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ABSTRACT A three-dimensional model of the protein ar-
rangement in the Escherichia coli 30S ribosome was constructed
br using computerized multidimensional scaling of immuno-
electron microscope data. This enabled data comparison be-
tween the new electron microscope technique and other
methods such as crosslinking, chemical protection, affinity la-
beling, energy transfer, and assembly interactions. The immu-
noelectron microscopy data are reasonably consistent with those
from other sources. Reasons for some inconsistent data are
discussed and our calculation of the dimensions of the proteins,
both globular and elongated, are summarized.

One of the most interesting recent developments in the analysis
of ribosome structure is the use of immunoelectron microscopy
(immuno-EM) to determine the relative positions of the indi-
vidual proteins on the surface of the subunit particle (1-5). In
these experiments, dimers between ribosomal subunits are
constructed by using antibodies bivalent for a single ribosomal
protein. The location of the antigenic site on the surface of the
ribosome can be visualized directly by electron microscopy
using negative staining techniques. Because of the characteristic
shape of the 30S ribosome, all protein antigenic sites can be
oriented relative to special topographical features of the par-
ticle. Recently, the mapping of all 21 of the 30S ribosomal
proteins has been completed (6).

Many other techniques have been used to gather information
on the spatial relationships of the proteins in the ribosome. These
include chemical crosslinking of neighboring proteins (e.g., refs.
7 and 8), chemical protection (9), fluorescent energy transfer
(10, 11), affinity labeling (12-17), and neutron scattering (18).
The question arises as to how the results of immuno-EM com-
pare with those obtained by other methods. This study makes
that comparison with the aid of a new computer modeling
technique.

Outline of approach

Most of the techniques that have successfully produced valuable
information about the spatial relationships of the ribosomal
proteins have yielded data about protein pairs whose members
are inferred to be close to each other within the ribosome
structure. Thus, in order to make a comparison between these
data and the immuno-EM data, it is necessary to generate a
three-dimensional model with the proteins represented by
volumes reflective of their actual polypeptide chains with
definite dimensions rather than mere antigenic sites on the
surface. With such a model it would be possible to calculate the
nearest distances between all 210 pairs of the 21 ribosomal
proteins.

We have built such a model by using the following two-step
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procedure. First, a three-dimensional plaster model was made
based on the immuno-EM diagrams of Tischendorf et al. (1,
2) and the antigenic sites were marked on its surface. Second,
the shortest distances between all pairs of these antigenic sites
were measured and used as input for a multidimensional scaling
program. Its output gives the three-dimensional coordinates
for a “naked” protein model—one without the outline of the
ribosome. The model provides a unique and insightful view of
the 30S ribosome. The uneven distribution of proteins within
the subunit and the elongation of 12 of them are strikingly
apparent. Questions on the relationship of structure to function
take on fresh meaning but, more importantly, the model allows
us to make a systematic comparison of all the relevant published
data regarding protein-protein relationships.

Computer program

Multidimensional scaling is a statistical technique that has been
used for approximately 15 years in psychology and is now being
used extensively in other fields, including an early attempt to
generate a three-dimensional model of the 30S ribosome (19).
It constructs a configuration of points in space from information
about the distances between points. For example, if a matrix
were made of the 703 distances in miles between any 38 cities
in the United States, and used as input in a multidimensional
scaling program, the output would be 38 points representing
the cities in the correct two-dimensional configuration. The
orientation (north, south, east, west) would be left for the sub-
jective decision of the user. Missing data and tied data can be
accommodated but present some problems.

The program places N points in a space of a given dimension
so as to minimize STRESS, which measures the badness-of-fit
between the configuration of points and the data. It represents
the extent to which the data deviate in the least squares sense
from the monotonic curve (see Fig. 3 A and B). The program
finds the minimizing configuration by starting with some
configuration (rational, arbitrary, or random), moving all the
points to decrease the STRESS, and then iterating this procedure
over and over again until no better fit can be made. Typically
15-50 iterations may be required.

We used the programs KYST and MINISSA 1. KYST offers
many options, is portable, and has a simple input procedure.
It is available on request from Bell Laboratories (20). MINISSA
1 can be obtained from James C. Lingoes, Department of Sta-
tistics, University of Michigan, Ann Arbor (21, 22). Its output
gives a most convenient matrix of the distances between points
in the model as well as reproducing the input matrix. MINISSA
1 substitutes the mean for any missing data whereas KYST
merely ignores missing data. This latter approach is preferable
when there is reason to believe that the data are not missing in
a random way. Both programs include mechanisms to prevent
the final configuration’s being a merely local minimum.

