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"That which is not restricted_will take its liberties"
Wayne Hendrickson

“"There are no general rules for refining protein structures"
Eleanor Dodson

"Some of you might ask if I cheated with the contour levels. I didn't,
because it wasn't required”

Bhat

"There is no general recipe for protein refinement. It's a bit like

bringing up a child, each has its own problems, and needs a lot of
attention and a lot of love".

Mike James






FOREWORD

The refinement of>protein structures has recently become one of the developing
areas of protein crystallograpﬁy. During the last ten years there has been a large
expansion in the field of protein crystallography and, with improvements in structure
solving techniques, a rapidly increasing number of structures have been solved. In
particular a detailed interpretation of enzyme Ffunction may be deduced from such stu-
dies, but usually only when refinement has been carried out to a stage which allows a
description of the molecule in atomic detail. It is therefore clear that the develop-

ment of reliable refinement techniques is of great importance at this time.

Throughout the history of protein crystallography the parallel development of com-
puter technology has been most significant. The availability of fast computers today
is vital both in the initial data processing and structure solving and in subsequent
refinement work. Consequently the availability of vector processing machines has en-

ormously improved the possibilities of refinement work.

A Study Weekend was held at the Daresbury Laboratory on 15-16 November 1980, to
discuss the present status of refinement techniques. Constrained and restrained
methods of refinement, with and without fast fourier techniques, were discussed, con-
sideration being given both to the theory of the methods and to practical experiences
of refinement. The programme for the weekend was structured in such a way as to leave
an adequate amount of time for discussion and these sessions were particularly lively,
stimulating an exchange of ideas and generating a range of points which will be the

subject of much future work.

We believe that the meeting was most successful and we would like to thank all
the participants for contributing to it. In particular we wish to thank the invited
speakers for their valuable contributions both in the formal talks and in the discus-
sion periods and not least for their co-operation in the preparation of these proceed-
ings. We are indebted to Professor Tom Blundell for his help in organising the meet-

ing and for his enthusiastic’ support.

We thank the Daresbury Laboratory and its Director, Professor A. Ashmore for per-
mission to hold the meeting and for financial support. The meeting was arranged and
partially financed in association with the Collaborative Computational Project in Pro-
tein Crystallography. We are very grateful to IBM (UK) Limited and to CRAY Research
(UK) Limited for financial support for several foreign speakers. It is a pleasure to
thank Mrs. Shirley Lowndes and her staff, and Mrs. Christine Thompson for their great

assistance with the planning and organisation of the Study Weekend.

Pella Machin
John Campbell
Mike Elder
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PRACTICAL ASPECTS OF STEREOCHEMICALLY RESTRAINED REFINEMENT OF PROTEIN STRUCTURES

by

Wayne A. Hendrickson
Laboratory for the Structure of Matter, Naval Research Laboratory
Washington, D.C. 20375, U.S.A.

1. INTRODUCTION

We have developed a least-squares method for the

refinement of atomic models for crystalline macro-

(1-3)

molecules. It simultaneously drives the model

to a fit with the diffraction data and with
"observations" associated with known stereochemical

features. This is done by minimizing a composite

observational function,

® =09 ¢ ¢ (1)

ece ¢

+ . + . +
diffraction bonding planarity

which has terms such as

1 2
= — - 2
®4iffraction ~ 5 UFpel = 1F D™ @
refns OF
and
1 2
¢bonding a .Z 2 (dideal - dmodel) 3)
dists OD

The stereochemical observations restrain the model
to be compatible with prior knowledge regarding the
distributions about "ideal" values for particular
features. Presently, we include restrainté related
to bonding distances, planarity of groups, chirality
at asymmetric centers, nonbonded contacts, restrict-
ed torsion angles, non-crystallographic symmetry

and thermal parameters. Many of these yield -
observational functions that are equivalent to

terms in typical potential energy descriptions.

We have described elsewhere the theoretical basis
for this method, its relationship to other refine-
ment procedures, details of individual terms in

the observational function, and the use of conjugate
gradient techniques in solving the normal equa-

(1-5) These descriptions of stereochemically

tions.
restrained refinement also refer to several
applications; many other applications are in prog-
ress and some are recently published. I do not
propose to repeat here what is given in earlier
reports nor will I describe particular applications.
Rather, I will focus on some practical considera-
tions in the use of stereochemically restrained

refinement as we have it implemented.,

2. PROGRAM DESIGN

The initial appiication of restrained refinement was
not to a protein but to the mineral tridymite (a
silica structure that has 240 atoms per asymmetric
unit and is twinned four ways). Konnert(l)

ORFLS(S)

adapted
, a standard crystallogiaphic refinement
program, to include twinning, distance restraints
and ceonjugate gradients for use in the tridymite
refinement. When we decided to test this new
refinement method on proteins, we found adaption

of the refinement program itself to be quite
straightforward but soon realized the need for a
general program to identify restraint distances and”
specify ideal values. It was also evident that
restraints 6n features other than distances would
eventually be needed in protein refinements. Hence

we designed a set of protein refinement programs -
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Fig. 1. Schematic structure of the PROLSQ (EBQFEi“

Least SQuares) refinement programs.



that we could quickly implement for our specific
test problem, parvalbumin, but ones that could
readily be extended to include other restraints

and generalized to apply to other molecules.

The parvalbumin test clearly showed the need for
planarity restrgints.rﬂThis capability was then
added to the rﬁdimentary program set. Experience
gained in further applications (both at NRL and
elsewhere) has fed back other enhancements. These
havg been incorporated in turn until .the exported
programs now have the overall structure shown in
Figs. 1l-and 2; The evolutionary procesé continues;
a new set of programs will soon supplant the pres-

ent export versions.

PROLSQ (PROtein Least SQuares) is the actual refine-
ment program. It reads diffraction data and scat-
tering factors prepared by SCATT (SCATTering data),
initial atomic.coordinates and restraint specifica-
tions prepared by PROTIN (PROTein model INput),
paraﬁeter shifts from previous refinement cycles,
and,control card-images. It then augments the
normal-equation elements pertinent to each of the
stereochemical rgstraints and the structure factor
observations. Fiactional atomic coordinates are
used in order to speed the rate-limiting calcula-
tions concerning structure factors. For the same
reason, a highly optimized space-group specific
routine, CAILC, is used for computing structure
factors and their derivatives. Elements of ‘the
resulting sparse normal-matrix are stored in a_
singly dimensioned array that is indexed by pbint;.
ers. Next, PROLSQ uses a conjugate~gradients pro-
cedure to solve the new parametef shifts, Finally,
it tests the éxpected impact of thé new shifts on
the R-value. An optimal shift damping-factor is
searched for in trials against a sample of the
data.

PROTIN is rﬁn aﬁée before a series of refinement
cycles {o prepare the atomic coordinate data needed
by PROﬁSQ and to identify the atoms and ideal
values involved'in the individual stereochemical
restraints. It incidentally also performs a use-
ful verification function for initial models,

Ideal values for the various stereochemical fea-
tures are taken from those in particular small-
molecule crystal structures of cogstituent parts
of the macromolecule, This is patterned after

(N

Diamond's early model-building program. Group

dictionaries specifying ideal values and the atoms
involved are compiled for each 6ategory of restraint.
These dictionaries are then consulted to produce

the specifications for a particular polymeric
structure. PROTIN was written with proteins specif-
ically in mind, but it could quite readily pe adapt-
ed for other polymers. Indeed, Gary Quigley has
written a corresponding NUCLIN for nucleic-acid

refinements (private communication).

We have written the programs in FORTRAN for the
TI~-ASC (a vectorizing machine based on 32-bit _
words) at NRL. Although the code is optimized for
the ASC, care has been taken to avoid non-standard
features that might seriously impede transport-
ability. The programs have in fact been implement-
ed on quite a variety of computers. Execution
times of course depend on the problem and on the
machine. Isotropic refinement of crambin at 1.52
resolution (414 atoms and 5638 reflections) con-
sumes 35 sec. for each PROLSQ cyéle on the ASC
whereas a cycle of refinement on 84 hemoglobin at
2,52 resolution (4664 atoms and 16918 reflections)
takes 751 sec., Nearly 94% of the latter time is
spent in SFREF and CALC (see Fig. 1). The same
refinement of 84‘hemoglobin (which includes
individual temperature factors and non-crystallo-
graphic symmetry restraints) uses 4.8 hours of

cpu fime per cycle on a DEC VAX 11/780 that has a
flo#ting—point accelerator. This i§ with a version
modified by Pat Briley of Iowa to minimize page
faults on the VAX; the standard export version
would have taken much longer (A. Arnone, private
communication). Briley's modification splits
PROLSQ into two parts. Gerson Cohen of NIH (pri-
vate communication) has achieved similar page-
faulting economy on the VAX without dividing the

program,

It is clear that the use of Fourier transformations
to compute structure factors and gradient vectors
might greatly improve speed for large problémsfe'g)
However;'on vectorizing machines, such as ‘the ASC
or Cray, speéds for smaller proteins are already

so good as to provide little incentive for FFT
acceleration, The use of array processors on other
machines can also greatly_inciease the speed of
structuré factor related computations (Bill Furey
of the VA Hospital in Pittsburgh, private com- '

munication).
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3. WEIGHTING

The theory for weighting the observations in a
least-squares optimization of the fit of a mathe-
matical model to a set of observations is well
established for linear problems and at the absolute
minimum in non-linear préblems. In the case of in-
dependent observations the appropriate final
weights are inverses of the variances as indicated
in egns. 2 and 3. If there are correlations be-~
tween observations then added cross terms will
arise from a weight matrix which is properly the
inverse of the variance-covariance matrix for the
observations. Particularly among some of the re-
straint observations there clearly is interdepen-
dence which we ignore in order to avoid the com-~
plication of formulating the problem with a non-
diagonal weight matrix. But a more serious affront
to the conditions of this weighting theory is the
highly non-linear nature of the crystallographic
refinement problem for which, in the case of pro-

teins, we almost never reach the absolute minimum.

In practical terms, the optimal weighting strategy
for a non-linear least-squares problem is that
which gives the fastest convergence to the deepest
accessible local minimum if not to the absolute
minimum. There is no established theory to govern
this weighting. Yet experience shows that progress
in protein refinements is quite sensitive to
weighting. Thus it may be useful here to recount
a weighting scheme that we find to be reasonably

effective. \

In keeping with the theoretical basis to be
approached as a refinement nears completion we cast
the weights in terms of variances (W = 1/02). Each
class of observation is assigned a "standard
derivatipn", o, related to the desired breadth of
the distribution for features of this class. Gen-
erally there is little difficulty in driving the
local geometry of a model to an excellent fit with
the ideal. What proves to be extremely trouble-
some is the bringing about of a match between
calculated and observed diffraction data. The
essential problem in weighting reduces to balancing
the weights for diffraction terms against those for

stereochemical terms.

It is convenient to maintain an internal balance

among restraint weights by placing these on a quasi-
absolute scale. But in the early stages of a
protein refinement the discrepancy between |Fobsl

and |F is generally much greater than the

calc‘

counting-statistics error in IF Sigmas from

obsl'
counting statistics will then vastly overweight the
structure factor terms and thereby cause ill-con-

ditioning and deterioration of model ideality. How-
ever, good behavior generally follows if structure-
factor sigmas are set at a uniform value related to
the average discrepancy between IFobsl and IFcalcl'

As a rule of thumb, o = 1/2<I|F -|F is

obs| calcl

a good starting point. The value of OF is then
used to control the progress of refinement whereas
the restraint sigmas are varied primarily to fine-
tune the model. Second moments of the distribu-
tions in each of the restraintbclasses are computed
during each PROLSQ cycle and compared with the
weighting sigmas to monitor progress. A set of

typical weighting parameters for the current ver-

sion of PROLSQ are given in Table 1.



Table 1

Typical weighting parameters for various observational classes

Bonding Distances

Bond length (1~2 neighbor) op = 0.02 A

Angle~related distance (1~3 neighbor) 0.04

Intraplanar distance (1~4 neighbor) 0.05

Hydrogen bond or Metal coordination 0.05
Planar Groups ..

Deviation from plane ) op = 0.02 A
Chiral Centers

Chiral volume Oc = 0.15 A3
Non-bonded Contacts

Single torsion gy = 0.50A Advﬁw = -0.30

Multiple torsion " 0.00

Possible hydrogen bond (X....Y) " -0.20

Possible hydrogen bond (X-H..Y) " -0.90
Torsion Angles

Specified (e.g. helix ¢ and y) Cp = 15°

Planar (e.g. peptide w) 3

Staggered (e.g. aliphatic x's) 15

Transverse (e.g. aromatic x2) 20
Thermal Factors anisotropic isotropic

2

Main~-chain bond (1-2 neighbor) Ipq = 0.05 2 Opg = 1.0 A

Main-chain angle (1-3 neighbtor) 0.10 1.5

Side-chain bond ’ 0.05 1.0

Side-chain angle 0.10 1.5
Non-crystallographic Symmetry positional. thermal

2

Tight class Ogp = 0.05 A Ogg = 0.5 2

Medium class 0.50 2.0

Weak class 5.0 10.0
Restraints Against Excessive Shifts idealize refine

Positional parameter Ogp = 0.1 A Ogp = 0.3 A

Thermal parameter GEB = 3.0 a2

Occupancy parameter OEQ = 0.2
Diffraction Data _

Structure factor modulus Op = 5<llFobsI ’IFcalc|I>

4. REFINEMENT STRATEGY

There can be no single prescription for the refine-
ment of protein structures -- each problem is
idiosynchratic. The range of starting situations
includes questionable models based on poorly phased
maps, models developed by molecular repositioning
from a related but appfeciably different structure,
and excellent models based on several good deriva-
tives. Obviously, different courses will be fol-
lowed in the refinement and revision of such
disparate models. Nonetheless there are many
common considerations in devising a strategy for

conducting a refinement.

4.1 Resolution limits

One general area of concern relates to resolution
limits, A typical starting model might be based on
a 2.5A resolution map phased with several deriva-~
tives to 3 or 4A resolution but only one that goes
to 2.5A. There ﬁight also be a full 2A set of
native data. What data should be included at the
start of refinement and when should others be added?
Clearly the radius of convergence is greatef at
lower resoclution; discrepancies between model and
true positions must be within a quarter wavelength
of the Fourier wave correspondent to a given
reflection for shift indications even to have the
right sign. On the other hand, if high-angle terms

used in the map are excluded from the refinement



one then runs the risk of squandering properly
interpreted details. As a rule it is wise to start
refinement with data corresponding to the resolution
of the strong features in the map to which the model
was fitted. At the other end of the scale, very
low order terms (spacings greater than 10A) are
greatly influenced by the solvent continuum and
those in the 5-10A shell are usually heavily affect-
ed by partially ordered solvent molecules that are
omitted in early models. It will often be wise to
exclude these data until solvent is properly

treated.

Our typical refinement problem might start with a
few cycles of refinement against the 10A - 3A shell
of data. One might then exclude the 10A - 5A shell
as the R-value in this shell becomes relatively
worse than in fhe 5A - 4A shell. Wwhen progress
slows at 3A resolution, higher angle data might be
included in a few shell~wise expansions (e.g. 2.5A,
2.2A and then 2.0RA) with three additional cycles of

refinement per expansion.

4.2 Manual revision

Except in circumstances so rare that they have yet
to be encountered, an initial atomic model of a
protein cannot be brought directly by automated
refinement to a satisfactory match with the dif-
fraction data. The refinement invariably becomes
stuck in one of the many false minima that abound
in such marginally overdetermined problems. Manual
intervention is then essential to further progress.
Refinement usually proceeds in stages of automated
cycles followed by gross revision motivated by
inspection of Fourier syntheses based on model

phases.

Especially in the early stages and at moderate

calcl) x
exp(acalc) synthesis (or one of its generaliza-

resolution (2-3A), the (ZIFobsl - |F

tion) is particularly convenient for identifying
major imperfections and incompleteness in a model.

The (|F | - |F [ exp(acalc) synthesis often

obs calc

provides definitive clues for a revision,

especially at higher resolution. Another useful
- T

obs| IFcalcl)

is the structure factor
a alc

of a partial model from which a fragment has been

synthesis has the coefficients (|F

L]
exP(cxc lc) where Fc
deleted. We have found it advantageous to examine
a systematic series of 'such fragment AF-maps show-

ing segments about ten residues in length.

The initial refinement usually greatly improves the
quality of maps based on model phases, often to the
point of making them superior to the initial map
based on experimental phases. However, there may
sometimes, particularly for incomplete models, be
considerable advantage in combining the model phase
information with that from the MIR or other phasing
experiment. One then uses a synthesis based on co-
) where the

combine
figure-of-merit, m, and centroid phase, a

efficients of m lFobslexp(a
combine’
are computed from the combined phase probability

distribution for the two kinds of information.

It is important to be able to superimpose the model
on an image of an electron-density distribution.
This can be done on paper sheets or transparency
stacks. Of course, computer graphics systems for
molecular modelling not only solve the display
problem exceptionally well but they also greatly

facilitate the rebuilding process.

4.3 Thermal parameters

Strategic decisions for the course of a refinement
must also be made regarding the treatment of
thermal parameters. There usually is substantial
and meaningful variation in vibrational amplitudes
within protein structures. This must be expressed
to effect a good match with the diffraction data.
Yet on the other hand, one must worry that at
moderate resolution freely varying thermal para-
meters can take on meaningless values as they
simply absorb errors in a problem that approaches
underdetermination. The high correlations between
thermal parameters and scale or occupancy factors

must also be taken into account.

The approach to thermal parameters that we have
commonly taken in refinements at NRL goes as
follows: Intensity statistics from all available
data are used to place the data on an approximately
absolute scale and to estimate an overall thermal
parameter (B value). In the early, low resolution
cycles of refinement only the scale factor is
varied and the overall B is held fixed. (If ﬁ is
allowed to vary at 3A resolution it typically takes
on unreasonably low values.) After refinement has
been extended to somewhat higher resolution and has
reduced R to the vicinity of 0.30, then individual
isotropic thermal parameters will be varied but
with relatively tight restraints. The intent here

is to permit a smoothly varying expression of dif-



ferences in thermal factors. Later, if there are
sufficient data, we will release restraints on B
values. This permits the effective elimination of
atoms that are grossly misplaced, it often
identifies wrongly interpreted regions,‘and at
higher resolution it can be used to discriminate
between atom types (e.g. N vs O in amide side
chains). - Finally, highly restrained anisotropic
thermal parameters might be used.

Of course, nearly endless variations are possible
in the approach to thermal parameter refinement.
As with weightiné; facilitation of the process and
avoidance of false minima are guiding principles
during intermediate stages'whereas conformity with
stereochemical rules is the criterion for a final

model.

4.4 Solvent structure

Although much of the large solvent fraction in pro-
tein crystéls is essentially fluid, usually suf-
ficient of it is well enough ordered to make in-
clusion of the solvent structure necessary in an
advanced refinement model. Properties of the sol-
vent structure will often be of interest in their
own right. 1In addition, frequently, correct model-
ing of the protein structure can only be completed
after waters and other solvent molecules have been

included.

The most tightly bound of the solvent molecules can
be readily identified. However, much of the sol-
vent structure cannot be located until after
initial refinement has reduced the R-value to 0.25
or less. It is often helpful to include the sol-
vent affected 10A - 5A shell of data in refinement
cycles leading to difference maps for solvent in-
terpretation. One should be mindful of hydrogen-
bonding preferences when ascribing density features

to solvent molecules.

Many solvent sites are only partially occupied.
Thus occupancy parameters are essential variables
in the solvent model. However, occupancy factors
are highly correlated with thermal parameters. In
lieu of a full-matrix treatment of these covaria-
tions, for those atomé with variable occupancy
factors we simply alternate the application of
occupancy and thermal parameter shifts in succes-
sive cycles. 1In order to minimize the inclusion of

meaningless variables we generally eliminate solvent

sites that refine to very low occupancy factors
(e.g. Q<0.3) or very high thermal values
(e.g. B>S0A%).

4.5 Conformational restraints

It will be desirable in the early stages of some
refinement problems to reduce the conformational
freedom in a model. If the model is sufficiently
restricted, meaningful refinement is then possible
against low resolution data and this can yield a
large radius of convergence. Refinement of a model

(10) afford§ a

composed of linked rigid groups
direct and fruitful approach. It is also possible
to effect a reduction of conformational freedom by

imposing certain tight restraints.

One option is to restrain the torsion angles of the
model to remain very close to those in the initial

model (e.g. o_ = 2°). This is particularly sensi-

ble in the ca:e of a model derived from molecular
replacement of a related and well known structure.
Another option is to restrain the backbone torsions
in elements of known secondary structure .to be those
expected in ideal helices, B-sheets, etc. The in-
clusion of special distance restraints related to
the hydrogeﬁ bonding within structural elements
also rigidifies these units. Of course, as the re-
finement proceeds to higher resolution it will
usually be wise to relax special conformational

restraints.

A special conformational restraint that we have
found generally useful concerns peptide planarity.
In the initial stages we usually restrain five
atoms of a peptide unit (Ci, Ci, Oi, Ni+1,Ci+l) to
be coplanar. Later, after high-angle data have
been included and R is below 0.20, we will drop to
four-atom peptide planes (Ci, Ci, Oi and Ni+l) and
rely on torsion restraints to maintain reasonable

w angles.

4.6 Convergence

Refinements at low to moderate resolution, particu-
larly in the early stages, are prone to ill-
conditioning. That is, the marginal state of over-
determination leads to near-singularity in the
normal matrix and consequent inétability in the
solution for parameter shifts. The conjugate-
gradients (c-g) method is relatively insensitive to
ill~conditioning, but such as exists manifests it-

self by slow and irregular convergence, or even



divergence, of the c-g iterations. PROLSQ monitors
the c-g shifts for a sample of parameters. If
these are not monotonically convergent a change in
the relative weighting between diffraction and
stereochemistry observation might be needed or
restraints against excessive shifts (pre-condition-

ing) should be invoked.

Restraints against excessive shifts are simply
tethers to current parameters. In the absence of
significant pressure for movement, parameters will
then be held near their starting values. A suit-
able choice of the weighting sigmas for these re-
straints permits model idealization by PROLSQ even
without diffraction data. These restraints also
control the behavior of groups that are poorly

specified by the data (e.g. some lysine side chains).

Generally, continued refinement after the first few
cycles (5~10) on a given model leads to diminishing
returns and manual revisions are soon in order.
Sometimes, though, the progress can be rejuvenated
by a sudden relaxation of stereochemical or thermal
restraints or by dropping back to lower resolution.
This can relax barriers between local minima and in-
crease the radius of convergence. However, such a
process also runs the risk that properly fitted
features might escape and be trapped into wrong
positions when tight restraints and high resolution

are reimposed.

5. PROBLEM AREAS

The ultimate goal of a protein refinement is a
structural model which reproduces the diffraction
pattern to within the accuracy of the data and which
is compatible with prior stereochemical knowledge
about the molecule. To my knowledge, in no case
has this yet been accomplished. The major impedi-

ment is motion and disorder.

Vibrational amplitudes and structural variability
tend to be large in protein crystals. This causes
diffraction intensities to diminish rapidly with

scattering angle and greatly limits the extent of
measurable data. The distribution functions re-

quired to model the highly anisotropic and anhar-
monic characteristics of such large displacements

must have many variables. Yet it is just in the

case of large displacements that data are few.
Hence these interesting and necessary parameters
tend to be indeterminate. The challenge is great
to produce adequate but economical models for

atomic displacements in proteins.

Another unsolved problem relates to the specifica-
tion of errors in atomic positions and derivative
quantities such as bond distances. In principle the
method of least squares gives the'se values. However
this formally depends on having reached the absolute
minimum for a given model with correctly weighted

observations.

In the case of stereochemically restrained refine-
ment there are special difficulties in error anal-
ysis. If this is to be based on the fit to the
entire minimization function, egn. 1, then the
proper relative weighting of terms is crucially
important and interdependence among certain stereo-
chemical observations should be taken into account.
On the other hand, one may view the stereochemical
terms merely as a computational device for restrain-
ing parameters and wish to judge errors solely from
the fit to diffraction terms, eqn. 2. In doing so,
one would expect that the reduced freedom in the
model imposed by the restraints should be reflected
in the analysis. However, it is not clear how an
"effective” number of parameters of degrees of

freedom could be arrived at.

There are related difficulties of comparing results
from constrained, restrained (loosely or tightly)
and free refinements. For example, it can be argued
that restrained refinement results are less signi-
ficant than those from constraints because of added
degrees of freedom or that an appreciably lower R-
value makes a free atom model better. Attempts to
apply significance tests to resolve such questions
are frustrated by difficulties in counting truly
independent observations and actually effective
parameters. It would help to have a good overall
measure of the stereochemical reasonableness of a
model -- one as comprehensive and comprehensible as

is the R-value for diffraction data.
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WEIGHTING IN THE RESTRAINED LEAST SQUARES REFINEMENT OF PROTEIN STRUCTURES

by

D.S. Moss
Department of Crystallography, Birkbeck College, Malet Street, London, WC1E 7HX, England

1. INTRODUCTION

The purpose of this paper is to outline a strategy
which may be used for statistically weighting the
least squares refinement of the crystal structure

of a protein.

Techniques for the weighting of structure amplitudes
in small molecule least squares refinements have
been discussed by several authors (1¢2,3) ang a good

(4). However

summary has been provided by Hamilton
the weighting of least squares refinements of macro-
molecules presents extra difficulties associated
with the increased disorder and larger unit cells
which usually occur in these crystal structures.

The resulting poorer observation-to-parameter ratio
would lead to stereochemically unacceptable features
in an unrestrained structure amplitude refinement.
This problem may be partially overcome by the use of
prior knowledge of sterochemistry or energy cri-
teria in order to restrain the refined parameters.
It is necessary to know how to weight this prior

knowledge relative to the diffraction data.

A second problem is related to the disorder itself.
The interpretation of electron density maps in dis-—
ordered regions is difficult and simple structure
factor models may only roughly account fer the time
and space averaged distributions in these regions.
For medium or strong reflections the errors due to
the functional form of the structure factor may be
more significant than the errors in experimental
measurement and must be taken into consideration in
the weighting process. It is for this reason that
weights derived from counting statistics alone sel-
dom give satisfactory results in least squares re-

finement.

There are tnus two important problems encounted in
the proper use of restrained least squares refine-

ment.

(L)
structure amplitudes.

How to weight the restraints relative to the

(ii) How to weight the reflections relative to each

other.

2. PURPOSE OF WEIGHTING

Weighting may assume two distinct pruposes in the
refinement of a protein structure. Firstly it may
be used to drive the refinement down the correct
minimum in as few cycles as possible. This may be
called corrvergence weighting. Secondly in the
later staées of refinement, the weights may be used
to reflect the expected discrepancies between obser-
vations or target values or functions and the cor-
responding quantities calculated from the model.
The weighting strategies to be adopted in the two
cases may be quite different and this paper is
solely concerned with the second case which may be
called statistical weighting because the weights
are chosen according to statistical criteria. 1In
simple least squares theory it is assumed that the
weights are known at the beginning of the analysis
and that the proposed model is correct. Under these
assumptions, an unrestrained least squares refine-
ment yields minimum variance unbiased estimates of
the crystallographic parameters. However when the
proposed model contains errors which result in
unpredictable effects on the agreement between ob-
served and calculated quantities, the weights must
be partially determined from the data itself. Fur-
thermore when p;ior information is included in a
least squares refinement, the price paid for the
lower variances of the parameter estimates is that
they become biased. The relative weighting of re-
straints versus observations governs the balance
between the conflicting requirements of minimm
bias and minimum variance. The balance may be
struck by using the well-known statistical criterion

of maximum likelihood(s).

3. MAXIMUM LIKELIHOOD ESTIMATION

Let us assume that n observations (fo,fo,-—— z)



have been made. These observations will typically
be structure amplitudes but could also be phases
from isomorphous replacement or anomalous scatter-
ing. They should be corrected for systematic errors
which could be simulated by adjustment of the re-
fined parameters during refinement. Absorption
effects, for example, will cause perturbations in
the thermal parameters of the atoms. We now assume
that the true values (f;,f7,-—f,) are normally dis-
tributed about the observations.

B - £5)2 (D
exp |-} ————

P; (£2,—£,) =
i=1 202 (£;)

1
——an_
(2mz I 0 (£5)

The variance of fj is denoted by o2 (fi) and we have
assumed that the errors in the observations are un-

correlated.

The restraints which are prior information may also
be represented by a probability distribution.

