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INTRODUCTION

Rltoscmes ara mueleoproteinr enzymes which catalyze the for-
mation of polypeptide chains under mRNA control, using aminocacyl
tRNAs 28 gsubstrates--for reviews see Nomura et al. (22) and
Chambliss et al- {2). While our knowledge of what these particles
do in protein synthesis 13 gatisfactory, our understanding of how
they do it 18 minimal. We still have no idea, for example, what
there £8 about th2 mechanism of protein synthesis that requires
all ribosomes, whatavar their scurce, to be two-subunit enzymes.
It i most unifkely that mechanistic questions of even this simple
kind wi1ll be answerad until much mors 1is known about the three-
dimensional structure of these particles than is known today.

The barrier posed by ocur ignorance of ribosome structure to
further understanding of protein esynthesis has been recognized for
a long “‘me. Ten years ago it was pointed out that neutron scat-
tering ould make a ugeful contributtion in this area (4), and the

fizat results of the application of these ideas were reported at
the 1975 Brookhaven Symposium {5,11).

The purpose of thie paper is twofold: (1) It reviews the
progress made in the study of the internal organization of the 30
§ ribosomal gubunit of E. coli by neutron scattering since 1975.
A map of that particle showing the position of 14 of the subunit's
21 proteins will be presgented, and the methods currently used for
collecting and amalyzing such deta will be discussed. (4f) It
also explores the possibdility cf extending the interpretation of
neutzon mepping data beyond the limits practical today.
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THE EXPERIMENT

One of the most powerful ways to use neutron scattering in
biclogical systems 18 to combine scatteriang measurements with
specific deuterium labeling. Large nuxbers of non-exchangeable
deuterivas can be incorporated into biological macromolecules.
Consequently, because of the large difference in scattering liength
between ~H and 2D, labeling of quite small regions of & larger
bivlogical structure can result inm a measurabie aiteratioa ia its
scattering. These chauges can reveal the positions of thne iaso-
topically labeled sites, leading to a far better undec-tanding of
an object's internal organization than would be possiblie otherwise
in the context of a scattering experiment.

The bacterial ribosome lende 1tself to gite-specific deste-
rium labeling at the level of its comstitusnt proteins. The small
subunit, for example, 18 a complex of 21 unique protein molacules
and a single RNA. Bacteria grow in perdeuterated media, and their
ribosomes can be reassembied from their separated compoteats in
vitro. Thus, particles can be prepared with cne or more proteins
deuterium substitated at will, ae deacribed by Mcorve {19).

The measurements made on ribosomes coataining deuterated pro-
teins follow a scheme first propcsed f£or measuring distances
between pairs of specific sites on singie molecules by x-ray scat-—
tering (9,13,29). X-ray scattering measurement: can be done oa
solutions of particles 1in which the two site: are marked with
heavy atoms. The heavy atom contribution to the overall scatter
can be identified by comparison with that given by the unlabel-~d
molecule. Because of intarference between the acatter ¢f the two
ators, the heavy atom contribution inciudes a conspicucus ripple
which can be isolated experimentslly from the res: of the scatter
of the sample. The peciodicity of this ripple revesis the dis-
tance between the heavy atoms and hence between the two labeled
gites.

The neutron experiment done oa ribosomes uzes as itr "neavy
stoms” entire protein molecules labeled with deuterium. Otherwise
the experiment is completely <nalagous. The technigques used for
differencing scattering profiles to isolata the interference con-
tributicn from all other scattering contributlons have been
described at length elgewhere (6,23). Suffice 1t to say that the
interference signal, Ix(s), can be obtained from real data im an
uvambiguous fashion, and from it ome would hope to deduce an
interpsatein distance.

In a multisubunit structure like the ribosome where many
inte:ference fringes can be measured, a set of pairwise distancea
could reveal the positions of its components in thrce dimen-
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slons. Under almost no other circumstance can oue Iimagine
concatenating the results of a long serles of solution scattering
geasurements to produce as much information about a g -<ture as
this. The possibility of obtaining such a three~dimensional
structure i{s what brought us to apply this technigque to the
ribosome, where so little information was (1s) available from
other sources.

