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ABSTRACT

COMPARISON OF THE STRUCTURES OF THE TWO
INDEPENDENT MOLECULES OF THE a-CHYMOTRYPSIN
DIMER AT 1.8 & RESOLUTION

By

Mark Andrew Frentrup

Alpha chymotrypsin (CHT) crystallizes at pH 4.0 in space
group P21 with two molecules per asymmetric unit. Signifi-
cant differences between the two molecules of the asymmetric
unit were observed at 2.8 & resolution. The present work
extends those observations to 1.8 2 resolution, yielding a
detailed, quantitative comparison of the two independent
molecules.

A Kendrew model of each molecule of the CHT dimer was
built to the electron density. In order to retain small
differences in model structure, the coordinates were measured
with a very accurate polar coordinate measurement technique.
A surveyor's transit and a cathetometer were used to record
coordinates with a precision of 0.05 £. These raw measured
coordinates were then idealized, and the r.m.s. deviation
between measured and idealized coordinates was 0.17 K.

The idealized coordinates of the two independent mole-
cules of CHT were compared, and the transformation between
the two molecules was selected as that which produced the

best least squares fit (0.43 L r.m.s. deviation) of the



Mark Andrew Frentrup

main chain of 68 residues which were built with substantially
the same structure in the two molecules. The dimer molecules
differ overall by 1.66 ' (r.m.s. deviation). The values for
the exterior, interior, and dimer interface regions are 1,71,
1.25, and 1.96 3, respectively. Even the interior of the
molecule shows significant variability in structure.

The independent molecules of the CHT dimer were compared
to y-chymotrypsin, a monomeric form of chymotrypsin which
crystallizes at pH 5.5. The structure of y-CHT has recently
been refined at 1.9 )y resolution. Large variations in struc-
ture were seen in the region Val 65-Ser 92 (3.3 % and 7.0 %
r.m.8., deviation for main chain and side chain, respectively).
The overall r.m.s. deviation between y-CHT and a-CHT is 2.4
X. More detailed comparison can be made when the a-CHT
structure has been refined to an extent comparable to that

of y-CHT.
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CHAPTER 1

Introduction

Alpha chymotrypsin (CHT), a pancreatic serine protease,
is a monomer in its active form near neutral pH. As pH is
lowered, aimerization occurs concomitant with loss of enzyme
activity. The low pH, dimeric form of CHT crystallizes
readily, and yields crystals whose diffraction pattern ex-
tends to approximately 1.8 % resolution and which are quite
resistant to decay in an x-ray beam. Thus, they were an
excellent candidate for study by x-ray crystallography and
have been so investigated for many years, both by D.M. Blow

1,2

and coworkers in Cambridge, England and in this laboratory

by A. Tulinsky and colleagues.3_5

1. Non-crystallographic symmetry

CHT crystallizes at pH 3.5 in the non-centrosymmetric
space group P21 with four molecules per unit cell, which

means that there are two molecules per asymmetric unit.



The two molecules of the asymmetric unit are related to each
other by a non-crystallographic symmetry element. The groups
at Cambridge and Michigan State have confirmed that the
symmetry element is an approximate two fold rotation axis,
i.e. a rotation of 180°. Since the symmetry element is non-
crystallographic, there is no a priori reason for the two
molecules to have exactly the same structure. Many other
proteins crystallize as dimers, tetramers, hexamers, and
even trimers, and in many cases the symmetry element which
relates the individual subunits of the oligomeric system
coincides closely or exactly with a crystallographic axis,
so that the symmetry is constrained by the space group to be
an exact symmetry axis.6-11 It is not clear why some oligo-
meric systems crystallize with their symmetry axis along an
exact crystallographic symmetry axis while CHT and otherslz-16
do not. Since CHT crystallizes as a dimer in the asymmetric
unit and because it has a diffraction pattern that extends
to relatively high resolution, it affords an excellent
opportunity to determine, by careful measurement and inter-
pretation, the degree to which the individual subunits of
CHT differ in structure. Through such study, one can hope
to lay down the principles for structural variability in
oligomeric protein systems.

It is possible to study non-crystallographic symmetry,
even in systems which display exact crystallographic

symmetry, by not assuming the symmetry axis and treating

the crystal system as one of lower symmetry and larger



asymmetric unit. As an example, consider 2-keto-3-deoxy-6-
phosphogluconate (KDPG) aldolase which crystallizes in the
cubic space group P213. The enzyme is a trime?, each subunit
of which is related to the other two by a crystallographic
three fold axis.9 There are 12 molecules per unit cell, one
molecule per asymmetric unit. If the three fold axes are not
assumed, the space group becomes the orthorhombic group
P212121, still with 12 molecules per unit cell, but now with
three molecules per asymmetric unit.

Exact crystallographic symmetry affects the diffraction
pattern in one of two ways: 1) certain classes of reflec-
tions are rendered identically zero (these classes are called
systematic absences), or 2) certain classes of reflections
become equivalent in phase and intensity to certain other
classes. The first effect is caused by symmetry elements
such as screw axes and glide planes which have translational
components. The second effect is the consequence of pure
rotation, with nb translational components. As an example
of 2), consider the addition of a two fold axis of symmetry
to a unit cell of the triclinic space group Pl. This changes
the space group to the monoclinic P2 which results in a
situation in which all reflections hkl are now equivalent
in phase and intensity to reflections hkl and so the former
need not be collected since they are not unique. Thus, data
collection time 1s considerably reduced (in this case by a

factor of %) and the structure solution is less work. In



such a case the electron density of the subunits related by
the crystallographic symmetry would be calculated as exactly
equal by symmetry. If the individual subunits of an oligo-
meric system are not exactly equal in structure, then the
crystallographic symmetry breaks down, with the result that
there will be small differences in what would have been
equivalent reflections had the symmetry been exact. Thus,
in the same example, reflections hkl would be slightly
different in intensity and phase from reflections hkl, the
differences depending on the degree of difference in the
structure of the subunits. As the difference in structure
becomes smaller, the reflections hkl and hkl become more
nearly equivalent. Very accurate intensity measurements
would be required to differentiate such small intensity
differences. Since in addition, the amount of data to be
collected would increase drastically, systems in which the
oligomeric axis of symmetry lies along a crystallographic
symmetry direction have always been treated as systems with
exact symmet:x:y,6-11 and no doubt justifiably so in many if
not most cases.

In other oligomeric systems, the intermolecular symmetry
axis is not coincident with a crystallographic axislz-l6 and
the asymmetric unit contains a larger part of or the entire
oligomer. Such is the case with CHT. The two fold axis

which relates the two subunits of CHT dimer can not be

interpreted as a crystallographic two fold axis in any unit



cell setting. Therefore, it is referred to as a non-crystallo-
graphic, or local, two fold axis. Here the non-crystallogra-
phic symmetry has no effect on the equivalence of certain
classes of reflections, and therefore an assumption of the
exactness or inexactness of the local two fold rotation has
no effect on the amount of data collected. It is in the
interpretation of the data that that assumption is made.

The electron density calculated from the data for the two
regions related by the non-crystallographic symmetry would
not be equal. Differences in density would be observed,

and the significance of these differences could be assessed
on the basis of the expected error in the electron density.
Again, accurate intensity measurements are required to
establish with confidence the significance of small differ-
ences in electron density.

Such non-crystallographic symmetry can and has been
used as a method to solve structures.ls-20 The Fourier
series, which is the electron density equation, is required
to converge to the same values in each of the regions of the
asymmetric unit corresponding to the boundaries of the
individual subunits; this is a powerful constraint on the

18,21 The method has been used to great advantage,

particularly in virus structures,zz.25 in which high order

data.

non-crystallographic symmetry is often present. A disadvan-
tage of this method is the loss of whatever information there
might have been in the data regarding the non-equivalence of

subunits.



Another common technique for the treatment of non-
crystallographic symmetry is to average the electron density
of the individual subunits. Again, the method disregards
the possibility of the existence of significant differences

2,26-28 1. fairness to these applications,

among subunits.
it should be noted that in most of these systems, the
assumption of exact symmetry is justified to the extent that
the resolution is relatively low and/or the data are
relatively imprecise. Thus in many of the investigations
cited, the investigators worked with data collected on film,
often at relatively low resolution (>2.5 2. Moreover, the
phase angles for some of these structures have been deter-
mined from a single isomorphous derivative, seldom from

more than two. In such cases the averaging process can
actually improve what would otherwise be a poorer quality
map. In contrast, the structure solution of CHT at Michigan
State has revolved around innovative diffractometer measure-

5,29 Phases were first determined at 2.8 X resolution

ments.
from six isomorphous derivatives and then carefully extended
to 1.8 & resolution by means of a very mild density modifi-

cation procedure.5’30

2, Alpha-chymotrypsin

The structure of the dimeric form of CHT was determined
in the late sixties and early seventies by Blow and co-

workers,l’2 when work by Tulinsky et al. was also well in

progress. Blow et al. concluded that their data did not



suggest significantly different structures for the molecules
of the dimer, and so they calculated an average map as des-

1,2 How-

cribed above, and interpreted CHT as an exact dimer.
ever, they did allow for the variation of the conformation

of certain of the exterior side chains. The experience at
Michigan State was different from the outset. Here, evidence
of non-equivalence of the two molecules was observed in the
asymmetric binding of the heavy atoms used in the phase

3,4

determination. In this context symmetry and asymmetry

refer to the equivalence or difference, respectively, of
the response of the two independent molecules of CHT to
various conditions. Further work with the binding of

competitive and reversible inhibitors,31’32, pH changes,

35,36

33,34

and other studies confirmed the asymmetry of CHT,
sometimes in striking ways. As an example, when the pH of
the crystal soaking solution was raised to 8.3, the startling
observation was made that in one molecule the ion pair
between the carboxylate group of Asp 194 and the positively
charged amino group of the B chain N terminus Ile 16 was
disrupted by deprotonation of the latter, while in the other
molecule the ion pair remained intact.34 The interpretation
of such a result was that the pK of the B chain terminal
amino group is different in the two molecules, and this
implies that the structures are different. Asymmetry of
response of CHT to small molecule binding has thus been

overwhelmingly documented.32 The purpose of the current



study is to begin the documentation of the structural basis
which underlies and is manifested in the expression of
asymmetry by preparing a set of CHT coordinates. These
coordinates would also be suitable for further refinement
by least squares methods.37

The electron density map used in the current work is
the 1.8 & resolution map calculated by Raghavan and Tulinsky.5
Intensities were collected with a wandering count 6-drop 2 w
step scan.29 Crystal alignment was carefully maintained by
monitoring the intensities of three reflections suitably
distributed in reciprocal space. These intensities were
measured approximately every hour during the data collection,
and when any of the monitor intensities decreased by 10%,
the crystal was realigned by accurately centering eight
selected reflections and finding the crystal orientation
by the method of least squares from the Miller indices and
diffractometer angles of these reflections. Phases were
determined at 2.8 & resolution by the method of multiple
isomorphous replacement,a and the phases were refined and

extended to 1.8 & resolution by density modification.5’30

The details of the method are described elsewhere.s’38
A crucial point is that the method does not require the

supposition of an atomic model for the phase extension.