P aT - g.)2
G - ) (2)

Py (dy,~—dp) =—E%——em -y
w7 ded) i=1 20%(4;)

The (dl,dz,-—dp) represent functions of the geo- '
metrical or thermal parameters and the d'jl_' are their
target values. For simplicity the dj are here
assumed to be uncorrelated and this assumption is
also made in most restrained least squares programs.
However it should be noted that this assumption is
not really valid.
the errors to be feared in bond lengths, bond angles,

From a statistical point of view
chiral volumes etc are not independent. From the
energy standpoint the potential energy of a molecule
cannot be accurately represented as a sum of squares
in any coordinate system employing simple geo-
metrical parameters.

The assumption of normality may also be questioned
but it must be remembered that most statistical
tests which might be made on the least squares para-
meters require the form of a probability density
function to be assumed at some stage during the

analysis.

The probabilities associated with the observations
and prior information may be multiplied together to
give a joint probability.
P(f1.le——-fn:dlldz.--—dp)
= P1(f1,£f2,———£)P1(dy,d2,——-dp) (3)

In order to estimate the variances (the reciprocals
of the weights), the observations and restraints
may be divided into classes such that within each
class it can be assumed that the variance is approx
imately constant. Structure amplitude classes may
each contain reflections of similar amplitude and
Bragg angle while geometrical restraints may be
classified acco;ding to whetherrthey correspond to
bond distance, bond angle or van der Waals restrains.
If'ng is the j th observation or restraint in the
i th class, there are Nj observations in this class,
aj jk is an element of the observational equations,
then the joint probability P may be written as a
log likelihood function of the M parameters §, and

the N class variances oiz.

log L(e] IBZI-_—SM,G] ,02,"-—0'N) =

& z N1 log (2103 )—&lg ._7.5 (YiJ k£1aijkak)2 (4)

To obtain maximum 1ikeliho§d estimates (MLE) ék and
ai we require that the appropriate derivatives of
the log 1ikélihood function should be zero. This

gives;

i Ni

2
I a5 80 ()

where 6}: are the values of Gk which minimise,

N 1 N o
=2 LF g -8a o) 6)
i=1 01j=1 1] k=1aijk k

Equation(6)is the function minimised in restrained
least squares while eyn. (5)expresses the condition.
that the mean weighted residual squared should be
unity in each class. The MLE of 0 given by eqn. (5)
is biased but consistent, ie it tends to be a better
estimator of 0; as the resolution increases. It
also reflects those errors in the functional form
of the model (ie the coefficients aijk) which cannot
be compensated by adjustment of the parameters 6, .
Missing parameters (eqg missing atoms) will also con-

tribute to the estimate of 0 -

In order to apply eqgns. (5) and (6), minimisation of
R is carried out with adjustment of the weights
after each cycle so that they confirm to (5). Ex-
perience shows that at a resolution of about 2.52
or better this process is convergent. At lower

resolutions the convergence may not be achieved.



Table 1
Ribonuclease :1.43)

Reflections - Average w(|Fo| - |Fo|)2 with no. of reflections in brackets

RESOLUTION (§) -

|Fol INF - 2.6 2.6 - 2.0 < 2.0 Totals
0 = 50 1.657(122) 0.776(193) 0.518(4064) 0.568(4611)
50 - 100 0.922(343) 0.450(632) 0.605(5756) 0.583(7479)
100 - 200 0.627(839) 0.654(814) 0.793(1269) 0.681(4374)
> 200 0.731(699) 1.255(155) 0.939(42) 0.745(2493)
Totals 0.699 (2003) 0.632(1749) 0.591(11131) 0.622(18957)

Restraints - Average w(n:i;r—dc)2 with no. of restraints in brackets

Distance (x)
< 2.1
2.1 - 3.0

This is because of the correlation of least squares
residuals becomes quite significant when the number
of degrees of freedom of R is low relative to the

The bias on 8]-_2 also becomes

The possibility

number of parameters.
prdminent under such conditions.
of gross errors in the model is also greater at

lower resolutions and thus altogether the difficulty

of proper weighting is considerably increased.

4. PRACTICAL CONSIDERATIONS

In the earlier stages of the least squares refine-
ment of a protein molecule the crystallographer will
usually want to ensure the widest range of conver-
gence for the technique and thus to corre =t auto-
matically as many errors as possible in his initial
model of the crystal structure. This is achieved
by convergence weighting where the higher angle re-
flections are down weighted or zero weighted. In
the early stages many gross errors are usually pre-
sent and inspection of (2|Fy| - |F|) maps and man-
ual corrections are always required during the re-
finement process. As the model improves, the higher
angle data may be given higher weighting and the
transition to statistical weights may take place by
adjusting the weights after each cycle until eqn.
(5) is obeyed. As the progress of a least squares

refinement is unaffected by the absolute overall
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0.661(887)
0.882(1165)

scale of the weights, it is sufficient to adjust the
weighted mean square residuals so that they have a
constant value between‘classes. In the usual ro—-
tation this means that the averages <H(IF°| - IFC|)2>
and <w(d,—-dc) 2> taken over each class should be con-
stant.

Table 1 shows mean square residuals which are taken
from a computer output of a ._1.48 refinement of ribo-
nuclease~A. It indicates that the strong reflec-
tions (|F°| > 200) and non-bonded distances are

rather overweighted relative to the other obser-
vations and restraints. The weights of the réflec—
tions were generated by uée of a modified version of

a formula due to Cruickshank (1) :

0.2(sin 6/X) -°

W=
200 + |Fo| + 0.002 |F,|?

It is iml.)ortant to note that the weakest reflectias
did not have zero weight. They contain important
information for the least squares process provided
that they are derived from regions of reciprocal

space where there are significant intensities.

The two classes of restrained distance used in this
refinement were each allocated a constant weight set
by the user. The weights for these restraints

could have been chosen from spectroscopic force con-

stant data or from the dispersion of observed inter-



atomic distances in structures of small molecules.
In this case MLE's would be used to establish the
relative scales of the reflection weights and their
weighted mean residuals would be scaled to the cor-
responding restraint values.

Table 2

Ribonuclease: Area showing false minimum

Residue Atoms [Atdg - ag

ASP 14
2.32
1.72
2.34
SER 15

CA-C
CaA-0
CA-CA
N-cB 2.88
ca-ca 2.10
C-N 2.55
o-ca 2.57
SEF. 16
N-cB 3.92
overall < |Ad(ap - )| > = 0.89

Another important use of weighted residuals is to
focus attention on aspects of the observations, the
prior information or the molecular model that re-
quire further investigation. BAn example is shown
in table 2. 1If the target distances are correct
then the individual residuals weighted on an abso-
lute scale will be asymtotically distributed with
zero mean and unit variance. Table 2 shows a re-
gion of the structure where several weighted resi-
duals are about three times the overall average.
There are three possibilities which may be con-

sidered :

(i) The refinement has converged to a local

minimua.

(ii) ‘The target distances are significantly in-
correct in the region and unusual stereochemistry
is present.

(iii) The region is disordered in a way that has
not been correctly modelled in the structure factor
formula.

Reason (iii) might be indicated by large temperature

factors. Reason (iii) applied in this particular case
and although the atoms were not out of electron
density in a (2|Fg| - |Fc]) map, a gross error of

interpretation had been made.

In examining least squares results it must also be
remembered that among the thousands of weighted re-
siduals occurring in a protein refinement, it is
statistically to be expected that there will be some
outliers which- do not indicate anything amiss with

the refinement.

5. CONCLUSION

The statistical weighting of restrained least
squares may be accomplished by analysing batches of
weighted residuals provided that the resolution of
the diffraction data is sufficient for the cor-
relation between the residuals to be nealected.
Such weighting yields maximum likelihood estimates
of the crystallographic parameters provided that

the errors are normally distributed.

The usual assumption that the residual minimised in
least squares should be a simple sum of squares is
particularly unsatisfactory in the case of re-
straints. Restraints involving common atoms may be
significantly correlated and therefore off-diagonal
restraint terms should be included in refinement
with weights that could be estimated from force
constant data.
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USE OF CORELS FOR THE REFINEMENT OF BIOLOGICAL MACROMOLECULES

Joel L.

1., INTRODUCTION

Model building and refinement programs for macromo-
lecules fall into two extreme categorieS in terms of
the way in which the structural parameters can be
manipulated (see fig. 1). At one end are the pro-
grams where the cartesian coordinates of each atomic
be varied while the

position can independently,

stereochemistry is restrained to standard values by
atoms(1v2v3-4).

Using these programs it is easy to move any particu-

spring-like energy terms between
lar part of a structure to a nearby region of space,
but it is difficult to move a large portion of a
structure, e.g. an entire domain, and treat it as a
unit. At the other extreme are programs where the
bond lengths and bond angles are strictly con-
strained and the only variable parameters are the
dihedral angles of the

chains(5,6.,7,8),

backbone and side
The strongest argument in favor of
these latter procedures is that except where ex-
tremely high resolution data are available, protein
X-ray data can not give better estimates of bond
lengths and bond angles than those obtained from
small molecule crystallography. It therefore seems
more reasonable to hold these values fixed, and thus
greatly reduce the number of degrees of freedom‘to
be varied in either model building or refinement.

However, in attempting to manipulate molecular
structures using only dihedral angles as the varia-
bles, with either physical models or on a real-time
computer graphics system, one quickly sees that
these are not the most convenient parameters to vary
in all situations., Often it is difficult to move
particular parts of a structure to specific regions
in space with only these degrees of freedom. In
fact the usual way that physical molecular models
are fitted to an electron density map, in an optical
comparator(g), consists of grabbing a hold of a
fragment of the structure, e.g. a few amino acids or
a base-pair, and fitting this portion as a unit,
rather than manipulating only dihedral angles along
Following the initial fitting, it

is possible to idealize the stereochemistry of the

the whole chain.

connections of the fragment to the rest of the chain

by

Sussman
Department of Structural Chemistry, Weizmann Institute of Science, Rehovot, Israel
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by relatively small adjustments. Schemes like this

have now been incorporated into several computer

graphic systems(1°-11).

When we began to develop the CORELS (COnstrained-RE-
strained Least-Squares) refinement program(12), we
were guided by these real-time model building sys-
tems as well as by the principle that the amount of
a structure to be constrained should be a function
of the resolution of data availabe. If one had only
extremely low resolution data, then large portions,
even domains, could be treated as rigid bodies. At
intermediate resolution some secondary structural
features such as «-helices in proteins or double-
helices in nucleic acids might be treated as sepa-
rate groups. At still higher resolution, individual
amino acids, prosthetic groups or base-pairs might
be treated as discrete groups. if atomic

data

Finally,

resolution were available then individual

atomic parameters could be varied.

To accomplish this we wrote a computer program to
treat a structure as a series of discrete units.

Each unit we called a constrained group and it is

defined as a molecular moiety where all bond lengths
and bond angles have been fixed to respective canon-
ical values but which cén have any number of easily
defined rotatable bonds. Examples of such con-
strained groups are shown in fig. 2. It is impor-
tant to note that in no way is the procedure re-
stricted to any particular set of constrained
groups, rather it is up to the user to decide what
to constrain for the particular structure, stage of

refinement and resolution of data available.

Our first attempt to implement these ideas wés in
the early stages of the refinement of the yeast
tRNAPh® structure. There we refined the structure
as a series of unconnected rigid groups made up of
phosphate, ribose and base moieties using a program
that had been developed for the reciprocal space
least-squares refinement of small molecules(13), We
found that although the R factor dropped somewhat
there were severe problems: 1) The stereochemistry

at the connections between the discrete rigid groups



Fig. 1 Schematic illustration of the ways in which structural parameters can be varied while maintaining ster-
eochemistry in three different kinds of model building/refinement programs. (a) A restrained refine-
ment procedure 1,2,3,4), The cartesian coordinates of each atom are the variables. The stereochemis-
try is maintained by specific restraints that correspond to either distances with spring-like
connections{1:2:4), or specific bond lengths (dotted lines), bond angles (heavy dashed lines), torsion
angles (light dashed lines) or non-bonded contacts (not shown)(3). (b) A constrained refinement proce-
dure{5.6,7), Here the variables consist only of the backbone torsion angles and selected bond angles,
while all bond lengths are strictly constrained. (The torsion or bond angles indicated with dashes are
optional degrees of freedom). (c¢) A constrained-restrained refinement procedure 12,18), Here two con-
strained groups are illustrated. Each is free to move with 6 degrees of freedom (translation & rota-
tion) as well as any number of internal torsion or bond angles. The bond lengths within any one group-:
are strictly constrained. The stereochemistry between groups is restrained by specific distances that
correspond to bond lengths (dotted lines), bond angles (dashed lines), torsion angles and non-bonded
contacts (not shown). In order to maintain the planar peptide bond, a dummy atom (with zero atomic
number) was attached to the carbonyl carbon about 10 % above the peptide plane as was first suggested
in ref. 4, The distance between this dummy atom and the N & C« of the next amino acid is restrained to
a specific value,

14



Fig. 2 Examples of different kinds of CORELS groups. (a) two domains of an immunoglobin structure (see e.g.
ref 15). (b) six major ot-helices and heme group of the myoglobin structure. (c) an enlarged view of

the heme group showing the various torsion angles that are additional degrees of freedom{T6), (d) a
nucleotide unit showing variable torsion angles.
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was very unsatisfactory. 2) There were many
unfavorably close contacts between non-bonded atoms.
3) Although the number of degrees of freedom was
greatly reduced, the full matrix that was used to
solve the normal equation matrix was still too large
and thus needed an enormous amount of computer mem-

ory and time.

At about this time Hendrickson and Konnert(2) were

developing a restrained reciprocal space refinement

procedure using a sparse normal equation matrix and
the conjugate gradient method for its solution., We
incorporated some of these ideas ‘*into our rigid
group refinement program in order to solve several
of the above problems. Specifically, we added har-
the rigid

groups in order to maintain acceptable stereochemis-

monic spring-like restraints between
try, and the sparse matrix conjugate gradient proce-
dure to reduce computer time and memory. In additon
we introduced additional restraints to prevent non-

bonded atoms from moving too close together,

The advantages of this procedure are:

1) A large increase in the data/parameter ratio as
compared to the restrained refinement methods.

2) Automatic maintainance of group stereochemistry,

up to 80-90% of the bond-lengths and bond

angles are strictly constrained.

i.e.

3) An increased range of convergene as is often seen
in small structural work where rigid groups are
used.,

4) Reduced computing time and memory by combining
rigid groups and a sparse matrix.

5) Applicability to 1low, intermediate as well as
high resolution data.

Recently a similar rigid group restrained refinement

program using the Gauss-Seidel least-squares proce-

dure was described(1%),

2. MATHEMATICAL DESCRIPTION

A detailed mathematical derivation of the equations
and derivatives used in CORELS has been given in
12.
The quantity to be minimized, Q,

ref, A brief summary of this is presented here.
in the 1least-
squares procedure consists of the sum of three

terms:

Q = w.DF + w.DD + w_ DT

F D T 1
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where w. and Wy are overall weights for each
DF,

factor differences summed over all or part of the

F'¥p'

term. The first term, is the usual structure-

reflections, h:

DF =% wn(1Fg hl = IFe,n1)2 (2)
The second term restrains the stereochemistry and is
the sum over all subsidiary distance restraints, d:
DD =% wg(Do g = Do,q)? 3
where Dy 4 is the 'ideal' distance between specified
pairs of atoms (which may correspond to a bond
length, bond angle, torsion angle or a non-bonded
close-contact distance) and Dy 4 is this distance
calculated from the model, The third term restrains
the structure from moving away from a specified set
of target coordinates. Here the sum is over all
atoms, i, and over the three axial components, j, of
each atom:
= A . )2
DT —%Hi%(xT'l'JOXI'J) (u)
where Xt 4 j is the axial coordinate (orthogonal and
in Angstroms) of the target atom, while xi,j is the
corresponding coordinate of the model.
For restrained-constrained structure-factor least-
squares refinement, we set wT=0, while for distance-
(model building), wF=0. The

relative magnitudes among w were dis-

target idealization
£ HD and HT
cussed earlier(2.17),

The quantity Q in eqn. (1), which is to be mini-
mized, is explicitly a function of all the group
positional parameters and the thermal parameters of
the groups of atoms:

Q = Q(t,R,},B) 5
where t,R,{ and B refer to all group translation
vectors, rotation vectors, dihedral angles and ther-
mal parameters, Normally, the group coordinates are
chosen so that all angular parameters, R, and ¢ are

initially set to zero.

The group derivatives with respect to the positional
parameters are obtained by differentiating eqn. (1)
and application of the chain rule{12,13) | within

any group, a subgroup of atoms can be constrained to



have the same temperature factor. The subgroup de-

rivatives are solely a function of F. The least-
squares normal equations follow directly(12), 1In
order to reduce computer time the program was writ-
ten with space group specific subroutines for the
calculation of structure factors and derivatives.
Takusagawa(18) has written a space group independent
subroutine for CORELS to do these calculations,
which is especially useful for the refinement of
high symmetry space groups. Recently, using this
feature, we have begun the refinement of the cubic

form of yeast tRNAPh® in space group Ilq32(ref. 19).

3. IMPLEMENTATION OF CORELS

In CORELS a structure is explicitly described by
coordinates in % of standard ideal groups in arbi-
the ATOMS file.
The coordinates of the ATOMS file for each group are

trary initial orientations, 1i.e.
rotated and translated as rigid bodies and any num-
ber of dihedral angles within them are rotated by
values found in the PARAMETERS file.
TARGETS file containing the fractional coordinates

In addition a

of the initial model can be used for model building
in a way similar to the guide coordinates of other
model building programs(1v5). This option was used
in the model building of the way in which DNA might
be smoothly deformed in wrapping around the histone
core in a nucleosome(20,21), An alternative use of
the TARGETS file is simply as a reference, as to how
far the structure has moved during the reciprocal
space refinement, with no attempt to restrain the

structure to these targets.

Specifically, each file for a particular CORELS
group contains the following information:
A) ATOMS file -
1) Atom names
2) Atomic number (0 for dummy atoms - see
fig. fte)

3) x,y,z Angstrom coordinates of each atom in a
standard orientation. (Usually the center of
mass of the group is at 0,0,0.)
B) PARAMETERS file -
1) Name of CORELS group (e.g. amino acid name &
number),
2) Number of atoms, total number of parameters
and number of temperature factors for the
group.

3) x,y,z fractional coordinates of the origin of
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restrained by harmonic

the group (i.e. translation vector of group to
its position in the unit cell).

4) Rigid body rotation angles of the group.

5) Any number of lists of atoms to be constrained
to a single temperature factor and its respec-
tive value. .

(A dihedral

angle is defined by a pair of atoms specifying

6) Any number of dihedral angles.
a rotation vector, together with a 1list of
atoms which are to be rotated.)
C) TARGETS file -
1) Atom names
2) x,y,2 fractional coordinates of each atom.

3) Weight -~ used for model building option.

Any two atoms in the same or different groups can be
spring-like connections.
These are defined by a RESTRAINTS file which gives
the pair of atoms which are to be restrained and a
pointer to a DICTIONARY file which contains specific

distances and weights for this kind of restraint.

In order to increase the radius of convergence, dur-
ing the course of the refinement of a structure, we
have found from several crystal structures, that it
is best to start with rigid bodies, relatively low
resolution data and initially vary the least number

of degrees of freedom.

4. APPLICATION OF CORELS TO SPECIFIC PROBLEMS

In this section we describe briefly two different
examples of the use of CORELS. The first,
tRNA?et, is an application at extremely low and in-

yeast

termediate resolution data where CORELS helped to
refine a nucleic acid structure(22,23,24), The sec-
ond, demetallized concanavalin A, 1is an example of
the refinement of a protein structure at higher re-

solution(25),

4.1 Yeast initiator tRNA
The initial model of the crystal structure of yeast

initiator tRNA?et was based on the interpretation of
a rather.noisy electron density map at 4.5 3 resolu-
tion prepared by the method of multiple isomorphous

replacement (MIR)
°ds(22'23'26) .

and augmented by direct meth-
(The poor quality of this map was
subsequently found to be due primarily to a misas-

signment of the z-coordinate of one heavy atom deri-



vative(27), hovever, this was noticed only after the
refinement of the entire structure.) The interpre-
tation of this MIR map was aided by locating four
covalently bonded heavy-atom markers (found in ex-
treme positions in the structure) by MIR-phased dif-
ference Fourier maps, which helped to place the
The use of the PACKGRAF
computer program(ze) as adapted for a static TEKTRO-

NIX

structure in the unit cell.

computer graphics terminal by Podjarny &

Honig(29) enabled us to manipulate large segments of

the structure (e.g. helical ‘arms) as rigid bodies.

AA T

Rigid Group Refinement
of tRNAM

Fig. 3 Schematic representation of how the structure
of tRNAMet was successively refined as rigid
groups at low resolution. (a) The entire "L"
shaped structure was treated as a single
rigid group (6 degrees of freedom, i.e. 3
rotational and 3 translational). (b) The
structure was divided into the two major do-
mains, i.e. one consisting of the AA-T arms
and the other consisting of the D-V-AC arms
(12 degrees of freedom). The spring-like
connections between groups represent chemical
restraints used to maintain reasonable bond
lengths and bond angles at the arbitrary di-
vision between groups. (c¢) The structure was
divided into four rigid groups, i.e. the AA
stem, T arm, D arm & V loop and the AC arm
(24 degrees of freedom). (d) For comparison
a schematic trace of the backbone of tRNAPhe
in approximately the same orientation is
shown.

The model of tRNA?et built on the computer graphics
system was similar to that of the structure of

tRNAPh® | although due to limitations in the model
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building procedure it had somewhat poorer stereo-
chemistry. To correct this we decided to continue
with a more reasonable stereochemical model.
the

was

Spe-
tRNAPhe
tech-

cifically molecular structure of
(ref. 30) fitted by a
nique(31) matching up the phosphorus coordinates to
those of the tRNA?et as obtainerd from the computer

The RMS distance between the 75 phos-

least-squares

graphics fit.
phorus atoms in common for the two coordinate sets
was 5.4 £. However the R-factor,

R=Z | IFo,nl = IFe,nl 2> 1Fo,nl 6)
was essentially random except at very low resolu-
tion, being 58% for the range of data 12.5-20 &, vs.
a random R-factor of 65% expected for the particular
combination of centric and non-centric reflections
in the space group P6y22.

The refinement proceeded in steps, initially with
the smallest possible number of degrees of freedom
(the entire structure treated as one rigid group)
and only the lowest resolution data (12.5-20 2 in
After

in each previous

order to maximize the radius of convergence.
the refinement first converged
step, the number of degrees of freedom was succes-
sively increased by dividing the structure into two -
and four rigid groups, corresponding to the differ-
This
procedure caused the R-factor to drop from 58% to
33% for the 12.5-20 % data (see fig. ¥).

were then included and the structure refined as four

ent domains of the structure (see fig. 3).
More data

rigid groups till at 6 ﬁ resolution the R-factor was
42¢ (see fig. 5).

0.60

0.50
R
0.40
0.30 I (R GRS (RN (RN (SN NN NNV SN SN |
0 4 8 12 16 20 24
DEGREES OF FREEDOM
(o] 1 2 4

NUMBER OF RIGID GROUPS

Fig. 4 R-factor for the low resolution (12.5-20 R)
refinement of tRNAMEt as the structure was
successively divided into 1, 2 and U4 rigid
groups.



The most striking result of this procedure was a
shift of the center of mass of the whole structure
by almost 5 % (see fig. 6). This is a large move-
ment and could be obtained only because it is small
compared with the resolution used in the initial

stages of the refinement (12.5-20 %).

— T T 1T T T T 1 |
052+ . —
L Ab -
048~ —
g 044 -
L Be -
040 b
036 .
A I N NN R S N 1
008 Q10 Q.2 Ql4 ol6
sin 8/
125 100 833 714 625
d(A)

Fig. 5 R-factor for the intermediate resolution re-
finement of tRNAMet, Each open circle cor-
responds to the REfactor as higher resolution
data were included and the closed circles to
the R-factor at the same resolution after the
structure was refined to convergence as four
rigid groups. The vertical drop at 6 reso-
lution corresponds to the constrained temper-
ature factor refinement of each of the &4
rigid groups (i.e. an additional 4 degrees of
freedom) . -

At this stage more data were used (first to 4.5 'y
and then to 4 R resolution) and the rigid group
constraints were relaxed, such that for the loop
regions the groups were separate phosphates and nu-
cleosides while for the double-helical stem regions
they were phosphates and base-paired nucleosides.
This is the same kind of scheme that was used in the
tRNAPR® refinement(30) and is shown in fig. 7. Re-
straints were imposed between the constrained groups
to maintain reasonable stereochemistry as well as to
prevent unacceptably close

contacts between non-

bonded atoms. No restraints were imposed on the
tertiary base-base interactions (until the very fi-
nal stages of refinement after the least-squares had
converged), i.e. each residue not in a helical stem
was refined independently.

of the

At virtually all stages
CORELS refinement we examined difference

electron density maps to be certain that the struc-
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ture had not fallen into a false minimum. Based on
these maps we refitted the structure on the static
computer graphics system. This was especially im-
portant in the single~stranded 3' end where the
largest differences in conformation from tRNAPhe are
found. Examples of two such maps at an early stage
and near the end of the refinement are shown in

fig. 8.

The R-facpor at the present stage of refinement is
26% based on all 3302 reflections to 4 ® resolution
(about 75% of the theoretically possible total num-
ber), with a total of 1096 degrees of freedom (rota-
tion,

translation, torsion angles and temperature

factors for the 129 groups, and a single overall
scale factor) and 2033 chemical restraints between
i.e.
the ratio of the
number of observables to degrees of freedom is about
3.0.

difficult to meaningfully compare X-ray reflections

the groups. Thus based solely on X-ray data,

excluding the chemical restraints,
This is clearly an underestimate, as it is

and chemical restraints, both of which are observa-
bles.

AA T

AC

Fig. 6 Change in the tRNAMet structure after low and
intermediate resolution refinement as four
rigid groups (see fig. 3¢). The light trace
represents the starting coordinates (R = 58%,
12.5-20 R) and the heavy trace the structure
after_the initial group refinement (R = 42%,
6-20 %).



Fig. 7 The three different kinds of constrained groups used in the higher resolution refinement of tRNaMet are
shown. (a) The smallest is a phosphate group with 6 positional degrees of freedom and a single temper-
ature factor (a total of 7 degrees of freeedom). (b) The next largest group is a nucleoside with tor-
sional flexibility of the base relative to its ribose, as well as separate subgroup temperature factors
for each moiety, i.e. ribose and base (a total of 9 degrees of freedom). (c) The largest group is a
constrained base-pair (for the double-helical stem regions). In addition to the torsional flexibility
of each ribose relative to its respective base, one of the nucleosides is permitted to twist as a unit
about a vector (shown as a dashed line) between the N1 of the purine to the N3 of the pyrimidine (for a
total of 13 degrees of freedom). Restrained distances corresponding to bond lengths are shown by dot-
ted lines, distances corresponding to bond angles by dashed lines, while non-bonded contacts with a
double-headed arrow.

(a) (b)

Fig. 8 Difference electron density maps at two different stages in the refinement of the crystal structure of
tRNAMet together with a superimposed trace of the backbone. (a) Difference map at 4.5-20 't resolution,
R = 340.5% where only residues in the four double helical stems were allowed to vary freely during the
refinement (see fig. 7c), but the loop regions were constrained to the tRNAPhe conformation. There is
a large amount of unaccounted for electron density near the CCA end, in the region of the T & D loops
as well as in the middle of the AC loop. (b) The same resolution map (contoured as in (a)) at the end
of the refinement treating the entire structure as composed of the groups shown in fig. 7, R = 27%.
Here the map as a whole is much cleaner than in (a) showing how the conformation of the structure
changed during the refinement to fit better the observed X-ray data.
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4,2 Demetallized Concanavalin A

Concanavalin A is a saccharide-binding protein of
the Jack bean(32), 1Its saccharide-binding proper-
ties in solution have been shown to depend on the
presence of two metal ions in the protein(33v3”).
The details of the structural changes in the protein
on successive occupation of the two metal-binding
sites can be elucidated by comparisons between X-ray
structures of metal-free concanavalin A, its transi-
tion metal complex, and the native protein contain-
ing both metals. Of these, the X-ray structure of

the native form has been described in some de-

tail(35,36,37),

T T T T T -1 T T T T 1 ] T
N
\
a5\ -
\ .
\
\ .
40 \
\
\
# AN
x \
35 \\ 7BOO reflections -
5300 reflections
30 |
s 1 1 1 i 1 1 1 1 1 1 1 1 1 A ]
0 2 4 3 8 10 2 14
Refinement cycle
Fig. 9 Decrease of the R-factor during the recipro-

cal-space refinement of demetallized concana-
valin A. In the first 3 cycles a partial
data set of 5300 reflections was used. From
cycle no. 4 the entire data set of 7800 re-
flections was used. The initial R-factor for
the full data set was 47.8% as indicated by
the dashed line. For more details see Table
1 of ref. 25

We determined the crystal structure of demetallized
concanavalin A, at a resolution of 3.2 'y by the mo-
lecular replacement method using the known structure
After the orientation
and translation search, the R factor for data to 3.2
R was 0.47.

ing model,

of native concanavalin 4(25),

As might be expected from such a start-
the electron density maps were unclear
and a detailed interpretation would be unreliable
(see fig. 2 of ref., 25), To overcome this diffi-
culty we refined the structure away from the start-
ihg model by treating each amino acid as an indepen-
dent unit with specific spatial restraints to
neighbouring residues in the chain in order to main-
fig. 1e¢).