Abbreviation: immuno-EM, immunoelectron microscopy.
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The use of multidimensional scaling in this study was
straightforward. All distances between a large number of points
(38 antibody sites) were included in the input matrix. There was
no concern over missing data, and the STRESS was 0.07%, in-
dicating a near-perfect monotonic relationship between the
input distances and the distances in the model (20). It should
be emphasized that this very low STRESS value suggests not
that our “naked” protein ribosome model is “right” in an ab-
solute sense but that it accurately reflects the immuno-EM data

as expected.

Description of model

Fig. 1 shows four views of our three-dimensional model of the
308 ribosome as derived from the multidimensional scaling
analysis of the 38 antigenic sites found by Tischendorf and
coworkers (1, 2, 6). Some small changes were made. Although
Tischendorf et al. (2) found a single site for S19, two sites were
demonstrated by Lake and Kahan (4). In immuno-EM studies,
positive data must be given preference, so two sites were used
and S19 is seen as an elongated protein.

The model in Fig. 1 has been given the dimensions 220 X 135
X 110 A. These are a nice compromise between the estimations
of Tischendorf et al. (maximum length, 180-200 A) (2) and
Lake (maximum length, 240-260 A) (23) and are the dimen-
sions given by Hill et al. (24) from x-ray scattering in dilute
solutions.

Calculation of protein dimensions

The dimensions of ribosomal proteins can be calculated if their
volumes are known. The hydrated volumes can be estimated
by calculating the “dry volume,” MV/N,, and adding a rea-
sonable amount for the volume of the water of hydration. If the
hydration is w g of water per g of protein and the density of the
water of hydration is assumed to be the same as that of normal
water, then the volume of the water of hydration is wM/N,,.
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Assuming a value of 0.3 g of water per g of protein for w (25),
the total volume of the hydrated protein is given by V =
MV/N, + 0.3 M/N,.

The shortest distances between antigenic sites on the model
give the minimum length of elongated proteins. Their diame-
ters, assumed constant, are determined by the formulae

MV M
V=qr2= 03 —.
nr N, + N,

The globular ribosomal proteins were considered to be spherical
and their radii were calculated from their molecular weight by
the formulae

MV M

N, + 03 N,

V=§1rr3=

in which V = volume, M = molecular weight, V = partial
specific volume, N, = Avogadro’s number, and [ = length of
protein.

The molecular weights of the proteins were obtained from
two sources. Values from amino acid sequence data were used
for S4, $6, S8, S9, S12, S13, S15, S16, S18, S20, and S21 (refer-
ences in Table 1). The average of sedimentation equilibrium
and sodium dodecyl sulfate gel determinations (26) was used
for the remaining proteins.

The length of some proteins is surprising: 4, S7, S15, and S18
measure more than 200 A. S18 consists of 74 amino acids (6) and
is 240 A long in the immuno-EM model. This implies an unusual
secondary structure, because its maximum extension in « helical
form is 111 A. The secondary structure of S15 must also be
unusually extended for similar reasons. However, if the anti-
genic sites have been correctly identified, the exceptionally
extended nature of these proteins is inescapable.

The distribution of protein mass within the total ribosome

F1G.1. Four different views
of our model of the immu-
no-EM data. Proteins with
more than one antigenic site
are represented by styrofoam
balls connected with plastic
tubing. The dimensions of the
balls and tubing closely reflect
the dimensions of the actual
proteins calculated from their
established molecular weights.
(B) Corresponds to the front
view of the Tischendorf, Zei-
chardt, and Stoffler model
(6).
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Table 1. Shapes and sizes of the 30S ribosomal proteins derived
from our immuno-EM model
Length, Diameter, M,

Protein Shape* A X 10-4  Ref.
S1 Globular 65 6.60 26
S2 Elongated 90 29 2.80 26
S3 Elongated 75 32 2.85 26
S4 Elongated 225 17 2.26 6
S5 Elongated 80 27 2.06 26
S6 Globular 40 1.50 6
S7 Elongated 205 17 2.25 26
S8 Globular 37 1.21 6
S9 Globular 39 1.46 6

S10 Elongated 85 21 1.42 26
S11 Elongated 180 16 1.61 26
S12 Elongated 125 17 1.36 27
S13 Globular 38 1.30 28
S14 Globular 39 1.45 26
S15 Elongated 210 11 1.00 6
S16 Globular 34 0.92 29
S17 Elongated 60 22 1.05 26
S18 Elongated 240 10 0.90 6
S19 Elongated 115 18 1.34 26
S20 Globular 34 0.96 6
S21 Globular 32 0.78 6

* A protein is termed “globular” solely on the basis of its having only
one antigenic site on the ribosome (see text).

structure is interesting: 70% of the total protein mass resides in
the upper portion of the ribosome model. This suggests that the
bulk of the RNA must be organized in the lower half of the
ribosome which contains only a small proportion of the pro-
tein.
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Data comparison of distance between neighboring
proteins