Thus the final map is not biased with respect to an assumed

model, and should truthfully display the structural differ-

ences between the two molecules.



3. Gamma-chymotrypsin

It was mentioned above that chymotrypsin is a monomer
near pH 7. This monomeric form is called y-CHT and crystal-
lizes at pH 5.5 in the tetragonal space group P42212. The
1.9 & refined structure of Y-CHT has recently been reported
and compared with the averaged a-CHT structure of Blow.39
Earlier, a low resolution electron density map of y-CHT was
compared with Blow's averaged a-CHT structure40 and no
important differences were found. The most significant
observed differences in the higher resolution study were in
residues 74-78 and in the side chain orientation of the
active site Ser 195.41 Furthermore, several residues are
disordered in y-CHT which are not disordered in o-CHT, and
these residues were not compared. It will be of interest
to compare both molecules of our 1.8 f model to Yy=CHT and

to analyze this comparison in light of the previous compari-

son of y-CHT to an averaged structure of a-CHT.



CHAPTER 2

Coordinate Measurement of the Independent

Molecules of o-Chymotrypsin.

1. Introduction

The phase extended 1.8 R resolution map permits an
excellent fit of a model to the density: side chain den-
sities are usually clear and unambiguous, and many of the
carbonyl oxygen atoﬁs of the main chain are visible as bumps
protruding at regular intervals from the main chain density.
A Kendrew model of each of the subunits of CHT was built to
fit this map with the aid of a Richards optical comparator.42
Kendrew model parts consist of brass rods approximately 2 mm
in diameter which are machined to a scale of 2 cm per
Rngstrom into pieces which represent parts of protein in a
standard geometry, e.g. planar hexagonal phenyl rings,
planar peptides, and tetrahedral carbon atoms.

Coordinate measurement of a Kendrew model of a protein is

usually a prerequisite to further studies by computer

10
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methods. With the advent of interactive computer graphics

43 demonstrated the feasibility

facilities, Tsernoglou et al.
of obtaining a set of molecular coordinates without building
a Kendrew model. However, such facilities are not commonly
available and might even prove difficult to use with more
complicated systems than a snake venom a-neurotoxin, which
has a molecular weight of only 13,000; the CHT dimer has a
molecular weight of 50,000 daltons. Since it was also
desirable for pedagogical reasons to have a physical model
of CHT, it was necessary to devise a rapid, convenient, and
accurate technique to record coordinates of such a model.
The requirement for accuracy was especially important in our
case because of the quality and high resolution of the elec-
tron density map; significant features in the map were surely
incorporated into the model, and accurate coordinates would
be required in order to avoid losing the significance of the
features as a result of large uncertainties in measured
coordinates. Since the measured coordinates were to be
used subsequently as guide coordinates for Diamond's
coordinate idealization procedure,44 even greater accuracy
for measured coordinates was required in order to avoid
loss of significant features owing to idealization of
coordinates.

We considered the use of a plumb line imprecise and
unsatisfactory to achieve our purpose. In addition, the

method is very cumbersome in practice, because it requires
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physical contact with the model and introduces the likelihood
of inadvertent readjustment. We had previously measured the
coordinates of a model of CHT based on a 2.8 & resolution map
from a calibrated grid inserted in the Richards box at the
same depth as the atom to be measured, but this method was
rejected on similar grounds. On the other hand, more precise
and accurate methods, including an elegant computerized
"coordinate hunting engine" designed by Salemme and Fehr45
appeared to involve considerable time in the design and
construction of a measuring device.46 We found a satisfactory
compromise and solution to the problem by successfully
employing a surveyor's transit as a coordinate measuring
inst:rument.['7 The transit is capable of high accuracy and
precision and is conveniently complemented by a laboratory
cathetometer. Together, these two instruments measure the

polar coordinates of a Kendrew model very accurately and

reproducibly.

2. Experimental

The geometry of the measurement of the atomic positions
of a Kendrew model with a surveyor's transit is shown in
Figure 1. The polar angles ¢ and x are measured with the
transit located at the origin while the height coordinate,

y, 1s recorded with a cathetometer. Thus, the method records
polar coordinates directly whereas previous methods for
measuring Kendrew model coordinates have generally been based

on the direct measurement of Cartesian coordinates.2’45’46’48-50
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Figure 1. Geometry of polar coordinate measurement.
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a. The Transit

The transit used in the present work was a David
White/Path Model TR303 made by Fuji-Koh of Japan. This
transit has a 27x power telescope with crosshairs (minimum
focal distance 1.7 meters) mounted on rotatable horizontal
and vertical circles. The two circles can be locked and
moved with tangent screws, which provide a fine adjustment,
or they can be unlocked to rotate freely. The divisions of
the horizontal circle are in 20 minutes of arc (0.330) with
a vernier reading to 20 seconds (0.0060); those of the ver-
tical circle are 30 minutes (0.50) and 1 minute (0.0170),
respectively. The magnification of the cathetometer tele-
scope 1s similar to that of the transit and the height range
is 100 cm with a vernier measurement capable of 0.05 mm.
The price of the transit in 1979 was approximately $1500.

b. The Measurements

The actual measurement by the transit or cathetometer
is accomplished by sighting in the telescope cross hairs as
closely as possible to the intersection of the Kendrew model
rods representing the various bonds between atoms. An
exception is the carbonyl oxygen positions, which are
measured at the terminus of the rod representing the carbon-
oxygen bond. All heights recorded by the cathetometer are
corrected for the height of the transit above the origin of
the cathetometer. This height is found as the cathetometer

vernier reading when the cathetometer telescope 1s viewing
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directly into the eyepiece of the transit with both telescopes
leveled. With care, this measurement is reproducible to +0.1
cm.

Angular measurements were made to the nearest minute of
arc so that the horizontal and vertical angle measurements
might have comparable precision. These measurements are
reproducible to *1 minute by different observers and repro-
ducible virtually to the minute by the same observer. At a
distance of 2 m, a one minute uncertainty in angular position
corresponds to a deviation of about *0.06 cm (0.03 X) in
atomic position. This correlates approximately with errors
expected from the dimensions of the model itself: the dia-
meter of the model parts is about 2.5 mm or about 4 x the
uncertainty; it is possible to reproduce the position of the
crosshair to about 1/5 the diameter of the rods. However,
when the line of sight is not perpendicular to the boﬁds of
an atom, it becomes progressively more difficult to estimate
the position of the intersection of two bonds and the
uncertainty in atomic position increases, perhaps by up to
a factor of two.

Sometimes an atom is partially obscured because of
intervening model parts. In most cases, it is still possible
to obtain a reliable measurement by noting the two bonds
which intersect at the desired atomic position and visually
extrapolating to their (non-visible) intersection point.

Only rarely does such an indirect determination yield a

result which affects the ideal geometry as noted on a
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graphics display of the measured coordinates (planar peptides
and aromatic rings, tetrahedral angles). 1In fact, it is
surprising that such problems are not encountered more often
with our Kendrew model of 241 residue complexity. An atom
is completely obscured approximately once every three residues
and only about 20% of these atoms had to be disregarded
because of an unacceptable coordinate. Thus, a total of
about 15 atom coordinates were unmeasurable due to such
problems. In principle, it is possible to reposition the
transit and/or cathetometer so that such atoms are no longer
obscured. On the other hand, careful positioning of the
transit and cathetometer at the beginning of a series of
measurements can avoid such difficulties. Finally, the
transit and cathetometer telescopes can '"focus around" inter-
vening models parts that are far from the plane of focus so
that more atoms are visible through the telescopes than to
the eye.

c. Coordinate Calculation and Transformation

The measured polar coordinates are converted to Cartesian

coordinates according to

y =y -nh

y' cos¢/tany

b
I

N
]

y' sin¢/tany (2.1)

where y is the height measurement, h is the height of the

transit telescope above the origin of the cathetometer scale
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and ¢ and x are the horizontal and vertical polar angles,
respectively. The problem which remains is to convert these
Cartesian coordinates, referred to an arbitrary origin and
based on a general orientation with respect to the axes of
the unit cell of the crystal, to Cartesian coordinates based
rationally on unit cell axes. In the present monoclinic
case, the latter Cartesian coordinates are taken as: x
parallel to ;, y parallel to g, and z parallel to ox,

The transformation can be accomplished in two steps:

1) measurement of the unit cell origin coordinates in the
transit frame and subtraction of these from each of the
atomic coordinates to refer the coordinates to the unit

cell origin and 2) multiplication of the origin shifted
coordinates by a rotation matrix that will rotate the transit
x axis (¢ = 0°) 1into crystallographic 3, y into g, and z

into c*.

Two aspects of our Richards box prevented proceeding in
such a straightforward fashion. First, the position of the
unit cell origin (0O of Figure 2) was outside the frame
which contains the molecule and was thus inaccessible for
direct measurement. Second, the direction Z was not readily
measureable, whereas-;* was, the latter being perpendicular
to the half-silvered mirror (Z* also coincides closely with
a local two fold axis relating two molecules of a-CHT in
the asymmetric unit).

To circumvent the inaccessibility of the origin, we

chose an arbitrary point on the local two fold axis for



Figure 2.