Within each unit, dihedral and main-chain bond an-

tain acceptable stereochemistry (see

gles as well as the composite temperature factors of
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groups of atoms, were refined. All restraints were
implemented by means of flexible "springs" between
pairs of atoms. By suitably varying the "stiffness"
of these springs it was possible to make the dis-
tances between pairs of atoms as close to standard

lengths as desired.

The strategy we used in refining the structure was

initially to vary only a minimal number of parame-

ters and gradually to allow more to vary in the fol-
lowing order.

1) Rigid-body movements (rotation and translation)
of individual amino acids, with restraints be-
tween adjacent residues in the sequence to main-
tain proper inter-residue geometry.

2) Variation of the side-chain dihedral angles.

3) Introduction of "repulsive" springs between non-
bonded atoms to minimize repulsive interaction
due to close van der Waals' contacts.

L) Refinement of two subgroup temperature factors
per residue, one for main-chain atoms (N, Cx, Cg,
C', and 0) and one for the remaining atoms.

This refinement sequence was designed to allow the

biggest movements of large groups of atoms to occur

first. The asymmetric unit refined consisted of

3612 non-hydrogen and non-metal atoms of the dimer,

and the behaviour of equivalent residues in the 2

monomers provided a check of the accuracy of the

results.

Figures 9 and 10 summarize the refinement steps. As
we let more parameters vary, the ratio of observa-
tions to parameters decreased from 2.4 to 1.9. The
refinement remained reasonably well over-determined
because of the approximately 6000 distance re-
straints. It should also be noted that when non-
bonded restraints were introduced in refinement cy-
cle 10, the R factor did not increase. The average
change in phase angles was #45° (r.m.s. 60°), which
is about the same as has been found in other protein
structures during the course of refinement(38), The
final difference electron density maps for the re-
fined structure were much cleaner than those at the
initial stages of refinement (cf. fig. 7 and fig. 3
in ref. 25) and allowed us to compare the structure

of native and demetallized concanavalin A in detail.

One very interesting conclusion that emerged from
this work was that it was possible to rule out a
cis/trans isomerization of the peptide bond between
ala 207 and ala 208 upon the removal of the metal



ions when going from the native to demetallized
structure. Such a model was proposed(39) to explain
a kinetic analysis of NMR data of a 22 kcal/mole

energy barrier in the activation of the demetallized

protein(uo).
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Fig 10 Mean phase change of the calculated structure

factor from those of the starting model, dur-
ing the reciprocal-space refinement of deme~
tallized concanavalin A. The dashed 1line
indicates the incorporation of the entire
data set.

5. CONCLUSIONS

The use of a constrained-restrained least-squares
procedure has proven to be extremely useful in re-
fining macromolecular structures, especially when
This method

inherently has many fewer degrees of freedom than

the initial model has severe errors.

restrained refinement procedures and therefore is
applicable at extremely low resolution with a very
large radius of convergence. It is superior to a
strictly constrained procedure as the restraints
between groups reduce the influence of linked neigh~
bors on positional shifts. The program is suitable
for either structure factor least-squares refinemnt
(for any space group) with subsidiary distance re~

straints and/or model building to guide coordinates.
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NEW RESULTS ON FAST FOURIER LEAST-SQUARES REFINEMENT TECHNIQUE

by

R.C. AGARWAL"

Centre for Applied Research in Electronics,

"1. INTRODUCTION

The conventional least-squares refinement method is
prohibitively expensive for large structures such as
proteins. Agarwal(l) presented a least-squares re-
finement technique where most of the calculations
were done using fast Fourier transforms. The algor-
ithm is extremely fast and the computing required is
proportional to N log N, where N is the number of
reflections. BAlthough the method is most useful for
large structures, it is applicable to small struc-
tures also because of its large radius of conver-
gence (0.75 &) and reduced computational require-
ment. The method has been used to refine several
proteins; among others insulin{2) and actinidin{3).
In this paper some improvements on the method in
calculating derivatives and the normal matrix are

presented.

2. METHOD

In the least-squares refinement of atomic parameters

the function minimised is

1
P =EZ W(hkl) « {IF_(hk1)| ~ |F

S(hkl)l}z (N
hkl

ob,

where W(hkl) is a weighting function. This function
is to be minimised with respect to atomic parameters.
The corrections to the parameters are obtained from
the matrix equation

Ap = - 1 lg (2)
where Api is the correction to be applied to the ith
parameter. H-! is the inverse of the normal matrix

whose general term is

N alFC(s)] Bch(s)l
Hyy T 2 e 3,
s=1 1 J

(3)

*Phis work was done while the author was at IBM,
T.J. Watson Research Center, Yorktown Heights,
NY 10598, USA, as a summer faculty during summer
of 1980.

Indian Institute of Technology Hauz Khas, New Delhi 110016,
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where N is the number of reflections and W(s) is the
weighting function. G is the gradient vector (deri-

vatives) of general form

N BIFC(s)I _
W(s) E(s) = (4)
9P,
s=1 i

where E(s) = |F (s)] - |F (s)|. The size of the

c obs
normal matrix is MXM where M is the number of para-
meters and the length of the gradient vector is M.
Direct calculation of the gradient vector is propor-
tional to NM and that of the normal matrix is pro-

portional to 2.

There are three major computational steps in the re-
finement procedure. These are calculation of struc-—
ture factors, the gradient vector, the normal matrix
and its inverse. A procedure using FFT (Fast Fourier
Transform) in all these steps has been given by

Agarwal(l). In this paper, a faster method of com-
puting the gradient and normal matrix will be pre-
sented. Fast computation of structure factors will

not be discussed in this paper. For this, the

reader is referred to the earlier paper(l).
3. CALCULATION OF THE GRADIENT VECTOR
Agarwal(l) has derived the following expression for

the gradient vector with respect to the x co-ordin-

ate of the mtD atom.

G(xm) =:E:gm(5) (=i2 ™ h) W(s) E(s) exp (i ¢(s))
s (5)
exp (=i2 w s.rm)

where

gm(s) = fm(s) exp (—Bmsz/4) = contribution of mth
atom to structure
factors

fm(s) = form factor of mth atom

Bm = isotropic thermal parameter of mth atom

IEY] = 2 sin 6/

s.rm = hxm + kym + 1zm



r = {(x, ¥y, z ) - fractional cell co-ordinates
m m m
of mth atom

$(s) = phase of Fc(hkl)

Similar expressions hold for G(ym), G(zm) and G(Bm)
with the term (-i2 m h) replaced by (-i2 w k),
(-i2 m™ 1), and (-52/4) respectively.

The method suggested by Agarwal(l) required calcula-
tion of 4 FFTs for gradient calculation. Lifchitz(¥)
has suggested a method which requires only one FFT.

In this paper, we elaborate on his method.

Let pm(r—rm) be the atomic electron density of the
mth atom centred at r=rm. Then pm(r) is the same
electron density but centred at r=0 and gm(s) the
fourier transform (FT) of pm(r). It can be easily
shown that gm(s)(—iz T h) is the FT of apm(r)/ax, x
derivative of the atomic electron density. To sim-
plify equations, we introduce the following

notations.

gl;l(S) = gm(S) (=i2 7 h) (6)

p'(r) 3 (r)/dx (7)
m m

Now G(xm) can be re-written as

G(xm) =ZD(5) gl;l(s) exp (-i2 ™ s.rm) (8)
s

where D(s) = W(s) E(s) exp (i ¢(s)). G(xm) then is
the FT of the product of two functions D(s) and
gm(s) evaluated at r=rm (position of the mth atom).
According to the convolution theorem, multiplication
in reciprocal space is equivalent to convolution in
real space. The FT of D(s) is simply the weighted
difference density map denoted by d(r) and the FT of
gm(s) is pm(r), the x derivative of atomic electron
density of nth atom, as explained above. The grad-~

ient then is computed by the summation

Glx ) =Y am . o! (x=r_) (9)
r

where the summation need only be carried out over
the extent of the mth atom. Equations for G(ym),

G(z ) and G(B_) are similar with p_(r-r ) referring

m m m m

to y, z and Bm derivatives of pm(r-rm), respectively.
Computation of d(r), the difference density map, re-
quires only one FFT and is common to all derivatives.
For this step, standard Fourier routines for that

space group can be used without any modifications.

This is in contrast to earlier work{1l) where for
gradient calculation Fourier routines had to be mod-
ified. This step is followed by summation of eqn.{(9%)
for each atom. As this step is carried out, all de-
rivatives for that atom (e.g. G(xm), G(ym), G(zm),
G(Bm)) are computed simultaneously by using the ap-

propriate derivative of pm(r) in eqn.(9).

When atomic electron density is modelled as a sum of
Gaussian atoms, closed form expressions for its deri-
vatives can be obtained in terms of various atomic
parameters and distances between grid points and the
centre of the atom. .This simplifies gradient calcu-
lation. Another advantage of this approach is that
gradient calculation becomes space group general.

The only space group specific routine is the usual

Fourier routine for that space group.

Since the p;(r) curve is broader than pm(r), a lar-
ger atomic radius is required for summation in
egn.(9), but, this need not increase computation
time. By judicious choice of grid spacing, BADD
etc., we can reduce the calculation time. Also we
are willing to tolerate more error in derivatives
calculation as compared to structure factor calcula-
tion. Our experience with this method indicates
that the calculation time for all derivatives is
about the same as structure factor calculation time

alone.

4. CALCULATION OF THE NORMAL MATRIX

4.1 The Diagonal Terms

The following expression for the normal matrix term
H(xm,xn), corresponding to interaction between xm
and xh has been derived(1),

H(x ,x_ ) = Hj(x ,x ) + Hp(x ,x ) (10)

m ' n m ' n m n

As shown earlier(l), the Hz(xm,xn) term can be neg-
lected, therefore, we shall restrict our discuséion
to

Hl(xm,xn) given below.

1
Hi(x ,x ) =9 3 9 (s) o (s) (472h2) wW(s)
s (1)

exp(i2 w s.(rm—rn))



.

For the particular case of diagonal terms (m=n),
this simplifies to
Hi(x ,x ) =) 2 w2h? g 2(s) W(s)  (12)
m  m m
S
If gm(s) is modelled as a sum of two Gaussian terms,
gz(s) becomes a sum of three Gaussian terms as indi-
cated below:
3
g%(s) = :E: c, exp (-b, s2/4)
m i=1

(13)

The expressions for bi's and ci's are given by
Agarwal(l). Combining eqns.(12) and (13) we obtain

Hy(x ,x )
m m

3

= 2 42 - 2
Z ciZ 2 1° he W(s) exp( bi s</4)
i=1 s (14)

Now, we shall give an efficient and space group gen-

eral method of calculating the diagonal terms.

The summation in eqn.(14) is to be carried out over
all reflections used in refinement. In most cases
this set is spherical with certain radius Smax' de—~
noting the limits of the data. For further simpli-
fications we can assume that all reflections within
this sphere are used. In egn.(14), all terms except
h2 are spherically symmetric in s (e.g. they have

the same value on the surface of a sphere of radius
Ish.

sphere is proportional. to 3252/3, where a is the di-

Furthermore, the average value of h? on this
mension of the unit cell along the x-axis. With

this substitution, eqn.(14) can be made spherically
symmetric. The next step is to convert the three-
dimensional summation of egn.(14) to a one-dimen-
sional integration over s. This is not a bad approx-

imation for large structures. The final result is

as follows:

3

B (x0x) = v.a? :E: e, !smax(e/3)w3 s* w(s)

i=1 0 (15)

exp(-b, s2/4) ds

Where V is the volume of the unit cell. This is the
space group general expression for the diagonal
terms. The integral in egn.(15) is evaluated for
several dummy values of bi. For a particular atonm,
the value is obtained via interpolation. The inte-
gral itself can be evaluated by one~dimensional sum-
mation over 100 or so values of s.

Since, this in-

tegral is a rapidly decreasing function of bi' it is
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. recommended that for low bi values, the dummy values

be chosen with a small spacing and for large bi's
the spacing can be increased to reduce computation.
Perhaps a spacing of 1 for bi values up to 20 and a

spacing of 4 for higher bi values can be used.

Diagonal terms involving other co-ordinates of the
same atom can be obtained from Hl(xm,xm) using
egn.(64) of the earlier paper(l). For B diagonal

terms the equation is

S
f max
J

3
H)(B,B ) =V :E% o I, (7/8)s5u(s)
i=

(16)
exp(-b s?/4) ds

7
This can be calculated similarly to egn.(15).

4.2 ©ff-diagonal Terms

We shall confine our discussion to orthogonal co-or-
dinates. For space groups which are not orthorhom-
bic, we can still use orthogonal co-ordinates by an
appropriate change of variable from fractional to
orthogonal co-ordinates. While using off-diagonal
terms, to minimise their number, use of orthogonal
FTs are best

co-ordinates is recommended. However,

computed using fractional co-ordinates. Therefore,
we recommend that structure factors and derivatives
be calculated using fractional co-ordinates. By
using the change of variable equations, the deriva-
tives for orthogonal co-ordinates can be obtained

from derivatives for fractional co-ordinates.

Let us first discuss calculation of off-diagonal
terms involving the same co-ordinate e.g. Hl(xm,xn).
For the two Gaussian approximation, eqn.(11) can be

re-written as

3
Hy (x .x)=§ c.221r2h2 :
m n 1
i=1 s

W(s)exp(-b s2/4)exp(i2Ts.(r_-r ))
1 n m

(17)

In the inner summation, if the h? term was absent it
would be a spherically symmetric summation and for
the given weighting function and smax its value
would be a function of only two parameters e.g. bi
and the distance between two atoms (Irn-rml). Be-
cause of the h? term, this summation would be a

be-
disg-

function of three parameters e.g. bi' distance
tween two atoms along the x-axis (dx), and the
tance between two atoms in the yz plane (dyz)'

could possibly pre-compute a three-dimensional table



for a set of b,, 4, and d values. This table
i X vz

need not be very large. As discussed earlier(l),
the only significant off-diagonal terms are the one<
involving bonded atoms. Therefore the range of dx
and dyz values required is restricted to interatomic
distances. Perhaps a total of a thousand entries or

so may be sufficient. For in-between values, inter-

polation can be used. Calculation of off-diagonal
terms need not be very accurate. Table entries may
be calculated using integration instead of summa-

tion. If orthogonal co-ordinates in Angstroms are
used, dependencies on space group and size of the
unit cell are also eliminated. Thus for a given
weighting function and Snax’ the same table could be

used for all structures.

Now, we give another approach which could reduce the
look-up table size. This is restricted to unity
weighting function (w(s)=1). Omitting some constant
multipliers, the inner summation of eqgn.(17) can be
written as the following integration, where the in-

tegration is carried out within a sphere of radius

s -
max
£(b;,4,,4.,8,) = [[] n? exp(-bisz/4) e
exp(i2n(ha_+ kd + 1d ))ds
X Yy 4
where
a = Ix ~x_|
X n m
dy = Iyn-ym|
4 =1z -z |
z n m
and s2 = (h/a)2 + (k/b)2 + (1/c)2

In the integration of eqn.(18), hkl are to be treat-
ed as continuous variables. BAlternatively, in
egn.(18), if we integrate within a cylinder along
the h-axis, the integral can be written as a product

of two integrals as shown below:

£(b,,4 ,d ,d,) =
[f h® exp(-b, h2/4a?) exp(iZnhdx)dh]x
[[ exp(-b, ((k/b)2 + (1/c)2)/4)
exp(i2m(kd + 1d,)) dakdl |
= f1(b;,d4)) fz(bi,dy,dz)

Yy
2

(19)

It can be further noted that the second integral is
circularly symmetric.

dyz’

Therefore f, depends only on
the distance between two atoms in the yz plane.
Thus, eqn.(19) can be re-written as

£(b_,d_,d ,d) = £,(b_,d ). £,(b_,d ) (20)
i"x 'y z 1" % i’ yz

Functions f; and f, are two-dimensional tables.
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Therefore, they require less computation and storage.
In this approach, we have approximated a sphere by a
cylinder. In doing so, we have neglected some ob—~

served reflections and added some unobserved reflec-
Since most of

tions. these reflections correspond to

large s values, their effect on calculation should
not be much. This is particularly true for atoms
having large B values and structures having large
smax (high resolution data).

Next consider off-diagonal terms involving different
co-ordinates of atoms, i.e. Hl(ym,zn). ‘These are
somewhat more complicated. They are a function of
bi, dx, dyz, as well as the angle which dyz makes
with the y (or z) axis. The maximum magnitude is
obtained when the angle is * 45° corresponding to
Iym-ynl = Izm—znl. On the other hand if Y=Y, or
zm=zn, the value is zero. This dependence on angle
could perhaés be expressed as a simple function. 1In
any case, these can also be calculated using table

look-up.

Alternatively, if the data set in reciprocal space
is assumed to be cubic instead of spherical, any
off-diagonal term can be written as a product of
three functions.
f(bi,dx,dy,dz) = fl(bi,dx)- fz(bi'dy)' f3(bi'dz)
(21)
Thus all tables become two-dimensional tables. As
explained above, this assumption is valid far two
situations, (a) when data is available to a high re-
solution, or (b) when B values are high.
Computation of Hl(Bm'Bn) is very simple. For this
the expression is spherically symmetric. Thus even
for the normal spherical data set, Hl(Bm’Bn) can be
computed from a two-dimensional table being a func-
tion of only bi and the distance between two atoms,

because of spherical symmetry.

Off-diagonal terms involving co-ordinates and ther-
mal parameters are perhaps of no interest, because,

usually they are not refined simultaneously.

The final step in the refinement procedure is the in-

version of the normal matrix. For this, some sparse

matrix inversion algorithm could be used. Perhaps
it could be inverted iteratively using the conjugate
gradient method whereby at every iteration you im—

prove on the estimate of the inverse.



With efficient calculation of the normal matrix and
its inverse, it may be feasible to use it for large
structures also. This is likely to improve refine-
ment of atoms having large thermal parameters, be-

cause for such atoms, interatomic interactions are

significant. It may also improve refinement of

structures with limited data.
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BLOCK DIAGONAL LEAST SQUARES REFINEMENT USING FAST FOURIER TECHNIQUES

E.J.

Dodson

Department of Chemistry, University of York, Heslington, York YO1 5DD

1. INTRODUCTION

At York we have had a good deal of experience in
using the fast fourier transform least squares re-—
finement. We usually minimise the atomic parameter
shifts with respect to the x-ray observational equa-
tions, and then fit our model within the expected
geometric restraints for bond lengths, angles, and
planarity in a separate calculation using the "Model-

fit" technique(l)-

The program uses space group specific fast fouriers
to calculate both the structure factors and the dif-
ference map used to get the gradients (see ref.2 and

appendix 1) and is therefore relatively fast.

It is possible to have a general program which does
all the fourier transforms in P1, but this would in-
crease the time for these parts of the calculation
by a factor equal to the number of symmetry opera-
tions, so we have always substituted appropriate
fast fourier transforms for each space group (It is
surprisingly easy to do this once you master some
very simple space group theory, except for true hor-
rors like cubic space groups). All the rest of the
program is general, and at present we have versions

for P1, P21, P21212, P21212), P41212, P312) and P3;.

The program has all been very carefully overlaid to
keep core requirements to a minimum, and at present
it needs core equal to approximately eight times the
number of atoms to function, plus the input/output
overheads. (This has been achieved at the expense
of a good deal of input and output to scratch files,

which may be undesireable on some computers).

A further modification has been incorporated recently

following a suggestion of Alain Lifchitz, which has
increased the speed per cycle by about 35%. He poin-
ted out that G(xm), G(ym), and G(zm) which Ramesh
Agarwal generated by convoluting the atomic density
with three modified difference fouriers, Dx, Dy, and
Dz, could be obtained by convoluting the derivatives
of the atomic density with a single difference four-
ier. This idea was very straightforward to implement
in the generalised program. A full description of
his extension is given in Appendix 1, with some com-

ments on how it affects parameter shifts.

I would like to comment briefly on three structural

refinements we have been concerned with.

2. ERROR DETECTION IN THE ACTINIDIN REFINEMENT

A full description of the actinidin refinement has
just been published(a). Ted Baker came to York with
a set of co-ordinates derived from a 2.8 A isomorph-
ously phased electron density map and rapidly refin-
ed and corrected his model. The original co-ordin-
ates had a median error of about 0.5 A from the final
set (which is accurate compared to most models at
this resolution) but it turned out that 32 of 218
side chains and 3 peptides had been wrongly position-
ed. The greatest problem was of course to identify
these errors. The course of the refinement is shown
in figs.1(a) and 1(b). Typically several cycles of
automatic refinement would be followed by geometric
corrections, and Ted Baker was able to use the com-
parison of the x-ray derived shifts with the geome-
tric corrections to pinpoint parts of the structure
which needed scrutiny. The other criterion used for
choosing suspect residues was high and/or inconsist-

ent B values. Once these were identified, they were

TABLE 1

RESLN RESIDUES/ATOMS CORE REQD TIME/CYCLE REFLNS FFT GRID

ACTINIDIN 1.7 A 218 1821 70k 12 mins
90 COENZYME-B12 1.0 A 120 55k 3 mins
DAS INSULIN 3.1 A 102 810 70k 2.4 mins

SPACE GROUP AND CELL

23990 0.6 A
5260 0.3 A
1452 1.0 A

P21212) 78.20 81.80 33.03 90 90 90
P212)2] 27.93 21.62 15.35 90 90 90
83.20 83.20 33.0 90 90 120
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Fig.1(a) A plot of R during refinement. Regularisa-

tions of the structure are marked R; B re-
finement cycles designated B; steps where
the only change was the introduction of fur-
ther solvent molecules W; unmarked points
represent xyz refinement cycles. The
points where difference maps were calcula-
ted are indicated (D1, D2, etc.). Stages
where the data were extended to higher re-
solution are also shown.

(b) Plot showing the mean shift in atomic posi-
tions in each xyz refinement cycle during
the refinement. Mean shifts for regulari-

sations (R) are also shown.

omitted from the next difference map, which was con-
toured with the original co-ordinates plotted onto
the density. Even without a graphics system this
made it fairly easy to decide which residues were in
fact correct, and which were misplaced. So in this
case apparent anomalies between the two least squares

minimisations and between B values of adjacent atoms

were actually used to correct the model. I would

recommend anyone using a restrained refinement to be
careful to look for such inconsistencies, and not

just to accept the final set of parameters.

3. CONVERGENCE OF THE BLOCK DIAGONAL MODEL

Both x-ray and neutron data have been collected for
the B12 coenzyme by Peter Lindley, John Finney and
Hugh Savage of Birkbeck College. A very similar
structure had been determined by Gayland Lenhert in
Oxford in 1960, and his co-ordinates were used to
start refinement against both data sets. The root
mean sguare error between the Lenhert co-ordinates
and the current set is about 0.5 A with a maximum
error of over 1 A for N41. Figure 2 illustrates
the difference between the initial co-ordinates,
those obtained after 10 cycles of completely mind~
less block diagonal refinement, and those Hugh

Savage obtained after three cycles of full matrix

Fig.2 The projection of the co-enzyme B12 structure
along the y axis.
Original co-ordinates (Lenhert)
————— Co-ordinates from block diagonal refine-
ment
= CO-ordinates from full matrix refinement

refinement on the London CDC7600, several difference
maps, and a lot of headaches. All atoms had moved
towards their current positions during the block di-

agonal refinement except N41. The largest correc-



tion made was 6.96 A to C38, and the root mean
square difference between the block diagonal set and
the full matrix set is 0.16 A, while they have each
shifted 0.35 A on average from the Lenhert set. So
here block diagonal refinement has performed as well
as the full matrix one, and has been a great deal
easier to use. This is encouraging for protein re-
finement, where Qe are forced to use some modifica-
tion of block diagonal refinement, and I shspect

that for our problems where the data is limited and
poor, and our models are incomplete and somewhat dis-
ordered we would gain very little even if we could

use a full matrix technique.

4. REFINEMENT WITH LIMITED X-RAY DATA

For many proteins only limited data are available.
I was interested in evaluating how far refinement
could proceed with such limited data sets, so I set
up some tests using an actinidin model. T used as
starting co-ordinates the hand built model, correct-
ing all residues which were rebuilt durng the course

of the refinement.

Fig.3 Root mean square differences between test re-
fined co-ordinates: 1. from starting set.

2. from final set (R at 17.1%)

2.8 A cycles

2.5 A cycles

1.7 A cycles
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Two cycles were run using data to 2.54, 2.0A, 1.94,
and 1.7& respectively, followed by geometric correc-
tions. The results are illustrated in fig.3. For
each calculation there was a considerable improve-
ment in the root mean square error of the co-ordin-
ates. As expected at lower resolution there is less
to be gained in additional cycles; at this resolu-
tion all co-ordinates must have high estimated stan-
dard deviations, and there is little point in contin-
tinuing refinement once the shifts fall below the

e.s.d.

Encouraged by these results Colin Reynolds (York
University) has been using “refinement" at 3.1 A to
improve the phases of DAS insulin. DAS insulin is a
modified 2Zn insulin with a diaminosuberoyl cross
link between the A1 amino group and B29 lys. It is
almost isomorphous to 22n insulin, but the cell de-
mensions differ by 0.7 A, sufficient to make differ-
ence maps betwéen DAS insulin and 2Zn insulin very
noisy. Isomorphous data was collected for two deri-
vatives to 3.1 A, but again the isomorphous map gave
an incomplete picture of the cross link, particular-
ly for molecule 1. Figure 4 shows the current pic-
ture of the cross link obtained from an Fobs - Fcalc
map after the DAS co-ordinates have been improved by

{(b)

-~

(c)

Fig.4 DAS Insulin F
(a)

maps

OBS
phased with isomorphous data

(b) phased with a 1 from starting co-
ordinates
(c) phased with a from refined co-
X calc
ordinates



cycles of refinement followed by the application of
tight geometric restraints. He feels confident that
this shows that there has been an improvement in the

F phases, and that these are better than the iso-

calc
morphous set.

5. EXTENSION TO BLOCK DIAGONAL LEAST SQUARES

MINIMISATION

Ramesh Agarwal has reviewed the process of least

squares minimisation at the beginning of his paper(Z)
To quote him:
If we wish to minimise a quantity
= - 2
P1 = 3 wis) (IF (sil ~ IF_, (s} ])
S
where S = (hk%)
= ¥ w(s) (E(s)?
S
we need to find shifts [Au] for R parameters such
that
[H] [4u] = - [G]
where H is an R X R matrix,
[G] and [u] are column vectors of length R
with the (n,m) term of H, H(n,m) ==z:§%151 3%151 W(s)
s °P, Pn
9E
and the nth term, of G, G = E:E—lél E(s) W(s)
n S pn

Carrying through the differentiation, Agarwal shows
H(xn,xm) =

2 42 : ~
%: -O.ng(s)gn(s)(4n h%)W(s) exp[121rs.(rn rm)]

and
G(x ) = 2. g,(s)(-i2Th)W(s)E(s) expli¢(s)]
[

exp(-i2u) (hx+ky+1lz)

In restrained refinement we set out to minimise some

composite function

P = P1 + P2
where for example
= - 2
B=Pl+ D W(bond) (B oBi )
bonds
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The least squares equations now have the form

[H1 + H2] Au = - [G1 + G2]

and

Hen,m)

2: JE(s) JE(s)
S ap ap
n m

9B
{nb)
ap
m

3B
(nb)

W(nb)
apn

W(s) +§
n

In full matrix least squares minimisation of small
crystal structures all the terms of H are computed
and the whole matrix is inverted. . However this pro-
cedure becomes enormously time consuming for large
structures on two counts.