Various studies have been done to determine which proteins
are near neighbors in the 30S ribosome. Fig. 2 and Table 2
contain 63 protein pairs which have been shown to be close by
five different types of experiments. The short distance (0-15
A) between the members of a pair is determined by crosslink-
ing, chemical protection, fluorescent energy transfer, and af-
finity labeling. Comparison with the corresponding distance
in our immuno-EM model is done in two ways. The computer
printout gives the distances between all antigenic sites on the
surface of our model in relative units. These are converted to
angstroms and then adjustments are made by using the radii
of proteins to determine the distances between their true centers
(middles if elongated). The path taken by elongated proteins
is also taken into consideration. It may pass very close to another
protein even though its antigenic sites are at some distance from
it (Fig. 1). This direct method is used to obtain distances be-
tween the edges of all proteins in our immuno-EM model (Fig.
2). Those pairs found to be “near neighbors” in previous studies
are listed separately in Table 2.

A more indirect method of comparing the 63 protein “near
neighbors” with their positions in our model makes use of the
computer program in an unusual way. The 63 short distances
are used in the input matrix in place of the corresponding dis-
tances in the immuno-EM model. A clear graphical represen-
tation of the data most in conflict is provided in the output of
the KYST program. In Fig. 3 upper, the deviation of points
from the monotonic line indicates the discrepancy between the
immuno-EM data and the 63 bits from other sources. Fig. 3
lower shows the nearly perfect monotonic fit of the distances
in the output model with the immuno-EM data alone.

This method is used only as a rough guide because it uses the
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Table 2. Distances in our immuno-EM model between ribosomal
proteins determined to be close by crosslinking, chemical
protection, fluorescence energy transfer and affinity labeling

Separa- Separa-

Protein tion, Protein tion,
pairs Ref. pairs Ref.
S1-S4 12 0 S7-S19 9 20
S3-S4 i 0 S3-S12 8 25
S3-S5 7,8,17 0 S4:S10 9 25
S3-S10 6,7,8 0 S7-S14 9,15 25
S4-S5 6,7, 20 0 S7-S15 9 25
S4-S7 8,9 0 S4-S18 12,14 30
S4-S12 7,8,18 0 S8-S15 9,11 30
S4-S13 7,11 0 S2-S4 9 35
S4-S17 7,8,11 0 S2-S8 7,8 35
S4-S20 8,11 0 S7-S9 7,911 35
S9-S13 8 0 S8-S11 8 35
S11-S12 12 0 S3-S13 9 40
S11-S13 7 0 S4-S8 8,9 40
S13-S17 7 0 S7-S8 8,9 40
S13-S19 6,7,11 0 S12-S13 8 40
S14-S19 7,9 0 S12-S21 8 40
S15-S17 11 0 S3-S14 9 45
S17-S20 8,9,11 0 S10-S13 9 45
S1-S21 15 5 S5-S9 8,9 50
S2-S3 6,7 5 S5-S13 8 50
S4-S19 8 5 S3-S9 8,9 55
S13-S20 11 5 S3-S21 9 60
S4-S16 9,11 10 S18-S21 8,15 60
S4-S21 13 10 S9-S10 9 65
S$5-S10 9,10 10 S10-S21 9 65
S6-S18 7,8,11 10 S12-S20 8 70
S7-S13 8,9 10 S4-S6 8,9 75
S4-S9 8,9 15 S15-S16 11 75
S4-S15 9 15 S8-S13 8 80
S15-S19 9 15 S2-S5 7,8 85
S1-S18 15 20 S16-S20 11 105
S5-S8 7,8 20

distances between antigenic sites rather than the more accurate
distances between the centers or middles of the proteins.
However, it does illustrate one of the powerful, convenient
options of the multidimensional scaling program.

The data from the “near neighbor” experiments agree rea-
sonably well with those from the electron microscope: 68% are
in agreement with the EM results (P = 0.02) and only 10% are
in definite disagreement. Twenty-two percent of the near-
neighbor data are neither supported nor contradicted by the
immuno-EM information. These classifications, which are
somewhat arbitrary, are shown in Table 3.

There is a considerable degree of experimental uncertainty
involved in identifying the position of a protein by the immu-
no-EM antibody-labeling technique. This is why the pair dis-
tances from 40 to 65 A cannot be classified as “definitely not
close” in the model. This error arises from many sources: the

Table 3. Summary of results given in Table 2 for all

66 protein pairs
No. of
Separation Classification pairs %
<204 Strong agreement 33 52
25-35 A Fair agreement 10 16
Neither agreement
40-65 A nor disagreement 14 22

>70 A Disagreement 6 10
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precise location of the combining site on the antibody is un-
known; there is difficulty in determining the exact orientation
of the ribosome with respect to its image in the electron mi-
crograph; and there is doubt about which part of a protein bears
the antigenic site. Unfortunately, there are no published data
on the actual degree of experimental uncertainty. This is re-
quired to give a proper perspective to the protein maps and the
model presented here.