18

Transformation from transit coordinates to unit
cell coordinates. T - transit position; M -

origin marker; O - unit cell origin. The parallel-
ogram represents half-silvered mirror of the
Richards box. a) Subtraction of origin marker
coordinates; b) rotation to ;*, E, Z, followed

by subtraction of unit cell origin coordinates,

> )
c) rotation around y or b by B-90 .
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Figure 2
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which precise unit cell Cartesian coordinates were obtainable
and designated this point the origin maker (M of Figure 2).
In order to perform the translation-rotation transfor-
mation, the coordinates of the origin marker are measured in
the transit coordinate frame and then subtracted from the
transit frame coordinates of each atom. (Figure 2(a)). The
orientation of this new coordinate system with respect to
the unit cell axes is then found by determining the unit
vectors in the transit reference frame parallel to ;*, to g,
and to g. In the present work, a* is perpendicular to the
mirror while b and ¢ are parallel to the mirror and mutually
perpendicular. The a* direction was fixed by placing four
tetrahedral Kendrew model parts in a line perpendicular to
the mirror. 1In a similar way, five additional tetrahedra
located a line parallel to Z and the mirror. The coordinates
of these nine tetrahedra are measured in the transit frame
and orthogonal unit vectors parallel to a* and ¢ are deter-
mined by the method of least squares. The actual angle
between ;* and g before orthogonalization was measured
consistently to be 91°. The unit vector parallel to b 1is
given by the cross product Z X Z*. ‘The components of these
three unit vectors can then be used to form a matrix which
rotates the three transit frame axes to a set of axes
parallel to 2*, g, and ¢ (Figure 2(b)). The Cartesian
components of the origin marker M along ;*, g, and ¢ are

then subtracted to refer the measured coordinates to the
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origin of the unit cell. Finally the entire coordinate
system is rotated by the amount 8-90° about b to bring x
parallel to 2 rather than 3*, z parallel to ¢* rather than
to Z, and which leaves y unchanged and parallel to b (Figure

2(c)). Thus, the transformation can be written as

-r, RG - D - 1,0, (2.2)

X
where ; is the atomic position in unit cell Cartesian coor-
dinates, RB is the matrix for rotation of (8-90)o about vy,

R is the rotation matrix made up of the unit vectors parallel
to Z*, b and Z in the transit frame, X' is the atomic posi-
tion in the transit frame, ? is the position of the origin
marker in the transit frame and ;o is the position of the
origin marker based on Z*, g, and Z.

A conveniencé of the method is that, since the trans-
formation between transit and unit cell Cartesian coordinates
is easily programmed, there is no need for keeping the trans-
it fixed at the same position throughout all the coordinate
measurements. All that is required with each change in
transit position is the remeasurement of the position of the
origin marker M and of the nine marker tetrahedra along the
a* and ¢ directions from which a new rotation matrix and
translation vector are calculated. Thus, the transit posi-
tion can be changed from day to day, or more often if
necessary, without seriously disrupting the course of the

measurements. As noted above, it is in fact desirable at

times to reposition the transit so as to obtain a less
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obstructed view of the atoms to be measured. The catheto-
meter can be relocated similarly to provide an optimal view.
In this case, it is necessary only to remeasure the height
of the transit telescope relative to the cathetometer.

We calculated Cartesian coordinates from the two transit
angles and the height measurement with an interactive program
operating on a Cal Data 135 computer (PDP 11/40 equivalent)
which can also drive a Vector General Interactive Graphics
System. The connectivity and geometry of the model was then
checked by displaying a model of the measured coordinates
on the Vector General display. Interatomic distances and
bond angles are calculated at the same time and are used to
isolate any larger measurement errors (which are remeasured)
or typographical errors (which are corrected). A typical
graphics display is shown in Figure 3.

It is possible for one person to measure and calculate
the coordinates of about 10 residues in four hours. Since
the measurements are made with two instruments, use of a
second person effectively halves this time.

d. Problem Areas

Vertical angle measurements of x less than about 10°
have yielded Cartesian coordinates with large errors and
measurements of less than 5° have led to coordinates so
inconsistent as to be unacceptable. This is because of the
functional dependence of the conversion from polar to

Cartesian coordinates on 1/tan x (equation 2.1). The
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Figure 3. Graphics display of Trp 27 - Pro 28 - Trp 29,
calculated directly from measured transit

coordinates
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derivative of 1/tan x as x becomes small is very large so
that a small error in x is translated into large errors in
the calculated position. Bond distances of 3.5 ® and
greater are not uncommon when calculated from measurements
involving x angles of about 4-5°. Similarly, horizontal
angles (¢) close to 0° or 90° are also to be avoided since
cos¢ and sin¢ vary slowly with angle near these respective
angles. Polar coordinate measurements in these regions
also lead to calculated Cartesian coordinates with large
errors. Therefore, all measurements described here were
made at vertical angles of 10° or greater. Similarly, the

horizontal angle measurements were made around 30-40°.

3. Results

An accurate set of Kendrew atomic model coordinates of
both molecules of the dimeric structure of CHT fitted to the
1.8 & resolution electron density map has been measured by
using the polar to Cartesian coordinate conversion method
just described. This entailed the measurement of the polar
coordinates of about 3,600 atoms at least one time. The
model structure was then idealized by using Diamond's model
build program,44 but with the standard amino acid structure
dictionary of Hendrickson and Konnert's restrained least
squares program.51 The model build program uses the measured
coordinates as guide atoms through which to thread an ideal-
ized polypeptide chain. The i1dealized chain is built from

individual residues, the coordinates of which come from
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x-ray or neutron diffraction structure determinations of the
twenty amino acids. The ideal chain 1s initially layed down
in an a-helical conformation, and then the torsion angles
are adjusted to give the best least squares fit between

the guide coordinates and the altered idealized chain.
Because the problem is drastically non-linear, convergence
is a problem if an angle has to be changed by more than
approximately 90° from its a-helical value. Therefore,
advantage was taken of a program option which allows
unwinding of the ideal o-helix before the least squares
process begins. Values of all torsion angles were calcu-
lated from the "raw" measured coordinates, and these

angles were applied to the ideal a-helix in such a way as to
give the ideal structure approximately the same conformation
as the measured model. Thus, the idealized coordinates
matched the measured coordinates fairly well even before

the least squares refinement of the torsion angles.

Because of this, convergence was possible and usually very
rapid (2-4 cycles).

The r.m.s. difference between measured and idealized
coordinates was 0.17 & for all atoms, while the average
deviation was 0.15 &. For main chain atoms only, these
values were 0.16 and 0.14, respectively. The closeness
in value of the average deviation and the r.m.s. value
indicates a sharp distribution of error; of the 3054 atoms

which were used as guide coordinates, 78% fit the final
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idealized coordinates within 0.2 R, and only 2.5% had devia-
tions greater than 0.4 £. The largest observed difference
was 0.82 X, with only five other deviations greater than 0.6
2. These results are summarized in Figure 4. A comparison
of main chain torsion angles calculated from the measured
coordinates with the values of these angles in the idealized
coordinate set shows no difference greater than 20 degrees
between the two. Thus, the final idealized coordinates are [
a faithful representation of the measured coordinates, which L
gives us confidence that the idealized structure accurately
reflects the conformation of the Kendrew model as it was
built. A summary of the measured geometry of the 478 peptide
bonds of both molecules of CHT is given in Table 1, from
which it can be seen that the mean bond lengths agree
exceptionally well with expected values. 1In the search for
longest and shortest bonds, all bonds were included for which
the positions of both atoms could be precisely determined or
reasonably estimated. Similar criteria were used for inclu-
sion of bond angles and torsion angles, so that each average
in Table 1 is the mean value of approximately 450 determin-
ations.

The observation that the average N-CA and CA-C bond
lengths are slightly greater than expected while those of
C-0 and C-N are as expected is consistent with the fact that
the N-CA and CA-C bonds are built by joining two Kendrew

model pieces with a connector, while the C-0 and C-N bonds
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Table 1. Measured Geometry of the Main Chain¥*
Standard

Distances Average (o) Largest Smallest Values
N-CA 1.50 (.09) 1.86 1.23 1.463
CA-C 1.56 (.09) 2.00 0.70 1.522
Cc-0 1.24 (.10) 1.52 0.82 1.234
C-N 1.32 (.09) 1.81 0.81 1.314
Angles

N-CA-C (1) 110.5 (5.0) 126.4 94.0 109.54
Cai—C-N—CAi+1 (w) 179.5 (7.3) 197.7 153.3 180.1

*Distances in Angstroms, angles in degrees.

I
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are machined in a single piece. The natural error caused by
the joint is to increase the bond length. While this is not

evident from inspection of individual residues, the general

trend 1is clear.



CHAPTER 3

The a-Chymotrypsin Model.

In chapter two, the results of the coordinate measure-
ment of both molecules of the CHT dimer were described. Here,
the structure of CHT will be discussed as well as observed
differences between the two molecules. In the following
chapter, the differences will be discussed in a more

quantitative manner.

1. The 1.8 & Resolution Electron Density Map

In order to begin the fit of a model of CHT, the 1.8 )"
resolution map was contoured and traced onto plexiglass
sheets, and these sheets were placed in a Richards box for
ﬁodel construction purposes. The model fitted to the 1.8 4
resolution density map will henceforth be referred to as the
1.8 & model, while the model built with the previous 2.8 §
resolution map will be called the 2.8 % model. The two
independent molecules of the CHT dimer will be designated
as molecule one and molecule one prime. Molecule one

occupies approximately the region y = 0 ~ %, z = 0 > % in

31
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the unit cell. The 2.8 &£ model corresponded to molecule one;
molecule one prime was not built at 2.8 ® resolution. There-
fore, the 1.8 ® model will here refer to molecule one. Later,
molecule one prime will be discussed in terms of differences
from molecule one.