1. to invert a large matrix by conventional tech-
niques is expensive and

2. it takes a long time to evaluate each Hn'm term.
All protein crystal least squares refinements have

introduced short cuts.

6. MATRIX INVERSION

The most drastic way to reduce the time needed to
compute [H]_l is to set all off-diagonal terms to
zero, that is, we ignore any correlation terms be-
tween different atoms (this is known as the block di-
agonal approximation). Table 2 (Ex.3) shows a sam-
ple of an H1 matrix generated from the x-ray observa-
tions, and you can see that the off-diagonal terms
are smaller than those on the diagonal. All the re-
finements I will describe have used this approxima-
tion, and I think most Hendrickson type refinements
also set the off-diagonal derivatives of the x-ray

observational equations to zero. The derivatives of

H2 are obtained only for neighbouring atoms, so that

in restrained refinement the H matrix is still large-
ly zero, since there are no correlations considered
between distant atoms, but there are some off-diagon-
al elements. There is an algorithm called the conju~
gate gradient method of matrix inversion, which I be-
lieve is used in all the restrained refinement prog-
rams to evaluate H. This is fast even for quite
large matrices; we use it on the DEC-10 for the pro-
gram MODELFIT, and it takes about one minute to re-
fine 2400 parameters using a matrix of 15870 ele-

ments.



7. EVALUATING H

(n,m)
It is straightforward to evaluate the derivatives for

the restraints.
(1,4),

They do not involve any time consum-—
ing summations For some time Neil Isaacs,
Ramesh Agarwal, myself, and other people have discus-
sed whether it would be worthwhile to attempt to ex-
tend our block diagonal refinement by including . the
H(xn,xm) terms derived from the x-ray observational
equations for neighbouring atoms, and then to use

the conjugate gradient inversion technique. These
terms would help to preserve sensible geometry al-
though they would not be nearly as effective at this
as the restraint terms.

avoid one of the difficult

We felt that this might

problems for restrained refinement, which is how to

define relative weights for the two different sets of

least squares equations derived from H1 and H2. If
the restraints are overweighted relative to the x-ray
observations, it would be possible to reach a mini-
mum where the structure has perfect geometry, but is
wrong. After all, as crystallographers, we offer the
world sets of parameters which are meant to match
our unbiased observations! Alternatively if the res-
traints are underweighted, you may be doing a lot of
unnecessary computing in using the conjugate gradi-
ent method, where the block diagonal inversion would
have given a very similar result at a fraction of
the cost. But the snag was to evaluate the off-dia-
gonal terms H(xn,xm) at a reasonable cost.

All the ideas below are derived from discussion, and
they lean especially on Ramesh Agarwal's letters to
Neil Isaacs, in which he would clarify and assess our

suggestions.

While I was in Melbourne I realised that it would be
quite easy to tabulate an H map as a three dimension-
al table, assuming a full sphere of x-ray observa-

tions. Since gm(s) ang gn(s) are both sums of gaus-
sian terms their product is also a sum of gaussians.
So for small r -ro H(xn,xm) can be seen as a type of

Fourier map to be sampled at the required points

r =r .
n m

We can write

(s) (s) = .
Im'S? %t ngazusscl
2. <,

ngauss T

exp(-b, sin 82/22)

and

H(xn,xm) = exp(-bi sin ez/xz) 4m h? w(s)...
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For a pair of atoms separated by the vector T -r

m’
and with form factors defined as a sum of gaussians,
the H(xn,xm) term will be a sum of functions of 3

variables

1. the projection Xnm of r -ry in the x direction,
2. its projection Zhm perpendicular to the x axis,
3. and the gaussian Bi values.

The tabulation is simplified if we consider our atom
parameters (X,Y,2), relative to an orthopormal axial
system. We usually think of the atomic parameters

(xf,yf,zf) relative to the crystal axes, and

2

natoms

Fo(s) = gm(s) exp[- 2w i(hxm + kym + kzm)]

But we can just as well use as parameters (xo,Yo,zo),

where
Xo xf
Yo = [Roj Ye
Zo 4

If we define (HO,KO,LO) = (h k 1) [Rol™!, then

(h ¥ 1) Xe (H K L) xo
Ye = Yo
z¢ Zo

G(xn) =:z:gm(s)(—i2ﬂH°)w(s)E(s) exp[idp(s)]
S
exp(=-2wi(hx+ky+lz))

This means we can calculate G(xm) by convolution of
the difference fourier with the derivative of the
atomic density just as before, and then substitute
- -1
G(Xm),G(Ym),G(Zm) [G(xm),G(ym),G(zm)] [Ro]

H(X X)) =;-0-59m(s)gn(s)(4‘"Hi)w(s)

expli2is.(r -r )}

c, exp(-b,(sin 82/A2)) (4nH2)W(s)
S ngauss T 1 o

exp[i2ns.(rn—rm)]

2

ngauss

H(xnm an Bi)

Figure 5 shows several of these H(Xnm,an,Bi) maps,
calculated from data generated for different unit

cells, but all with the same weighting factor W(s)



Fig.5
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0

Normalised H maps for Bi = 5, data resolu-
tion is 1.5 A,weighting factor is

exp(~2.0 sin 02/)3%). The H map function is
H(xnm,znm,ai) =

2/k L 47 H2 W(s)exp(27s.(rn-rm))

exp(-5 sin 62/)2)
where k = number of reflections.
a) Hx(xnm,z ,Bi) - cell 50 50 50 90 90 90
b) Hx(xnm,znm,ai) - cell 30 40 35 90 120 90
c) H (X ,z2  ,Bi) - cell 30 40 35 90 120 90

z  nm. _nm
Note the identical form about the Z axis.

and with the same resolution limits. It is clear I
hope that all these maps are virtually identical, so
that when we want to estimate values of H(xn,xm) for
some problem, we can first calculate a H table with
the appropriate weights and resolution limits; (these
take a minute or so to generate using a modified fft
program) and then simply look up the required values
for each atom pair which is close enough to warrant
inclugion. You can see from the plots that the mag-
nitude of terms falls off very quickly with increas-
ing L S The origin peak gives the value of the
H(Xn,xm) term, the diagonal of the H matrix. Figure
6 shows how the relative magnitudes of the diagonal
and off-diagonal terms alter with resolution. At low
resolution there is much more correlation between

different atoms over a greater range of separation.

800

400

-400

Fig.6 The line atOHx(O,an,29), resolution limits
2.5 A, 2.0a, and 1.5 A. The scale is arbi-
trary.

It is too soon for me to judge how useful it will be
to include these off-diagonal terms. Obviously they
will help to prevent atoms coming too close together,
and their contribution will be relatively stronger at
lower resolution as we would wish, but they do not
represent any extra "observations" as the restraints
do. Table 2 shows three sections of different H ma-
trices, the first is from an unrestrained Hendrickson
refinement of Tortoige Lysozyme at 3 A resolution,
the second shows the extra terms added in when re-
straints were included, and the third is the one I

would generate at 2.5 A.



Table 2

Example 1: Diagonal elements of H1 for Tortoise Lysozyme from X-ray observations 3A data, conventional
summation from Konnert, Hendrickson program.
ca N [of (o]

x y z X y z X y z x y 2

1000 0 0 0 0 0 0 0 0 0 0 0

CA 0 1020 0 0 0 1] 0 0 0 0 0 0

0 0 511 0 0 1] 0 0 0 0 1] 0

0 0 0 1491 0 0 0 0 0 0 0 0

N 0 0 0 0 1584 0 0 0 0 0 0 0

0 0 0 0 0 770 0 0 0 0 0 0

0 0 0 0 1023 1] 0 0 0 0

o] 0 0 0 0 0 0 0 101 0 0 0 0

0 0 0 0 0 0 0 520 0 0 0

0 0 0 0 0 0 0 0 2139 0 0

o) 0 0 0 0 1] 0 0 2223 0

0 0 0 0 0 0 0 1] 0 0 0 1107

Example 2 H2 terms matching H1 above, derived from restraints used in Konnert, Hendrickson program.

1194 0 0 -1563 468 248 -15 -63 -8 =14 -33 -1
ca 0 732 0 412 -177 ~52 -38-1093 -648 -33 -78 -28
0 0 1005 264 -63 -~45 2 -613 -418 -11 -28 =10
-1563 412 264 311 0 1] -22 75 23 0 0 0
N 468 -177 -63 0-1215 0 43 -33 =-27 0 0 0
248 =52 -45 0 0 -624 28 -38 -~16 0 0 0
-15 -38 2 -22 43 208 991 0 0 -837 -880 5
C -63-1093 -613 75 -33 ~38 0 1279 0 -880 -927 5
-8 -648 -418 23 -27" -16 o 0 625 5 5 0
-14 -33 -1 0 0 0 -837 -880 5 =799 0 0
0O -33 -78 -28 0 0 0 ~-880 -927 5 0 -845 0
-11 -28 -10 0 0 0 5 5 0 1] 0 -859
Example 3. H1 matrix terms estimated from H table for 2.5 A resolution data.

140 0 0 -87 0 0 29 0 0 -10 0 0
cA 0 140 0 0 -28 0 o =37 0 0 23 0
0 0 140 0 0 32 0 0 =21 0 0 -10
0 0 0 190 0 0 -1 1] .0 -8 0 0

N 0 0 0 0 190 0 0 -12 0 0 20
0 0 0 0 0 190 0 0 -10 0 0 4
0 0 0 0 0 0 140 0 0 -2 0 0
[« 0 0 0 0 0 0 140 0 0 -5 0
0 0 0 1] 0 0 0 0 140 0 1] 71
0 0 0 0 0 0 0 0 0 248 0 0
(] 0 0 0 0 0 1] 0 1] 0 248 0
0 0 1] 1] 0 0 1] 0 0 0 248
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APPENDIX 1

by R. Agarwal, A. Lifchitz and E. Dodson
We would like to report an extension to the block di-
agonal least squares refinement method described by
Ramesh Agarwal(Z). Agarwal shows that it is possi-
ble to use the convolution of the atomic density with
a modified difference fourier (which can be calcula-
ted by the fast fourier transform) to generate the
diagonal gradient terms required for least squares
refinement.
and summar-

We will use his notation for simplicity,

ise his method. (Equation numbers here match those

(2),,

in Agarwal's paper
rm = (xm,ym,zm) - fractional cell co-ordinates of
the mth atom,
Bm - isotropic thermal parameter of the mth atom,
s = hkl - a diffraction point in reciprocal space,
s2 = |s]? = (4 sin? 8)/22.
fm(s) = fm(hkl) - scattering factor of the mth atom
at reciprocal distance s,
n
= Te; exp(-b; s2/4)(2:6)
i
Serp = hxm + kym + 1zm
Fo(s) = Fb(hkl) = observed structure amplitude.

With this notation the expression for calculated

structure factors is

Fo(s) =Y £ (s) exp(-B s?/4)exp (i2ms.r;) (20)
m
To simplify the equations further, we introducé the
notation
g,(s) = fm(s)exp(-ams2/4). (21)
Here gm(s) represents the contribution of the mth
atom to structure factors after taking into account
its thermal motion. This notation greatly simpli-
fies the expressions for gradient and normal-matrix
terms. With this notation (20) becomes

F_(s) =2; gp(slexp (i2ns.r ) (22)
In least-squares refinement of the atomic parame-
ters, we minimise the following function

P =

2
g wis){1F ()] - |F (s) |} (17)

1
2

where W(s) is any desired weighting function.
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P is minimised with respect to Xy Yo Z and B to

-(u]"le

™
give parameter shifts of the form of Apm =
where [H] is the normal matrix of order M, the num-
ber of parameters, and G is the gradient vector,
also of length M. In the block diagonal approxima-
tion only the diagonal terms of [H] are included in
the calculation. This means that the largest part
of the calculation time is spent on generating the

elements of G.

Agarwal shows that

G(x_) =§ g, (s)(-12Th)W(s)E(s)expli¢(s)]

(27)

x exp(-izﬁs.rm) .

Similar expressions can be derived for G(ym) and

G(zm). The expression for G(Bm) is as follows.

G(xy) = 2.9, (s)(-52/4)W(s)E(s)expli¢(s)]
S

x exp(—izﬁs.rm). (28)
Eqn.(27) can be written as follows:
G(x) =§Dx(s)gm(s) exp(-i2ms.r_).  (50)

where Dx(s) is a function common to all the atoms
and is defined by:
(=i2Th)W(s)E(s)exp[i¢ (s))

D (s) = (51)

The subscript x denotes gradient with respect to x
parameters. Equation (50) represents the Fourier

transform of the product of two functions Dx(S) and
gm(s), evaluated at ro (position of mth atom). Ac-
cording to the convolution theorem, multiplication
in reciprocal space is equivalent to convolution in
real space. Let dx(r) be the Fourier transform of
Dx(s). Since Dx(s) contains E(s)exp(i¢(s)), dx(r)
can be thought of as a modified difference density
function. Say pm(r) is the Fourier transform of

9n(s)e

convolution of dx(r) and pm(r), evaluated at r=r

Then by the convolution theorem G(xm) is the

G(x ) = | d (rip (r - x ) dr

For computation purposes, the integration can be re-

placed by a summation over the grid r:

G(x,) = ;dx(r)pm(r - r) (52)



To reduce the computation, Alain Lifchitz suggested

grouping the terms of egn.(50) differently.

Consider D(s) = W(s) E(s) exp [if(s)] and let d(r)
be the Fourier transform of D(s). (d(r) is in fact

the weighted difference fourier).

Then -2mih gm(s) exp{-27is.rm) can be shown to be
equal to apm(r-rm)/axm, and the gradients for X
Y! and z  can be obtained from the convolution of
the weighted difference fourier map with the respec-

tive derivatives of the model electron density.

The fourier relations for a Gaussian function are

as follows:

reciprocal space

real space
electron density

atomic scattering factors
f(s)
exp(—BsZ/4)

p(r) “FT*>

(4m/B)3/2 (exp(-4rZx2/B) <FT+

where r represents the distance from the centre of

the atom. Put Rm = r—rm, ie Rm represents the dis-

tance from the centre of atom m. So for an atom
with position T whose scattering can be described
as a sum of n gaussians

n

2: <y exp(-(bi + Bm)sz)

i=]

the associated model electron density is

n 3/2 2 2
_ 47 exp(-47°(r-r_)
Pplr=ry) = Eci b, + B — (a)
i i m b. + B
i m
n

1 L]
- — 2
i exp( bi Ry (xr rm)

&

1

We can also write

pm(Rm) = E:gm(s) exp(—2ﬂis.Rm) (B)

s
Hence
3pm(R_)
m . .
v z:(—2n1h) gm(s) exp(-2nls.Rm)
m s
from (B)
which will equal
n a(RmZ) . )
1 L} -
c' b pp” exp(~b Rm ) from (a)

37

2 _ 2 2 2
R ©= (Ax )¢+ (By )° + (82 )¢ + 2 Ax Ay Az cos Y

+ 2 by bz cos a+ bz bx  cos B

2
3a(R_“)
and —=2 -

A 2(Axm + Aym cos Y + Azm cos B)
X
m

and so we can convolute the difference map with

n
[ (] ~ht 2
2: 2¢ ib (bx + by cos Y + bz cos B) exp(-b'R )}
1
to obtain Gx , and with the other appropriate deriv-
ative terms to obtain Gym and sz, in a single pass

through the model density calculation.

That part of the program which generates atomic den-
sity and convolutes it with D(s) is the same for all
space groups, as is the data input and output file
handling the calculation or the diagonal texms of
the normal matrix. Incorporating this idea has re-
duced the time for a cycle by 30% to 35%. Previous-
ly a separate modified difference fourier and con-
volution calculation was done to obtain each of the
G(xm), G(ym) and G(zm) terms, but now these are all

obtained from a single pass.

The method has been recoded to reduce the space group-
specified sections of the calculations to a minimum.
The structure factors and difference fourier calcula-
tions can be always done in space group P1, and the
convolutions restricted to an assymetric unit for

the particular space group, but this increases the
time reqguired and the scratch storage used during a
refinement run by a factor approximately equal to

the number of symmetry operations. We use modified

fast fourier routines which take advantage of the

crystal symmetry where possible.

Test Calculations

There are inherent inaccuracies in this method owing
to

(i) The atomic density being sampled on a grid in
real space before being transformed to give
the structure factors, these errors becoming
more serious as the grid is made more coarse.
(ii) The restriction of the atomic radius to some
Tmax*

(iii) Restriction of the number of gaussians for

each atom type to one or two.



The error from (iii) is known. Agarwal shows that
with a two gaussian approximation the error at 1.5 A

4(2),

resolution is about 1 The five gaussian approx-

imation gives virtually no error at a11(8),

The error from (ii) is a function of b'(= bi + bm).
The percentage error is illustrated for different b’
in table A1. However the error from (i) is harder
to estimate, and for both (i) and (ii) the errors

differ for different atoms.

Table A1

Percentage errors of

exp(—4n2r2/b') r exp(-4ﬂ2r2/b‘)

Rmax Rmax )
bt 1.5 2.0 2.5 1.5 2.0 2.5
5 0.0 ~ 0.0 0.0 0.0 0.0 0.0
10 0.0 0.0 0.0 0.01 0.0 0.0
20 0.19 0.0 0.0 0.86 0.02 0.0
30 1.1 0.08 0.00 4.22 0.39 0.02
40 2.77 0.64 0.03 9.32 1.57 0.16
50 4.88 0.95 0.13 15.00 3.61 0.59

To test whether this modification to Agarwal's method
had reduced the accuracy of the method we ran tests
on gramacidin-S. This is a ten peptide structure
space group P312], which has been réfined by the
Agarwal method using copper radiation data of 1.A re-
solution. There are 96 atoms in the structure with
an average isotropic B factor of 10.24 A2(5), I gen-
erated calculated Fhkl from the known atomic posi-
tions to a resolution limit of 1 A; then applied
random shifts to the x, y and z co-ordinates of up

to 0.1 A. This incorrect set of positions was then
refined against the calculated F,

hkl’
ginal program and the modified one, testing differ-

using the ori-

ent values of o for both the convolution step,

ax
and the generation of electron density from the
atomic positions. In all cases the grid was sampled
at approximately 173 A along each axis, and the five
gaussian form factors were used(e).

Four tests were made.

r r
max max
‘922§i$1 (convolution)
generation) —_—
1) Original program 2.5 2.0
2) Modified program 2.5 2.0
3) original program 2.646 = V7 2.646

4) Modified program 2.646 2.646

For each single cycle of block diagonal least squares
refinement was run on an IBM360. The results are

tabulated in Tables A2, A3 and Ad.

Table A2
R Value Time RMS Error in Position (A)
Initial Final (mins) Initial Final shift

1) 12.31 6.63 6.52 0.08912 0.05820 0.08167
2) 12.31 5.67 4.12 0.08912 0.05012 0.08142
3) 12.24 l 6.53 3.15 0.08912 0.05731 0.07660
4) 12.24 5.55 5.22 0.08912 0.04988 0.07875

Table A3

R.M.S. Differences between different solutions in A's

1 2 3
2 0.0270 - 0.0056
0.0056 0.0269 -
4 0.0269 0.0036 0.0255
Table A4

Residual Fraction of Initial Error for Carbon Atoms

in Different B ranges after 1 cycle.

B Value n atoms 1 2 3 4
6-8 . 10 0.53 0.36 0.53 0.38
8-10 21 0.62 0.59 0.61 0.59

10-12 10 0.67 0.39 0.64 0.38
12-14 5 0.65 0.67 0.63 0.65
14-16 4 0.54 0.66 0.50 0.63
16-18 4 0.83 0.70 0.77 0.66
18-20 4 0.72 0.78 0.70 0.78
>20 4 0.79 0.92 0.80 0.90

Note: 1) There is little gain obtained from either
version by increasing rmax' The extra time used »
would probably have been better spent on beginning
another cycle. 2) For atoms with low B values the
modified program gives a slightly better reéult, but
the modification does not work so well for atoms
with high B values. 1In fact any convolution method
must have problems with such atoms, which are likely
to have poorly defined gradients in the difference
fourier. 1Increasing the atomic radius for the con-

volution step can do little to solve this.
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REFINEMENT EXPERIENCES USING CHAIN CONSTRAINTS IN
REAL SPACE AND ENERGY RESTRAINTS IN RECIPROCAL SPACE

by

Wolfgang Steigemann

Max-Planck-Institut fuer Biochemie,

1. INTRODUCTION

In the field of protein crystallography initial ato-
mic models of the biomolecules are generally ob-
tained by the techniques of multiple isomorphous re-
placement and/or molecular replacement. These mo-
dels are only approximate and must be improved in
order to deduce sufficiently reliable results for
the understanding of their bioclogical function. The
limited amount of reflection data generally prohi-
bits the application of conventional least-squares
refinement (an exception is the refinement of rub-

redoxin by Watenpaugh et al(”

at very high resol-
ution) because of a poor ratio observations/para-
meters. This ratio can be improved either by in-
creasing the number of observations (which need not
necessarily be X-ray observations) or by reducing

the number of parameters. Aan approach of the latter

(2). This

kind is Diamond's real space refinement
method has been used extensively in our laboratory
in a cyclical manner introducing newly calculated
phases into the electron density map after each

cycle(B).

2. REAL SPACE REFINEMENT WITH CHAIN CONSTRAINTS

(2)

In this procedure the bond lengths and most bond

angles are kept strictly fixed as introduced into

the starting model(4)

The dihedral angles in the
main and side chain are the variable parameters.
The refinement in real space has several advantaages
and disadvantages. The latter are partly due to the
reduced flexibility of the polypeptide by means of

imposing chain constraints.

2.1 Advantages

1. A major advantage is the possibility for the im-
provement of the initial model in the MIR (multiple
isomorphous replacement) map. Based on a given se~
quence of the molecule an optimum interpretation of
such a map can be obtained before the observed

phases are replaced by calculated ones.
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2. Any type of map can be used (except difference

Fourier maps). In advanced stages these may com-

prise (2Fo-Fc)—maps(3) or in more difficult cases

(5)

"phase-combined" maps which make use of phase

6
information from independent sources( )

3. The refinement may be confined easily to selected

portions of the structure.

4. The radius of convergence is in general larg(7).

2.2 Disadvantages

1. A principal disadvantage of the method is the.
restriction to structures determined at medium or
high resolution. In our experience, serious prob-
lems arise in the fitting procedure at a resolution
lowexr than 3 g, since residues distant in sequence
but adjacent in space can easily share the same
electron density. The resulting close non-bonded
contacts of "merging" side-chains are unacceptable.
2. The absolute rigidity of bond distances and most
of the angles may lead to a serious strain in the
flexible

broad(s)

This is physically unreasonable(3).

model. The distribution for the generally
main chain bond angle at Ca becomes rather

(typically 10°).

3. The crucial step of manual intervention for the
correction of gross errors {(e.g., a peptide flip)
poses problems of a more technical nature. The de-
sired target positions can, in principle, be spe-
cified but are not necessarily met because of the
rigidity of the model. Complicated mathematical
manipulations are necessary for the projection of
Cartesian coordinate space into dihedral angle space

with fixed margins.

4. A related problem is that it is virtually imposs-
ible in practice to insert, delete or modify the
side chains of amino acids, as is often necessary if
the chemical sequence is not known. The model is not
allowed to be stereochemically distorted (i.e. bond
lengths and angles must be kept ideal) since no in-

formation about the stereochemistry of single amino



acids is available in the real space procedure. Per-
fect bonding parameters can be introduced only by
(4)

tedious model-building which is impracticable

for frequent use.

These latter "manual" interventions were pafticu—
larly time-consuming in routine application and an
improvement was highly desirable. Based on this

experience, a much higher flexibility of the model
was allowed on the VG 3400 interactive graphics

system(g) for model repair. There a modified ver-
sion of Herman's & McQueen's model building proc-
edure(lo) is used. A more accurate restoration of
ideal geometry and check of non-bonded contacts is

11
then performed by Levitt's energy refinement( ).

3. RECIPROCAL SPACE REFINEMENT WITH ENERGY RESTRAINT

From our experience with the graphics system it was
obvious that relaxation of geometry would also be
favourable for a more rapid convergence of the re-

finement process in automated refinement.

The first approach towards this goal has been repor-

ted by Konnert(lz)

who introduced geometric res-
traints into the structure factor least squares
procedure. A discussion about a more elaborate
version of his method is described in this volume

(W.A. Hendrickson).

We used simultaneous refinement of the X-ray resi-_
dual Z((Fo\-ch‘)2 and potential energy as des-

cribed by Jack & Levitt(13).

The main reasons for
the selection of this procedure were, on the one
hand, the application of physically reasonable po-
tential parameters, and on the other hand, the use
of FFT (fast Fourier transform) methods for the cal-
culation of the crystallographic contributions. The
full procedure has been implemented in our labora-

tory by J. Deisenhofer.

3.1 Principles

In the following, I shall briefly review some prin-
ciple features of the method.

The function that is to be minimized is given by

R=E+k *X (1)

where E represents the potential energy and X the
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crystallographic term Z((Fol - |FC()2. The factor
k controls the relative contribution of the crys-
tallographic residual to the total residual R. 1Its
magnitude is of crucial importance as may be veri-
fied when it adopts the extreme values k=o and

k==, In the first case pure energy refinement is
performed, in the latter pure crystallographic re-
finement. Our general strategy is to choose k in
such a way that both residuals decrease simultan-
eously. The potential energy term consists of the

following contributions

= 2
E = z 1/2Kb(bi—bo)2 + (bonds)
+ I 1/2K (T.-T )  + (bond angles)
T i o (2)
+ ZK°(1+cos(m-0i+6)) (torsion angles)

+ I (A-r;12 + B-rgs) (non-bonded interactions)

The potential parameters we have used are those des-
cribed by Levitt(ll). According to the atom types
involved in forming bonds and bond angles different
values of the force constants are applied which have
been derived from vibration spectra of small mole-
cules. The bond angle and torsion angle force con-
stants are corrected for the omitted H-atoms. The
coefficients A and B in the Lennard-Jones potential
(4th term in egn. 2) for the non-bonded interactions
are of a more empirical nature. Attractive terms
(negative B) are used for potential hydrogen bond
partners (minimum in the energy function at 2.9 R)
and atoms pairs with more hydrophobic character
(minimum energy between 4 ; and 5 ;). Apart from
this only repulsive forces are applied. (The de-
tailed values of A and B are chosen to give a

20 kcal/mol contribution at an extreme short contact

o o
which lies between 2.6 A and 3.0 A).

We regard it as a major advantage of this method that
the parameters employed depend on the type of atoms
involved in a particular interaction. Specific flex-
ibility or rigidity in particular regions of the
molecule may be introduced by use of artificial atom
types and appropriately chosen potentials. This was
particularly useful in the refinement of oxy-

erythrocruorin(la).

The crystallographic refinement is approximated by
diagonal least squares refinement, the normal matrix
and right hand side of which are set up by FFT
methods(13). A conjugate gradient technique is used
for the subsequent minimization of X-ray and energy

residual.



The type of residual (sum of independent functions
in egn. 1) chosen in this refinement procedure in-
dicates that in this method the number of observa-
tions is increased (the target values of the ste-
reochemical parameters and their associated ener-
gies) rather than the number of parameters de-
creased. The energy parameters are not used to re-
parametrise the least squares problem. Refinement
is performed in Cartesian space. Even though, we
may term this procedure for simplicity a crystallo-
graphic refinement with energy restraints, espe-
cially because of the free choice in the parameter
k (egn. 1).

When the shifts resulting from X-ray diagonal least
squares are applied to the atomic coordinates with
full weight and ignoring stereochemical conside-
rations (i.e. single atom refinement with an effec-
tive k= in eqgn. 1), the X-ray residual does not
necessarily decrease in an optimum way. Depending
on the resolution, a damping or enhancement factor
has to be applied in order to reach a minimum R-
value for a given set of shifts. Its value usually
need not to be determined often, so simple "trial
and error" structure factor calculations in a se-
lected zone are sufficient. The use of a non-unit
weighting factor turns out to be of major importance
for an optimum convergence, even in a combined ener-
gy and X-ray refinement. It should be noted, that
this factor is different from the factor k in

egn. 1.