That data ~¥ this kind could be obtained from ribosomes by
neutron scattering has been clea* for a lomg time. That it could
provide information about the s -ations between components has
algo been certair. Less evident has been the proper method for
extracting infor tlun abeut the structure of the ribosome from
these interference curves.

DATA ANALYSIS

e) The Intecference Pringe

Thare i3 one experimental gituztion in which the interpreta-
tion of pairwise, interference fringes 1s straightforward. If the

labeled entities have spherical symmetry, like atoms, I,(8) has
the form

. sin(2nds) )
1 (s) 2f (s)f (s) owds
where £,(8) apd £9(s) are the form factors for the labeled re-
glone, d 1s the distance between *heir centers, and s 18 the Bragg
spacing at which the scattering ": observed; s = (2sin®)/A.

In this case, I,(s) 12 2 damped sicusoidal ripple just as it
Yould be if the ladeled reglons were point scatterers. The unodes
of the ripple occur at intarvals of (Zd)—l, and inspection reveals
the diatesnce between the centers of t*~ scatterers.

There 1s a difficulty, nowever. Most proteing, ribosomal
proteina included, are not apheres. Equation (1), therefore, is
Bot gn appropriate basis for interpreting the interference data

thay give. For non-spherical scatterers, a more general expres-
slon mugt be used:

Tete) = 33 (2rery ) Pata(2rary ) . (2)

In Bq. (2}, ry s ie the distance between the ith atom in the first
iabaled subu.nié ard the jth atom in the sgecond. The i summation
Tupe over all atoms #n the firet subunits, and the j summaticn
over ail atsms in the second. {Coustants such as sgcattering
iengths are omitted for clarity.)
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b) length Distributious

Like any other scattering curve, I, (s) cer be subjected to
Fourier transformation. The transforu of a solutica scattering
curve is (always) a lengrh distribution--see Guinier and Fourmet
(7)--and in this case the distribution obtained, p, (T, 18 the
distribution of lengths of all possiblie vectors doining isotcp-
ically substituted positions in the two iabeled Tegions {17,18}:

o«
Px{r) = rj'alx(s)sin(ZWBr}ds . 3)
)

The length distribution in this case reflects the distance
between the centers of mass of the *wo labelsd subdbunits, to be
sure. But it is also influenced by their shanes sud relative
orientation. Thus length distributicus sehouvld, aand do, vary
considerably in sghape as well as im average cistance from one
pairwise experiment ¢to the next. The interievence profiles
measured vary correspondingly, and often deviate sigaificantly
from the sinusoidal regularity of the spherical case.

It follows that, in general, inspection of such a ripple will
not reveal the center-of-mass separaticz of a pair of proteins.
All one can suggest 1s that the ceater-to-center digtance 1is
likely to be within the observed leugth distsibution, proeably
somewhere around its average value, bput evea this ueed not aiways
be true-

¢) Second Moments

About five years ago it was recogaized that a simpie rela-
tionship exists betwesen ths secornd momezn: of a length distri-
bution, M, and the center-to—center distence tecween gubunits, d,
vhich offers a way around the impasae described above:

M= a2+ 82 + ] (4)

vhere R; and R, are the radii of gyration of the labeled entities
(16,18,27). (The second moment of a length distribution is twice
the square of the radius of gyration one would derive by anzlysis
of the low-angle region of the correesponding acattering profile.)}
Equation (4) is valid independent of the shapes znd erieatation of
the two labeled regions.

A priori one does not kcow Rl or RZ; Eq. {4) doee nct permit
one to interpret a single, isclated data set. PFor structures like
the ribosome with more than 8 subunilts, however, the number of
pairwise distance measurements possible within the object {is
greater than the number of positional coordinates amd Tadll of
gyration needed to specify it 1in the fremework of Eq. (4).
Therefore it 1s possible to derive a2 model for subumit positioczs
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aod radii of gyration of such an object by an aralysis of a set of
interference data which 1s independent of ad he. assumptions, or
any additional data.