Since the 2.8 & model was already in place in the
Richards box, the 1.8 % model was built by readjustment of l
the 2.8 & model. The rebuilding was total-every atom of the h
molecule was adjusted in the process of fitting to the new
density. To accomplish this, a typical procedure was to
remove 3-5 residues from the 2.8 & model and build these
residues in the conformation suggested by the 1.8 % resolu-
tion map. Thus the 1.8 % model was built without reference
to the details of the 2.8 & model, and any structural
differences between the 2.8 & and 1.8 £ models should reflect
either a different interpretation of the electron dengity
map, or improved resolution which allowed a more certain
fit of the 1.8 & model. The presence of the 2.8 f model
helped, however, in the fit of the 1.8 % model in that, while
attention was not paid to the fine details of the 2.8 'S model,
advantage was taken of the presence of the unadjusted parts
of the 2.8 & model by noting interatomic interactions
between different parts of the CHT model. Thus, very close
contacts in the constructed model could be avoided better by
referring to the electron density and the unadjusted parts

of the model than by referring to the electron density alone.
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The unadjusted portions of the model also gave indications
of possible hydrogen bonds and ionic interactions to the
portion under adjustment. These indications influenced the
choice of main chain and side chain conformation, and again
the influence was greater with the model present than with
only the electron density map for reference. In summary,
the 1.8 & model is close in structure to the 2.8 & model,
especially with regard to the gross features such as overall
folding. However, there is no systematic equivalence in
fine detail between the two, and the 1.8 % model must be
considered an independent interpretation of the structure
of CHT. This interpretation should also be an improved
one, because of the higher resolution of the electron den-
sity map, and because of the greater care that was taken
in the building of the model in light of that higher resolu-
tion. |

Just as the 1.8 & model of molecule one of the dimer
was built by readjustment of the 2.8 2 model, the 1.8 R
model of molecule one prime was built by refitting the model
of molecule one. To accomplish this, the plexiglass sheets
on which were drawn the electron density contours of molecule
one prime were rotated by 180° and inserted into the Richards
box. With careful alignment, it was thus possible to replace
the molecule one density with that of molecule one prime,
without rotating the model. It could then be determined by

inspection where the two molecules differed in structure and



34

where the molecule one model would have to be rebuilt to
molecule one prime.

The electron density map to which the 1.8 % model was
fit is in general of very high quality. Most of the side
chain densities are well defined; only a few of the surface
side chains are not visible to the end. It is presumed in
these cases that the side chain in"question is disordered
and adopts more than one conformation; with the result that
the electron density observed is an average of these confor-
mations and is therefore too weak to be seen. Alternatively,
the side chain could be completely disordered with no pre-
ferred orientation. This would have the same effect on the
observed electron density. Thus in molecule one, the side
chain densities of Lys 87 and Lys 107 were not visible at
all, and the side chain of Glu 49 was not seen past the beta
carbon. It should be noted, however, that the side chains
absent in the molecule one density were present in molecule
one prime. Thus, Lys 87 and Lys 107 are visible in their
entirety in the molecule one prime density, and Glu 49 is
present past the beta carbon. However, the side chain den-
sity for Glu 21 and Asp 72 is missing in one prime but pre-
sent in molecule one. In addition, the side chain of Arg
145 is weaker in molecule one prime than in one. There was
very weak density for residues Ser 11-Gly 12-Leu 13 in both
molecules, so weak that no model could be built with confi-

dence in this region. This was also observed in the
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Cambridge structure and in y—CHT.39 Another poor region of

electron density in both molecules is Gly 74-Ser 77. Here,
there seems to be poor connectivity of the density, with per-
haps many solvent molecules present and with close contacts
to the neighboring molecule in the crystal. No attempt was
made to compare structure of the two molecules in this region.
In fact, the molecule one prime model was not refit in this
region, so that the two molecules have been built with the
same structure here, even though it should be realized that
the structure of both molecules in this region is uncertain.
In molecule one, there are slight breaks in electron density
between Gly 184 and Ala 185, and between Ser 190 and Cys 191.
Also in molecule one, the side chain density of Leu 143 is
not continuous with the main chain. In both molecules, the
side chain density of Met 192 is not continuous with the

main chain, and the density is not as well defined as‘in

Met 180, the other methionine residue in the molecule.

2. The Difference Density and the Model

When the molecule one prime density with the difference
density traced onto it was inspected with the molecule one
model in place in the Richards box, it was necessary to
rebuild the main chain of approximately 110 of the 238
residues in order to fit the density. An additional 50
residues needed only side chain adjustment or minor main
chain refitting. Thus, roughly two thirds of the molecule

has differing conformation in the two molecules. The



36
following is a brief qualitative description of the differ-
ences between the two molecules of the CHT dimer. Since
molecule one was built first and then one prime was con-
structed by making changes in the molecule one model, it is
natural to discuss differences in the sense of differences
in molecule one prime from molecule one. Therefore, unless
otherwise noted, in the following discussion, the differences
described will be differences of molecule one prime from
molecule one. In the same way, all references to changes or

readjustments will be to the rebuilding of one to one prime.

3. The Two Molecules

The A chain has a slightly different conformation
throughout its length in the two molecules. Especially
significant is the position of the Pro 8 side chain in
molecule one prime where it forms a closer contact with the
Trp 27-Pro 28-Trp 29 nest. This was also noted in the 2.8 9
work, where it was observed that N-pipsyIlI-L-phenylalanyl
chloromethyl ketone binds near this aromatic cluster in
molecule one but not in one prime, because the closer con-

tact of Pro 8 with surrounding residues blocks binding at

this site.3

The side chain of Ile 16 has been interpreted different-
ly in the two molecules. In molecule one, the side chain
extends parallel to the local two fold axis, whereas in one

prime it has been built more perpendicular to that axis.
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The density into which the one prime Ile 16 side chain has
been built is also present in molecule one, where it was
interpreted as possible solvent in the interior of the pro-
tein. However, the density into which the Ile 16 side chain
of molecule one was built is not present in one prime, so
the two side chains-were built differently. This region
clearly requires more study to determine the exact nature

of the structural differences present. The surface residues
Val 17-Pro 24 differ in conformation in the two molecules.
The deviations between the two are not large, but they are
obviously significant from inspection of the electron den-
sity. This is typical of all regions of CHT in which there
are observed differences in structure. From Pro 24, the
main chain goes into the interior of the molecule and emerges
at Asp 35. Slight side chain adjustments were required for
Asp 35 and Lys 36. A larger difference was observed in the
side chain of Phe 39. The Phe 39 side chain in molecule one
resides directly on the local two fold axis, so that in
molecule one prime, the Phe 39 side chain must be rotated

to avoid superposition of the two. In addition, Phe 41 has
a significantly different side chain orientation.

The next significant difference in the structure is in
the Asn 48-Trp 51 loop. Here the peptide carbonyl group
between Glu 49 and Asn 50 was turned through 180° so that
the carbonyl oxygen points in opposite directions in the two

molecules. This readjustment gives this loop the more
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normal type I B-bend configuration,52 whereas in molecule one
the loop had been in the type II configuration. Since the
type II B-bend 1s energetically unfavorable when the third
residue in the loop is not glycine (in this case, it is Asn
50), it is possible that the main chain was built incorrectly
in molecule one; in any event the structures are different
in this region, as evidenced by the significant differences
in density in the region of Glu 49-Asn 50.

At Trp 51, the main chain enters the interior of the
molecule again, and there are no large differences until
His 57. Here, the side chain is in a slightly different
oriéntation. Another large difference in structure is in
the residues Ala 68-Gly 69-Glu 70. These are partially
exposed to solvent and required large adjustment of the main
chain conformation. A major main chain difference also
occurs in the loop Asn 95-Ser 96-Leu 97-Thr 98. These
residues are part of the dimer interface. There were minor
readjustments to be made for residues Asn 100-Asn 101, and
the carboxylate group of the side chain of the active site
Asp 102 was rotated through 90°. This latter adjustment is
really a different interpretation of the map, as the electron
density of the two molecules is substantially the same at
Asp 102.

The entire region from Thr 110 to Val 118 required
readjustment. These residues are on the exterior of the
molecule. The Cys 1-Cys 122 disulfide bridge was moved

slightly, as was Pro 124, The bend Ala 126-Ser 127-Asp
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128-Asp 129 required minor adjustment. The main chain of
Gly 140-Trp 141 adopts a different configuration in molecule
one prime, and this change is concerted with an adjustment
of the Leu 155 side chain, which points toward the Trp 141
side chain in molecule one prime. The main chain of the
deformed o-helix Thr 166-Tyr 172 has a slightly altered con-
figuration in the two molecules, and many of the side chains
have different orientations, the most dramatic of which is
Tyr 172. The phenyl ring of this side chain differs in
orientation by 90°. Minor revisions were made to Gly 173-Val
188. The Cys 191-Cys 220 disulfide bridge was moved slightly.
The large active site loop of Met 192-Leu 199 has several
structural differences, but none that are very large. Thus,
even though Gly 196-Pro 198 and Met 192-Gly 193 required
substantial readjustment to fit the molecule one prime den-
sity, Asp 194 and Ser 195 needed considerably less. The Ser
195 side chain seems to be in a slightly different orienta-
tion, but final confirmation of this will have to await
further refinement. Another important region of structural
difference is the loop Trp 215-Ser 223. This is also part
of the dimer interface. Finally, the C-terminal helix shows
very small differences in the main chain, but rather larger
changes in some of the side chain configurations. Here, the
difference electron density clearly indicated differences,
but the changes required were very minor. A feature of

interest is the ion pair of the Asn 245 C-terminal carboxylate
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group with the e-amino group of Lys 90. This is the major
non-hydrophobic interaction between the C-terminal helix and

the rest of the molecule.

4, Solvent Structure

During the building of the two independent molecules of
CHT, some density was observed that could not be accounted
for by the polypeptide chain. Some of this density has
already been shown to be due to sulfate ions.36 Since pro-
tein crystals are approximately 507 solvent by vol-ume,53
it is customary to identify such "extraneous density" as
solvent molecules, especially when the presence of the
solvent molecule makes chemical sense, as in hydrogen bonding
interactions. Table 2 is a partial 1list of such possible
solvent molecules in molecule one. It can be seen from the
31 entries of Table 2 that these solvent molecules represent
a potentially important source of scattering material in the
crystal, and any complete description of the CHT crystal
structure will have to take this electron demnsity into
account. It is usual to include solvent molecules in further
stages of protein refinement, and such refinements of other
proteins have yielded positions of scores of solvent mole-

34533 Likewise, Table 3 is a

cules surrounding the protein.
partial list of solvent molecules present in molecule one
prime but not in molecule one. Even though this is only a

partial 1list, it is apparent that there exists a large

degree of asymmetry in the solvation of the two molecules.
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Table 2. Partial List of Potential Solvent Molecules.
Molecule One.