A full cycle of combined refinement then consists of
the following: Starting from a given set of coordi-
nates, structure factors and a difference Fourier
map are calculated (either by FFT or conventionally).
The difference Fourier is used for the determination
of gradients needed to set up the diagonal least
squares system. The coordinates are then refined
subject to the properly weighted X-ray and energy
restraints to give a new model. With the new model
the procedure may be repeated. Occasionally the
optimum weighting factor for the X-ray shifts (see
above) has to be determined. As a short-cut, energy
parameters may be intermittently ignored during the
refinement of temperature factors. We usually
average the independently refined temperature factors
over main and side chain in each residue subseq-

uently.
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As pointed out before, the manual correction steps,
which cannot be performedvautomatically by any
refinement procedure, are of particular importance.
This step is by far the slowest in the whole re-
finement process, a fact which should be taken into
account when one considers the investment of time

to speed up the automated part of the refinement.

4. APPLICATION OF THE METHOD

The method of crystallographic refinement in reci-~
procal space with simultaneous minimization of
energy has been used extensively for the refinement
of structures over a wide range of resolution. Often
the primary structure has not been known in advance,
which has seriously hampered the progress of re-
finement.

In the following I shall focus on two examples
with different characteristics.

4.1 F__-fragment of Immunoglobulin G

The first example summarizes the refinement of the
antigen binding fragment of IgGl immunoglobulin,

(5,14)

KOL, performed by Marquart The general

course of refinement is shown in fig. 1. The R-
value and potential energy (excluding the non-
bonded interactions) are drawn as a function of the
cycle number. The Jeneral complexity of the
diagram derives from the fact that many manual inter-
ventions were necessary. Amino acid sequence in-
formation was not known for the variable segments
in the polypeptide. The only guide to the sequence
in these regions was the knowledge of the peptide
composition in the light chain and part of the heavy
chain. 1In the first half of the refinement (counted
in terms of cycles) RLSP (real space refinement)

was used, initially with data to 2.9 ; and later
extended to 1.9 ; with calculated phases. The maps
used were of type (2F°~FC) and (3FO-2FC). ?he first
major corrections were guided by the inspection of
difference Fourier maps (IFOI - ch[)exp(idc) which
were difficult to interpret, especially in the case
of incorrectly recognized amino acids. After cycle
19 no improvements of the model could be derived

from the (FO—FC)-maps. Therefore, phase information

from MIR and the present models using Sim—weights(ls)

were combined(6) and a map with amplitudes (FO)
weighted by the derived figure of merit calculated.

This led to some major revisions in the model.
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of refinement of the Fab-fragment of IgGl immunoglobulin KOL.

(lower curve) and the potential energy E without non-bonded interactions (upper
ependence of the cycle number.
5-2.9 &; 5-2.5 &; 5-2.2 &; +5-1.9 &.
the curves indicate major revisions in the model.
Temperature factor refinement is shown by the arrows flagged with B.
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The crystallographics R-value

The various symbols for the R-value denote

The broken sections in each of

Manual interventions at the graphics system(g) are

Two different

refinement procedures have been used: RLSP (real space refinement (2)) and EREF (combined X-ray and

energy refinement(13),

Phése combination turned out to be an extremely use-
ful tool and (ZFO-FC) maps with such phases, and in
later stages, Sim-weighted (ZFO—FC) maps were used
exclusively for model inspection and correction on

(9

the interactive graphics display . In order to
obtain better convergence, the resolution was de-
creased to 2.5 g again and RLSP was applied to the
revised model using ‘normal' (2FO-FC) maps. Cycles
of EREF (k=0) using phase-combined maps were em-
ployed periodically in the later stages of the re-
finement purely for inspection and restoration of

standard geometry.

At this point it had become clear that the slow pro-
gress in refinement was due to some extent to the
strong constraints imposed by RLSP. Therefore, from
cycle 39 on RLSP was abandoned in favour of EREF.
At first, one EREF cycle without X-ray observations
(k=0) was performed after each manual intervention

in order to restore standard geometry and to detect
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The refinement cycles flagged with k=0 represent pure energy refinement.

close non-bonded contacts. These steps are reflec-
ted by an increase of the crystallographic R-value
and by a decrease of the potential energy. Then
several cycles of combined X-ray and energy re-
finement were performed, adjusting the relative
scale factor k in such a way that generally both the
X-ray residual (represented by R-value) and the po-
tential energy decreased. Occasionally (e.g. in
cycles 49,50) the restraints have been more relaxed
by temporary increase of k to overcome local minima
introduced by the energy function. Each series.of
automated refinement cycles included one cycle of
temperature factor refinement, from which average

B values were determined for the main chain and for
the side chain in each residue. The final R-value
6.0 ; and

which

is 0.276 for all reflections between

o

1.9 A. Ignoring the reflections for
- / >

20[IF L = IF 17} + IF D) > 1.2

decreases to 0.256.

the value
The summed energy terms for

bond lengths, bond angles and torsion angles are



56.3, 322.6 and 478.3 kcal/mol, respectively, for

440 residues in the molecule.

Summarizing, only the use of phase-combined maps in
the steps of manual interventions and the appli-
cation of the Jack & Levitt refinement procedure,
using restraints rather than constraints, made it
possible to arrive at a reasonably well refined
model. (Uncertainties still exist in the sequence
at several locations, especially in the hypervar-

iable loops).

4.2 Deoxy-erythrocruorin

In the second example further improvement of the
already extensively refined structure of deoxy-
(16)

erythrocruorin at 1.4 ; resolution was achieved.
RLSP refinement had been applied resulting in a
model with R-values of 0.185 and 0.170 at the re-
solutions of 1.4 A and 1.2 A respectively. The
energy terms calculated from this model were 233,
246, 222 and -1301 kcal/mol for the bond lengths,
bond angles, torsion angles and non-bonded contacts,
respectively. Considering the small size of the
molecule (136 residues), these values are rather
high. This derives in part from some improbable
geometric parameters in the standard groups used
(e.qg. systematically too small bond length for car-
boxyl'groups, large bond angle in carboxyl of Glu,
small bond angle Ca—CB—CY in isoleucine, and slight-
ly non-planar phenyl rings due.to accumulation of
errors). It should be noted that the geometric pa-
rameters for the various amino acids input to

(4)

Diamond's model-building program were based on
rather old (mid-1950's) crystallographic data. These
observations nonetheless illustrate a point made
before, that restoration of distorted geometry is

not possible in RLSP.

In total, four cycles of crystallographic refinement
with energy restraints were performed setting the

3

factor k to 4x10_5 in cycles 1 to 3 and to 5x10°

in the last cycle. The shifts obtained from X-ray
diagonal least squares were multiplied by a factor
of 2. The RMS (root mean square) displacement be-
tween initial (after RLSP) and the last model was
0.2 ; (including 180° rotations of the far ends of
Asn, Glu, His side chains). The R-value decreased
to 0.169 and 0.151 for 1.4 g and 1.7 ; data, respec-
tively. The potential enerqgy terms at the same time
adopted values of 12 kcal/mol (bond lengths), 70

kcal/mol (bond angles), 150 kcal/mol (torsion angles)

and -1470 kcal/mol (non-bonded interaction). The
total energy decreased by the large amount of -1247
kcal/mol, reflecting the high weight given the ener-
gy term in the combined refinement. The effect of
the weighting scheme is seen further in the obser-
vations that the final average values of bond lengths

coincide with the target values and that the variances

°
in bond lengths are less than 0.01 A (for details see

‘table 1).

Table 1
Bond lengths and bond angles of deoxy-
erythrocruorin before and after simul-
taneous refinement of X-ray and energy

residual (EREF).

°
Bond lengths (A)

before after
EREF EREF

type no. target force

value const

Ne (N—c%) 149
cc (c®cPy 243

ca (c®-cn) 161

1.470+.008 1.469+.006 1.468 252
1.527+.017 1.541+.005 1.540 288
1.526+.014 1.527+.004 1.525 468
A0 (C=0) 178 1.233+.020 1.256+.003 1.257 569
AN (C-N) 153 1.320+.018 1.319+.007 1.318 230
BN (C-N His)13 1.352+.041 1.405+.006 1.405 180
BA (C-C Phe)67 1.390+.041 1.389+.006 1.389 288

Bc(cB-cYpne)20 1.511+.015 1.540+.004 1.540 468
Bond angles (degrees)
type no. before after target force
EREF EREF value const
ANC 138 121.0+1.4 121.0+0.4 123.8 51
CCN 133 109.7+1.7 110.4+1.3 110.1 65
ccc 145 112.3+43.5 111.9+1.4 111.9 66
aeN T(CY) 136 113.1+4.2 112.4+1.5 113.1 63
ACC 145 109.1+2.9 109.7+1.4 109.0 67
[0).1¢] 17 122.8+4.9 119.0+40.7 119.0 107
OAN 144 123.6+1.1 123.8+0.7 124.1 57
Cao 178 120.5+2.7 119.8+0.9 119.7 69
CAN 144 115.1+1.0 116.0+1.0 115.1 = 56

Explanation of atom types: C tetravalent
carbon; A trivalent carbon in &6-membered
rings or carbonyl carbon; B trivalent car-
bon in 5-membered rings; O carbonyl and
carboxyl oxygen; N amide and imidazole

nitrogen. Force constants in kcal/mol.



As expected, the RMS deviations from the mean values
are inversely proportional to the force constants of
the various bond types. »Similar observations are
made for the other parameters (cf. bond angles in
-table 1). It is worth noting that the spread around
the average values has been narrowed considerably.
during combined refinement. Despite this fact, im-
provement of the crystallographic R-value by more
than 0.015 has been obtained. Undoubtedly, with less
restraint (the present restraints must be regarded
as very stringent), further improvement could be
achieved. The interaction of R-factor and res-
traints seen here and in other examples stresses
the need for the specification of a quantity des-
cribing the flexibility in the geometric parameters
apart from the crystallographic R-value. The energy

values are very useful, in this regard. The va-

riation in bond lengths and bond angles and the de-
viation of their average values from target values

seem also to be reasonable measures.

5. CONCLUSIONS

These findings underline the superiority of res-
trained refinement over constrained refinement, even
in the case where no serious errors were present in

the model.

It is clear that pure energy refinement using a
given set of potential parameters will not result in
a model agreeing very well with the observed crys-
tallographic data. Nevertheless, these potentials,
even in the present from (ignoring hydrogen atoms,
hydrogen bonds, electrostatic interactions etc.),

are good enough to act as reasonable restraints when

combined with crystallographic refinement.

Summarizing, the following major advantages of the

Jack & Levitt refinement have been found(17):

©
1. Refinement at low resolution (dmin > 3 A) is

possible.

2. Refinement of temperature factors at medium re-

solution is possible.

3. Geometric restraints can be relaxed temporarily
leading to better convergence without traps in

local minima.
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4. Distorted geometry can be easily repaired.

5. Treatment of non-polypeptide chains (sugar in
glycoproteins) or any non-protein constituent (e.g.

heme group and ligand in hemoglobin) is easy.

6. Computing time requirements are considerably re-
duced in comparison with Diamond's real space re-

finement.
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ON THE RELATIONSHIP BETWEEN X-RAY AND ENERGY REFINEMENT

by

R. Diamond
MRC Laboratory of Molecular Biology, Hills Road, Cambridge CB2 2QH.

ABSTRACT

This paper reviews the principles involved in mixed
energy and X~ray refinements and,. in particular,
addresses the question of their proper relative
weights,
and a posteriori probabilities and related to

Boltzmannian statistics.

1. INTRODUCTION

A number of refinement procedures for macromolecules
now exist which minimise some linear combination of
X-ray and energy residuals. Yet others exist which
minimise X-ray and energy residuals in alternation
and as separate operations. What relative weights
should be given to these two terms, and in the latter
case, which of the two alternating procedures should
be regarded as giving the final result?

The approach taken here to these questions is to

view the energy function employed as being essen-
tially a statement concerning the a priori probabil-
ity distribution for the structure. Seen in these
terms, it is more important that the function used
should fairly represent a priori probabilities than
that it should represent the highest sophistication
in quantum mechanics, though hopefully, of course
these two considerations would coincide, X-ray
measurements then modify our original assessment of
the probabilities.

1.1 Combining Probability Densities

Let x be an n-dimensional column vector of parameters
describing a structure and let an a priori probabil-
ity density distribution for x be
T
pl(x) = K, exp I (x xl) Ml(x xl) )

This density is distributed normally about x = %

with Ml real symmetric positive definite, and the

1 satisfies

fpl(x)dr =1

normalising constant K

T being the n-dimensional hypervolume,

The problem is viewed in terms of a priori
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Suppose now that an experiment is done yielding an

independent estimate of the distribution of x

pz(x) = K2 exp —i(x-xz)TMz(x-xz) (2)

then the joint probability over both these consider-

ations is proportional to the product

p(x) a pl(x)pz(X) &)

or p(x) = K exp'—i{(x-xI)TMl(x—x1)+(x—x2)TM2(x-x2)}
(4)

but with

K # KK, (5)
This inequality arises because the product of two
densities is not a demsity, and K will be found
later by normalisation., The distinction between
p(x) and the product pl(x)pz(x) is further discussed

in an Appendix.

Equation 4 also represents a normal distribution
about a point x = X which may be found by a shift
of origin. We replace x by (x—xo), x by (xl—xo)
and X, by (xz—xo), (which leaves quantities like

(x—xl) unchanged) and eqn. 4 becomes

p(x) = K exp -i{(x-xo)TMl(x—xo) - (x-xo)TMl(xl-xo) -

Gepmx )M Gemx )+ Gepmx ) T (g ) ¢ (x=x ) T )

- - T - - - -

(x x%) Mz(x2 xo) (x2 xo) Mz(x xo) +
(xy=x ) My(xymx )} (6)
in which the exponent now contains both linear and
quadratic terms in x. However, X may be chosen to

make the linear terms vanish, i.e. by setting

T T ~
(x xo) Ml(x1 xo) + (x xo) Mz(xz-xo) =0 ¢))
which becomes true for all vectors x only if

Ml(xl—xo) + MZ(XZ_xo) =0 (8)
giving

_ -1

e (M1+M2) (Mlx1 + szz) 9

With this value of X eqn, 6 becomes
T
=K L (x~ -

p(x) =K' exp -i(x xo) (M1+M2)(x xo) (LO)

because the terms linear in x in egn. 6 now vanish
and those independent of x produce a factor which

has been absorbed in the scale factor.



Evidently p(x) maximises at x = X, and from eqn. 9

we see that x_ may be regarded as a weighted mean of
o

x, and X, with the matrices Ml and M2

1 2
weights, although, of course, they are not scalar

serving as
weights. Figure 1 illustrates this situation in
which the full lines are contours of pl(x) and pz(x)
and the dotted line is a contour of p(x). The two
sets of full lines have a common tangent at X, and
at other points on a locus connecting X and %, via
is not on the straight

X . Noke especially that X

line from Xy to x, so that, in general, a set of
coordinates which is a linear combination of X-ray-
minimised and energy-minimised coordinates (i.e.
lying on the straight line X x2) is not an optimal

set,

Finally, we remark that the normalisation factor K
for a distribution of the form
K exp —ixTMx
is
(o™l }

in n dimensions.

(11)

2.  APPLICATION

In order to apply the foregoing to the present prob-
lem we write
E-E = $(e-x) THGex)) (12)
where H is the matrix of second derivatives of the
potentfal energy E with respect to the components of
X, X being the mimimum energy point at which grad E
is zero. This requires that all forces be balanced
out at x = x, but does not require that every con-
stituent part should vanish. For example, a non-
bonded inter-atomic separation typically produces an
energy minimum at some distance, but it is not nec-
essary that this non-bonded inter-action force
should be zero at x = x

1
force arising, say, from a distorted bond angle. It

if it is balanced by a

is necessary only that there be no net force on any
atom at x = x; and that the conformations actually
encountered are sufficiently close to X1 for net
forces to vary linearly with displacement from Xq.
I.E. eqn. 12 is Hookean.

With these assumptions x—-space becomes the spatial
part of a phase space and the Maxwell-Boltzman Law
of Energy Distribution applies, namely that the pro-

bability that x lies within dxl, dx2, dx3... dxn is

48

proportional to

e_(E_Eo)/kT dx1 dx

g tee dxn

i.e.
T
pl(x) = Kl exp - !(x-xl) H(x-xl)/kT (13)
from which also follows the equipartition law result

that the mean energy E is given by

E_Eo = f(E—Eo)pl(x)dT= nkT/2 (14)
For the X-ray case the experimental distribution
pz(x) is given by
. T
= - o Te-1 -
pz(x) K2 exp -} (x x2) DTc-1p(x x2) (15)

in which D contains the derivatives of the calcu-

lated values of the observables with respect to the
parameters and C is the covariance matrix among the
observations so that DTC-lD is the correctly weight-
ed normal matrix. and X, is the experimental solution
point. Thus the combined result, eqn. 9, may be

obtained by setting M, = H/kT, M2 = DTC_lD.

1

3. DISCUSSION

Boltzmann statistics describes the time-average of a
fluctuating system, nevertheless it does, I think,
provide the bdst relative weights of X-ray and en-—
ergy considerations, and it allows us to address
such questions as the extent to which a given co-
ordinate set is dependent on X-ray measurements or
assumptions concerning the energy function. It can
also characterise the extent to which the two crit-

eria are or are not in agreement.

P.or example, by a suitable change of variables,

classical statistics tells us that for the probab-

ility density distribution

[ul ]

(2m"

p(x) = exp -!(x—xo)TM(x—xo) (16)

the probability that y = i(x-xo)TM(x—xo) exceeds Y

is
P(y>Y) = [S/... fp(x)dxldx2 veee dxn
o y>Y
n
n =-1
= -1 -y v 2
- Lyt eay-et X an
n o =,
r(EJ m!

(F(%) isYdefined as the value of this integral with

Y = 0 and y is }x? in the usual statistical nota-
tion). Thus, by setting
- - T —
Y = i(x2 xl) Ml(x2 xl) (18)
eqn.” 17 gives the thermodynamic probability that the



X-ray structure, Xx,, should differ from the energy

minimised structure, X1, by at least the amount

found, as expressed by eqn. 18, Similarly, the

probability of the structure x, differing from x

1 2
by at least the amount found, given the observations,

is obtained by replacing M. by M, in eqn. 18,

1 2
Questions concerning the joint probability (egqn. 10)

may be similarly treated.

Conversely the value of Y corresponding to

P(y>Y) = 0.01
1 to a good approximation for large n by
Y = In + 1.6447V/n + 1.4701

is given

which means that the solution, in x-space, is 997
certainly located within an ellipsoidal contour of
hypervolume
n/ -1y n/
2 2 2
U [m | (2v)
F(% + 1)

for this value of Y and the nth root of this would

give the edge an equivalent cube. The point here
is that this hyper-volume is proportional to
i{MII_l/Z , and it would be interesting to compare
[y 1172, [y 172 and [+ | 1722, the
last of which may be quite small even when the other
two are indefinitely large or infinite as is the
case for structures which are undetermined by one

criterion alone.

APPENDIX
On combining probability densities.

It was pointed out in connection with equation 4 that
multiplying together the densities pl(x) and pz(x)
gives a product proportional to but not equal to the
combined density. Furthermore, these densities
have dimension x © (so that their volume integrals
are pure numbers) and their product of dimension
x—2n is clearly different, so what is the justifi-

cation for multiplying densities?

Multiplication of probabilities (not probability
densities) is appropriate for considering the sim—
ultaneous occurrence of independent events, Suppose
two independent scalar variables x and y have proba-
bility densities p(x) and q(y) then the probability
that x lies between x and x + dx and simultaneously

y is between y and y + dy is p(x)q(y)dxdy in which
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p(x)q(y) is a superficial density on the x,y plane,

p(x) and q(x) being themselves linear densities.

If additional information becomes available that
necessarily x =
p(x)q(y)dxdy = p(&,n)d&dn
p(£{n)p(n)dtdn

(x+y)/¥2. n = (x-y)/¥2, and the linear

the line n = O is given by setting p(n)

y we may write

p(x,y)dxdy =

in which . g
density on
to a delta function at the origin, i.e, fp(n)dn =1
with p(n) = 0 unless n = 0. Integrating on n then
gives the dependence on £ as

dg. fp(E|n)p(n)dn = p(£|0)dE
in which p(E[O) is a linear density proportional to

p(x)q(x).

As an example of combining n-dimensional probability
densities by multiplication and renormalising, con-
sider the refinement of a crystal structure of n
parameters with m observations, and let the obser-—
vations be divided into two groups in some way.

Any ‘way will do provided that there are no co-
variances between observations in one group with

any of those in the other. Refining the structure
on group 1 alome produces a structure expressed by
and normal matrix M

1 1
based on these reflections only. Similarly, re-

the n~dimensional vector x

fining on the second group of reflections only yields

5 and MZ'

eously produces a structure X,

X Refining on all reflections simultan-

1 and X,

Thus the inclu-

related to x
by eqn. 9 as is easy to verify.

sion of the additional information represented by

the second group of reflections is formally equiva-

lent to multiplying probability density distribu-
tions in x-space and renormalising, as has been

done in connection with eqn. 4.
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Figure 1. Combining two normal probability density distributionms Pl(x) and
Pz(x) can produce a maximum joint probability at X mot co-linear with the maxima

at X and xye
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SUMMARY OF THE MAIN DISCUSSION PERIOD

A.C.

by

BLOOMER and P.R.

EVANS

MRC lLaboratory of Molecular Biology, Hills Road, Cambridge

1. INTRODUCTION

The main discussion period was chaired by Dr. D.S.

Moss with the following topics on the agenda:-

a) What do you minimise? Constrained, restrained
Oreca?

b) How do you calculate gradients?

c) Which weighting functions do you use?

d) What are the biases inherent in the methods?

e) How do you find whether you are right?

An introductory illustration from the Chairman sum-~-
marised the various methods utilised by different
procedures for the two constituent parts of any
refinement process:- determination of the differ-
ence between observed and calculated x-ray terms;
adjustment of the atomic model to minimise these
differences. Most of the possible combinations
have been used (see fig. 1) but it was generally
agreed that, if one were now starting from scratch
with no available programs, the preferred combina-
tion would be FFT calculation of structure factors

with restrained shifts to individual atoms.

Constd. Restd. Unrestd.
Real space Diamond
density map REAL

SPACE
Classical Konnert Classical
structure least squares
factor calcn. Sussman CORELS (rubredoxin)
FFT calcn. of Jack-~Levitt Agarwal
structure (insulin)
factors

Fig.1 Methods of refinement

Unrestrained shifts are only useful for structures
at very high resolution (say 1.5 A). As the resol-
ution of a structure decreases, the restraints need

to be increasingly hard until they become essen-
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tially rigid constraints. Current procedures using
classical methods of structure factor calculation
are generally easier to use than those using FFT
methods but the advantage of the latter, arising
from lower computing costs, increases markedly with
the size of a structure. However, for the largest

current structures, such as viruses, the cost of
even an FFT structure factor calculation is such
that it may prove more efficient to maximise the
information derived from the initial map, as used
for visual interpretation of the structure, by use
of a real space procedure (Bricogne, personal com-
munication afterwards). The case for this is great-
ly strengthened whenever the initial map is of par-
ticularly good quality as, for example, may result
from the presence of a high degree of non-crystal-
lographic symmetry. The practical advantage of the
real space approach is the facility with which par-
tial structures may be refined and although it has
been used only with constrained parameters, this is

not a necessary restriction upon the method.

2. HOW SHOULD THE RESTRAINTS BE SET?

The Chairman listed the different types of res-

traint for discussion in the following order:

a) Bonded distances

Exclusion of hydrogen atoms from most refinements
distorts the centroid positions of atoms to which
they are bonded, thus increasing the bond lengths.
In a recent neutron diffraction study of myoglobin
the H atoms were included producing a decrease of
0.01 A in the mean C - C distance averaged over 150

bonds (S.E.V. Phillips).

b) Next nearest neighbour distances

c) Bond angle restraints

These two treatments of next nearest neighbour pos-
itions are strictly equivalent only when rigid con-

straints are applied. Hendrickson's program uses



the distances and Levitt's program uses the angles.
Hendrickson expressed a preference for the use of
angles, notwithstanding the distances having deriva-

tives which are easier to handle in computing terms.

d) Torsion angle restraints

These are a computationally convenient means of en-
suring planarity and of avoiding the need to in-
clude H atoms. Soft restrain;s should be used
whenever the torsion angles are restricted, thus
enabling movement away from false minima and the

correction of gross errors.

Torsion angles are usefully calculated even if un-
restrained. Hendrickson reported rms deviations of
12° for the peptide bond torsion angles in CRANBIN.
Hermans indicated that for rubredoxin these angles
deviated by 10-20° from planarity with a reasonable
correlation between the values arising from an un

restrained least squares refinement at very high

resolution (beyond 1.5 A) and those from an energy

minimisation of the x-ray structure.

e) Planarity restraints

The possibility of real departures from planarity
needs to be recognised but any relaxation of these
restraints should be done with cgution especially
at low resolution or where the map may be distorted

by thermal motion.

Methods of applying the restraints include

a) dummy atom at 20 A restrain to be in
b) restrain normal to plane current plane

c) stress the inter-atomic distances

d) improved force field '

e) rigid body refinement (e.g. CORELS)
A suggestion attributed to Ten Eyck utilises the
fact that the first derivatives of the energy are

zero for all shifts normal to the plane.

£f) Hydrogen bond restraints

Significant gains in enrgy may arise from H-bonds
well over 3 A in length. Thus the length should

not be tightly restrained to a canonical 2.8 A.

Referring to the work of a colleague in Groningen,
Hol reported a prediction that non-planar peptides
would show reduced H-bonding potential. This cor-

relates with the resonant hybrid nature of the pep-
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- adequecies in the

tide bond involving partial charges on the N and O

atoms.

g) Non-bonded restraints

Hendrickson chose to leave out the attractive poten-
tial, which could be dangerous, using a quartic ap-
proximation to the full Lennard-Jones potential

which Levitt uses.

Levitt has now added to his program a protection
against the ill-effects of the extremely strong re-

pulsion at very small separations.
An electrostatic potential may be used within the
Levitt program but the dielectric constant involved

here is enormously uncertain.

h) Thermal parameters

However these are restrained, they must be recog-

nised as attempts to account for a variety of in-
structural model, since no unique
model can conform correctly to a dynamic density.

i) Non-crystallographic symmetry restraints (NCS)

One must beware of real departures from NCS especi-
ally in regions of contact between molecules relat-
ed by crystallographic symmetry. Classical hypo-

thesis testing allows comparison of the goodness of-
fits following refinement both with and without use
of NCS restraints, but assumes that a correct

weighting scheme is used for the observations.

3. CONSTRAINTS VERSUS RESTRAINTS AND CONVERGENCE

The evidence from small molecule studies suggests
that hard constraints give a larger radius of con-
vergence but also a tendency to stick in false min-
ima as atoms are then prevented from moving through
a bad contact to reach a correct position. The ap-
propriate level of restraint is thus governed by
the starting point which is, in turn, influenced by
the following considerations. The appropriate res-
olution for alcycle of refinement, should be relat-
ed to the features seen in the difference map and
the state of the refinement. It can be estimated
from the rms deviation in atomic positions. There
was a strong difference of opinion as to whether
any higher resolution data should be included,

normally or with reduced weighting, or excluded and



the structure prevented from moving too far from

the initial model by additional restraints.

The accuracy of prior fitting was also a conten-

tious point with some supporters for adjusting the
model in as much detail as possible and others for
adjusting only to a point from which they think

refinement can proceed, and at each cycle correct-
ing only those features which the refinement pro-

gram cannot cope with.

Regions of uncertainty within the model may be
treated by a suitable choice of occupancy or temp-~
erature factor but this is not really satisfactory
as one cannot properly use a single parameter to
describe both the height or shape of density and
its uncertainty. Omitting such regions entirely
from the structure factor calculation works success-
fully for a few residues. However, several cycles
of refinement may be needed after omitting them, in
order to eliminate any compensating effects of
neighbouring structure. Removing 1/8th of the
structure at a time had worked well with insulin
and allowed the residues causing concern to be
studied in the same context as the remainder of
that 1/8th of the molecule. There were no sugges-~
tions for an optimum procedure in cases where the
uncertainty represents a large fraction of the
model, e.g. no sequence data to provide side-chain
assignments or uninterpretable density for, say,
30% of the molecule.

Difference maps should be calculated with combined

phases (GMIR and o ) but various combinations of

CALC
(n Fo -~ Fc) amplitudes are being used. For refine-
ment of insulin (11/2 F,- Fc) had been used as a

compromise, giving shifts about 75% of those seen
in a straightforward (F° - Fc) map, compared with

the 50% found with (2 Fo - Fc).