The problem posed by a set of data of thias kind can be solved
satisfactorily by f£finding a model for the structure 1in which
ceater-of-mass positions and radili of gyration are specified so as
to minimize a&n objective function x°, which can be defined
conveniently as follows:

2 2 2 2 2 292

o= z—%—[uu - g =X =y - vt - (zy - zy)" - Ry = Rj]
aij

(5)

vhere Xy, ¥4» Zjy 8re tne coordinates of the ith component, Ry its
radius of gvration, M;. the second moment of the length distribu-
tion found for the pair 1 and i, and ofy the variance of Myy. The
sum {g over ail data sets. -

The theory and the computaticnzl techuiques required to find
the optimal solutiorn to Eq. (5) have been described in detall
(20,22). 1t is these techniques that have led to the map of the
37 S gubunit to which we vow turn.

EXPERIMENTAL RESULTS

&) Samples

Ye started making ribogsome Znterference measurements in the
suamer of 1974 using samples which ware protonated in all but the
Protein subunits whosge separation was sought. These were deute-
riun labeled to the extent of 80 to 252 in non-exchangeable posi-
tions, and the particles were suspended in 57% D50 buffer to
wnimize ribosomal contributions to scatter by contrast matching
ribogomal protonated cowmpoaents (19).

This pattern of labsling was chosen because it waes the most
economical one we could find which was adequate for the job.
¥hile it is a relstively cheap scheme to carry out, it has some
experimental overhead. The buffer scatter of 57% D,0 is substan-
tial because of the incoherent scatrtering from the “H atoms 1t
contains; this ieg the primary source of background in the experi-
®eat. From the viewnoint of signal-to-noise ratio, it would have
been better to use partially deuterated particles, matched to 100%
D50, labeled with protonated proteins, like those beirg used at
L.L.L. todsy (May, personel communication). The tripling in Dy0
Coosumption such a strategy entalilas appeared more than our re-
sources could bear, however, in 1974. :
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In order to reduce the amount of buffer in the samples and
hence the background penalty, the samples are concentrated by
centrifugation to give a yz:.-like suspension. Highly concentrated
samples are seldom suitable for solutiocn scattering work because
of 1interparticle interference effects. The reason concentrated
samples should be tolerable in these experiments has been pointed
out by Hoppe (9,10), and we tested his theory on two occasions
with satisfactory results (24,25).

b) Data

So far 62 different protein pairs Lave been examined within
the 30 S subunit, 8 of them wore than once. The positions and
radi! of gyration for l4 of the 21 proteins irn that structure can
be estimated by using 54 of these data sets.

An exhaustive analysis of these results will not be presented
here. All but 5 of the data sets required for the 14 protein mapas
have been discussed elsewhere (24,26) in a series of papers which
presented a 12-protein map. Furthermore, the current l4-pretein
model contains some unresolved amblgulities and is therefore more
than usually tentative. It should be replaced by something better
quite soon. Instead of a full discussion, some plctures of this
working model will be supplied, with comments o~ " -s strengths znd
weaknesses, and some remarks on compariscr: betwecen it and other
data on the organization ¢f the ribosome.

¢) A l4-Protein Model of the 30 S Subunit

Figure 1 presents "front” and “back” stereo views of our cur-
rent best estimate of protein locations. The array of proteins is
fairly flat and is viewed roughly parallel to its thinnest direc—
tion. The maximum linear dimension of the array is about 170 §,
which should be compared with 220 to 250 R, the maximum chord of
the euntire structure (Kearney and Moore, unpublished dataj. For

convenience proteins are representad as spheres whase volumes are
to scale.