Peak

Number Near Residue(s) Comments

Wl Val 3 surface

W2 Ala 5 surface

w3 Ala 5 - Ser 119 possibly more than 1 HZO i

W4 Gln 7 extended density

W5 Gln 7 - Pro 8 extended density |

w6 Ile 16 possibly several HZO’ b
interior

W7+ Gly 19 in channel

w8 Gly 25, Glu 70 H-bond connection

W9 Gly 19 close to main chain

W10 Ser 32, His 40 between side chains

Wll* Gln 34 near side chain

W12 Asn 48, Glu 49, in middle of B-bend

Asn 50
wl3 Thr 62 surface, H-bond to side
chain

Wl4 Glu 70, Phe 71

W15 Val 88, Leu 106 between B-strands

Wlé Thr 117, Glu 70 side chains

W17 Ser 113 side chain

wl8 Val 118 main chain

w19+ Gln 156, Arg 154

w20 Gly 133, Pro 161

w21 Ala 131 carbonyl oxygen, surface

WZZI Trp 172, Ser 223 H-bond between side chains

w23 Arg 230, Asp 178

W24 Pro 161, Ser 186

W25+ Trp 141, Asp 194 possibly more than 1 H20

W26 Thr 138, Pro 198

w27 Ser 221 side chain H-bond

w28 Ser 190, Gly 216, specificity pocket

Gly 226
w29 Ser 190, Tyr 228 O atoms of side chains
w30 Lys 199, Ala 202 across a bend

+These solvent peaks are not present in molecule one prime.
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Table 3. Partial List of Potential Solvent Present in
Molecule One Prime But Not in Molecule One.

Peak
Number Near Residue(s) Comments

WP1 Val 9, Trp 27

WP2 Cys 42 main chain

WP3 Gly 140 main chain

WP4 Tyr 171 on OEH of side chain
WP5 Arg 230 side chain

WP6 Ser 96, Leu 97 side chain

WP7 Asn 91, Thr 103 side chain

WP8 Leu 242 side chain

WP9 Asn 48 near 2 fold axis
WP10 Thr 134 surface, side chain
WP11 Trp 215 main chain
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Since enzyme molecules function naturally in aqueous solution,
it is reasonable to assume that water molecules and other
ions in solution play an important role in the structure and
action of these proteins. Thus, variability in solvent
structure is another manifestation of the lack of exact
equivalence between the two molecules.

The solvent molecules are found mainly on the exterior
of the enzyme. In Table 2, only W6, W10, W26, W27, and W30
appear in the interior. 1In Table 3, all the peaks listed
are on the exterior of the molecule.

The solvent structure seems to be very sensitive to the
structure of the individual subunits of the CHT dimer. A
clear example of this is W22 (Table 2), which is present in
molecule one but not in one prime. It forms a hydrogen bond
with NE1l of Trp 172 and with 0Gl of Thr 224. In molecule
one prime, these two residues are in closer contact, and
the water molecule does not bind because there is no space
for it. Thus, a minor structural difference between sub-
units can have a dramatic influence on solvent structure.
Further refinement of CHT should reveal even more solvent
molecules and more examples of such asymmetry in solvent

structure.

5. Model Conformation

The Ramachandran plots56 for molecule one and molecule
one prime are shown in Figures 5 and 6, respectively. Each

point in the plots represents the conformation of an amino
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acid residue. The torsion angles ¢ and ¢ are defined in
Figure 7. The majority of possible conformations are not
stereochemically reasonable, as they represent configurations
in which atoms of the molecule make non-bonded approaches
which are too close. The closest allowed non-bonded distance
between two atoms is the sum of the van der Waals radii of
the atoms. The dashed lines of Figures 5 and 6 enclose the
allowed regions. Glycines, because they have no side chain,
can adopt a wider range of allowed conformation. Many Gly
residues, therefore, fall outside the allowed regions of
Figures 5 and 6, and have been omitted. It can be seen that
in both molecules, approximately 10%7 of the residues have
been built in a formally disallowed conformation. This
appears to be typical of unrefined structures.48’57

In molecule one, it was noted that the C chain had a
smaller percentage of residues with disallowed conforﬁation
than did the B chain. This improvement was ascribed to
experience of the model builder, the C chain having been
built after the B chain. It is therefore surprising that
molecule one prime does not show an "improvement" over
molecule one. This is not to say, however, that portions of
the molecule were built with grossly unreasonable stereo-
chemistry. Most deviations of the model from a formally
allowed conformation result in non-bonded contacts which
are only a few tenths of an Xngstrom less than the van der
Waals distance. Apparently, even for anAexperienced

builder, a perfectly allowed model is difficult to build

L
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with only indirect attention paid to the absolute values of
the conformational angles of the model being constructed.
The residues which lie in the formally disallowed region of
the Ramachandran plot will be given special attention in
further refinement, so that they might adopt a more energet-

ically favored conformation in the final, refined structure.



CHAPTER 4

Comparison of the Structures of the Independent

Molecules of a-Chymotrypsin Dimer.

1. Determination of the symmetry axis

a. From the Electron Density Map

In Chapter 3, differences in structure of the two mole-
cules of the CHT dimer were discussed in a qualitative way.
The observed differences were deduced from inspection of the
electron density map and the difference electron density map
between the two molecules. The latter was calculated as
Ap(;l) = p(?l) - p(?l'), where ;1 ranges over the entire
volume of one molecule, ;1' is the position in the electron

density map which is related to T by the non-crystallogra-

1
phic symmetry, and p is the electron density. Thus, ;1'
refers to the second molecule of the dimer. The difference
density calculation is straightforward once the proper
transformation is known. The transformation is that which
when applied will, in effect, lead to the smallest root mean

square value of Ap over the entire molecule. It is found by

a least squares minimization of (Ap)2 by adjustment of the

49
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transformation parameters. The transformation parameters
consist of three linearly independent rotation angles, from
the values of which a rotation matrix can be calculated, and
three translations, which are the components of a translation
vector in an orthogonal coordinate system. From the trans-
formation parameters, the equation of the rotation axis of
symmetry and the amount of rotation about that axis can be
calculated.

The equation of the line is calculated in the following
way. The values of the transformation parameters used in
the calculation of the difference map between the molecules
o

, 6 = 180°, ¢ = 0°, d, = 0.0, d, = 39.86 R, d

= 49.56 &. The angles ¢, 6, and ¢ are the three Eulerian

were: Vo= 0°

3
angles defined as: Y is a rotation about z, 6 is a rotation
about the new x, and ¢ is a rotation about the new z. The

d and d

translations d are in the x, y and z directions

1> "2 3
respectively. 1In this case, the x direction is along Z* of
the crystal. Thus the Eulerian angles épecify a 180° rota-
tion about the a* (= x) direction, while d2 and d3 are
related to the offsets in the y and z directions of the
position of the two fold axis as follows. After rotation
about Z* at z = 0, y = 0, translations of d2 and d3 are
required to complete the symmetry operation. This is equi-
valent to a pure rotation about the point (d,/2, d3/2) with

no translation. Based on cell dimensions of a = 49.24 X,

b =66.91 &, ¢ = 65.83 & and 8 = 101.8°, the value of d,/2
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in fractional coordinates is 39.86/(2%¥b) = 0.298, and that of
d3/2 is 49.56/(2xc) = 0.376. Moreover, since the axis of
rotation is not parallel to the x direction in the crystal,
but is parallel to Z*, the z position of the two fold axis
varies with respect to x, shifting 0.153x in each section of
x (see Figure 8). The parametric equation for the two fold
axis along a* is therefore z = 0.153%x + 0.376, y = 0.298.
a(sin(B-909))

Note that 0.153 = o , independent of d2 and d3.

The slightly different value of this equation reported by

Raghavan and Tulinsky5 is due to their use of slightly
different values of a, b, and ¢ from those reported here.
From the values of the transformation parameters thus
obtained, a difference map between the two molecules was
calculated and traced onto the plexiglass sheet which also
had the electron density of molecule one prime. These
sheets were rotated by 180° and inserted into the Richards
box, so that rotation of the model was not necessary.
However, because the two fold axis did not pass through the
center of the plexiglass sheet as drawn, it was necessary
to raise the map four inches after rotation to bring the
two fold axis of the one prime electron density into coin-
cidence with the two fold axis on the model of molecule one.
This was accomplished by unbolting the model frame from the
map box, jacking up the box and placing it on four inch
stacked plywood blocks, taking great care to raise the box

vertically and leave the model precisely in place. In this
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~ 0.376

>
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two fold
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v
Q ,a.sin(s-90) A*

C

Z = 0.153x + 0.376

Figure 8. Equation of the two fold axis.
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way it was possible to replace the molecule one density with
the molecule one prime electron density onto which was super-
imposed the difference density between the two molecules.

The difference density was drawn in red to distinguish it
from the black electron density contours, and drawn beginning
at *0.8 e/X3, with contours at each additional 0.4 e/x3 incre-
ment. The standard error of the multiple isomorphous
replacement electron density map was reported to be 0.18 e/x3
(reference 4). From this, the expected error in the differ-
ence density is V2 %(0.18), or 0.25 e/83. Thus, 0.8 e/x3 is
approximately 30(Ap) and is an appropriate level to begin
contouring.

The electron density and the difference density were
consistent throughout. Portions of the molecule one prime
density that were not present in molecule one were indicated
by negative contours, while positive contours in the differ-
ence map represented density that had been present in mole-
cule one but not in one prime. Thus, negative contours were
always found superimposed on electron density contours, while
positive difference contours were observed on weak or zero
density regions of molecule one prime. That these were so
consistent with the model is an indication that the two fold
rotation axis which best relates the two electron density
regions also applies to the atomic coordiﬁates. It is also
an indication that the model was built into the density
well, with features significant in the density being retained

in the model.
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b. From the Coordinates

The coordinates of the two models built by reference to
these maps were measured as described in Chapter 2. From
these coordinates a transformation between the molecules
can be calculated. As noted above, the consistency of the
difference map with the electron density map and the model
suggested a very good match of the electron density and the
model. In such an event, the transformation which relates
the coordinates of the two molecules should be the same
transformation that relates the electron density of the two
molecules. However, here one must consider the possibility
that, while the model matches the map very well, the coordi-
nates are not an error-free representation of the model built
to the map. To the extent that errors do exist in the coor-
dinates, especially if the errors are systematic, the coor-
dinates will not exactly match the map, and the transforma-
tion between coordinates will be different from the trans-
formation which best relates the electron density.