The extent of self-correctingness of these refine-

ment procedures was felt to be reasonable, but a
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cautionary tale was reported by Guy Dodson of an
Isoleucine residue in insulin where there was no
evidence of an error until two independently refin-
ed sets of coordinates were compared. With hind-
sight, a chiral volume check might have been useful

in raising suspicion.

4. RELATIVE WEIGHTING OF X-RAY AND ENERGY TERMS

Hermans presented results of minimising R and wU
for different relative weights w between the resi-
duals of the x-ray (R) and energy (U) terms. His
experience was that this function exhibited a clear
elbow in the curve (see fig. 2), this point repre-
senting the optimum solution to the minimisation
problem. There was no experience of predicting

suitable values for the weighting parameter.
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Fig.2 Effect of relative weighting parameter (w)

on minimising [(x~ray terms) + w (energy
terms)] is shown for two different energy
functions UA(-——-) and UB(———)-



MODELING DISORDERED PARTS OF PROTEIN CRYSTALS: A POSSIBLE AID IN CRYSTALLOGRAPHIC REFINEMENT

by

Jan Hermans
Department of Physical Chemistry, University of Groningen, Groningen, the Netherlands, and
Department of Biochemistry, School of Medicine, University of North Carolina, Chapel Hill, NC 27514, USA

1. INTRODUCTION
Crystallographic determination and refinement of

molecular structure is commonly carried out in

terms of a unique molecular model, i.e., a set of

atoms, whose positions and thermal vibrational
parameters (B's) are adjusted to improve the agree-
ment between observed and calculated intensities.
Such a model represents an ordered crystal, one in
which all the molecules are confined to vibrations
The

model can accommodate a modest amount of disorder:

about a single conformation of minimum energy.

if (parts of) the structure correspond to a differ-

ent minimum-energy conformation in some fraction of

the molecules, then alternate positions may be
specified, with variable occupancies (totaling
unity).

This method has been applied with success to pro-
(1

Except in cases where, for proteins, resolution is

tein cyrstals. Two aspects are worth noting:
extremely high, success of the refinement is great-
ly of

constraints or restraints on the molecular model,

enhanced by introduction conformational

and, (2) Refinement has not led to a comprehensive

description of disordered parts of the crystal:
solvent and some parts of the protein (usually long

polar side chains) that are highly solvated(z-é).

Solvent typically occupies between one and two

(1,

thirds of the volume of a protein crystal s some
solvent molecules are bound, in isolated groups of
one or a few, inside, or between protein molecules,
included

and these can easily be in the unique

molecular the

description used in refinement.
However, the greater part of the solvent occurs in
volumes of several hundred &2 and more, in which
(partly?) ordered water molecules are identifiable
only near the surface of the protein. As a conse-

quence, a considerable fraction of solvent, and
hence of total crystal content, is not represented

during the refinement.

One of the objectives of the study that we have
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undertaken, is to obtain a (theoretical) model of

the disordered parts of the structure. Two possi-
ble uses of such a model are: (1) The properties
of the model may suggest how solvent structure may
best be represented and parametrized for crystallo-
graphic refinement; (2) Solvent structure in the
refined model may be restrained not to differ

radically from the theoretical model.

We have two methods available with which to simu-
from
These

the Monte Carlo method and the molecular

late a statistical sample of conformations,
which an average model can be calculated.

are,
dynamics method. These methods require an algo-
rithm for calculation of the conformational energy
and are related to energy minimization; however,
both simulation methods perform minimization of the
free energy. Use of a model of minimum free energy
as a restraint in crystallographic refinement is a
conceptually straightforward extension of the use
of energetic (or quasi energetic) restraints, now

common.

2. CRYSTAL OF PANCREATIC TRYPSIN INHIBITOR (PTI)

We have selected the crystal of this small protein

for a variety of reasons:
a5,

its structure has been

refine it has a suitable space group;

there are approximately 140 water molecules per

protein molecule; results can be compared with

those obtained by others in molecular dynamics

simulations of the isolated protein molecule(lo).
The high salt concentration of the crystals' mother
liquor is possibly a drawback; salt content of the
crystal is unknown, and neither do we know how the

salt ions affect solvent structure. We do not

represent any salt ions in the simulation.

The pH of the crystals is circa 10; the protein
molecules have

this pH.

approximately zero net charge at
We represent carboxylate ions and side
and

chains of lysine arginine with a full net

charge of * 1 electron, which gives a net positive



charge to ‘the entire molecule, and hence to the
contents of the asymmetric unit. In the crystal,
ionization equilibria of lysine and tyrosine side
chains reduce the average net charge to zero.
Divergence of the calculated crystal energy, due to
finite net charge of the unit cell, is avoided by
use of a cutoff distance for the nonbonded interac-

tions.

We work in the following, nearly cubic, asymmetric
unit: 0 < x < a/2, 0 <y < band 0 < 2z < c/2, and
restrict our calculations to the contents of this
volume and symmetry-related molecules -surrounding
it. (a=43.1, b=22.9, c=48.6 A&,
asymmetric unit is 12,000 83).

volume of the

3. MONTE CARLO CALCULATION(B’Q)

This simulation generates a set of conformations as
a statistical sample of the equilibrium ensemble.
Each consecutive conformation is generated from the
one last added to the set by a random change; a new
conformation is included in the set if its energy
is lower than that of the one from which it was
generated, or, if its energy is higher by AU, with
the factor

probability Boltzmann

exp(-AU/KT) .

equal to

In our application of this method to the PTI crys-
tals(ll), the conformation could change randomly in

one of three ways: (1) One water molecule was
moved and rotated within limits from its current
(2) Part of a side chain was rotated
(3) One

water molecule was moved to a position anywhere

position;
about a single bond by a limited amount;
within the asymmetric unit (jump). Initial posi-
tions of the protein atoms were those that had been
obtained by crystallographic refinement. Initial
placement of the 140 water molecules within the

asymmetric unit was random.

4. MOLECULAR DYNAMICS CALCULATION

This simulation generates a (short) history of
the movement of the system; thus, one obtains not
only a sample of the equilibrium ensemble, but also
The

calculation requires the stepwise integration of

information about time-dependent properties.

the equations of motion. For any coordinate, XS
J
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of a particle with mass m. , the acceleration is
related to the force component, Fij’ and the con-

formational energy, U, by

= d2 2 - = -
aij d xij/dt Fij/mi (BU/axij)/mi (1)
and velocities and positions are obtained by inte-

grals

Vij = dxij/dt = 3y dt and X5 = Vi dt. 2
We have applied this calculation to the PTI crystal.
Initial water positions for the dynamics simulation
were obtained with the Monte Carlo method, modified
to ensure that there is a water molecule in the
model

conformation, near each of the preferred

water positions identified by crystallographic

refinement (see below).

We have used the two simulation methods in a com-

plementary manner, utilizing the advantages of

each. With the Monte Carlo calculation an equilib-
rium distribution of water molecules is obtainable
which depends on the coordinates of the protein but
not on any information on preferred water positions
With the

movement of water

obtained with x-ray crystallography.
molecular dynamics calculation,
molecules in space is restricted by time continuity
and briefness of the simulated span. On the other
hand, molecular dynamics is more readily utilized
than the Monte Carlo method in order to simulate
motion of all atoms, and, besides, produces time-

dependent information.

5. ENERGY FUNCTION AND PARAMETERS

5.1 Protein.

For a computation of this magnitude, use of a

simple energy function is mandated. In the func-

tion used in this study, the following terms are

included: quadratic terms for deformation of bonded

geometry; cosine terms to represent barriers to

rotation about single bonds; Lennard-Jones and

electrostatic pair potentials for nonbonded forces.

For two atoms, i and j, one has the following

nonbonded potential
nb

= - 6 4 12 4
U i Aij/rij Bij/rij x»:iej/rij (3)



where rij is the interatomic distance, the €& are
partial charges (if necessary, normalized for the
effect of the dielectric constant). Partial charg-
es and the attractive and repulsive parameters, Aij
and Bij’ depend on the type of the atoms i and j.
Commonly Ai' and Bij are obtained as p;oducts of
constants

two depending on a single atom type:

Aij = JAii-JAjj and Bij = JBii-JBjj (4)
Computation time is determined by the number of

nonbonded terms. In an explbratory study, some
if the calculation

Thus, hydro-

loss of realism is acceptable,
can be shortened by a simplification.
gen atoms bonded to carbon have not been explicitly
but CH, CH, and CHz groups have been

o (12)

represented as "united atoms".

included,

Interactions at a distance greater than a cutoff of
6 & are neglected. The nonbonded energy is calcu-
lated by reference to a table of interactions which
is not updated after every movement. The cutoff
criterion is applied during construction of the
table, but not when the table is used to calculate
(e.g., the

peptide CO group) are carried into the table in

nonbonded energies. Dipolar groups

their entirety. A new table is calculated every so

many dynamics steps.

5.2.

Simple energy functions that have been used for

Water.

simulations of liquid water do not quite match the
simple description of protein-protein interactionms.
When expressed in terms of pair interactions, the
best known function, the ST2 model, used by Rahman
(13-15), uses the positions of the

6-12

and Stillinger

oxygen masses as centers of Lennard-Jones

potentials, those of the hydrogen masses as posi-
tive charges, and those of two fictional atoms,
without mass, as negative charges. The two hydro-
gen atoms and the two fictional atoms surround the
oxygen with tetrahedral coordination, at 1.0 and
0.8 8,

is rigid.

respectively. The geometry of the molecule

5.3 Modified water model.

A well-tested model of the water molecule with
centers for attraction and repulsion at the three

atom centers, alone, was not available at the start
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of this project. Thus, early calculations were
done with the ST2 model of water-water interactions
and a three-atom water model for calculation of
protein-water interactions. Parameters for Lennard-
Jones forces of the protein model had been obtained

from analysis of crystals of small apolar mole-

(16)

cules , while partial charges and hydrogen bond

parametrization were those of Poland and Scher-

aga, (17,18

Postma and Berendsen, in collaboration with the
author, have recently investigated the possibility
of using a three-center water model. An acceptable
model must describe the interactions of a pair of
water molecules in vacuo, and that of several mole-
cules in a molecular dynamics simulation of the
liquid. The simple model has two adjustable para-
meters: the oxygen-oxygen repulsive coefficient and
the partial charge on the oxygen atom, the oxygen-
oxygen attractive coefficient being known from the
molecular polarizability. Furthermore, a special
hydrogen-oxygen potential may be introduced (e.g.,
8-12 or 8-9).

model (PS1) with an 8-9 hydrogen-oxygen potential,

Postma has obtained an acceptable

and has recently been able to improve the model by

making small adjustments of the parameters. The

best model that he has so far obtained has no
hydrogen-oxygen potential, other than the electro-

static (1/r) interaction (PS2).

3 T T N N B
; —PS2
2_f —expt _
1 ~ST2
Jf
1H- - N
| | L l | I
3 4 5 g 6 7A
Fig. 1 Oxygen-oxygen radial distribution func-

tions calculated, respectively, from ex-
perimental data (ref. 19), from molecular dynamics
simulation with the ST2 model (Rabman and Stillin-
ger, ref. 13-15) and from molecular dynamics simu-
lation with the PS2 model (Postma, Berendsen and
Hermans, unpublished).



Figure 1 shows the oxygen-oxygen radial distribu-
tion function obtained by molecular dynamics with
the PS2 model,
(Narten and Levy(lg)) and with the simulated dis-

together with experimental results
tribution for the ST2 model. One sees that the
resulting approximation for PS2 is a good one,

better than that obtained with ST2. Diffusion
constant and pressure in the simulation are also
good

model is 2.33 Debye.

approximations. The dipole moment of the

In order to model protein-water interactions in

it was found advisable to

7

terms of the new model,
replace the Poland-Scheraga charges with par-

tial charges obtained by Hagler, Lifson and Dau-

ber(20-22) in studies of crystals of small polar

molecules. The force field obtained by these
authors corresponds to a much more polar protein
model, in line with the highly polar water model.
By combination of the Hagler-Lifson-Dauber descrip-
tion of the protein with the new model for water,
we have obtained a unified description of protein-
protein, water-water

and protein-water interac-

tioms.

One of the features of the new description is a
high value of the repulsive Lennard-Jones parame-
ters for oxygen and nitrogen. It is easy to see

why: when the electrostatic force is high, and
hydrogen bond equilibrium distance is the same,
then oxygen-oxygen (or oxygen-nitrogen) repulsive
force must also be high.
We have, so far,

PS1 model,

used a description based on the
but " intend to replace this with one
"best"

based on the final model that Postma will

obtain. However, we believe that conclusions drawn
so far on the basis of these results, are indepen-

dent of further small adjustments of the model.

6. RESULTS

Results of a first Monte Carlo calculation, with
jumps of water molecules, (which have been report-
ed[(ll)) were found to be decidely at odds with

expectation. Simulated water structure was highly

ordered and showed many preferred water positions

which, by virtue of their confinement between

protein molecules, should have been found even in a
conservative

interpretation of electron density
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maps during the crystallographic refinement pro-

cess, but had, in fact, not been identified. A
continuation of this Monte Carlo simulation for
the number of

triple steps did not alter this

qualitative result. Further analysis of the re-
sults of these calculations showed that the exces-
sive incidence of waters tightly confined by sur-
rounding protein, was accompanied by the absence of
water molecules in a portion of the largest water

space.

Introduction of the new water model and the accom-

alteration of . water-protein and polar

panying
protein-protein interactions, produced a very much
result.

different Most of the tightly confined

water molecules "jumped" to new positions during a
brief equilibration. Following equilibration
adjustment to the new parameter set, the simulation
300,000

densities have been calculated for this run and for

was carried for steps. Average water

its central 100,000 steps (Figure 2).

The new results show improvement over the old ones

on a number of important points. The number of

water molecules in confined positions has dropped

drastically; in fact, it is now too low. Many

water molecules have moved to regions of less

order; in particular, the large water space is now
Over the

entirely filled. shorter calculation of

100,000 steps, many waters appear to be ordered,
according to the number of

In the

high density peaks in
the simulated map. longer run of 300,000
steps, many of these maxima become indistinct and
one observes in the larger spaces what is clearly
highly disordered solvent. A number of the maxima
that remain correspond to ordered water molecules
identified during x-ray crystallographic refine-
ment.

However, the positions of some of the most

strongly confined, and hence clearest, crystallo-
graphic water molecules are almost entirely avoided

in the Monte Carlo simulation.

In Figure 3 is shown the distribution of peak

heights in the simulated maps calculated over
100,000 and 300,000 steps.

of approximate crystallographic thermal parameters

The corresponding scale

(B) shows that the distribution of maxima from the
long run is qualitatively in agreement with experi-
ence from x-ray crystallography. An even longer
and will

provide a test of statistical (in)sufficiency of

Monte Carlo calculation is in progress,

these results.
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hydrogen atom is represented as a density exp(-d?/0.25) where d is the distance from the atom's position, and

respectively,
the sum of these Gaussians has been averaged over the configurations produced by the simulation.

Contour diagrams of density maps calculated as averages over,

Monte Carlo steps.

Fig. 2

The drawings

dashed contours represent

(Most protein atoms do not move during the simulation, hence protein density is artificially

0.06, 0.17 and 0.34.
Crosses mark preferred solvent positions identified during crystallographic refinement (Ref. 5,7).

solid contours represent water density,

0.016 (the average of the function in liquid water),

are superpositions of two contour maps;

protein density.

sharp.)

’

were drawn at 0.0001

Extent of agreement between crystallographic water positions and peaks in the simulated density observed in

these two sections,
0.5 A grid.)

(The sections are 1 & apart; simulated density was calculated on a

is representative.
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Figure 2. A scale of approximate thermal parame-

ters (B) is given at top.

7. DISCUSSION

This article is in the first place a progress

report. Recent progress described here, has, more
than anythingelse, suggested a number of additional
analyses and calculations. of these

Some are

briefly described in this discussion.

The model of water-water and water-protein inter-
actions that we have used, appears to be biased
against the occurence of water molecules in close
contact with the protein. We have considered two
possible reasons for this. (1) Water molecules in
close contact with protein hydrogen-bonding groups
are often also in close contact with apolar groups,
e.g., CHy. The large repulsive Lennard-Jones coef-
ficients for water oxygen, introduced in order to
obtain correct hydrogen bond distance, via eqn. 4
also give a high calculated energy for water-apolar
Analysis of

structures of relatively apolar molecules contain-

(16)

group pair interactions. crystal

ing oxygen does suggest use of a lower repul-

sive coefficent for (water) oxygen paired with

non-hydrogen bonding groups. (2) One expects the

distribution of water molecules within the asym-

/5 B
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metiic unit that results from the Monte Carlo
simulation to be sensitive to the differences in
the water-water and

energies of water-protein

hydrogen bonds. Since estimates of these differ-
ences that can be made on the basis of experimental
data, are accurate to at best % 1 kcal/mole, the
energy model might be significantly biased in favor
of water-water contacts without appearing unreason-

able.

Monte Carlo simulations can be used to test both of
these possibilities, and these calculations are in
progress. We thus propose to adapt our energy
model to fit the observed solvent distribution in
one or more highly refined crystal structures,
within the limits permitted by considerations of
other available experimental data and of theory.
Adaptation of the model will be required before
Monte Carlo simulations can acquire predictive
value in studies of solvent structure in the crys-
tal of any protein.

We have begun a molecular dynamics calculation
using the obtained energy model, with as a starting
point the distribution of water molecules within
the asymmetric unit obtained at the end of the
Monte Carlo simulation. Since very large movements
equivalent to jumps of water molecules in the Monte
Carlo simulation, are extremely improbable in a
molecular dynamics trajectory, errors in the rela-
tive energies of different types of hydrogen bonds
are not expected to lead to a significant error in
equilibrium conformation. However, movement of all
atoms of the protein (rather than movement of side
chain atoms, alone) in molecular dynamics, might
easily lead to undesirably large systematic dis-
placements of protein atoms if any tightly confined
water molecules not in their

were appropriate

places at the start of the simulation. A starting
conformation with a water molecule near each crys-
tallographic water position was easily produced by
a brief continuation of the Monte Carlo simulation
in which jumps were permitted only to crystallo-
graphically identified water positions. (Interest-
ingly, this prqcedure proved fully effective only
with use of a low repulsive coefficient for water-
apolar interactions and after some adaptation of
the water-protein and water-water potentials in

favor of water-protein interactions).



Experience with the molecular dynamics calculation

of this system has so far not led to useful results.

A preliminary

problem

analysis indicates that a major

arises from application of a distance

cutoff to the non-bonded atom pairs considered, in

particular, pairs of atoms (or atom groups) bearing

non-zero

net charge. Stratagems, some of them

makeshift, that have been applied in other calcula-

tions in order to deal with charge-charge interac-

tions, are inappropriate in a calculation in which

the

dielectric is represented explicitly, and,

presumably, completely, in the model, in the form

of polar

solvent molecules. We are presently

making some progress towards the development of a

method for a proper calculation of the electrosta-

tic energy and forces.

Calculation of Fourier

density is in progress.

transforms of simulated

Results may indicate in a

qualitative sense the relative importance of disor-

dered,

Fourier transform of the entire structure.

son

but not featureless, solvent areas in the
Compari-

of calculated Fouriers with observed x-ray

intensities will be one crucial test of the valid-

ity of simulated solvent distribution.
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A NOVEL TECHNIQUE TO IMPROVE THE QUALITY OF AN ELECTRON-DENSITY MAP

by

T. N. Bhat and D. M. Blow

Department of Physics (Biophysics),
: London,

1.  INTRODUCTION

In protein crystallography, the isomorphous
replacement method becomes progressively
more difficult to use, and the tresulting
phase angles less reliable, as resolution
is extended. Once the point is reached
where a detailed atomic interpretation of
almost all the molecule can be made, more
accurate phase angles may be obtained from
calculated structure factors, and the way
is opened for further refinement by a
variety of techniques. The resolution

may then be extended as far as diffracted
intensities are observable, with a substan-
- tial increase in the accuracy of interpre-
tation. Here I describe a technique for
improving the existing set of phases when
they fail to give a completely interpreta-
ble electron density map and hence none of
the available refinemert techniques can be

safely used.

2, PROCEDURE
It is convenient to begin by describing the
procedure used when a tentative atomic
model has been made (this may well contain
only main-chain coordinates without side-
chain assignments). The procedure adopted

without a model is described later.

The procedure includes seven steps which

form an iterative cycle:

(1) Determination of 'occupancy' for each
residue in the tentative model of the mole-
cule, as observed in the current electron-

density map.

(2) Calculation of electron-density for the
tentative model, using the occupancies

determined in step (1).

(3) Extraction from the current electron-
density map of (a) features corresponding
to the tentative model used in steps (1)
and (2), or linked to it through regions of
high electron-density (and (b), optiomlly,

other electron-density features which are
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Jjudged by their size and connectivity to
correspond to real features of the struc-

ture), to form the extended model volume.

(4) Generation of the extended model densi-
ty on a finer grid, including appropriate
scaling of the model density and the elec-

tron-density map.

(5) Calculation of structure factors based
on the extended model density.

(6) Modification of the phase information
for each reflection, based on the calculated
phase, pre-existing phase information
derived from isomorphous replacement or any
other source, and on the global agreement
hetween' observed and calculated structure

factors.

(7) Calculation of a revised electron-den-
sity distribution, using these modified

phases.

This new electron-density map is used for
re-assignment of occupancies (step 1), and
the whole procedure is iterated, using the
The

process,is found to converge within a few

same tentative model of the molecule.
cycles, and then the latest revised elec-
tron density distribution forms the basis
If
this model contains a significant number

for building a new tentative model.
of new features, a further application of
the whole iterative procedure may be made.
When a starting model does not exist, steps
(1), (2) and (3a) would be omitted. Such

a method might be useful in the first inter-
pretation of a relatively straight forward
electron density map. '

3. APPLICATION
As a test of the procedure, the method
was applied to improve the electron density
map of tyrosyl tRNA synthetase. It resul-
ted in significantly improved phase angles,
as judged by the peak/background ratio in a
difference electron-density map for the

binding of an inhibitor.



The procedure can be extended to include
refinement of the partial structure. It
involves (a) calculation of structure
factors of structural features omitted
from the model, but picked up in step 3(a),
or 3(b), or both of these; and (b) refine-
ment of the model after adding these
structure factors to the contribution

calculated from the model.
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PHASE EXTENSION AND REFINEMENT AT 1.37& RESOLUTION OF
AVIAN PANCREATIC POLYPEPTIDE USING A MODIFIED TANGENT FORMULA

by

I. J. Tickle

Department of Crystallography, Birkbeck College,
Malet Street,

1. BACKGROUND -
Avian Pancreatic Polypeptide (APP) is the third
pancreatic hormone, after insulin(l) ana glucagon(z),
to be investigated by x-ray crystallographic tech-

niques. The molecule consists of a single chain of

Zn2+ ion is essential for

36 amino-acid residues.’
crystallisation, and is found to be incorporated
into the crystal lattice. The structure has been

© solved at 2.042 resolution by the isomorphous re-
placement technique, using a single HgCl, derivative
which allowed measurement of both isomorphous and
anomalous intensity differences to a resolution of

2.04%. The details of this procedure have been re-

ported elsewhere(3’4).

Intensity measurements were also made for the na-
tive APP crystal to a resolution of 1.373, and the
possibility of extending the isomorphous replace-

ment phases and figures of merit by a method not re-

quiring prior structural information was investi-

gated. Such methods include use of:
(i) The tangent fqrmula(s). -
{(ii) The Sayre eqn.(s).
(iii) The Karle-Hauptman determinant?(7)

Initial attempts to extend the phases using the tan-
gent formula, weighted according to the phase vari-
ance expected on the basis of independent contribu-
tors (ie as implemented in the MULTAN 78 program
package(e)), led to the introduction of spurious
noise peaks in the calculated electron density func-
tion, which were particularly noticeable on the crys-
tallographic 2-fold axes. Recently, a modification
of the weights used in the tangent formula, which
was shown to be statistically equivalent to
the Sayre equation, has been described(g), and this

was made the basis of the method used for APP.

(University of London),

London WICE 7HX
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2. THE MODIFIED TANGENT FORMULA

The tangent formula can be expressed in the form:

tan ¢h = Sh/Ch
where Sy = Ix Kz sin (¢x + dp—k)
Cp = Zx Kpk cos (g + ép-k)
Kpg = 297w el |2k | |ERk )
N = number of atoms in primitive unit cell
W = weight for reflection %
E;r = normalised structure factor for reflec-
tion £
The MULTAN program uses weights of the form:
Wy = min (0.2 ap, 1.0)
_ (a2 2 %
where oy = (S Br*C %)

which being based on the assumption of independence
of the contributors ¢f and ¢p—% to the tangent form-
ula summations, leads to a gross underestimate of

the variance, and hence an overestimate of the

weight attached to ¢y.

It was thought that the use of the structure ampli-
tude F rather than its normalised value E would give
better convergence of the summations at a d-spacing
at which the atoms are not completely resolved.
(However substitution of E by F did not by itself
significantly improve the results). The modifi-
cation proposed involves use of a different weight-

ing function Wy. For this purpose we define:

| v2 2 12
Qh = (8 % + C'h)
The prime (') will be used to indicate replacement

of E by F in the tangent formula.



The basis of the method is to constrain aﬁz to be
equal to <aiz>, its expected value in the absence
of phase information, given, in a form suitable for
computation, by:

vz [ (Iixpr) V2
Zkth [1 (Io(th)> ]+

<aiz> =

2
[ka}'zk I, (th)]
Io (Knk)

where I; and I are hyperbolic Bessel functions.
Note that <aiz> is a function of both F and E, and
therefore both must be carried through in the compu-
tation of the phases.

(9)

It was shown that the constraint aiz = <aiz> is
equivalent, in a statistical sense, to the con-

straints on the phase implied by Sayre's equation:

= F, F
Fp = By By Fpk
The weighting function used is entirely empirical,
giving reduced weight to reflections which deviate
from the constraint. The function used is shown gra-

phically in fig.l1. and is given by:

—x2 2
£(x) = ke * J”‘ et” at
0

where k is a normalising factor such that f(x)pax =1

and x = ai/<aiz>5. (This differs from the function
originally recommended, in which x = ai/<ai>. This

was found to have undesirable statistical properties).

The isomorphous replacement phases were introduced
into the tangent formula with weights equal to their
figures—of—merit, and were kept fixed. If this was
not done these phases rapidly diverged to a self-
consistent but totally meaningless set with a cen-
tric distribution. (ie clustering around 2 values
differing by m), corresponding to a single large
maximum in the calculated electron density function,

and little else.
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1
2 A\\&
OO 10
Fig.l1 A : Weighting function f(x) (abscissa.= x)

1,2,3,4 : Normalised distribution N(X)
after tangent refinement cycles 1,2,3 and
4.

Also shown in fig.l. is the progress of the phase re-
finement in the resolution range 2.04 to 1.378 in

terms of the normalised distribution of x.

One would anticipate that this distribution would
resemble the weighting function, as indeed it does
initially, but during the refinement it moves in the
direction of increasing x while the phases converge
smoothly after only 3 cycles. No further signifi-
cant changes in the phases or weights were observed
on continued recycling. This is in contrast with
previous observations on tangent-formula refinement
(10, 11, 12, 13), in which the phases initially con-
verged to an essentially correct set, but sub-
sequently 'blow up', corresponding to an accumu-

ion of electron density at one place.

The rapid convergence was aided by a device which

damped large changes in the phase or weight. The

weighted structure factor for the nth cycle was com-

puted as:

[wlFlei¢]n = g[ﬁlelei‘t)n_l +[WZIF|ei¢)calc)
[w]n—l + [w]calc

where [ ]n—l and [ ]calc refer respectively to the

value for the (n-1)th cycle and the value for the
nth cycle calculated before the damping is applied;
The new weight and phase for any given reflection do
not take effect immediately, but only on conclusion

of the current cycle.

The computation of 2738 phases with ‘El>0.7 involved



almost 8 x 10° triples (h+ &+ h~k) and required
approximately 12 mins cpu time for list generation
and 10 mins cpu time per refinement cycle on the

Daresbury Laboratory IBM 370/165.

Table 1 shows the distribution of reflections in
terms of the final calculated weights, and table 2
the distribution of weights in resolution ranges.
(Corresponding statistics are also shown for the
1960 phases determined by isomorphous replacement,
for comparison). It is to be noted that the high-
order reflections have significant weights, and will
have an appreciable contribution in an electron-den-

sity function computed with Fourier coefficients

thFh|exp(i¢h).

