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Chymotrypsinogen A is a pancreatic protein of molecular weight 25,000. Al-
though not itself enzymatically active, it is converted to the enzyme w-chymotryp-
sin when an arginyl-isoleucine bond within the molecule is hydrolyzed by trypsin.
The zymogen consists of a single polypeptide chain cross-linked at five points by
S—S bonds between half-cystines, one of which constitutes the N-terminal residue.
Present knowledge of the amino acid sequence, mode of activation, and other as-
pects of the chemistry of chymotrypsinogen has been summarized in a recent review
by Desnuelle and Rovery.!

An investigation of the three-dimensional structure of bovine chymotrypsinogen
A was begun at this laboratory in 1957 as the first stage of a long-range program
in which it was hoped eventually to elucidate the structures of both enzyme and
precursor. The ultimate goal was to explain the physical basis of the conversion
process, and perhaps, of chymotrypsin activity itself.

The only possible means, at present, of obtaining the desired structural informa-
tion is X-ray diffraction crystallography, utilizing the technique of isomorphous
replacement.2~8 The first requirement, therefore, was to prepare single crystals
of chymotrypsinogen containing heavy atoms and isomorphous with parent crystals
of the native protein.

The Search for Isomorphous Replacements.—Approximately stoichiometric
amounts of heavy-atom reagent were added to small dishes containing about 1 ml
of mother liquor and protein crystals, and several days were allowed for diffusion.
Precession photographs of the soaked crystals were then examined for changes of
relative intensity among the reflections. The space groups and unit-cell parameters
of the four previously known crystalline forms of chymotrypsinogen had been
reported by Bluhm and Kendrew® and it was apparent from their data that only
crystal-types B and D were suitable for study. However, since we have been
unable to grow type B crystals, almost all our attention until quite recently has
been concentrated on type D.

Since 1957, approximately 200 heavy-atom compounds were tested in this way
for their ability to complex with the protein, and about 25 gm of highly purified
chymotrypsinogen was used up. Only for the chloroplatinate, PtCls——, however,
was there satisfactory evidence of adsorption at specific sites in type D crystals.
Unfortunately, with only a single isomorphous replacement available, the general
hkl phases could not be determined. Furthermore, even approximate methods
such as use of the “‘centroid” phases'®: 1! in Fourier syntheses, or superposition of
difference-Pattersons!? were of no use since the principal heavy-atom site appeared
to be in a special position (0.19, 0.25, 0.00). That is to say, the four symmetry-
related principal sites within a unit cell happened to be centrosymmetrically dis-
tributed, and therefore any such procedure would inevitably have led to a double
image containing both the protein molecule and its superimposed enantiomorph.
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Meanwhile, Tan and Wilcox,'* taking the alternate approach of chemical modi-
fication of the protein, had prepared large single crystals of the CS, derivative of
chymotrypsinogen in which the a-amino group had been converted to the dithio-
carbamate group. These crystals however were found to be a new type (P2:212,,
a = 47.1,b = 550, and ¢ = 87.8 A; 4 molecules per unit cell) and therefore of no
potential use in forming isomorphous derivatives of type D. Nor did the CS.-
crystals produce derivatives isomorphous with themselves when diffused with
heavy-atom compounds.

Finally, in the course of continued fruitless efforts to grow type B crystals, two
new types appeared quite by chance. These have been designated E and F.
Type E (P4, a = 73.4 and ¢ approximately 57 A; 4 molecules per unit cell) grew
slowly at pH 5 from a preparation which was subsequently found to contain a trace
of trypsin as an impurity. The crystals proved to be composed of neo-chymotryp-
sinogen with an amino-terminal threonine. Type I (P2:2:2;, a = 52.0, b = 63.9,
and ¢ = 77.1 A; 4 molecules per unit cell) grew overnight from 10 per cent ethanol
at pH 6 and (unlike type E) appeared to be composed of undegraded chymotryp-
sinogen, as judged by chromatography on carboxymethylcellulose and amino-
terminal end group analysis. The rest of the work described in this communication
was done with type F crystals.

Four heavy-atom reagents were soon found to produce useful isomorphous de-
rivatives of type F: PtCle——, UOy+*+(P.0:7%),, Hgli——, and IrCl;. The nature of
the species which actually bind to the protein is not yet known. The two pairs
PtCls—— 4+ Hgl,—— and UO,++(P:0;7%), + Hgl,~— were also used, giving a total
of six different sets of isomorphous replacement data upon which the final 5 A
phases were ultimately based. Tt is estimated that the unit-cell parameters had
not changed by more than about 0.2 per cent from the native to the derivative
crystals.