Alternative sources of informatlon about this protein ar-
rangement have come from reassembly experiments, protein cross-
linking experiments, fluorescence energy transfer studies, and
finally electron microscopy. On the whole, the agreement between
these different sources of information and the neutron model is
quite good, as discussed in detail elsewhere (24)., Perhaps the
mogt striking comparison that can be made is between the neutrom
map and the data from electron microscopy. Maps of protein posi-
tions have been produced by examination of electron microscopic
images of 30 S gubunits stained with protein-specific antibody
molecules (12,28). Staining with antibodies permits localization

of the autigenic determinants of proteins within the larger
structure.
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Mg. 1. Stereo viewe of the l4-protain medel of the 30 S subunit

of Z. coli. Proteins 51, S3 to Sl2, Sl4, 515, and 518
have been located in the 30 S gudbunit Sy neutron inter-
ference techniques. Protelns are represented as spheres
wnnege volumes are to scale and are those of the anhy-
drous proteins. The numbers in the spheres correspond
to the gtandard protein identification numbers. (a)
“Frout” view of the subunit. (&) "Back™ view, seen from
the opposite side (150°).
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Fig. 2. Superposition of the neutron map o1 the electroa micro-
scopic image of the 30 S sudbunit (i2). The coutours in
this drawing represent the outiine of the 30 S subuait
as visuallzed io negative stain in the electron micro-
scope. The neutron map ie superimposed on the EM image
80 aa to place neutron-located proteins {circled num-
bers) as ringe as possible to the positions of their
correspond...g antigenic determinaats as discovered by
antibody staining (uncircled numbers).

Figure 2 1is a superposition of the =wneurron and electron
mlicroscopic maps (12) done (by eye) s8c as to minimize the dlstance
between the positions of proteins In the two amaps. 1t is clear
that a consistent superposition is possible; there is little doubt
both techniques are describing the saze particle.

The neutron map has some "weak™ regions. Because of incon-
sistent data, 1t is not clear precisely how SO should te placed
relative to S8 and 54. Since S6 and 318 are close neighbors (by
direct measurement), this difficulty w.ch S& strongly influences
the position assigned to S18. The $3~57 distance, one of the
first we attempted to determine, 18 still unsettied. We have yet
to obtaln a fully satisfactory data set for that pair, and the
data we do have violate the triangle lnequality with respect to
other digtances in that part of the map. Besides these problems,
we are not aware of any other major difficulties. All that is
needed, as ever, is more (and better) data.

d) Radii of Gyratiom

The data also permit us to estimate radii of gyration for the
individual proteins. As has been polinted out on theoretical
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grounds (20), it 1is the nature of this kind of mapping that sub-
units with large radii of gyration will have their radii deter-
alned with usefu. precision, given data of the quality we can ob-
tain, but, unfortunately, the radii for subunits with small radii
vill be determined very proorly; and so it is turning out In the
event. The best determined radius is that for protein S1, which
is about 55+10 R, by far the largest radius encountered so far.
The next best appears to be that of S4, 3048 2. Al1 the rest have
substantially smaller values with very large assoclated errors.

Because cf the way error propogates inm this system, it may
aot be possible for us ever to assign values having small errors
for t»: maiority of these proteins. However, it does seem reason-
able to conclude, even in face of the errors, that most ribosomal
proteins have shapes that are not radically extended, with the
exceptions already noted. Tals finding 1s a useful one since
there have been many claims in the past--e.g., Wittmann et al.
(30)--that ribosoma® proteins as a group have unusually extended
configurations beth as {sclated molecules and in the ribosome.

It i{g also zhe nature of error propogation in this kind of
Wpping that cocrdinate errcors are relatively small. The average
error in this medel %s ahout %10 R in all three coordinates, x, v,
e z. These errors mzke the neutron technique the most precise,
by a gubstantial wmargin, of the ways currently known for deter-
alnfng the positions of proteins in this structure.

ARALYSIS OF DATA: PUTURE PROSPECTS

An impressive aspect of the work described above 1s the small
tumber of parameters that have been specified about the 30 §
structure (36 coordirates well determined, and 14 radil of gyra-
tlon poorly determined) in return for the large amount of data
collected. Each experiment invelves the measurement of ar entire
scattering profile, about 30 values of intemnsity for each. Infor-
mation content considerations suggest that these profiles should
be able to specify four or five independent parameters aplece
(14,21). For the purposes of model building, however, only a
single number ig used per data set, the second moment.