In the measurement of coordinates described in Chapter
2, a systematic error is introduced in the measurement of
the unit cell origin in the transit frame. The tetrahedral
model part which represents the origin marker (Figure 2) is
manually placed on the model and then the unit cell frac-
tional coordinates of this origin marker are measured from
the apparent position of the reflection of the marker super-

imposed on the electron density. The z and y unit cell
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coordinates of the marker are determined from the measure-
ment of the distance of the origin marker's reflected
superposition on the electron density from the edge and from
the top, respectively, of the plexiglass sheet which is at
the same depth in the map as the origin marker is on the
model. The x unit cell coordinate is obtained from the x
coordinate of the plexiglass sheet (the sheets are stacked
in sections perpendicular to x). Thus the origin marker
must be placed precisely at the depth of a given plexiglass
sheet, and this introduces an error. of as much as *0.4 cm
because of lack of perfect depth perception. The y and z
coordinate measurement of the origin marker is affected by
parallax, but this is not as great an uncertainty as the
depth error. The uncertainty in depth perception is added
to by the bowing of the plexiglass sheets in the box, so
that the x coordinate of the middle of the sheet is slightly
different from that of the top and bottom. With care, the
error in the measurement of fractional coordinates of the
origin marker can be minimized, but the imprecision with
which the origin marker position is known is a significant
source of error in measured coordinates of the molecules,
and thus in the match or consistency of the measured model
with the map. The origin marker in molecule one prime was
placed independently of that of molecule one. That is, even
though the model was not moved but rather the density maps

were rotated to fit the model, it was considered desirable
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to reposition the origin marker. New fractional coordinates
were determined for the new position, and these coordinates
have the same kind of systematic error as described above.
Because the two origin markers were placed and measured
independently, the systematic error is not necessarily can-
celled when coordinates of molecule one are compared with
those of molecule one prime. Thus, the transformation
between the two sets of coordinates will be affected by this
systematic error in coordinate measurement.

During the rebuilding of the molecule one model to
molecule one prime, approximately 68 amino acids were not
substantially altered in main chain cohformation, even
though the side chains of many of these 68 did require
adjustment. Because these 68 residues fit the electron
density of molecule one prime even before the adjustment
of the molecule one model, they are taken as exactly equi-
valent. Therefore, any transformation between the two
molecules should result in a fit such that the difference
between these residues in molecule one and the transformed
molecule one prime would be minimal. To calculate this
transformation, the alpha carbon atoms of these 68 residues
were used as input to a program by Rossmann and Argos
which determines by iterative least squares refinement the
parameters which best transform the coordinates of one mole-
cule to another and hence of molecule one prime to molecule

one. The function minimized is D = Z(;l - ;ip)z where ;1
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are the coordinates of molecule one, ;ip are the coordinates
of molecule one prime which have been transformed by the
three Eulerian angles and three translation vector components,
and the sum is over all atoms in the structure to be compared,
in this case over all the alpha carbons of the 68 equivalent
residues. The residues used were: Trp 27, Pro 28, Val
31-Asp 35, Cys 42-1le 47, Trp 51-Ala 56, Asn 100-Leu 108,
Cys 136-Thr 139, Asn 150-Leu 162, Leu 199-Lys 202, Thr 208-Ile
212, Pro 225-Val 227, and the C terminal a-helix Leu 234-Ala
244, The r.m.s. deviation of the coordinates of the 68
transformed molecule one prime alpha carbons from the mole-
cule one coordinates is 0.41 &. The transformation para-
meters that produce such a fit are ¢y = 87.60, 8 = 155.90,
¢ = 87.4°, d; = -10.79 R, d, = 38.83 &, d, = 48.37 & wvhere
the terms are as defined earlier in this chapter. It_can be
seen that these transformation parameters do not match the
parameters previously determined from the electron density
map. This is because the two are based on different axial
coordinate systems.

Thus, the electron density map derived transformation
parameters operate on a coordinate system based on the Z*,
g, and : directions in the crystal, while the parameters
obtained from the alpha carbon coordinate comparison are
based on the directions ;, g, aﬁd ¢k, The choice for the

electron density map was natural because the map was cal-

culated and drawn in sections perpendicular to ax,
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C. Comparison of the Two Transformations

The two transformations can be compared in the following
way. Any two sets of coordinates can be related to each
other by a rotation matrix and a translation vector. 1In the
present case, let m, be the coordinates of molecule one prime

2

and m, be the coordinates of molecule one. They are approxi-

mately related to each other by

m, = Rm2 + t (4.1)

For the case when my and m, are not exactly equal in structure,
R and t are the matrix and vector, respectively, that relate
the two in a least squares sense; R and t are found such that
D = Z[ml - (Rm2 + t)]2 is a minimum, where the sum 1is over
all atoms in m, . We wish to find values of T and d from R
and t, where T and d give the transformation about the axial
> -> >

system based on a*, b, and ¢, so that we might compare them
with values of these parameters obtained from the electron
density map. In order to do this, we separate the general
transformation (equation 4.1) into three steps: 1) convert
the coordinates of molecule one prime to coordinates based

-> > ->
on a*, b, and c; 2) apply the transformation of T and d;
and 3) convert the coordinates back to ‘the system based on

> > >
a, b, and c*, This can be expressed as

m

-1
1 = B(T(B m2) + d) (4.2)

where B_1 is the matrix which rotates the coordinate system

from a, b, c* to a*, b, ¢, and B i1s the inverse of 3! and
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-> > > > -> ->
converts the coordinate system from a*, b, ¢ to a, b, c¥*.

Equating (4.1) with (4.2), we have

Rm, + t = BTB—lmz + Bd (4.3)

Equating terms in (4.3) yields

R = BTB™'; t = Bd (4.4)
and, solving for T and d, we obtain

T =B RB; d=B 't (4.5)

The matrix B is known, so that T and d can be calculated
from (4.5). B is a rotation about y of B - 900, where B =

101.77° 1is a unit cell parameter. It is therefore given by

cos 11.77 0 =-sin 11.77 .979 0 -.204
B = 0 1 0 = 0 1 0 (4.6)
sin 11.77 O cos 11,77 .204 0 .979

The inverse matrix B'-1 is found by substituting -11.77° for
11.77° in equation (4.6). The inverse in this case is simply
the transpose. R and t are known from the transformation
parameters found by comparison of the coordinates. R is

given from the Eulerian angles ¢, 0, and ¢ by
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cosycos¢ sinycosé sinysin®
-sinysind¢cos® +cosysindcosO
-cosysing -sinysing cos¢sin®
-sinycos¢cosO 4+cosycos¢cosO
sinysin® -cosysin® cos0
(4.7)
.9134 .0061 .4071
= -,0014 -.9998 .0182
4071 .0172 -.9132
Now T and d can be calculated:
- 1.000 .002 .008
T = BTIRB = .002 -1,000 .020
.008 - .020 -1.000
(4.8)
. -0.7 d1
d =B 't = 38.83 = d2
49,56 d3
(o)

Thus T represents, within the precision obtainable, a 180
rotation around x, which is just as inferred from the elec-
tron density map. The equation of the two fold axis calcu-
lated from these parameters is z = 0.153*x + 0.376, y = 0.290.
The parameters dl and d2 differ by -0.7 ® and -1.03 X,
respectively, from those obtained from the electron density
map. The non-zero value of d1 means that the symmetry axis
has a slight screw component: x' = x + dl/a = x - .014.

This represents a translation in the a* direction of 0.7 .

This is approximately the distance between the plexiglass

sheets in Richards box. Such an error in x could be caused
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by uncertainty of half a section in the depth placement of
the origin marker in molecule one, and by a half section
misplacement in the opposite sense in molecule one prime.

As discussed above, this amount of uncertainty is expected
in the x direction. The discrepancy between the parameter
d2 determined from the electron density map and from the
coordinates is somewhat larger and is perhaps more than the
expected uncertainty in measuring the position of the origin
marker. However, because the positioning of the origin
marker in both molecules was subject to some error and
because the measurement was made from only one observation
in each case, it can not be ruled out that the observed
difference between the two values of d2 might be due to
random error. It should also be noted that the y coordinate
for the two fold axis reported in the 2.8 % resolution work4
was y = 0.291 as compared to y = 0.290 found here. The
standard error reported for y in the 2.8 % resolution work
was *.,002, so the difference here is not significant. That
d3 determined by the two methods is equal to four significant
figures is fortuitous, but it is not surprising that it is
in the z-coordinate that the least discrepancy between model
coordinates and map is found. The z position of the origin
marker was the easiest to determine precisely, as it entailed
the measurement of the origin marker from the edge of the

plexiglass sheet and involved no problem with depth percep-

tion. The y coordinate was measured from a point less
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precisely determined than an edge, and, as was discussed
above, the x~-coordinate measurement was uncertain by approxi-
mately the distance between sheets, In view of all of the
above, it can be concluded that the transformations calcu-
lated from the electron density and from the coordinates of

the two models built to the density donot differ significantly.
In any event, the discrepancy is not larger than that found
between transformations determined from electron density maps
at two different resolutions,

The transformation was also calculated for groups of
atoms other than the 68 residues mentioned above. The groups
used were: 1) all residues; 2) all residues of domain 1
(residues 1-122); 3) all residues of domain 2 (residues 123-
245); and 4) all residues not in the original 68. The results
of these comparisons are given in Table 4., Here, level 1
means that only alpha carbons were used in the comparison.
Level 3 indicates that the alpha carbon, carbonyl carbon,
and nitrogen atoms of the main chain of each residue were
used. "Interior" designates the 68 equivalent residues,
while "exterior" refers to all the rest. It can be seen
from Table 4 that the inclusion of the carbonyl carbon and
nitrogen atoms had minimal effect on the values of the trans-
formation parameters calculated. The parameters calculated
in the various groups of Table 4 are also seen to be roughly
equivalent, especially when the uncertainty in the measure-

ments is considered. The transformation of the 68 interior
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atoms, level 1, was chosen as the "best" because it was

known that these 68 residues have nearly the same conforma-

tion in both molecules. This fact is evident from the r.m.s.

values in Table 4, which are the root mean square deviations

of all alpha carbon atoms in the group. The value for

interior atoms, level 1, is less than half as large as any

others. Here, level 1 was chosen over level 3 on the basis ’

of its (insignificantly) lower overall r.m.s. value. r
2. The two molecules of a-CHT i