Table 1
Distribution of reflections in the resolution range

2.04 to 1.373, according to calculated weight.

Weight No. of reflections Mean [Fobsl

0 tn 0.1 2 164

0.1 to 0.2 6 143

0.2 to 0.3 67 98

to 0. 336 130

to 0.5 432 159

5 to 0.6 422 178

.6 to O. 300 185

7 to 0.8 307 184

8 to 0.9 303 178
to 1. 563 169 .

Table 2

Distribution of reflections and mean weight

according to resolution range.

Resolution No. of Mean Mean
reflections lFobs] weight

« to 4.75 152 565 0.83
4.75 to 3.02 465 562 0.84
3.02 to 2.51 463 374 0.82
2.51 to 2.23 441 323 0.79
2.23 to 2.04 439 267 0.82
2.04 to 1.90 274 267 0.72
1.90 to 1.80 269 242 0.68
1.80 to 1.71 301 204 0.68
1.71 to 1.64 283 173 0.68
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Table 2 (continued).

Resolution No. of Mean Mean
reflections |Fopg| weight
1.64 to 1.58 267 157 0.65
1.58 to 1.53 294 145 0.64
1.53 to 1.48 295 133 0.64
1.48 to 1.44 291 120 0.64
1.44 to 1.40 284 107 0.61
1.40 to 1.37 180 101 0.61

Phases and weights of reflections above the line

in the table were determined by the isomorphous re-

placement method; those below the line (with E>0.7)

by the modified tangent formula method.

RESULTS AND DISCUSSION

Figs.2a, 2b and 3a, 3b compare portions of the com-
puted electron density with the original 2.04% map.
In general there is an observable improvement in res-
olution, without any loss of information or appear-
ance of additional spurious density. However, one
cannot say that the procedure has provided new struc-
tural information for the peptide. Significant
changes in the solvent structure in the neighbour-
hood of the Zn2+ ion can be seen (figs. 3a, 3b),
which are confirmed by a restrained-atom least-

squares refinement currently in progress.



Figs. 2a and 2b Electron density corresponding to
a) lsomorphous replacement phases
at 2.048 (above) and b) tangent
formula phases at 1.37A, for PHE20.

Figs. 3a and 3b Electron density corresponding to
a) isomorphous replacement phases
at 2.04% (above) and b) tangent for-
mula phases at 1.374, in the region
of zn2t

A A

49N\
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v RESULTS AND COMPUTATIONAL ASPECTS OF REFINEMENT ON THE CRAY-1
by
Mr. W. Pulford
Laboratory of Molecular Biophysics, University of Oxford, South Parks Road, Oxford OX1 3PS.

ABBREVIATIONS Output - the R-factor calculated on that set of
R-factor data used in the refinement cycle.
p - the electron density at Cartesian co- B-factor - the temperature factor; defined for an
ordinates (x,y,z). atom i as Bi = 8T Vi’ where Vj is the
Fo - observed structure factor. RMS displacement of that atom.
Cobs - standard deviation of an observed struc- CPU time - computer central processor time.
ture factor derived from counting TL - Tortoise egg-white lysozyme.
statistics.
IFCI - calculated structure factor magnitude.
Ocalc - calculated phase of F¢. 1. INTRODUCTION
Giso - phase of Fg calculated from the isomor-
phous replacement method. Many proteins have been or are currently being
R-factor - the reliability factor for a specified refined by Oxford workers. These refinements have
set of data been facilitated by the use of the Hendrickson-
m m
. Konnert restrained stereochemistry structure
R = J|Irol-Ircl| /TiFol m 1s tne
1 1 factor least squares program. Table 1 gives de-
number of reflections in the set. tails of these refinements:
Table 1
Protein Resolution No. Refls. No. Atoms Space Group R-value now Prole
Tortoise
Egg-White 1.6% 19700 1127 P21292, 22.3 Bill Pulford
Lysozyme (TL)
Hot Hen
Egg-White 2.08 7000 1001 P212124 27.0 Dr. Peter Artymiuk
Lysozyme _
Human
Leukaemic 1.5% 18600 1173 P21212 18.7 Dr. Peter Artymiuk
Lysozyme (HL)
Seal
Myoglobin 2.58 6300 1260 c2 33.6 Dr. Helen Scouloudi
Human
Serum o 1.88 24000 1966 P21212 18.5 Dr. Stuart Oatley
Prealbumin

Horse Muscle
Phosphoglycerate 2.5% 13000 3200 P2 21.9 Dr. David Rice
Kinase (PGK)

E.Coli Arabinose
Binding 1.92 24000 2300 ) P212121 26.0 Dr. David Rice
Protein (ABP)

Chicken Triose
Phosphate 2.5% 15000 3742 P242424 27.0 William Taylor
Isomerase (TIM)

Rabbit Muscle

Phosphorylase 3.08 17500 6519 P432¢2 34.4 Dr. David Stuart
(PPB)

Hen

Egg-White 2.08 8900 1100 P432,2 18.6 Drs. Diana Grace
Lysozyme (HEWL) & Peter Artymiuk
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2. METHODS OF REFINEMENT AVAILABLE AT OXFORD

The CPU times given below are for a protein
crystallizing in space group P212121 containing
1100 atoms, and for which there are 13500 reflec-
tions to 1.82, using an ICL 2980 computer (similar

speed to IBM 370/165).

(i) Difference Fourier shifts (program FOURSHIFTS)
involve the calculation of an (IFO|-|Fc|)expia map,
where 0 may be Ocale, OGiso Or some combination of

both. The atomic shifts (Ax) are calculated

ReY!
using :

Ax = -(3p/3x) / (3%p/3x?) (1)

The method is quick, requiring about 200 sec. using
a reverse Fourier transform structure factor calcu-
lation (or 2000 sec. using a conventional structure
factor calculation) but has been found to be de-
creasingly effective as the R-factor enters the

0.2 to 0.3 range. Another problem with this method
is that considerable manual intervention (i.e. re-
building the model, preparing and submitting jobs
to the computer) is required in order that refine-

ment can proceed.

(ii) The Isaacs-RAgarwal program is a fast Fourier
structure factor least squares program(z) whose
cycle time is about 300 seconds. The method is
more powerful than (i); refinements using this pro-
gram have been performed to final R-factors below

20%(3),

Neither of the above methods takes account of the
known stereochemistry of protein structures, and
consequently they tend to produce stereochemically
unreasonable models. Normally a reqularizing pro-
cess (program MODELFIT(4)) follows each refinement
cycle using the methods described above, which des~
pite measures like setting the weight on an atom's
position inversely proportional to its B-value,
reverses many of the shifts calculated in the re-
finement cycle. The net result of this is the
necessity for a large number of refinement cycles

in order to achieve a convergence.

(iii) The Hendrickson-Konnert restrained stereo-
chemistry structure factor least squares program

(referred to hereafter as RLSQ)(5) overcomes the

above problem by jointly minimizing the disagree-
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ment between Fo and F and the deviation from ideal
stereochemistry of the model, by least squares. The
inclusion of stereochemical information increases
the number of observations of physical quantities,
thereby at least in theory, enabling the meaningful
refinement of protein models at a lower resolution
than hitherto possible by straightforward least
squares. RLSQ uses a conventional structure factor

and derivative routine at present, this results in

the cycle time being 2200 seconds.

3. TYPES OF ELECTRON DENSITY MAPS USED IN RE-
BUILDING

(i) An 'omit' map is an (|Fo|—|Fc|)expiacalc map
but with the contributions to Fe and Qgalc of the
atoms under investigation subtracted. The inten-
tion of the process is to produce an electron den-
sity map with minimum bias to the input co-
ordinates, where only calculated phases are avail-
able. The resolution evident in the map deterior-
ates as more atoms are 'missed out', although the
more correctly placed atoms included in the calcu-
lation of the map, the better this resolution at
each stage. For TL, the calculation of the map was
organized so that 1/8th of the molecule was missed
out during the production of those sections con-

taining the omitted atoms.

(ii) Much use of (3|Fo|—2|Fc|)expiacalc maps was
made during the refinement of TL. This is an
example of a (m[Fol-n|Fc[)expiacalc map; the rules
governing the appropriate choice of m and n are

discussed by Vijayan(6).

4. FACTORS AFFECTING THE AGREEMENT BETWEEN
OBSERVED AND CALCULATED STRUCTURE FACTORS

Figure 1 illustrates how the agreement between

observed and calculated structure factors varies
with resolution. The poor agreement at low resolu-
tion (Region A) is due primarily to the absence of
an adequate description of the disordered solvent

contained in most protein crystals. The gradually
worsening agreement between Fo and Fe with increas-
ing resolution (Region B) is the result of a com-

bination of many effects: for example, the data are
generally weaker at higher resolution and are con-
sequently often unavoidably less well-measured than

at lower resolution, the higher resolution terms



are also more sensitive to slight errors in the

model.

5. THE REFINEMENT OF TORTOISE LYSOZYME (TL)
This protein was the first to be refined by an
Oxford worker, the author, using the RLSQ program.
The progress of the refinement and the speeding up
of the program have been concurrent since the first

cycle was run in early 1978.

Table 2

The refinement progressed in the four stages set

out below.

- 1/0%
Omit'

Stage I

Weighting used

Map type -

No. parameters -~ 3026 (An overall
temperature factor

was refined)

Progress of Refinement of TL; Stage I

No. Cycles Resolution No. Refls. No. Atoms
4 10.0-3.08 3054 1008
1 10.0-2. 78 4165 1008
1 10.0-2.5% 5229 1008
1 10.0-2.08 9760 1008

The initial information at our disposal was as

follows:

(i) Model could be well-approximated by the hen
egg white structure (HEWL).

(ii) A good 6} isomorphous phased map(7)
(iii) The sequence of residues 1-46 was known (8) .
(iv) The composition of the protein was known.

(v) A data set had been collected on a linear
diffractometer to a resolution of 1.75% comprising

15148 unique reflections.

The starting model was created by rotating the co-
ordinates of HEWL(9) using a matrix obtained by
comparing the respective 68 isomorphously phased
maps of TL and HEWL. An initial overall tempera-
ture factor (1682) was determined from a plot of
1n(Fo/Fc) against sin?6/A%, (cf. Wilson plot(10))
giving a starting R-factor for all terms to 1.752
of 53.3%.
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Overall R-Value Output R-Value
Start Finish Start Finish
53.3 50.1 37.0

38.0 36.6
36.9 36.0
41.1 38.3 36.0

The only strong features in the starting 'omit' map
were the four disulphide bridges and some large
aromatic side chains (e.g. TRP 112)

1).

(see photograph
A map calculated after cycle 4 revealed im-
proved electron density for just the main chain,
whilst a map produced at the end of the stage (see
photograph 2) revealed considerably improved den-
sity for both side chains and main chains; thereby
demonstrating the beneficial effect of incorpora-~
ting progressively higher resolution data in the
refinement. Various quantitative methods of esti-
mating the maximum resolution of data which may
usefully be included in the refinement are avail-
able (e.g. (2)), but they were not used in this
case due to difficulty in evaluating the root mean
square deviation of the model atoms from their

'true’ positions with sufficient accuracy.

The initial overall B-factor may be difficult to
set where a significant proportion of the avail-
able data lies in Region A of fig.l. A symptom of
this problem is that overall B-factors tend to
assume unrealistically small values (<822); this

was evident in the refinements of both Triose
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Fig.1l. The R-factor plot for TL at an R-factor
of 23.7%.

Fig.2. (below) A series of R-factor plots
illustrating the progress of refinement of TL.

Photograph 1. Sections 9 to 13 of the initial
‘omit' map of TL, R~factor 53.3%.
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Phosphate Isomerase and Phosphorylase-b. The
effect may be avoided by holding the overall B-
factor at some arbitrary but reasonable value, and
then allowing the scale factor between Fo and F¢
to vary.
Stage II ~ Weighting used - 1/a02
~Map type ~ First rebuild to
'omit', subsequently
to
(3|Fol-2]Fc|) expiocaic
maps.

No. parameters - 4000 approximately.

The 'omit' map calculated at an R-factor of 41.1%
was later shown to have contained much spurious
detail; this indicated that it was unwise to re-
build extensively to this map. Considerable effort
may be saved by refining the protein model as far

as possible before rebuilding.

The 13 difference Fourier shifts cycles were run
when difficulty was experienced in obtaining a
spread of B-values for the atoms in TL using RLSQ;

the lack of previous experience of using the program

was mainly responsible for this problem. This
Table 3
Progress of Refinement of TL; Stage II
No. Cycles Resolution No. Refls. No. Atoms Overall R-value Output R-value
- Start Finish Start Finish

Rebuild

2 10.0-2.08 3760 1008 44.0 39.7 36.4
Fourier Shifts ~ B-factors only

3 10.0-1.8% 13473 1003 41.0 36.5
Rebuild
Fourier Shifts

5 10.0-1.8%8 13473 998 38.0 31.8
Rebuild
Fourier Shifts

2 10.0-1.88 13473 1010 32.6 30.6
Rebuild
Fourier Shifts

3 10.0-1.88 13473 1025 31.4 28.4

The first two cycles of RLSQ served to further
improve the R-factor and the geometry of the model
before allowing individual isotropic B-factors for
the atoms. Maps exhibited gradually improving
definition for the atoms together with decreasing -
noise levels. Many difference features indicating
probable errors in the model appeared during this

stage.

: difficulty did not occur during the refinement of
Arabinose Binding Protein by David Rice; this
remains the most straightforward refinement of
those carried out by Oxford workers, requiring only
25 cycles of RLSQ to refine the starting model
produced by Dr. F. Quiocho. This emphasizes the

desirability of a good starting model.

Stage III - Weighting used - unit
Map type - (3]Fo]—2lFC])expiacalc

No. parameters - 4000

Table 4

Progress of Refinement of TL; Stage III

No. Cycles Resolution No. Refls.
8 10.0-1.8% 13473
Rebuild
5 10.0-1.8% 13473
28 water molecules added - now 55 in all
3 10.0-1.8% 13473
43 water molecules added
3 10.0-1.8a 13473

No. Atoms Overall R-value Output R-value
Start Finish Start Finish
1025 26.1 23.8
1022 25.5 23.4
1060 23.8 23.6 22.1
1103 22.7 22.7 20.4
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Experience gained in the refinements of Prealbumin
and Human Lysozyme has shown that difference
Fourier shifts lead to premature convergence on R~
factors between 20 and 30%. Unfortunately RLSQ
using 1/02 weighting was also found to be ineffec-
tive over this range of R-factors. Unit weighting
in RLSQ has provided a viable alternative weight-

ing scheme .

Unit weighting has been successful in all refine-
ments so far carried out in Oxford; the final R-

factors are lower, and the adherence to accepted

peptide stereochemistry is better than in 1/02

weighting.

Further improvement was made in the model by inclu-
ding a gradually increasing number of solvent mole-
cules. The more strongly bound solvent molecules
(i.e. internal ones or those bound to the protein
surface by two or more hydrogen bonds) were posi-
tioned by visual inspection of maps, whilst the
remainder were found by an automated difference
map peak search (PEAKS) followed by a test on
whether, if included, they would conflict with
expected hydrogen bond behaviour (i.e. bond dis-
tances and angles) in solvent-protein systems

(Program WATF3) .
Stage 1V

A new set of data was used from the start of this
stage, comprising 19800 unigue reflections to

1.6%. These data were significantly more accurate
than those used previously, having been measured
on the Oxford 5-circle diffractometer(ll) with
long count times for the high resolution data.
These data were then profile—fitted(lz) and subjec-

ted to a three-dimensional absorption correc-

The better resolution expected in a map due to
the increase in the number of data only gradually
became evident as more cycles of RLSQ were run.

(See photograph 3).

Figure 2 illustrates the progress of the TL

refinement during the four stages described above.

6. IS THE REFINEMENT MEANINGFUL?

The ultimate test is whether the final electron
density map reveals features not included in the
refinement. These features may be subtle: for
example previously unrestrained hydrogen bonds and
Van der Waals contacts should assume reasonable
values; or they may be more obvious like the
appearance of density for side chains or substrate
molecules which had not been considered previously.
An analysis of TL hydrogen bonds, which were never
restrained during the refinement, reveals bond
distances and angles consistent with those observed
in other structures. Further confidence in the
refinement may be gained by noting that the unknown
sequence of TL beyond residue 46 has been establi-
shed solely from inspection of electron density
maps (Note - there are still 5 residues unidenti-
fied). Table 6 gives details of the progress of

identification of some of these residues.

The refinement of Arabinose Binding Protein
provides a further example of the success of
refinement; electron density was observed for
arabinose in the final electron density map des-
pite the fact that the sugar was not included in

the refinement.

tion(13).
Table 5
Progress of Refinement of TL; Stage IV
No. Cycles Resolution No. Refls. No. Atoms Overall R-Value Output R-Value
Start Finish Start Finish
2 5.0-1.6% 19037 1103 27.7 23.1
2 6.7-1.6% 19450 1103 21.5 20.6
2 10.0-1.6% 19673 1103 20.7 20.2
Rebuild
25 water molecules added
1 10.0-1.6% 19673 1127 21.3 21.2
Diagonal Cycle
1 5.0-1.6% 19037 1127 21.0 20.1
7 10.0-1.6% 19673 1127 20.2 19.7
6 5.0-1.6%8 19037 1127 19.6 17.9
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Photograph 2. Sections 9 to

13 of the 'omit'
calculated after stage I.

map

Fig.3a-d. Schematic diagrams to illustrate the
incorporation of a crude model of the disordered
solvent structure into the protein model.
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Fig.4. The dramatic improvement in the agreement
Photograph 3. Sections 9 to 14 of the between F, and F. at low angle.
(3|Fo|-2|Fc| expiicalc map calculated after stage IV.
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Table 6

Residue No.

R-Value 27 47 48 69 73 74 76 78 80 83 92 103 107
53.3 ARG THR - ARG SER ARG LEU ASN PRO ALA SER GLY ASN
36.5 ARG THR - ARG SER ARG VAL HIS PRO ALA ALA PRO ALA
31.8 ARG THR —— GLU SER LYS ALA GLY SER ALA ALA PRO GLY
30.6 ARG PRO GLY GLU ALA LYS ALA GLY ASP ASN ALA PRO GLY
23.8 ARG PRO GLY LYS ALA LYS ALA GLY ASP THR ALA PRO GLY
22.7 HIS PRO GLY LYs ALA SER ALA GLY ASP GLN ALA PRO GLY

Now HIS PRO GLY LYS ALA SER ALA GLY GLN GLN ALA PRO GLY

7. A MODEL FOR THE DISORDERED SOLVENT STRUCTURE This consideration of the disordered solvent,

although crude, demonstrates that most protein
The following procedure was adopted in the case of models would benefit from the inclusion of some
TL:- approximation to the disordered solvent structure,

if only to improve the R-factor. It is interesting
(i) An electron density map where a sum of two to speculate what the effect on a protein's refine-
Gaussians approximation(2) used to generate the ment would be if the low angle terms did not have

density for an atom was calculated for the to be weighted down or left out of the refinement

asymmetric unit. (Illustrated schematically in process.
fig.3a.)
(ii) This map was modified by setting those grid 8. PROPOSED IMPROVEMENTS TO RLSQ

points not occupied by protein density or ordered
solvent density to a value corresponding to In order to take account of Region B of fig.1,
0.4eA_3, and then resetting the protein and ordered the current program allows sloping of weight w
solvent density back to zero (fig.3b). applied to a reflection at sin8/A of s, according
to:-
(iii) The modified map was then Fourier transformed

to calculate an intermediate set of solvent struc- w = 1.0/(AF + BF(5-1/6))2 (2)
ture factors of magnitude le( and phase ow. _These
structure factors were modified by the application AF and BF are user selectable parameters.
of a scale factor SC, to allow for variation in the

disordered solvent density level, and an artificial With refinements at lower resolutions (e.g. 2.53),

B-factor Bw, to take account of the unrealistically
sharp density edges introduced in (ii). This is

illustrated schematically for real space in fig.3c.

(iv) The modified structure factors from (iii)
were vectorially combined with Fo to produce a
total corrected structure factor Ft. The values of
$C(0.9) and Bw(80.0a2) were chosen to optimize the
agreement between Ft and Fo. The effective elec-
tron density map transformed to produce ft is illu-

strated by fig.3d.
The agreement between Fy and F, is shown in fig.4.

The above process caused the R-factor for TL to

drop from 22.3% to 19.5%.

a negative value of BF is often input to weight up
data between 3.0-2.5% resolution where the model
is more likely to be able to agree with the
observations. Therefore it is proposed to insti-
tute the slightly different weighting formulae:-

1.0/(AF + BF(S-N))2 S > N

£
"

(3)

1.0/(AF + CF(N-8))%2 N > S

%
)i}

CF is a new parameter introduced to control the
weight applied to data lying in Region A of fig.1.
The pivot value of the function, set to 1/63"1 in
(1), is resettable in (3) by inputting a value for
N.



9. COMPUTATIONAL ASPECTS

The versions of RLSQ implements on the CRAY-1
computer at Daresbury are now used extensively by
Oxford workers, and they give at least an 18-fold
improvement in speed over an ICL 2980. Table 7
gives a speed comparison between an ICL 2980 and

the CRAY-1 for various protein refinements.

Table 7
No. Atoms No. Refls. 2980 time Cray-1 time
seconds seconds
TL 1100 13500 2200 80
PGK 3100 13000 3200 160
PPB 6520 17000 19000 770

Clearly the CRAY-1 computer enormously simplifies
the task of refining a protein, and makes possible
refinements which would be impossible using another
slower computer. It should be stressed that the
speeds quoted above are given for programs written
in sensibly coded FORTRAN and not in assembler or
special code. Further speed improvement, should

it be necessary, may be brought about by either
incorporating 'Fast Fourier’ methods analogous to
the Isaacs-Agarwal program to calculate structure
factors and derivatives, or coding the most heavily
used parts of the present program in CRAY ASSEMBLER

LANGUAGE (CAL) to increase their vectorization.

At present the RLSQ program allows for space group
P24, C2, P43212, P29212 and P212121 but there is
little difficulty in expanding the program to allow

for other space groups.
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THE IMPORTANCE OF REFINED STRUCTURES TO THE UNDERSTANDING

OF ENZYME ACTION

by

A.R, Sielecki and M.N.G. James
MRC Group in Protein Structure and Function, Department of Biochemistry,
University of Alberta, Edmonton, Alberta, T6G 2H7, Canada

1. INTRODUCTION

It has long been recognized that substrates bind
with high affinity to the active sites of enzymes
when their structures are complementary. Empirical
observations of this principle are reflected in the
very tight binding of inhibitor molecules that can
mimic the transition state of the chemical reaction,
but can not undergo turnover themselves. Also,
minor chemical modifications to substrate structures
that disrupt their complementary nature, have
marked effects on measured catalytic rate constants.
Therefore, in order to appreciate the many intricate
molecular events that lead to enzymatic catalysis,

a prerequisite must be an accurate definition of

the atomic positions in the active site.

Strain and induced fit are two descriptions of
molecular mechanisms that make use of the enzyme-
substrate binding energy to explain the lowering of
the activation energy of the uncatalyzed reaction.
Both of these proposals support the tenet that
maximum stabilization by the enzyme is achieved
only upon reaching the transition state of the
reaction. In the strain mechanism which implies a
rigid enzyme, geometrical distortion of the
substrate towards the transition state is aided by
more favorable binding interactions. An induced
conformational change of the enzyme structure upon
substrate binding provides the enzyme-transition

state complementarity in the induced fit mechanism.

Knowledge of the precise geometry of groups at the
active site will aid in elucidating the following
points: the direction of flow of electrons in the
covalency changes of the substrate; whether or not
a specific hydrogen-bonding pattern is important in
a proposed reaction mechanism; which atoms provide
for enzyme-substrate stabilization by electrostatic
or hydrophobic interactions; and whether or not

atoms of the enzyme move and by how much during the
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course of the reaction.

Such questions have not been answered definitively
for any enzyme. One system, that of the serine
proteases, has received perhaps the greatest
attention in terms of numbers of crystal structures
done. We would like to describe some of the high
resolution refinement studies that have been done
with a member of this enzyme family, the A protease

from Streptomyces griseus (SGPA).

2. SERINE PROTEINASES

There are five proposed intermediates on the

@,

catalytic pathway of serine proteases Under
normal circumstances most of these intermediates
are relatively short-lived and it is unlikely that
one could trap them for a time sufficiently long to
characterize them crystallographically, SGPA is a
bacterial serine endopeptidase isolated from the
commercially available protease mixture Pronase(z—é).
The three dimensional crystal structure of SGPA at
pH 4.1, was determined initially at 2.8 A

(5’6). Subsequently, the structure of the

resolution
native enzyme has been refined with the restrained
parameter least-squares program of Hendrickson &
Konnert(7) to an R-factor of 0.13 at 1.8 &
resolution(s). More recently, and making use of
the fact that the tetragonal crystals of SGPA were
at pH 4.1, we have determined and refined independ-
ently the structures of the complexes that SGPA
makes with two specific tetrapeptide substrates and

with a tetrapeptide aldehyde inhibitor(g).

Detailed kinetic parameters, kcat and Ky»> have been

determined for the interactions of SGPA with a

large number of oligopeptide substrates(lo’ll).

From these studies it was shown that the value of
kcat/KM depends very strongly on (a) the length of
the polypeptide chain in both the N- and C~terminal



Table 1

Dependence of kcat

and KM on the nature of P

1 and the chain

length of substrates for SGPA+

Py P, Py Py P By kg (s Ry @0k /Ry (T M
I Ac-Pro-Ala~Pro-Gly-NH, 0.012 20 0.6
I1 Ac—Pro—Ala-Pro-Phe—NH2 5.8 0.54 .. 10700
IIT Ac—Pro—Ala—Pro-Tyr--NH2 10.1 1.4 7200
v Ac-Phe-NH, 0.007 25 0.28
v Ac—Pro—Phe—NH2 0.13 4.9 27.
VI Ac-Pro-Ala-Pro-Phe-CHO - LI 5x107° oM -

t Data taken from Bauer et al., 1976(10’11)

directions and (b) the nature of the amino acid in
the Pl* position. These dependencies are illus-
trated in the data of Table 1. In addition to the
data on hydrolysis of these amides at pH 9.Q, the
inhibition constant for the tetrapeptide aldehyde

(VI) is also given(132.

We have soaked crystals of SGPA in solutions con-
taining the substrates described in Table 1 (kindly
supplied by Dr. C. Bauer), collected the three
dimensional diffraction data to a variety of resol-
utions, and used the -traditional difference Fourier
methods to determine the binding modes of these
peptides. Interpretation of the initial studies
was at 2.8 & resolution from difference maps com-—
puted with the MIR phases. Gradually we have
extended these studies to higher resolution and
have used calculated phases obtained at different
stages of the refinement of the native structure.
Difference Fourier maps suffer from two serious
drawbacks. Firstly, the overlap of positive and
negative features as a result of displacement of
bound solvent in the native structure leads to

distortion of the electron density for the bound

*The nomenclature of Schechter & Berger(lz) has
been adopted to describe the enzyme=-substrate
binding interactions. The substrate has amino
acid side chains P, ..... P,' that bind to sub-
sites on the enzyme S ..... S,'- The bond
hydrolyzed is between residues P1-Pj'. The
N-terminus of the substrate is P.
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molecule. In addition, it is difficult to differ-
entiate actual shifts in enzyme position from
possible changes in atomic temperature factors.
Secondly and perhaps more importantly, the sub-
jective interpretative bias of the crystallographer

is almost impossible to remove.

Some of these points are illustrated in the series
of figures 1-3. Fig. 1 is a difference Fourier map
(amplitudes IFN+S|—|FN|, where |FN+S| are measured
amplitudes from a crystal soaked in the tetra-
peptide; IFN| structure factor amplitudes from
native crystals; MIR phases) at 2.8 & resolution of
the tetrapeptide AcProAlaProPhe (AcPAPF) bound in
the active site of SGPA. This is a good map, even
though it is at medium resolution, but its inter-
pretation was difficult and the details limited.
Primarily, as the difference electron density peak
assigned to the carboxyl group of the P; Phe
residue lay close to the 0" of Serl95, we favored
an interpretation of a covalent bond between these
two groups. It can be seen that the remainder of
the molecule fits quite well to the difference

density.

The vastly improved resolution (1.8 Z) displayed in
Fig. 2 allowed for a better fit of the tetrapeptide
AcPAPF to the difference density (amplitudes as in
Fig., 1; phases are &, computed from the partially
refined native structure at R = 0.23). However,

the distortions in the density are evident



Fig. 1.
active site of SGPA.