As pointed out in the eection on data analysis, an inter-
ference profile has more in it than a single di{--ance and some
radii of gyration. It alsgo reflects the shapes and relative
oTientation of the subunits. The problem thar has confounded us
for a long time is how to recover some of this additional infor-
®ation from the data. In the past few months an approach to this
question has been explored which has 1lluminated the problem.
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Fig. 3. Distance comstruction. Two arbitrary shspes ire ghown
whose centers of mass are a and B; 1 and 2 are arbirrary
points within these shapes. The vactors meationed in
the text are identified in the drawing.

a) Distance Geometry

It 1is useful to begin by considering the relationship between
the vector that joims two (arbitrary) wmoints in two laheled aub-
units, EIZL the vector Jjoining the centers of mass of the two
subunits, d, and the vectors between the two points and the

centers of their respective subuuits, c' and rz.

= d- F o+ ;2 (see Figure 3).
dyp = [a% + r% + r% + 2drycosby - 2dricosd, - 2?1-52]1/2 .

In these expressions, 6, and ®, are the angles betuween d and T

respectively. (Vector amplitudes are given as the vector
symbof without the superszript btaT.)

For d large compared with r) and ry,
dyjp = d + rycos@, ~ ricos€; .

Now r cos6 is the projection of T oato 4. Furthermore all points
within a subunit which lie on a plane perpendiculiar tc : will have
the sam= value of r cos9. Thus in the 1limit of large &, the
length distribution for a palr of subuniis, pv(r), should be well
approximated as follows:

+ o

Pe(r) = f 81(8)gp(r - d + §)ds (6

-l
where g, and gy are one-dimensional density distributions formed
by projecting the three-~dimensional density distributions of the
subunits onto the line whose direction fs given by d (see Figure
4). The origin in both cases, § = 0, 1: the intersection of d
with the subunit center of mass. The terms g and g; can be
called "line projections,” and the length distribution is given as
a cross correlation of line projections or "LPCC," Eq. (6).
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Fig. 4. ', 1lin2 projection. d is a vector of arbitrary di-

recticn passing through > cecter of mass of the shape
deseribed by p(=y,y,.,2). All densities wi-"in the shape
lying on =2 plane pnerpendicular to d positioned at &
along d, Telative te the odject'a center of gravity, are
gummed tu give g4{d).

b) L®CZ8_Are Good Approximaticns to Length Distributions

an LPCC, of course, ignores the zontribution to point-te-
polat distances of components perpendicular to d. It 1is
reascps>le to ask whecher LPCCs usefully approximate the length
diatributions expected *n biclogical assemblies in whiech subunit
dimeasions may not be wmuch emaller than intersubunit separa-
tions. This issue haz been expliorad ccmputationally.

Figure 5A compares the LPCC 2nd the true length distribution
compated “or a aphere of 15-2 radfus 60 B from a 3:1 prolate
ellipeoid of revolution of the same volume. The ellipsoid axis is
tipped 45° relative to the line | "aing their centers. The shapes
of the two distributions are similar “ut not identical. The LPCC,
not unexpectedly, predicte a length distribution displaced to
shorter distances than the true distribution. From the standpoint
of analysis of the shapes of profilee, however, that displacement
18 ¢f no consequence. Figure 5B shows the two curves superimposed
80 that their centers of gravity coincide; the match is better.
The result is typical. In most cases, the differernce between the
LPCC and the true Px(r) iz within the error with which p_(r) can
be determined experimentally in measurements of the kind under
disrussion here--see, e.g., Ramakrishnan et al. (24).