It is noteworthy that the volume available per molecule in type F is 64,000 A3,
as compared with 53,000 A3 in type D. This represents an increase of about 50
per cent in the space accessible to small molecules diffusing into type F crystals and
may in part account for the relative ease with which they produce isomorphous
derivatives.

Data Collection.— Integrated intensities were measured with a General Electric
XRD-5 diffractometer using a 26-scanning technique. The instrument was
equipped with an automatic shutter to reduce unnecessary X-ray exposure. Data
were collected out to a Bragg spacing of 5 A, which includes 1,262 independent reflec-
tions for the native crystal and for each derivative. Six standard reflections were
monitored every few hours and the crystal was replaced when these showed in-
tensity changes of about 10 per cent, presumably resulting from deterioration under
the influence of X-rays. In the typical case, three crystals were used to obtain a
complete set of 5 A data for a given derivative. Data from different crystals
were placed on a common scale by comparison of the standard reflections. Absorp-
tion corrections have not been computed but have been minimized by the use of
small (0.2 mm) and approximately isometric crystals.

Scale Factors, Occupancies, and Temperature Factors.—Reflection amplitudes
Fy for a given heavy-atom derivative were put on the same scale as the F of the
native protein by applying the scale factor!
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The summations are over all 1,262 reflection indices. Apparently scale factors are
satisfactorily approximated by this expression since they differed by less than 4 per
cent from the final scale factors resulting from least-squares refinement. Occu-
pancies, or the effective number of electrons added at the heavy-atom sites, and their
apparent temperature factors were estimated by plotting log ((kFx — F)?
versus (sin §/A)? in the manner of the customary type of Wilson plot. Occupancies
were obtained from the intercepts at (sin 8/A)2 = 0 and apparent temperature fac-
tors (based on the assumption of point atoms at T = 0) from the slopes. These
initially-estimated occupancies proved to be as much as 40 per cent high in some
cases, probably owing to the effects of random errors in the intensity measurements.
Apparent temperature factors were in the range B = 100 to 150 A2, The corre-
sponding apparent temperature factor of the native protein itself was 80 A2,

Location of Heavy-Atom Sites.—Three-dimensional difference-Patterson syntheses
were computed using (kFy — F)? as coefficients for the platinum, uranyl, and mer-
cury derivatives; the iridium derivative was not discovered until later. Although
the Pattersons of the others were readily interpretable in terms of single major
heavy-atom sites, the site locations for the platinum derivative were somewhat
uncertain. The difficulty appears to have been due to the presence of a number of
subsidiary sites and was easily overcome by the use of difference-Fourier syntheses.
In these and in all subsequent difference-Fouriers, the coefficients were of the type
(kFy — F)e*, with ¢ being the current estimate of the parent phase. The proce-
dure actually followed was this: the centric Okl, hOl, and hkO parent phases were
assigned on the basis of the mercury data and were then used in computing the
difference-Fourier a-, b-, and c-axis projections for the platinum and uranyl deriva-
tives. The uranyl major site was plainly visible, establishing its location relative
to the mercury site, but the platinum sites, although clearly evident, were suffi-
ciently overlapped so that it was thought desirable to confirm their locations with
three-dimensional maps. To this end, all 5 A phases, including the noncentric,
were then assigned on the basis of both the uranyl and mercury derivative data, and
full three-dimensional difference-Fouriers were computed for all derivatives for
which data had thus far been collected. This now included the mercury-uranyl
double derivative and very satisfactorily confirmed the relative uranyl and mercury
locations. Furthermore, the individual piatinum sites and their approximate
relative occupancies were easily distinguishable, as well as a few subsidiary sites of
low occupancy for the other derivatives. Four sets of isomorphous replacement
data were now usable for phase determination. The iridium and mixed mercury-
platinum sites were located by difference-Fouriers at a subsequent intermediate
stage of refinement when the required data became available, and these derivatives
were included in the final series of refinement cycles.

Refinement.—Parameters adjusted in the refinement were coordinates and oe-
cupancies of heavy-atom sites, and one scale factor, k, for each derivative. Tem-
perature factors for the heavy-atom sites were not adjusted since, when varied.
they showed what were thought to be unreasonably large changes and standard
deviations, probably owing to the short range of sin /A and interaction with the
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occupancies. At present, only the fixed over-all isotropic temperature factors ob-
tained from the Wilson plots have been applied.
The residual minimized in the least-squares refinement was

Y [kFyu(obs) — Fu(cale)]? = X [kFu(obs) — |Fe® + £u|12,

where fy is the calculated contribution of the heavy-atom sites. The summation
is understood to include all reflection indices, hkl, for all heavy-atom derivatives.
The program cycle consisted of a stage of full-matrix least-squares adjustment
of parameters alternating with a stage of parent phase (¢) redetermination. In
the latter step, the partial sums that would be contributed to the above residual by
each hkl were obtained at 5° intervals of ¢, and the most probable ¢, i.e., that for
which the partial sum is minimum, was assigned as the current estimate of the phase
of that parent reflection.