For comparison of the two molecules, molecule one prime
was transformed by the "best" parameters of Table 4: interior,
level 1. Then the two molecules were examined atom by atom
and the distance between equivalent atoms was calculated for
each of the 1764 non-hydrogen atoms of CHT. A summary of the
detailed comparison is given in Table 5. It is of inferest
to compare certain classes of residues. To this end the
residues of CHT have been divided into three groups: 1) the
residues in the dimer interface; 2) those residues in the
interior of the molecule, not in contact with the solvent;
and 3) the residues that are on the exterior and exposed to
solvent in the dimer. These groups have no members in
common, and every residue belongs to one of the three groups.
The dimer interface region exhibits some very large deviations
from exact two fold symmetry, This is expected because in

the dimerization process, as the molecules approach, the




65

*su934Ax0 TAuoqied 9pNTOUT JOoU S0P SWOIE UFEYD UTew I0J UOTIBTINOTE)

X

79¢
£Eee
808

9%¢
13 4
0€s

A2
LT1
88¢

v¢
VAN
I%c
L6l
€CL
79L1

swoly 3O Iaquny

£1°¢C
S0°1
.71

8%°1
08°0
6T 1

[/
LE°T
96°1

66°0
99°1
ET1°1
90°¢
80°1
99°1

vV ‘uoTierasag

‘*s*um°ax

ureyd 9PTS

¥yUFEYD UTEBR

swoly TTV
SONpFsay I0FI13IXJ

ureyd °=PETS

¥UTBYD UTER

swolv TTIV
S9NpFsSaYy JIOFaI3Jul

ureyp 3PFS

xUTEYD UulEBlR

swoly TTIV
?oeJaajul aauwi(g

S61 19s ‘zo1 dsy ‘LS STH
sua8AxQ TLAuoqie)

suoqae) eydivy

utreyd °PTS

xUFEYD UTEBR

swoly TTIV

smoly 3JOo dnoap

*3dWTIg 3auQ STNIITOR PUB 3uQ I[NO3TOW JO uosfiedmo) °G aTqel



66

dimerization is accompanied by generally asymmetric rearrange-
ment of the entire interface, especially where the contact
about the two fold axis is very close. The three regions of
closest contact are Phe 39, Met 192, and Gly 216-Thr 219.
The r.m.s. deviation of the Phe 39 side chain is 6.5 &. The
phenyl ring of the Phe 39 in molecule one lies directly on
the two fold axis, while in molecule one prime, the ring is
rotated to avoid contact. The region Gly 216-Thr 219 is
shown in Figure 9, where the two fold axis is appropriately
marked, and the view is parallel to that axis. It can be
seen that the close approach of molecule one to the two fold
axis in this region precludes the other molecule's occupying
the exact two fold related position. The r.m.s. deviation
of the main chain from exact two fold symmetry in this re-
gion is 1.65 .

As expected and as observed in the 2.8 ] work, the
exterior, solvent exposed residues have a larger variability
in structure than do the interior residues. This is especial-
ly true in the side chains. An extreme example of this 1is
the Arg 145 side chain. The r.m.s. deviation of this side
chain in the two molecules is 5.8 R, while that of the main
chain of this residue is only 0,72 . Clearly the surface
residues have fewer restraints on their orientation than do
the interior side chains. However, the interior side chains
are observed to show variability, although less than the

exterior., The main chain in all three groups has considerably
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HR 2187

SER 2177

GLY 2167
ER 2187

Figure 9. The region Gly 216-Thr 219, viewed down the

local two fold axis.
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less variation in structure than do the side chains.

But while there are regions of large differences in
structure, there are also certain portions of the dimer
molecule which do not deviate greatly from two fold symmetry.
For instance, the entire main chain, with a few exceptions,
has a very similar conformation in the two molecules (r.m.s.
= 1.1 R). The largest deviation in main chain positions is
at Gly 69 (3.4 X). This part of the chain is on the surface
exposed to solvent. Other regions with large deviations
from two fold equivalence of the main chain are: 1) the loop
Asn 95-Ile 99 (at the dimer interface); 2) Ala 112-Asp 129;
3) Gly 140-Trp 141; 4) Tyr 171-Trp 172; 5) Met 192-Gly 193
and Gly 196-Gly 197; and 6) Gly 216-Ser 223. Groups 1, 6,
and part of group 5 are in the dimer interace. Group 3 and
a portion of 2 and 5 are located in the interior, while
group 4 and part of group 2 are on the exterior of the dimer
molecule. The r.m.s. deviation of each of these regions is
greater than 1.7 R, the value of r.m.s. difference in
structure of the complete molecule including side chains.

The differences in main chain conformation are depicted
graphically in Figure 10,

A feature of some interest in Table 5 is the large r.m.s.
deviation of the carbonyl oxygen atoms relative to the rest
of the main chain. This is because the oxygen position is
sensitive to minor adjustment of main chain conformation,

while the overall position of the main chain is less affected.
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The side chains are like the carbonyl oxygens in that they
protrude from the main chain, and thus their position is also

very sensitive to main chain conformation.

3. Variability in a-CHT structure

From the reverse point of view, this argument suggests
a model for protein variability that is consistent with the
observations in CHT. The structure of a protein is uniquely
determined by its amino acid sequence, The side chains of
the various amino acid residues provide functional groups
for stability and to bind and carry out chemical reactions
on substrate molecules. Almost all of the space in and
around the enzyme molecule is occupied by side chains. What-
ever stabilization of structure the main chain might contri-
bute through formation of intrachain hydrogen bonding in
a-helix, B-sheet, and B-bends, it is clear that a major role
of the main chain is to place precisely the side chains so
that the molecule might remain stable and react with an
appropriate substrate. It is therefore natural that protein
structural variability should be expressed in the side chain
structures. Small changes in side chain configuration can
be accomplished with very little perturbation of the main
chain configuration. 1If greater side chain adjustment is
required, ihen the main chain can also change conformation.

In CHT, the perturbations which cause structural vari-
ability are: 1) the dimer interface; 2) natural surface

variability; and 3) neighboring molecules in the unit cell
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(crystal packing forces). There are no clear indications of
3) in the present work, although it can not be ruled out that
crystal packing plays some role in the variability of the CHT
structure., The role of packing is probably small because the
molecules in the CHT crystal, as in all protein crystals, do
not make extensive close contacts, although it was noted in
Chapter 3 that the region Gly 74-Ser 77 was involved in close
intermolecular contact. Protein crystals are approximately
50% solvent by volume,53 so most of the surface of the mole-
cule in the crystal is exposed to solvent and not to a neigh-
boring molecule. By natural surface variability, we mean
the freedom of side chains which extend into solvent to
adopt different configurations by rotations about single
bonds. This probably occurs on the interior also, but to a
lesser extent since in the interior the side chains are in-
volved in more intimate interaction with other parts of the
molecule, Variability in side chain structure could not
occur without disruption of those interactions, which are
obviously important for the stability of the enzyme structure.
It is when the dimer forms that the structure of CHT is per-
turbed most. Some examples of large deviations in the dimer
interface were given above, and it was seen in Table 5 that
the dimer interface region had the largest r.m.s. deviation
from exact symmetry in the molecule.

The variability in structure is confined mostly to the

surface, but the interior 1s also affected by surface
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variability. An example is the interaction between Thr 224
and Trp 172, which was mentioned in Chapter 3. The confor-
mation of Thr 224 is perturbed by the dimer interface. The
resulting change in structure affects the position of the
Trp 172 side chain and the water molecule which lies between
the two side chains in molecule one. As was noted earlier,
this water molecule is absent in molecule one prime. Thus, ,
variability at the dimer interface is transmitted to the o
interior (Trp 172). Another example is the interaction of

Leu 155 and Trp 141 in molecule one prime shown in Figure 11.
Some surface effect causes the Leu 155‘side chain to adopt

a different configuration in molecule one prime such that it
points into the interior toward the Trp 141 side chain. The
close contact is relieved by a reorganization of the structure
of Gly 140 and Trp 141 in the interior of the moleculg. Thus
the interior structure seems not to have been "insulated"

from surface perturbations, but rather to have responded by

a network of minor inter-related side chain adjustments.

It is also of interest and significance that certain
structural features are retained to a high degree of fidelity
in the two molecules. For example, the five disulfide bridges
match in structure as a group to within an r.m.s. deviation
of 0.8 K. -Similarly, the tryptophan nest of Trp 27, Trp 29,
and Trp 207 differs in structure by only 0.65 %. The cata-

lytic residues of the active site itself (His 57, Asp 102,

Ser 195) deviate from exact symmetry by 1.0 X, even though
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LEU 1557

TRP 1417

Figure 11. Interaction of Leu 155 with Gly 140-Trp 141 in
molecule one (open bonds) and one prime (dark

bonds).
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this region is on the dimer interface, a region of high
structural variability.

The active sites of the two molecules are superimposed
in Figure 12. It can be seen that much of the deviation in
side chain structure consists of a translation of molecule
one prime to the left in Figure 12 relative to molecule one,
and that the relative configuration of the active sites is
very similar in the two molecules. Here the fidelity of the
coordinate measurement technique is clearly demonstrated. It
was mentioned earlier that the His 57 side chain in molecule
one prime was rotated relative to molecule one. It can be
seen in Figure 12 that this small difference in structure has
been faithfully translated into the coordinates. Thus, the
requirement of accuracy in coordinate measurement has been
met with the transit and cathetometer, and it can be appre-
ciated that the combination of this measurement procedure
with the excellent quality high resolution electron density
map has made the current work possible and capable of pro-

viding detailed structural insight.