¢) The Properties of Line Proiections

What makes the line orejection attrasctive 1s its simple rela-
tionship to the structure from which it is derived. The iafor-
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Fig. 5. A comparison of pairwise length distributions and length
projection cross correlaticms. The length distribution
was computed corresponding to thne pair iatarference
which would arise in a structure contalning two differ-
entially labeled subunits. The subunits are a sphere 15
® in radius 60 R from the center of & 3:1 prolate el-
lipsoid of the same volume. The eliipsoid’s major a~is
makes a 45° angle with the line joiaing the centers of
the two shapes. A: The length distribution (solid line}
is coumpared with the correspon.iiy lize prejection cross
correlation (dashed 1line). B: The cross correlatioa
function is shifted so that fis centroid cc.aclides with
tkat of the length distriburiom.

mation contained in such a projection 1s best appreciated by
considering what it corresponds tec in the teclprocal space of the
parent object. If F(R,8,P) 1s the Fourier transform of the
object's density distribution, p(r,8,¢), it is =2asy to show that
the transform of the Iline projectien of p(r,%,¢) 1s saimply
F(R,8,$) evaluated along the 1line muanirg through the point
¥(0,0,0) in the same direction as the line projection vector.
Clearly 1if ome were to obtain enough line projeactions for an
object, taken in many different directions, a sufficient number of
coefficients for ¥ would be available 1im tar: iimensions to
permit recovery of p(r,9,¢) by Fourler inversiom. «ecomstruction
from line projections 1is the one-dimeusicnal counterpart of the

two~dimensional reconstruction technique used by electron micz:.s~
copista (3).

Line projections are not an efficient means for defining
structures. Sampling considerations show that it would take about
100 line projections, evenly distributed in space, to define the
structure of an arbitrarily shaped object with linear dimensions
of 40 & to a resolution of 10 %. The 30 S ribosome, on the other
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band, contains only 21 subunits, so that nc more informatior about
¢ glven subunit than that number of lime projections can noyxmally
b obtained. Clearly only a limited represencation of a real sub-
wait in guch a structure can be achieved under the best of circ:a~
stances, and even that, oaly if a way is found to recover line
projections from pairwise length distributions.

Given the severe limitation in the power of the data, it is
teagonable to confine efforts at subunit shape modeling to simple
shapes like equivalent ellipsoids of revolution. By acceptiag
this 1imitation, the number of shape parameters to be extracted
from the data 18 reduced to two angles (to specify the orlentation
of the major axis) and an axial ratio. Volume car be estimated
from subunit molecular weight.

d) An Algorithim for Shape and Orisntatioa Modeling

The information in a length distribution 1s not a line pro-
lection, but the cross correlation of two line projections, some-
thing a good deal less informative, Cross correlations, however,
are relatively easy to dezl with In reciprocal space (1):

FT{LPCC) = F“f[gl(G)]-FT{gz(&)] (N

vhere FT grends for Fourler transform. The transform of an el-
lipeoid of revolution 1z known in closed form as a function of
axial ratio and orientatfon (7)), so that the geveration of these

producte 7or peirs of arbitra:i’lw orliented ellipsoids 1s straight~
forward.

These facts guggeset an analyeis of the data as follows. The
®easured length distributions are Pourler transformed with their
origins taken at the distributions' centroids. One then attempis
to find orientaticns and axial retios for a set of ellipsoids of
appropriate volume, located at the positions revealed by second
Woaent gnalysie, which will produce a set of LPCCs whose trans-
forms mateh the observed transforms. (In this fitting process,
oaly the real parts of the transforms of the measured data need be
congsidered. The LPCCe of eilipsoids are all even functions with
Tespect to their centreoids.)

In & data aset for a structure of 8 or more subunits, the
burden put on the minimum data needed to locate the subunits by
this further analysis amounts to about one parameter per data
Set. It i3 not much to ask.

A program hag been writter tc implement these ideas. It is
organized ag a nonlinear least-squares minimization based on the

Herquard: algorithm (15), The purpose 1s to find the model which
aninizes the residual X% whers
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1
. [7: L 5 {FTlp (0)] - FT(LPCC) }| (8)
m Ls o(s) J

and ¢7(a)2 is the varlance of FT[p,(r)}] at a given point in 1itg
profile. The summation in & rums over all values for which
FT{p(r)] has been calculated 1in veciprocal space, and the szum-
mation in m runs over all data sets. The program starte wi:h‘s
user-specified model and refines it to produce a model in which X
is minimized.