Several subsidiary sites appeared to be present in the difference-Fouriers cal-
culated at intermediate stages of the refinement and were introduced into the cal-
culations with small occupancies. Some of these dropped below about 5 electrons
and were eliminated; others remained or even showed increases in their occu-
pancies.

Although intensity data had been collected for two additional heavy-atom de-
rivatives, the p-chloromercuribenzene sulfonate and the mixed platinum-uranyl,
these failed to refine adequately and were not used in the final series of calculations.

Refinement was continued until no appreciable changes in any parameter could
be obtained. In the final cycle, the centroid phase and figure of merit, m, of Blow
and Crick® were also calculated for each reflection. In all, the equivalent of about
a dozen full-matrix least-squares cycles have been run.

Some over-all statistics from the last refinement cycle are:

R = Z{kFH(ObS) - FH(calc)I
- > kFx(obs)

with a range of 9.2-12.79, for the six derivatives taken separately;

= 10.49,

mean m = 0.81;
mean I¢ (centroid) —¢ (most probable)| = 15.8°;
r.m.s. ikFH(obs) — FH(calc)| = 42 electrons,
with a range of 36-53 electrons;

r.m.s. IfH| = 81 electrons,

with a range of 65-102 electrons.

Absolute Intensity Calibration.—The intensities of the parent reflections were placed
on an absolute scale by calibration of the diffractometer with twelve selected re-
flections from a crystal of myo-inositol. The calculated structure factors were
obtained from the structure refinement of Rabinowitz and Kraut.'* A further check
of the calibration was made with the 004 and 006 reflections of NaCl. Crystal
volumes were calculated from carefully measured dimensions and allowance was
made for absorption effects. The absorption correction, in fact, introduces the
most serious source of uncertainty in the calibration procedure, which probably
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amounts to about 10 per ceat in terms of electron density. Knowledge of the ab-
solute scale of intensities is important for comparing absolute electron densities of
various features in different protein molecules and for estimating the extent of sub-
stitution at heavy-atom sites.

Results and Discussion.—Three-dimensional Fourier syntheses of the native
protein were calculated, using the most probable phases in one case and the centroid
phases with weighting factors m in the second. The two maps differed only in
minor details, and the essentially arbitgary decision was made to work with the
most probable Fourier at present, partly because its electron density values have
a more straightforward significance. The grid used was 48ths by 48ths by 60ths,
corresponding to a 1.3 A grid spacing.

The first problem in the interpretation of such maps is the isolation of a single
protein molecule. At this point, the absolute electron density scale had yet to be
established, so it was necessary to select by trial and error a contour level which was
sufficiently low to give a more or less continuous structure to the molecule, yet high
enough to allow neighboring molecules to be separated; two narrow bridges of
electron density between molecules were easily eliminated. To check on the re-
sult, another map was prepared, contoured at the same level, but consisting of sec-
tions of constant y instead of z. The same molecule was independently isolated in
this by one of us who had not participated in the work on the first map. A further
check was the fact that the portion of the Fourier map assigned to a single molecule
was afterward found to constitute a complete asymmetric unit, with no important
pieces of high electron density omitted and no piece being included in more than
one molecule simultaneously.

Other observations which support the correctness of our result are that it agrees
with the over-all molecular shape arrived at earlier by Kraut,” that all heavy-atom
sites which were not wiped out by least-squares refinement are external to the mole-
cule, and finally that the difference-Fouriers of the heavy atoms are well defined and
mutually consistent.

Figures 1 and 2 are photographs of balsa-wood models of the chymotrypsinogen
molecule at its present stage of refinement. They were constructed by cutting out
and joining pieces corresponding to contours within a single molecule on each z-sec-
tion. The sections are 1.3 A thick. The contour level in Figure 1 corresponds to
0.12 electron A—3 and is the level which best depicts a single continuous structure.
It is probably no coincidence that this electron density agrees closely with the con-
tour level of 0.14 electron A—3 used to outline the hemoglobin molecule.? In Figure
2, the contour level corresponds to 0.19 electron A~3; this model was built in order
to display the chain segments more clearly.