4. Significance of the differences

The comparisons carried out here have been of two models
that were puilt independently from a high quality electron
density map, and the differences discussed are differences
between these models, The model coordinates have not been

refined. There are two levels of significance to consider.
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The first is the magnitude of r.m.s deviation in coordinates
that corresponds to a real difference in the models as they
were built independently to the electron density. The second
is the correspondence of these model adjustments, which were
the subjective judgement of the experimenter, to significant
differences in the actual structure of CHT in the crystal.
The first level has to do with how faithfully the
idealized measured coordinates of the molecule reflect the
conformation of the Kendrew model. A unique feature of this
work is the high accuracy of the coordinate measurement
technique. As was seen in Chapter 2, the standard deviation
of bond distances calculated from the measured coordinates
is approximately 0.1 R. This implies a standard error in
measured coordinates on the order of 0.05 8. The raw measured
coordinates were subjected to the idealization procedure of
Diamond44 and, as was noted earlier, the r.m.s. deviation
between measured model coordinates and final idealized coor-
dinates was 0.17 &, 1In this way, 1t can be roughly estimated
that the final idealized coordinates match the model within
0.2 X, or somewhat less than the sum of the above numbers.
The error expected in the difference between the coordinate
sets 1s then given by VZ * 0,2 ~ 0.3 &, This estimate of
the minimum significant difference 1is consistent with the
observed r.m.s. deviation (0.43 &) of the coordinates of the
main chain of the 68 residues which were used to determine

the transformation between molecules (Table 4). In addition,
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of the 68 residues which have a total r.m.s. deviation of
0.43 X, a subset exists which has an even lower r.m.s. value.
This subset contains all those residues whose backbone was
not readjusted at all from molecule one to molecule one prime
and includes residues Leu 33-Asp 35, Trp 51, Val 52, and Asn
150-Leu 162, This subset has an r.m.s. deviation of 0.33 R,
in very good agreement with the expected error. From such

an analysis of error, it can be concluded conservatively that

a r.m.s. deviation of 0.5 & or greater represents a different

Rt

conformation of the molecule in the two models. This is very
consistent with the observation of r.m.s. deviation against
residue number (see Figure 10) and with the notes made during
the refitting of molecule one to molecule one prime. That
is, those regions which were readjusted have r.m.s. deviations
above 0.5 X, while regions not readjusted have an r.m,.,s. de-
viation of about 0.4 X. Therefore the values shown in Table
5 represent significant variations in structure between the
two models.

The second question concerns which of the deviations in
model structure reflect a real difference in the structure
of CHT in the dimer. Obviously the largest differences are
significant, and there is no doubt that the two molecules
differ in structure in the dimer interface, and at certain
regions of the exterior such as Gly 69 and Arg 145. On the

other hand, the r.m.s. deviation of the C-terminal helix

Leu 234-Asn 245 is only 0.43 X, yet some significant
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difference in density is observed in this region, which indi-
cates that there is significant structure difference in this
region. It is possible that real difference in structure
exists here, but that it is so small that it is beyond the
power of the current coordinate measurement technique to
resolve. A somewhat similar situation obtains at His 57,
where the side chain deviation is only 0.74 % and where
there is also good and consistent indication of structural
difference in the difference density map. Therefore there
exists significant difference density in regions of the
molecule where the observed r.m.s. deviation between the
two molecules is about equal to or only slightly greater
than the standard error of the r.m.s. deviation. From this
we conclude that even the value of 0.8 & for the r.m.s.
deviation of the main chain of the interior can represent a
significant difference in structure between the two méle-
cules. Also, because the values for the r.m.s. deviations
of the various groups are consistent with the amount of re-
building done to the exterior as opposed to the interior, we
conclude that the exterior of the molecule, including the
dimer interface, differs in structure significantly more
than the interior residues,

It is. therefore likely that on further refinement, the
differences observed here between the two molecules will be
in large part retained., Certainly not every detail of the

structure and of the differences between the two molecules is
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correct and significant, but it can be stated with confidence
that the two independent molecules of CHT dimer differ in
structure, and that qualitatively if not quantitatively, the

differences are those described in this work.

- o




CHAPTER 5

Comparison to Other Structures

1. a-CHT and y-CHT

As noted earlier, y-CHT is a monomeric form of chymotryp-
sin, and crystallizes at a higher pH (5.5). The structure
has recently been refined by least squares methods at 1.9 'S
resolution.39 Refined y-CHT coordinates were obtained from
the Protein Data Bank, Brookhaven National Laboratory{ The
Y-CHT molecule was compared to molecule one and molecule one
prime of a-CHT by the method described in Chapter 4 for the
comparison of molecule one to one prime. Table 6 presents a
summary of that comparison. The transformation selected for
comparisons in Table 6 used all residues, level 3, in the
comparison, since there was no indication of greater or
lesser similarity in structure for any particular region as
there was in a-CHT.

The same general trends are seen in Table 6 as in Table

5; the main chain matches much better than the side chains,

and the carbonyl oxygen atoms have a higher r.m.s. deviation
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than does the rest of the main chain., Again, the structurally
significant regions match in structure better than other parts
of the molecule. Thus the r,m.s. deviations of the active
site region, the disulfide bridge sulfur atoms, and the tryp-
tophan nest of Trp 27, Trp 29, and Trp 207 are 1.0 X, 1.0 X,
and 0.8 X, respectively. These are the values of the molecule
one, yY-CHT comparison, but the values for molecule one prime,
Y-CHT are comparable. These values are all well within the
overall r.m.s. deviation of 1.7 . The values of r.m.s. de-
viation of y-CHT from molecule one and from molecule one prime
do not differ greatly, but the general trend in Table 6 is a
slightly better fit to molecule one.

The region Val 65-Ser 92 gives a very poor fit between
a-CHT and y-CHT, with an overall r.m.s. deviation of 3.3 R
in the main chain, and 7.0 % in side chains (Table 7)f Since
almost all of these residues are on the exterior, these resi-
dues make a large contribution to the r.m.s. deviation of the
exterior residues, and the effect is seen in Table 6. It is
also seen in Figures 13 and 14, which are plots of alpha car-
bon deviation against residue number for y-CHT with o-CHT
molecule one and one prime respectively. This region of
large structural difference also contributes greatly to the
higher r.m.s, deviation of domain 1 over domain 2, since
residues 65-92 are all in domain 1, However, determination
of transformation parameters from domain 1 of y-CHT and a-CHT

and then from domain 2 yielded parameters which were

™
‘
j
;‘Lw
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Table 7. R.m.s. Deviations of Val 65-Ser 92 in o-CHT and

Y‘-CHT .
r.m.s. Deviation (X) of y-CHT from

Residue Molecule one Molecule one prime

main side main side

chain chain chain chain
Val 65 2.1 4.2 1.2 1.2
Val 66 2.1 5.5 1.4 1.5
Val 67 3.1 7.3 1.4 2.6
Ala 68 3.2 5.0 1.0 1.0
Gly 69 3.2 - 1.2 -
Glu 70 2.4 9.0 2.2 8.6
Phe 71 3.8 4.8 2.9 3.1
Asp 72 4.9 8.9 4.6 8.7
Gln 73 3.2 2.8 3.0 3.6
Gly 74 3.1 - 3.0 -
Ser 75 2.9 3.5 3.5 2.9
Ser 76 2.8 2.2 2.8 2.2
Ser 77 4.7 7.3 4.7 7.3
Glu 78 1.4 1.0 1.4 1.0
Lys 79 2.2 5.5 2.2 5.5
Ile 80 3.0 6.8 3.0 6.7
Gln 81 3.6 9.6 3.7 9.6
Lys 82 3.3 8.8 3.3 8.9
Leu 83 3.3 7.0 3.4 6.9
Lys 84 3.2 8.2 3.4 8.1
Ile 85 2.7 6.1 2.8 6.0
Ala 86 3.3 6.2 3.3 6.1
Lys 87 3.2 -% 3.2 -%
Val 88 3.8 7.5 3.5 6.6
Phe 89 3.2 7.3 3.1 7.0
Lys 90 3.3 10.4 3.4 10.4
Asn 91 2.4 6.3 2.8 7.2
Ser 92 3.1 5.8 3.3 5.6

*
Lys 87 side chain atoms were left out of the comparison due
to poor electron density at this residue in o-CHT.
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essentially identical. When the contribution of residues
65-92 is removed from the calculation, the values shown in
parentheses in Table 6 are obtained. It can be seen that
removal of the 28 residues from consideration results in
values of r.m.s. deviations that are smaller by approximately
30%. Residues 65-70 correspond to a region of large differ-
ence in configuration in a-CHT, and the electron density for
residues 76-82 1is very poor. However, residues 83-92 are
quite well defined in the a-CHT electron density, and so the
large difference in this region between a-CHT and y-CHT is
highly significant.

Superpositions of the active sites of a-CHT molecules
one and one prime with that of y-CHT are shown in Figures
15 and 16, respectively. It can be seen that there are
slightly larger differences between a-CHT and y-CHT than
between the two molecules of a-CHT. Of particular interest
is the orientation of the Ser 195 side chain. In y-CHT, it
is seen to point "up", away from the His 57 side chain rela-
tive to Ser 195 in a-CHT., The significance of this result
can be assessed better and a more detailed comparison of
a-CHT to y-CHT can be made after a refinement has been per-
formed on the a-CHT structure coﬁparable to that carried

out on y-CHT,.
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Figure 15. Superposition of the active sites of y-CHT (dark

bonds) and molecule one of a-CHT.
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Figure 16. Superposition of the active sites of y-CHT (dark

bonds) and molecule one prime of a-CHT.
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2. Concluding remarks

At least one other set of coordinates for a dimer re-
lated by non-crystallographic symmetry has been reported.
The structure is that of triose phosphate isomerase (TIM).15
The coordinates of both molecules were compared by the method
of Rossmann and Argos,58 as was also done here with the two
molecules of CHT. The authors report anm overall r.m.s. de-
viation of 1.2 £ 1n the alpha carbons between the two mole-
cules of TIM, while that of alpha carbons involved in regular
secondary structure (a-helix, B-sheet) was 0.78 2. These two
values are close to the corresponding values listed in Table
5 for the overall main chain and the interior main chain,
respectively, of CHT. Although these authors did not dis-
cuss molecular asymmetry, the present work indicates that a
careful analysis of the TIM dimer might well reveal addition-
al examples of variability in protein oligomeric structure.

On the other hand, the structure determination of CHT
might be unique in its quality, From the start, great care
was taken in intensity measurements, and innovative diffrac-
tometric techniques were developed to make the measurements.
Furthermore, the multiple isomorphous replacement phases
were calculated from six derivatives of high quality, and
the 2.8 & resolution map thus obtained was extended to 1.8 X
resolution through careful, well-monitored and documented
application of a mild density modification technique. More

than usual care was taken in fitting the CHT model to this
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electron density map, and an innovative, very accurate and
precise technique and protocol of coordinate measurement was
developed in order to transform the model thus built into a
reliable set of coordinates, There is no doubt that such
requirements of accuracy, precision, and reliability are an
important reason that such analyses of protein structural

variability have not been attempted previously,
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