There is also some degree of experimental uncertainty in-
volved in the many types of experiments that show that 63
protein pairs are “close.” This has been taken into consideration
in finding the agreement with the immuno-EM studies.

It is interesting to take a detailed look at the immuno-EM
data that disagree most with those obtained from other tech-
niques and to propose reasons for the discrepancies.

Immuno-EM gives the distance between proteins S16 and
$20 as 105 A, and that between S16 and S15 as 75 A (Table 2).
Energy transfer studies (11) show S16 or S17 to be very close
to S20 and close to S15. Therefore, it seems likely that S17, but
not S16, is very close to S20 and close to S15. On examining the
immuno-EM model for confirmation, S17 is seen to “touch”
both S20 and S15.

Proteins S2 and S5 can be crosslinked (7, 8) but are 85 A apart
in the immuno-EM model. It could be that S5 has been placed
on the wrong side of the 30S ribosome by an error in interpre-
tation of the electron micrographs. A similar interpretational

—
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F1G. 3. Graphical representation of the computer program
analysis of the input data versus the output information derived from
the best-fit model. (Upper) Obtained from input data that included
the 63 near-neighbor relationships as well as the immuno-EM rela-
tionships. (Lower) Obtained from input data by using the immu-
no-EM relationships alone. The solid circles represent the data that
do not fall precisely on the monotonic line. In Upper, the vertical
deviation of these points from the monotonic line indicates the dis-
crepancy between immuno-EM data and those from other sources.
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error would account for the 70-A separation in the model be-
tween the crosslinked proteins S12 and S20 (8). If S5 and S12
were on the other side of the model, the S2-S5 and S12-520
protein pairs would be within 15 A. The distance of S5 and $12
from other “close” proteins would remain about the same.

The 80 A between the crosslinked pair $8-518 is difficult to
explain without suggesting that S13 is elongated. Neutron dif-
fraction experiments establish S8 as globular (18). Crosslinking,
chemical protection, and energy transfer models show that S13
is close to at least 12 proteins in the 30S subunit. Several of these
pairs are less than 10 A apart in our immuno-EM model. The
distance between the members of the other five pairs would
ge:gria)lly be lessened if S13 were elongated (see Table 2 and
model).

Crosslinking and chemical protection establish $4 as close to
S6 (8). The reason they are 75 A apart in our immuno-EM
model is that S4 follows a straight line between antigenic sites
B and C. In reality, S4 would have to follow the contour around
the cleft in the 30S subunit. This would make it closer to $6 and
in much better agreement with the other data.

The discovery that at least 12 of the 21 30S ribosomal proteins
are elongated suggests a reassessment of the results of the neu-
tron scattering method for determining distances between
ribosomal proteins (18). This technique measures the distance
between the centers of mass of a pair of proteins. If they are
both spherical, the information is unambiguous. However, if
one or both of the proteins are quite elongated, the distance
between their centers of mass may not reflect the closest dis-
tance between them. Parts of the proteins can be touching while
other parts are a considerable distance apart. The separation
of the centers of mass of two elongated proteins is a valuable
measure only if the proteins are approximately parallel.

It has been suggested that proteins closely related in the
Escherichia coli 30S ribosomal assembly map are actually
physically close within the ribosome (30, 31). There are 34 in-
dependent assembly relationships between protein pairs in the
assembly map (32). These comprise 15 major and 19 minor
assembly influences. The distances between these pairs were
measured on our immuno-EM model. Most (59%) are close
(within 35 A), although the correspondence with the immu-
no-EM data is not statistically significant (P = 0.35). Some (23%)
are neither close nor distant and others (18%) are definitely
distant (>65 A). The individual members of the six protein pairs
in this distant group behave toward each other as might be
predicted, exerting only minor influences in assembly. Thus,
this model is consistent with the notion that proteins that exert
an interdependence during assembly are organized close to one
another in the final ribosome structure.

Two groups have used immuno-EM to map the proteins on
the 30S ribosome. They derived substantially different models
of the 30S subunit itself and they used different methods of
assigning the orientation of the ribosome with respect to its EM
image in locating antigenic sites. Tischendorf et al. (1, 2) used
the staining of a central hollow, whereas Lake and Kahan (4)
used a high shoulder. This leads to discrepancies between the
results of the two groups. We have confined ourselves in this
paper to analyzing the data of Tischendorf and his coworkers.
They have mapped all the proteins in the 30S ribosome, whereas
Lake and Kahan have published the positions of only six pro-
teins thus far.
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