It should be kept in mind that the structure shown here may be the mirror image
of the true protein structure, a matter which will probably be settled in the course of
further work.

The molecule is approximately an ellipsoid with axes 50, 40, and 40 A. A note-
worthy feature of the over-all molecular shape is the presence of a distinct hollow
(visible at the bottom of Figs. 1 and 2) in the otherwise ellipsoidal outline. This
is in agreement with results obtained earlier from calculations based on the very-
low-order reflections from type D crystals,” although in that case the hollow was
somewhat exaggerated, probably owing to the choice of contour level.
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The most striking aspect of the molecular structure is its great complexity.
There is only one segment, on the outside of the molecule (visible at the top of Figs.
1 and 2), which seems to be a-helix, or at least which appears to be reasonably
straight and to have the thickness and high electron density characteristic of the
a-helical portions of hemoglobin and myoglobin. This segment extends only 15
A, or enough for about three turns. The rest of the molecule seems to be almost all
bends, and probably for this reason it is not yet possible to trace a single backbone
chain continuously with any degree of assurance. There is the further complica-
tion, not present in hemoglobin or myoglobin, of the existence of five disulfide
cross-links which would probably be difficult to distinguish from main chain at this
resolution. It is possible, however, to measure very approximately a total ap-
parent chain-length within the molecule of 650 A. Given some 243 residues in the
molecule and making the extreme assumption that it is composed entirely of either
a-helix or completely extended chain at any point, one may calculate that the maxi-
mum possible fraction of residues in the a-helical regions must be about 30-40
per cent, corresponding to about 110150 A in length. Of course, the amount of
a-helix actually present is probably much less than this.

Our general conclusion, then, is that detailed knowledge of the polypeptide-chain
folding must await further work at higher resolution but that the over-all appear-
ance of the molecule as it now stands is probably correct.

The nature of the binding sites for the heavy atoms is not yet known. All are
found outside the protein molecule. There appear to be two neighboring locations
within the asymmetric unit, separated by about 6.5 A, with a strong tendency to
bind heavy-metal groups. One is at the uranyl major site, which also serves as
platinum subsidiary site 4 and iridium subsidiary site 2, and the other as at the mer-
cury major site, which in turn also corresponds to the major iridium site and to
platinum subsidary site 2. There are in addition four more widely distributed loca-
tions which constitute other sites in various derivatives.

The number of heavy-atom sites included in the final series of refinement cycles
were 5 for platinum, 2 for uranyl, 2 for mercury, 3 for iridium, 3 for the mixed ura-
nyl-mercury, and 2 for the mixed platinum-mercury. Occupancies ranged from
92 electrons for the mercury major site down to 5 electrons for the least important
platinum site. If allowance is made for the electrons of displaced water molecules,
it must be concluded that the major heavy-atom sites were nearly saturated.

Further work on the crystal structure of the type F modification of chymotryp-
sinogen is in progress, in which it is planned, as the next step, to increase the resolu-
tion to 4 A. This involves approximately doubling the number of terms in the
Fourier synthesis and ought to clarify some of the details of the chain conformation.

Summary.—Six heavy-atom-containing isomorphous derivatives of a new crys-
talline form of bovine chymotrypsinogen A have been prepared. On the basis of
intensity changes observed in the X-ray diffraction patterns from these derivatives,
phases of the parent reflections have been obtained out to a Bragg spacing of 5 A.
Three-dimensional Fourier syntheses have been computed wohich reveal a molecule
of approximately ellipsoidal shape, with axes 50, 40, and 40 A, but with an obvious
hollow or depression. The chain conformation is complicated and appears to have
little a-helix content in comparison with myoglobin and hemoglobin. It is not yet
possible at this resolution to trace a continuous chain throughout the molecule.
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BIOSYNTHESIS OF THE COAT PROTEIN OF COLIPHAGE f2 BY
E. COLI EXTRACTS* ‘

By D. Natuans,t G. Norant, J. H. ScawaRTz, AND N. D. ZINDER
THE ROCKEFELLER INSTITUTE

Communicated by Fritz Lipmann, June 15, 1962

Nirenberg and Matthaei! have discovered an assay system in which RNA serves
as an activator of protein synthesis in E. coli extracts. RNA fractions from cells,’
synthetic polyribonucleotides,> * and viral RNA! 4 can all stimulate amino acid
incorporation into acid-insoluble products in E. coli extracts.. Although in each
case the product formed is presumed to be a protein or polypeptide whose structure
is uniquely determined by the RNA, the products have not as yet been completely