In order to explore the practicality of this approach, modei
data were computed by uslng techniques described previousfly
(17). The object of the exercise was to recover from the model

data tha shape and orieantations of the eilipsoids used to generate
the data set. 8

e) Computational Results

A number of conclusions have emerged from the tegtlng of thia
program.

First, the algorithm 1g couvergani. I the starting model
for the refinement 1a the model that generated the test data, the
fit +f the ellipsoid LPCCs to the "data™ 1is very good to bagin
with, ae expected, and upon refirvement i3 imzroved etill further
at the expense of some small adjustments in angular owientaticona
and axlal ratios. These adjustments reflec: the fact that the
LPCCs only approximate true length distriputions. Furthermore,
the algorithm will always find a

a coufiguration aubstantially
better than the stsrting model, whatever it may he.

Second, the residusl space--i.az., xz space, Bq. (8)--being
explored heve has many minima. Each distiset starting model
tested so far has led to a different "best” zodel for the data.
These “best” models differ substantially both in the final vsiuve
of x“ obtained and in the subunit orientaticns and axial ratios
they suggest. The "right”™ wmodel, i.e., the model derived by
refinement of the model that generated the data, has the lowest
regidual found so far. The presence of many minima appears to be
related to the fact that inter-ellipsoid length distributions =are
not very distinctive. The gtrongest lufluence on the distribution
is that of the angles made by the major axes of a pair of el-
lipsoids with the line jolning theilr centers of mass. All el-
lipsoid orientations around this line which have the same “tip”
angles give length distributions that are hard to distinguish.
Their corresponding LPCCs are identical.
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Third, the sddition of external information is remarkably
unhelpful. The program was modified to allow the specification of
certain model parameters by the operator and limitation of refine-
sent to the remainder, in the belief that the algorithm would do
better if constrained. The fixing of various combinstioums of
paremeters was tested, including fixing of the entire set of axial
ratizgs at their correct values, all to no effect. Thia case cor-
regponds to the situation that would obtain if reliable radii of
gyration were available for all subunita from seccuad moment
analysis or other sources, and the modeling made use of this
{oformation. The multi-minfma property remained.

f) Outlook for Shape Moceling

This experierce leavee us discouraged about prospects for
solving the genaral shapa prevlem. The line projection concept
seems, to us, to correspond to a "best case.” With large sub-
units, clcsely spacsd, when LPCCg fail to give satisfactory
rasults, the modeling of length distributions in terms of simple
shapeg w11l be harder~-not easier~—to carry out, aand the refine-~
sent algerithms that emerge will e even mor: nonlinear and
prchably worgse behaved. Thus, 1f the problem cannet ba solved by
using LPCCs, with data sets for which LPCCs approximate the data
satigfuctorily, ve think it may be imsoluble altogether.

Claarly, the reason the prabiem is so intractable 18 that the
regsidual surface has many minima. This means that gradient opti-
nzation techniques, which are the wmost powerful methods available
for solving noniinear problems, canmot be used unless very good
starting models can be suggested. The difficulties here are two—
fold, First, the same multi-minima character that makes conver-—
gence to the global minimum probiematic must make the generation
of a good grarting wodel equail~ difficult. Secord, no infor-
zation {3 available on the range of convergence, hemce no estimate

of how "good"™ a stercting modei must be in order to ensure global
convergence.

The orly alternstive to gradient algorithms for resolving
this problem 48 “"grid searchingz.” A grid search is simply a
systematic trigli-and-error search through parameter gpace to find
the model that gives the lowest minimum. Given that there are 3N
ghape and orientation parameters to specify and N 1is about 20,
even & coarse search would be an extravagaut exercise indeed.

