence of Nikkol, respectively. (Bar = 20 nm.)

tions of %31,000 or x39,900. Magnification was calibrated
using a silicon monoxide grating replica (Fullam, Schenecta-
dy, NY). A 500-um condenser aperture and a 40-um objec-
tive aperture were used (12). Electron Image Plates (Kodak)
were exposed to a developed OD of about 0.4 under standard
developing conditions for intermediate grain size. Dark-field
imaging was accomplished by tilted-beam illumination. To
minimize specimen damage minimum beam-exposure tech-
niques were used (13) in addition to the optimum objective
aperture and fast-recording plate. With such measures dark-
field electron micrographs of unstained macromolecules
have been obtained that show higher-resolution detail than
possible in bright-field micrographs (12, 14, 15). For the lat-
ter, resolution is limited by the necessary heavy-atom stain.

Electron image plates were examined under a low magnifi-
cation dissecting microscope for optimum focus, lack of
astigmatism, and lack of specimen drift. Regions of micro-
graphs of good optical quality, showing a good dispersion of
structures larger than 5 X 5 nm and smaller than 30 X 30 nm,
were chosen for analysis. Shadow lengths were recorded
only for those particles oriented with their long axes normal
to the primary shadow direction.

crograph. Arranged with rod shapes at the top and circular struc-
tures below. The remaining 40 structures were indistinguishable
from those shown. (Bar = 20 nm.)



Cell Biology: Andrews et al.

Optical Density Measurements. Dark-field electron micro-
graphs were digitized with a microdensitometer (Perkin—
Elmer Model 1010A) from large areas from two micrographs;
one area contained 210 structures, and the other, 38 struc-
tures. Each picture element corresponded to a 0.5 X 0.5 nm
area. The OD was integrated over an area slightly larger than
the object (10 X 10 nm, 10 X 25 nm, or 30 X 30 nm) and the
average OD of an equivalent area of carbon film was sub-
tracted. A histogram was calculated with bin size of 3.0 OD
units and was plotted as a smooth curve by convolution with
a spline of length 5.0 OD units, using an interactive display
system (Genisco GCT-300, Costa Mesa, CA and Digital
Equipment VAX 11-780, Maynard, MA). Integrated OD val-
ues were normalized so that the mode value for structures
between 10 X 10 nm and 10 X 25 nm equaled one. The gray-
level response of the system was calibrated by use of a pho-
tographic step tablet (Calibrated No. 2, Kodak).

RESULTS

We have used a variety of different techniques in sample
preparation and electron microscopy to examine the struc-
ture of SRP. Homogeneous preparations of SRP were im-
aged negatively stained, by bright-field microscopy (Fig. 1),
as well as unstained (Fig. 2) or platinum-shadowed (Fig. 3),
by dark-field microscopy. In each case, we observed a pre-
dominance of rod-shaped structures with similar widths but
various lengths, as well as small circular structures with al-
most constant diameter. The interpretation of the conforma-
tion of SRP consistent with all these images is a cylindrical
particle viewed at random orientations (rod-shaped image:
lying flat or at an angle, circular image: end-on). To guard
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against subjective bias in selecting putative SRP images, we
included all visible structures falling within a certain size
range in our analysis.

The SRP has an estimated M, of 335,000. Thus, assuming
a partial specific volume of 0.73 for protein (16) and 0.53 for
RNA (17), the volume of the SRP would be 380 nm?, which
corresponds to a minimum spherical diameter of 9 nm.
Based on this calculation, we arbitrarily chose the range 5-
30 nm in diameter as a reasonable window to include any
SRP images. '

A representative area imaged after negative staining is
shown in Fig. 1a. Rod-shaped or circular structures are indi-
cated by asterisks and triangles, respectively. Representa-
tive structures were aligned in the gallery in Fig. 1b. Includ-
ed in this gallery are 104 of the 144 putative SRP images fit-
ting the size criteria from a large uniformly stained area on a
single plate. The remaining structures were indistinguishable
from those shown and were omitted because of space limita-
tions.

The use of stain to provide contrast can be obviated by
imaging unstained SRP in dark field (Fig. 2). In this tech-
nique, contrast is dependent only on the particle thickness
relative to the carbon support. The structures observed by
this technique in the size range of interest are very similar to
those obtained with negative stain. In contrast to those re-
sults, full-length rod shapes are about 2.5 times more preva-
lent than circular shapes. This trend might be expected,
since there is no stain present to support molecules with
oblique orientations during specimen drying. The larger
structures seen in the overview in Fig. 2a most likely result
from aggregation of smaller particles, since they become less
frequent when SRP is further diluted. Neither the inclusion

FiG. 3. Dark-field electron micrographs of SRP shadowed with Pt/C. (a) Overview. Structures indicated are rod shapes (asterisks), and
circular structures (triangles). (Bar = 100 nm.) (b) Enlargements of rod shapes. (¢) Enlargements of circular structures. (Bar = 20 nm.)



788 Cell Biology: Andrews et al.

of small concentrations of nonionic detergent, nor the appli-
cation of critical-point drying techniques (designed to mini-
mize structural changes caused by surface tension), nor fixa-
tion with gluteraldehyde had any effects on the kinds of
structures observed (data not shown).

To confirm that the circular structures are distinct from
the rod-shaped ones only by virtue of the angle of immobili-
zation on the support, we platinum-shadowed preparations
of critical-point-dried SRP on mica (Fig. 3). Again, except
for aggregates, all of the structures are either circular or rod-
shaped and are of dimensions similar to those of the struc-
tures observed by the techniques described above. The pre-
dominant shadow length for the circular structures, a mea-
sure of the relative height of the particles, is considerably
longer than that measured for the rod shapes.

Fig. 4 is a quantitative analysis of the widths and lengths of
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Fic. 4. Measurements from electron micrographs of SRP. (a)
Shadow length vs. image length for 184 particles shadowed with
Pt/C. (b-d) Image width vs. image length for the same structures as
in a (b), dark-field electron micrographs of 271 unstained particles
(c), and bright-field electron micrographs of 144 particles negatively
stained with phosphotungstic acid (most of these particles are shown
in Fig. 1) (d). Each dot represents one particle. Where possible,
overlapping points were offset in a circular pattern.
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structures imaged by negative stain (Fig. 4d), dark-field (Fig.
4c¢), and Pt/C shadowing techniques (Fig. 4b). It is apparent
that with each approach a rather uniform distribution of par-
ticle widths is observed: 6.0 = 0.1 nm for negative stain, 5.6
+ 0,05 nm for dark-field, and about 10 nm for the Pt-shadow-
ing. In each case the longer axis of the particles appears as a
continuum ranging from almost circular structures to rod
shapes of lengths 23 nm, 24 nm, and 30 nm for negatively
stained, dark-field imaged and shadowed SRP, respectively.
Because a Pt/C cast is built up around the specimen during
shadowing, the dimensions obtained from shadowed images
are overestimations of the actual size of the SRP.

The analysis of shadow lengths as a function of particle-
image length (Fig. 4a) indicated that virtually all elongated
structures show a short shadow, consistent with their lying
flat on the support. In contrast, circular structures predomi-
nantly had shadows about three times longer, albeit a popu-
lation of circular structures with shorter shadows was also
present (see below).

In dark-field imaging the recorded image is generated by
electrons scattered by the unstained specimen itself. Since to
a first approximation the number of these scattered electrons
is proportional to the mass of the sample (18), the relative
mass of a given structure can be obtained by integrating the
optical density of the photographic image. A curve derived
from a histogram of such measurements from dark-field mi-
crographs of SRP is shown in Fig. 5. The solid line repre-
sents the integrated optical density of 206 of 210 structures
observed. Four structures showed densities beyond the
scale of the graph. An apparently uniform distribution of
mass is seen with very few values at two times and three
times the predominant mass. We arbitrarily dissected this
curve into contributions from either all structures between
10 X 10 nm and 10 nm X 25 nm (i.e., rod shapes, dotted
curve) or structures smaller than 10 nm across (i.e., circular
shapes, dashed curve). A small percentage of structures are
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Fic. 5. Curves derived from a histogram of integrated optical
densities measured for 210 structures from dark-field electron mi-
crographs of unstained SRP. Solid line, all structures; dotted line,
rod-shapes; dashed line, circular structures. Of all structures mea-
sured, 72% have an integrated OD within the full width at half maxi-
mum of the curve for rod-shapes. Similar curves plotted for SRP
spread from buffer not including the detergent Nikkol gave the same
profile.
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of lower relative mass. These are mostly circular structures
and could result from some dissociation of SRP during speci-
men preparation for microscopy or from increased mass loss
of rod-shaped particles oriented in the direction of the elec-
tron beam. The first explanation is consistent with the small
population of circular structures with short shadows ob-
served in Fig. 4a.

DISCUSSION

We have examined the conformation of SRP by three differ-
ent electron microscopic techniques. During specimen prep-
aration, SRP was exposed to a wide variety of different con-
ditions, including high concentrations of phosphotungstic
acid, carbon and mica substrates, air and critical-point dry-
ing, and buffers with and without detergent. The spreads of
particles obtained from all these variations were very simi-
lar. In each case, micrographs showed a series of structures
of relatively uniform width (5-6 nm) with a continuous distri-
bution of lengths, from small enough to result in circular im-
ages to long enough to imply a 22- to 24-nm-long rod-shaped
structure with an axial ratio of about 3.5 imaged by various
random orientations. From these dimensions and by assum-
ing a uniform cylinder, we calculate a volume for the SRP of
525 nm?, which is in good agreement with the 380-nm? vol-
ume estimated from the SRP’s molecular composition. From
the images in Figs. 1-3, it is apparent that the SRP is not a
uniform cylinder. Various indentations and crevices are seen
in the structure, which appear to divide the SRP into three
domains along its main axis and effect a structure of lower
volume.

The knowledge about the molecular dimensions of SRP
has considerably influenced our view of how the particle
could functionally interact with the protein-translation ma-
chinery. SRP recognizes the information contained in signal
sequences of nascent secretory proteins just after these se-
quences emerge from the large ribosomal subunit (3). Con-
comitant with this recognition event, SRP modulates the
translation of these proteins by reversibly arresting polypep-
tide elongation (4). The molecular details of this elongation-
arrest reaction are unknown; the question remains how SRP
could recognize information in the nascent chain and simul-
taneously affect reactions involved in elongation, since the
nascent chain exit site (19) and the peptidyltransferase cen-
ter (20) in the ribosome are believed to be physically separat-
ed by about 16 nm (19). It is of course possible that the mech-
anism involves allosteric changes across the ribosome itself.
However, it also is conceivable that SRP physically bridges
the distance between the two sites, recognizing (binding to)
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signal sequences with one end and modulating the elongation
reaction with the other. Arrest of elongation could be effect-
ed by blocking the aminoacyl-tRNA binding site or by inter-
fering directly with peptidyltransferase. With further effort,
combining high-resolution imaging techniques with the re-
cently produced antibodies against specific polypeptides of
SRP, these questions can be addressed directly.
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