Finally, 4t must not bYe forgotten that the data to be
snalyzed include error, both eystematic and non—systematic. Given
error in the data, z2nd a multi-minima residual space, there can be
10 guarantee that the global minlmum discovered in a real data set
will be recognizably related to +the true structure.
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CONCLUSLONS

It is hard for non-mathematicians liike ourselYes ato_;;rove
that a problem camnot be golved. Certainly, ome can m:g{:; w::;g:
aumbers of computational experiments that could 'be“’r | unieh
might cast some addicional light oa che ﬂa_t_tff' .. ddgitionally,
s DB CtAngirt GlAar s Of TESTITE r:....?so:.na.. coroTeaTinm
sgaimet measured data vnich are wuch nore efiiclent than the cur-
rently used way. However, iu our estimarion none of these expe-
dients avoids the traps presented by the many minimz in this
protlea, and therefore we have not rested any.

de wml4 1ike noThing better than to have the challenge
implicit in these remarks taken up and to have our gloomy asseas-
ment proven wrong. Uutil the problsm 1s solved, however, we are
left with the conclusion that neutron scattering techniquea can
provide us only with subunit positiors and redii of gyratioa.

Within the limitations of the data analysis we are uable t¢
carry out today, however, the pilcture is bright. It is clear from
the experimental work summarized above that the

.atron model of
the distribution of preteins 1im the 30 £ ritosowal aubunit of E.

coli is nearing completion. Comparisouns betwcen the neutron model

and the other data available (gratifyingly) support the view that
the neutroun model is reliable.

We think the 30 S subunit problem wili be completely solved
in the next few years, and that it will prove pozsible to include
in the map tRNA, initiation factors, etc.~~the auxiilary molecules
and substrates in protein synthesis. Thesa measurements should
provide the biochcwuical community with some useful insignts into
the mechanisu of protein syanthesis.
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DISCUSSLCN

ZACCAI: On your map most of the prutelns are gzouped at one
end of the particle. Could you cecmment wita relation to the
nearly Rg meagurements?

MOORE: There 1s littie doubt that ocur model does imply &
concentration of protein at ome end of the ribosome. Not very
much protein, mass-wise remains to be found, and 1t seems hardly
possible the verdict will change when it is found. The EM people
nlnn sma tha particrle the wsme way. Our acdel shows a clear coa-
tradiction with the origipmal bulik distribuation data, or more cor—

rectly, the interpretatlion given that data. We do not know its
cause.

SCHIFFPER: Can you explain the source of the discrepancy in

the position of protein 15 as observed in the elactron alcrograph
and with neutroa scattering?

MOORE: I think the problem is imperfect 2ata on both sides.

MAY: Is there a global winimem in the "lina proiection
program,” e¢r are thecc only many local minimsa?

MOORE: It pgeema there 1is. If you ask the program to
"refine” the model used to generate the test data s2t, it finds a
very low residval for it and adjusts some parameters dy a small
amount %o “"improve"” it. This 4improvement reflects the lack of

perfect corregpondence between line projection cross covrelations
and the length distributions.

KOEFPE: Immuno~electron microscopy offers the possibility of
yielding information related to protein shape, 1if the same protein

can be labeled at more than one antigenic site. Would you comment
on this possibility?
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In the early days, the

: rinciple you ate rigm:_.

By I:-0(]).1:;3;ho;;]::ht:p they {;md sdentiflied muitiple antigenic sites ‘flo;

n\nse gote':;.us- in the last two years, they have been abi.e izeieg.

that i-t-xeir sneihody preparaticns have aonitaimea beend c::n Z:nerallv
! k: {thdrawn, aun

Yy the gultinle sites have been Wi :

;j: t?id multiple cite proteln is left. The EM people, :herefot:,

aé;;z with us at this time that ribosomal proteins are mostly

cumpect.

MLETFL: You showed a superposition of EM and neutron datx
for the ribosome subunit which 1llustrated substauntial agreement.
'}“e g:i-me raken in acguiring che neutroa data is in excess of seven
yéars: How lonc did it take to scquire the EM data?

MOORE: The neutron dara collecticn has taken aboutr;! s;;
months (24 hours a day) since we gtarted in 1974. ihenfiniihed
vork started, also in adout 1774, we thought it would be . o
11 a vear 6r so epd were ’ bit discouraged by the proe.pc:ars1 . o
fac‘:,'it has proven much havder than first expected. eyd'
ari1l gr it and kaow aSout as muich as we do. We are surprised:
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