F94

R41

Difference electron density map (2.8 & resolution) in the region of the
The structure factor amplitudes are FN+S|—|FN|

phases from multiple isomorphous replacement (MIR) at 2.8 The
structural models represented are those for native SGPA and the bound
tetrapeptide AcPAPF as determined from the Kendrew model

Fig. 2.

displayed is 0.09 eA-3,

Difference electron density map at 1.8 A resolution.
the view angle are the same as in Fig. 1.
AcPAPF has been fitted on an interactive graphics system (MMS-X).
ative density contours have been omitted for clarity, the contour surface

The SGPA model and
The model for the tetrapeptide
Neg-

Apparent conformational changes in the enzyme

structure could not be separately interpreted from changeg\in B factors.

(especially at Py Pro). In addition, the electron
density peak corresponding to the carboxyl group
could be interpreted equally well by a planar car-
boxyl group or by a tetrahedral group which would
include a covalent bond to OY of Serl95. Attempts
to clarify this latter point at several further
stages in the refinement of the native enzyme did
not resolve the ambiguity. Differences in atomic
position for the two models were of the order of
0.3 - 0.4 &,

binding of these peptides to SGPA was to provide

One of the aims of the study of the

reasons, on the molecular level, for the kinetic
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differences presented in Table 1. For example,
the presence of a B-OH group in AcPAPY has a
marked effect on both Ky and k., relative to
AcPAPF, and clearly such subtle differences could
not be elucidated with the ambiguities in the

binding modes mentioned above.
Refinement of the intensity data measured from
crystals of the complexes alone and independently

of the native data was then carried out.

Figure 3 shows an electron density map in the same



Fig. 3. ZIFOI—[FCI, a, electron density map (IFOI and chl are observed and
calculated structure factor amplitudes from crystals of SGPA soaked in

solutions of AcPAPF NH,) at 1.8 X resolution and R = 0.119. The electron
density contours surfaces for enzyme and product molecules are +0.40 e-3.

Distance from OY Serl95 to the carbonyl C of Py Phe is 2.65 k.

region of the active site of SGPA as for Pigs. 1
and 2. This is a 2|F0|-|Fcl, o, map computed after
16 cycles of refinement of the data from a crystal
of the AcPAPF complex with the Hendrickson-Konnert
program. The current agreement factor R is 0.119
and the resolution is 1.8 & (see Table 2 for a
sumpary of the refinement). This map clearly shows
that there is not a covalent bond from 0Y of Serl95
to the carboxyl carbon atom (the distance is remark-
ably short howeter, 2.65 ﬁ) and that the carboxyl
group is planar within the limits of error of this

refinement (0.1 K).

3. REFINEMENT RESULTS

The refinement of native SGPA at 1.8 A resolution
has been described(8) as well as the mechanistic
implications based on the refined structures of an
inhibitor (AcProAlaProPhe-aldehyde) and two pro-
duct complexes (AcProAlaProPhe and AcProAlaProTyr)
with SGPA(g). The resolution of the native data
has now been increased to 1.5 Z, and refinement

It is the

results of the 1.5 & structure which we shall

continued for 23 additional cycles.
present here. 1In addition, the intensity data from
crystals of the three tetrapeptide complexes with
SGPA: AcPAPF, AcPAPY and AcPAPF-aldehyde have been
reprocessed with an improved background smoothing
function (R. Read, unpublished). Refinement for a
number of additional cycles has been carried out on

these data. The present results of these four

independent refinements of native SGPA at 1.5 R

resolution and of SGPA complexed to three tetra~-

peptide molecules at 1.8 A resolution are given

in Table 2.

The values of the unweighted agreement

factors (R) and their variation with sin 8 are

depicted in Fig. 4.

These low values, in addition

R | SGPA L .
s.204 AC-PAPF
L
0,15
vaed : ot L
6.85 . —- - v v v
.1 8.2 B3 6% 6. 5.3 0N US
SIN® SI
R [ AC-PAPY ALBEHYBE
8.26 H
.15 . %
I et R r
.05 — v -+~ v —
8.1 0.2 0.3 BN 0.5 0.3 a0
SIN 8 SIN ©
Fig. 4, OGraphical representation of the variation of
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the crystallographic R = ZI|F°|-|Fe||/Z|F
with resolution (Sin 9),

ol

All four struc-

tures have poor agreement for the low ranges

of Sin 8 (d > 6

) indicating that we have

not adgquately accounted for weakly occupied
solvent sites or a water continuum,



Table 2

Results of least-squares refinements of SGPA and peptide ligands

Native AcPAPF AcPAPY AcPAPF-ald
R(=Z||F0|—IFCI|/ZIF°|) 0.126 0.119 0.116 0.120
No. cycles 58 16 13 21
No. reflections [I > 30(I)] 17194 11811 11999 10218
Resolution range (X) 12.5-1.5 10.0-1.8 10.0-1.8 10.0-1.8
No. atoms 1494 1498 1498 1498
(solvent) (235) (205) (204) (206)
<B> (R2) 15.7 14.4 14.9 14.4
<|F°]> (e) 159 199 195 214
<|F°|-—.|FC|> (e) 19.8 23.8 22.7 27.3
r.m.s. A+ (Bond length, A) 0.017 0.020 0.019 0.017
r.m.s. A" (Angle length, A) 0.033 0.038 0.036 0.036
r.m.s. At (planar groups, Z) 0.015 0.014 0.015 0.012
r.m.s. At (chiral centres, A) 0.196 0.146 0.148 0.124
r.m.s. At (nonbondgd contacts)

single torsion (A)o 0.254 .209 0.207 214

mult%ple torsion éA) 0.163 .180 - % - %

possible H-bond (4) 0.281 0.194 0.147 0.162
r.m.s. ot [planar peptide, w (°)] 3.1 2.9 2.9 2.4

These A values are root mean square deviations from the corresponding values
for ideal groups derived from small molecule structural studies(8), The r.m.s.
deviations are from the final least-squares cycle for each type of parameter

restrained by the algorithm(7).

* . . .
These parameters were not restrained during the refinement of these complexes.

to the small r.m.s. deviations of the final atomic

parameters from "ideal" bond lengths and angles (as

determined from small molecules) indicate that these

refinements have produced accurate descriptions of

the SGPA molecule and its tetrapeptide complexes.

4, CONFORMATIONAL CHANGES

There are a number of conformational changes in the

SGPA structure that have been induced upon substrate

binding. The magnitude of these changes can be
deduced by an atom by atom comparison of native

SGPA coordinates with the coordinates of SGPA in

each of the complexes. As each of these separate
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data sets has been refined independently, these com-~
comparisons should also provide an independent
estimate of the positional accuracy that has been
achieved as a result of refinement. Table 3 con-
tains the results of these comparisons. The r.m.s.
differences indicate that the resulting struétures
are very similar. Since there are several regions
of the molecule that have significantly different
conformations in the native and complexed form of
the enzyme, the most appropriate measure of the
coordinate precision is obtained from the compar-
ison of the SGPA molecule in the complexes with
AcPAPF and with AcPAPY. For this case, and consid-
ering main chain atoms only the r.m.s. difference

is 0.05 & (Table 3). Those regions of polypeptide



Table 3
Coordinate differences between atoms of SGPA in free and

complexed forms &)

SGPA + SGPA + SGPA +

+
ACPAPF ACPAPY aldehyde AcPAPF AcPAPY Aldehyde

SGPA all atoms 0.11 (0.58)* 0.10 (0.43) 0.14 (0.68) _ _ _
main chain 0.09 (0.44) 0.08 (0.35) 0.12 (0.49)

SGPA + all atoms 0.07 (0.28) 0.10 (0.43) _

AcPAPF main chain 0.05 (0.13) 0.08 (0.21) 0.11 (0.21) 0.29 (0.60)

SGPA + all atoms 0.10 (0.41) _

AcPAPY main chain 0.09 (0.20) 0.33 (0.62)
The numbers in parentheses represent the largest differences observed in each of the cases
compared.

T Atoms of the tetrapeptides alone are compared in this matrix.
o A .
Fig. 5. The backbone of SGPA (-N-C%-C-) with the atoms of the refined tetra-

peptide AcPAPY superimposed. The regions of the backbone of the enzyme

portrayed in thick lines are those segments which have moved in a con-

certed way by more than 0.15 £ from their positions in the native

enzyme, The direction of movement is, in general, away from the

product molecule.
chain which differ by more than three times this Certainly these relatively small alterations in the
value are deemed to have significantly altered conformation of the enzyme are residual values and
their conformations when the tetrapeptide products do not reflect conformational changes that could
are bound and they can be visualized on the stereo have occurred in the initial encounter complex with
drawing of the main chain of SGPA in Fig. 5. the substrates, It also does not render any
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information about movements that may occur along the
catalytic pathway from substrate to product.

Indeed, the observed changes are rather small
(maximal changes of 0.35 - 0.49 & are in the region
of Tyrl7l).

attached side chains of the stretches highlighted

The atoms of the main chain and the

in Fig. 5 have, in most cases, moved away from the
atoms of the bound products. The majority of the
residues do not differ significantly from their

positions in the native enzyme.

In the region of the active site, the imidazole ring
of His57 is slightly displaced in the complexes of

SGPA with AcPAPF and AcPAPY.

The movement leaves
in approximately the same position, while Ne2
is displaced by ~0.2 & in a direction such that a
more favorable (shorter and more linear) H-bond to
the oxygen atom of the carboxylate of the products
is formed. This hydrogen-bonded interaction can be
seen in Fig. 3 (the N82 ..

2.84 X; in AcPAPY, 2.79 X).

0 distance in AcPAPF is

A corresponding conformational change involving
His57 of the SGPA-aldehyde complex is much larger.
The imidazole ring rotates from its observed
position in the native structure out into the sol~
vent region., The imidazole ring has an increased
average B (25.1 A2 from 10.6 A2 in native SGPA).
Its native position is occupied by two water molec-
ules, hydrogen-bonded to the carboxylate of Aspl02
and to N8l of His57. Similar bridges of two water
molecules between ion pairs are observed elsewhere

on the surface of SGPA.

5. SOLVENT STRUCTURE

The roles played by water in enzyme mechanisms are
many and varied. It is therefore important to
determine the water structure as accurately as
possible in order to assess how it can influence
catalysis. As the interactions that water makes
with the enzyme are non-covalent (electrostatic and
hydrogen bonding) the positions of the oxygen atoms
are less well determined than the atoms of the pro-
tein. This will vary as the number of hydrogen-
bonded contacts to the protein varies(14). In
addition to the positional coordinates, the param-
eters refined for water molecules are the occupancy
and the B factor (= gn2 u2). These parameters seem

to be the least well determined in the refinement
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of the four structures summarized in Table 2. We
have selected a total of 235 solvent sites in native
SGPA (total possible ~660). These sites were chosen
as those peaks with heights greater than ~4 times
the estimated standard deviation (0.2 e3_3) of
difference maps (IFOI—[FC[, ac) and making reason-
able contacts to possible hydrogen-bond donor or
acceptor atoms of the protein or other water molec-

ules.

Other workers have pointed out that there is a
marked correlation of the occupancy and B factors

of water molecules(14).

That is, solvent atoms
with high occupancy factors tend to have low B
factors and vice versa. In order to examine the
generality of this observation, we have plotted the
occupancy factors of the solvent molecules in SGPA
versus their refined B factor at the conclusion of
cycle 58. This plot (Fig. 6) shows that there is
little, if any, correlation (the sample correlation

coefficient, r = 0.08) of these two parameters for

1.0

0.8+

@CCUPANCY

0.2+

g.o0 Y

200 30 w8 SO
B {(Axx2)

60

Plot of the B factor (=81T2 u2, 32) for the
235 solvent atoms in native SGPA vs the
occupancy factors for those atoms. The
sample correlation coefficient is 0.08,

Fig. 6.

the water molecules. This result could reflect the
fact that the B factor and the occupancy are really
measures of two physically different situations.
While they may be strongly correlated in a least
squares refinement procedure, it should not be
physically unrealistic to have a highly occupied
site with a large thermal motion parameter. We are
comforted in that we have four independent deter-

minations of SGPA and its water structure, so
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Fig. 7.
four refined structures.
these sites in Angstroms.

comparison of these parameters should give confid~

ence in the results obtained.

Figure 7 shows a comparison of differences in pos-—
ition of the refined solvent molecule sites (one of
them, a Nat ion, see reference 8) in the four struc-
tures. Examination of this figure indicates that
rot only the conformation of the enzyme is altered
when product or inhibitor tetrapeptide is bound, but
also the water structure is altered. Again, the
comparison of solvent sites in the crystals of
AcPAPF and AcPAPY shows that there are more solvent
sites that are almost coincident in these two inde-
pendently refined structures in which the SGPA -
portion undergoes similar conformational changes.
Therefore one can conclude that when the segments
of the SGPA molecule move, the solvent moves in

concert.

]
It is encouraging that 1.8 A resolution data, with
careful, restrained least-squares refinement, can
give meaningful data regarding solvent sites in

protein structures.

6. PROTEIN FLEXIBILITY

The serine proteases have been termed mechanically
rigid, electronically strained enzymes(ls). Anal-
ysis of the variation of B factor with position
along the polypeptide chain shows that there are
regions of the SGPA molecule that have much higher

B factors than the average value(8), Besides, if
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Results of comparing positions of 'equivalent' solvent sites in the
Delta is the positional difference between

we look at.the changes in B for residues of the
SGPA molecule when complexed with the tetrapeptides,
those regions that have some of the highest B
factors in the native structure (Fig. 8) and which
make contact with the tetrapeptides have reduced B
values in the complexes(g). Therefore, in view of
the large values of B for some regions of the
molecule and the fact that conformational movements
are observed in the complex formation, we should
rather consider the serine protease structure
heterogeneous; like the curate's egg, "soft in
parts”. The fact that residues constituting the
substrate binding sites have some of the highest B
factors leads us to infer that residues Gly39 to
Arghl and Ile63 could possibly be involved as bind-
ing site residues on the leaving group side of the
scissile bond of a good substrate (P;' to P4').
From these arguments and other more direct data, wé
have model built a Pl' Phe on to the tetrapeptide
AcPAPF as shown in Fig. 8.

7. CONCLUDING REMARKS

The structure of 'SGPA has been refined by
restrained-parameter least squares to an R of 0.126
for 17194 reflections to 1.5 A resolution. A sim-
ilar level of accuracy has been attained in the
refinement of SGPA when it is complexed to two
tetrapeptide product molecules and to a transition
state analogue inhibitor AcProAlaProPhe~aldehyde.
These several refinements have allowed us to define

with some confidence the enzyme-inhibitor and enzyme



Fig. 8.

The backbone atoms of SGPA with atoms of a proposed pentapeptide,
AcPAPFF, bound in the active site.

The regions highlighted bg thick

lines are those atoms which have B factors larger than 12.7 A
(average value for atoms of main chain of the protein).

Fig. 9.

between atoms). The r.m.s.

Comparison of the final coordinates of AcPAPF plus the active site
region of SGPA (thick lines) with those coordinates as determined
from the initial interpretation of the 2.8 A A F map (thin lines

difference in coordinates for AcPAPF is

0.76 &, and for the atoms of the active site of SGPA is 0.76 A.

product molecule interactions. In addition, we have
observed how SGPA reacts when it has a tetrapeptide
bound in the second product binding site (S to S4).
The molecule undergoes some small rearrangements

that are associated with the binding. Also, these
same regions have reduced thermal vibration param-

eters in the complexes.

In order to detect deviations from planarity in a
putative tetrahedral model for the carboxyl groups
of the two product complexes it is necessary to

have atomic positions with an accuracy of ~0.03 A

or better. Any minor deviations from planarity
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that we observe in these structures (0.09 & and
0.03 & for the AcPAPY and AcPAPF complexes,
respectively) are less than the significance limit
of our data. It is also important to have réfined
structural data to confirm the presence or absence
of hydrogen bonding. In order for the charge relay
mechanism to operate it was postulated that a hydro-
gen bond from 0¥ of Serl95 to N2 of His57 was pres-
ent; The refined Nf2 to 0¥ distance in SGPA is
3.03 K, on the upper limit for such a bond, and
markedly non-linear. There is no alternative pos-
ition for OY (by rotation about C®-C®) that improves

the directionality of this putative bond. The



presence of water molecules bound to His57 and
Ser195 in the native structure, also reduces the

likelihood of the originally proposed disposition.

The correct interpretation of catalytic pathways of
enzymes requires the knowledge of the precise pos-
itions of the atoms of the substrate and of the
enzyme Ehroughout the course of the reaction. The
possibility of hydrogen-bonding influence,
directions of dipole moments and all other pos-
itional dependent terms which are considered import-
ant to the mechanism, have to be defined precisely.
The molecular drawings in Fig. 9 show that the
initial interpretation of the binding of AcPAPF to
SGPA is not sufficient to provide meaningful inter-
pretations of this mechanism. Hydrogen-bonding
interactions that are present in the refined struc~
ture but not in the initial interpretation (e.g.
N2 His57 to OT of Py carboxyl group, OH of Tyrl7l
to OH of Ser2l4, NH of P3 Ala to C = 0 of Gly2l6;
NH of Py Phe to C = O of Ser2l4) emphasize the fact
that we leaned heavily on our chemical intuitiomn
rather than firm experimental evidence in the early
stages. Certainly, the geometry is important but
it is not the only parameter required to define the
pathway. The kinetics become much more interpret-

able in light of it though!
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MAP IMPROVEMENT BY THE COMBINATION OF PARTIAL STRUCTURE AND ISOMORPHOUS PEASE INFORMATION

by
Dr. D.W. Rice
-

Laboratory of Molecular Biophysics, University of Oxford, South Parks Road, Oxford OX! 3PS.

1. ABSTRACT

The structure of horse muscle phosphoglycerate
kinase has been refined with the restrained least
squares procedure of Hendrickson and Konnert using
the X-ray data’to 2.58 resolution. During the re-
finement errors in the model have been detected by
the use of electron density maps whose phases were
produced by combining the isomorphous phase in-
formation with that obtained from the partial
structure. A qualitative evaluation has been made
of the level of feedback induced in the combined
maps by incorrectly located atoms in the model.
The Fourier syntheses computed with the combined
phase angles contain much more new information
concerning errors in the structure than equivalent
Fouriers based on the calculated phases alone.

A significant improvement in the electron density

over the isomorphous map has been achieved.

2. INTRODUCTION

The aim of a protein structure determination is to
be able to provide a reliable model of the atomic
arrangement within the molecule. From this model
deductions can then be made about the interactions
that govern its stability and relate to its func-
tion. The reliability of these deductions is then
directly related to the quality of the electron
density map from which the model was built. Whilst
several techniques of refinement or phase extension
can be used to provide high quality electron den-
sity maps where the X-ray data are available at or

(1,2,3,4,5) these methods

near atomic resolution
have not yet been successfully applied at resolu-

tions around 2.5%.

In these cases the interpretation of the structure
usually follows from the inspection of an iso-
morphously phased electron density map. Phases
derived by isomorphous replacement are subject to
errors from a number of sources, principally non-

isomorphism of the derivatives, low occupancy of
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the heavy atoms, inadequate heavy atom refinement
and errors in the X-ray data. These errors result
in a lowering of the resolution of the electron
density map as well as giving rise to severe dis-
turbances in the map near the heavy atom binding
sites. Areas of diffuse density are often found in
such maps and these present large problems of in-

terpretation.

In order then to obtain a reliable set of atomic
co-ordinates an improvement of the electron density
is needed. During the refinement of Phospho-
glycerate Kinase the use of partial structure

phase information when combined with that from iso-
morphous replacement has been examined and will be

discussed here.

3. THE METHOD OF PHASE COMBINATION

The combination of the isomorphous and partial
structure phase information was achieved by multi-
plying the individual phase probability functions
together(G). In order to carry out the computation
in a convenient manner the phase probability func-
tions were stored as the four phase coefficients

A, B, C and D suggested by Hendrickson and

Lattman (7). Thus

Papep(®) = exp (N+AcosO+Bsina+Ccos20+Dsin2a) (1)

where Papcp(0) is a generalized probability func-

tion.

The isomorphous phase probability computed by the
method of Blow and Crick(8) was recast in terms of
the probability function Papcp by the least squares
fitting procedure derived by Hendrickson(?)., The
phase information from the partial structure was
determined using the probability analysis of
$im{10) | Sim showed that

Ppar(a) = K exp(Xcos(0-Ocalc)) (2)



2Fobs Fealc/B
1/201c(X)

where Io is the modified zero order Bessel function.

where X =

and X

sim(11) then suggested a suitable weighting scheme
that would produce the map with the least mean
square error, the weights being defined by

i}
w =f coso Ppar(u.)du (3)
Jor

The value of B from equation (2) was in Sim's
original formulation estimated from the proportion
of atoms missing in the partial structure. BAn em-
pirical estimate of B obtained from the lack of
closure between Iobs and Icalc in ranges of
sinze/)\2 has been used by Bricogne(12) and this
approach has been taken in the modified version of
Dr. Bricogne's program "Combine" which was used to

compute the combined phases described here.

4. THE APPLICATION OF PHASE COMBINATION TO
PHOSPHOGLYCERATE KINASE

The‘enzyme phosphoglycerate kinase, extracted from
horse muscle, is a monomer of m.wt. 45,000 Daltons
which crystallizes in the space group P2y with one

molecule in the asymmetric unit and cell dimensions

a = 50.8%
b = 106.98
c = 36.3%
8 = 98.6°

The polypeptide chain contains 416 amino acids and
the chain trace was obtained by inspection of a
3.0% and later a 2.5% M.I.R. phased electron den-
sity map(13,14), unfortunately no sequence informa-
tion was available when these maps were calculated
and the quality of the electron density was such
that the chain trace was ambiguous. Furthermore
the side chain definition in the maps was poor and
there was little evidence of the characteristic
bulge in the electron density at the positions of
the peptide carbonyl groups. In an attempt to
improve the map, the procedure of phase combination
was used to combine the phase information available
from a progressively improving interpretation of
the molecular structure with the isomorphous phase
probabilities(ls). The strategy of this combined
refinement and map improvement was centred around
the gradual incorporation of the amino acid sequence

information into the molecular model(14)., The flow
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diagram in fig.l illustrates the approach used.

Isomorphous Isomorphous Initial
Phases Map Model
l" =
Phase Calculated
Combination Phases
Combined Refine
Map B-values
Rebuild Refine
-—
Model Xy 2
Fig.l Flow diagram of refinement procedure incor-

porating phase combination.

During the refinement two techniques have been used
Initially the method of
automated difference Fourier shifts(ls) followed by

to calculate atom shifts.
a model regularization step(17) was employed. More
recently the restrained least squares procedure of
Hendrickson and Konnert was used. In the early
stages of the refinement group temperature factors
(one for each side chain and main chain residue)
were allowed, in the last round of refinement indi-
vidual temperature factors have been used. The
production of a new set of combined phases has fol-
lowed each convergence of the refinement process,

the details of which are given in Table 1.

Table 1
Progress of the PGK Refinement
Phase

Coord No. of

Set Set Atoms R F.0.M.
ISOMORPHOUS 1 - - - 0.46
CcOoMB1 PGK1 1969 0.56 0.54
COMB2 PGK2 2472 0.45 0.62
COMB3 PGK3 3016 0.32 0.73
CoMB4 PGK4 3047 0.30 0.74

ISOMORPHOUS 2 Isomorphous phases after
phase refinement of the

derivatives using phase

set COMB4 0.53

compst * PGK4 3047 0.30 0.76

compet PGK6 3067 0.21 0.84
all

hkl
R =] lFobs'Fcalcll | Fobs|

1 indicates combination of calculated phase with
phase set ISOMORPHOUS 2.



5. DETECTION OF FEEDBACK IN THE COMBINED MAPS The second type of bias check that has been exten-

sively used involves the examination of the refined

The first type of Fourier synthesis used with the model for atoms involved in high energy conforma-
combined phases was based on coefficients tions or in excessively short van der Waals con-
|Fobs|m exp (10COMBINED) , where m is a figure of tacts. Clearly these atoms are likely to be in-
merit weight. Subjectively these maps appear correctly placed and therefore it only remains to
have greater clarity than the equivalent isomor- - observe the character of the electron density

phous map and two questions then have to be around these features and to see if this mirrors
answered. First to what extent does the calculated the unreasonable conformation or diverges from it
structure feedback into the electron density in the in such a way that a reinterpretation is physically
places where the model is incorrect? Secondly -can more reasonable. Figure 3 shows such an example
any improvement in the electron density be found in taken from COMB3MAP. Here the amino group of the
the areas where the interpretations are ambiguous? lysine side chain is in very bad van der Waals con-

tact with the carboxyl group of a nearby Glutamic

To date two criteria have been found to be useful acid residue. Although the map does show a connec-
in assessing the level of bias in the electron den- tion joining the lysine side chain to the glutamate
sity maps due to incorrect structure. The first of residue there is a much more obvious feature indi-

these involves making deliberate mistakes in the cating the true position for the lysine side chain.

interpretation of the isomorphous map. The par-

tially incorrect structure is then left to refine
alongside the remainder of the interpretation. Then
the electron density in a subsequent combined map

is compared with that in the isomorphous map in

order to determine whether or not the known elec-
tron density features reappear and whether there is
any sign of spurious density surrounding the in-
correct atomic positions. An example of this type
of check is shown in fig.2, which shows the elec-
tron density in COMB2MAP (see Table 1) in the

region of Tyr 323, whose position was known from

the isomorphous map. The atoms shown are those

used in the phase combination and it is clear that

Fig.3

the phenol ring which was deliberately built in the
wrong place is not surrounded by electron density.
The true position for the phenol ring is quite 6. IMPROVEMENTS IN THE ELECTRON DENSITY
clear and this density correlates well with the

isomorphous map.
P P Improvements in the areas of weak electron density

provide the best evidence for the power of the map
enhancement technique and as an illustration of

this it is instructive to follow the progress of
the density improvement around Leu 31i3. Figure 4a
shows an interpretation of the isomorphous map in
this region. At the time the amino acid sequence
for the chain 341-345 was not known and the isola-
ted blob of density visible in this figure was
assignéd to the leucine side chain. Figure 4b shows

the same area with the refinement at the stage

COMB3. As can be seen from this figure the ini-
tially isolated density is now connected to two
Fig.2 regions of main chain protein density. By this

stage the complete amino acid sequence was available
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and residue 347 was known to be a phenylalanine.
Inspection of the map indicated that a reinterpre-
tation of the electron density could be made in
which the chain was grossly adjusted in the region
342-349, this modification resulting in the Phe
residue occupying the position allocated to the
leucine with the leucine side chain lying above its
own main chain. This rearrangement would imply
that the density at the B-carbon of the leucine was
feedback from the incorrect structure. The map
based on COMB3 phases in fact revealed many other
less ambiguous errors where feedback was less
noticeable and it was decided to leave the above
region alone in order to see what happened to it

as the refinement progressed.

Figure 4c shows the density at the stage of COMBS.
Here the R value for the structure is 0.30 compared
with 0.32 for COMB3. However a marked improvement
in the electron density can be seen with the
spurious connection in the region of the B-carbon
of Leu 313 much reduced. A further improvement in
the electron density was achieved by the use of a
synthesis based on coefficients

2| Fops|-|Fealclexp (iccoMBINED) (see next section).
The effect of using this synthesis as opposed to
that using Fgphg alone can be judged by a comparison
of figs.4c and 4d; fig.4c shows the Fgps synthesis
with COMBS phases, fig.4d the 2|Fobs|-Fca1c syn-
thesis. The false connectivity has been completely
broken and the carbonyl bulge associated with the
position of the carbonyl oxygen of the Phe residue
is more enhanced. Finally fig.4e shows the
2Fobs-Fcalc map obtained with COMB6 phases follow-
ing the reinterpretation and refinement of the

structure.

Fig.4a

w

g1

The conclusions then from this iterative use of the
techniques of refinement and phase combination are
that large initial errors in the model can be tol-
erated. Also, while the process is a gradual one
of map enhancement, as the model is adjusted some
spectacular improvements in electron density can be
achieved. Carbonyl bulges in the electron density
maps are now evident for almost all of the residues
so that any rebuilding is greatly facilitated. 1In
addition the peak height at the sulphur atoms in
the structure are much higher than for the other
atoms indicating that full use is being made of all
the data available. The aromatic rings in the
structure can be seen as flat discs rather than the
spheroidal appearance they had in the isomorphous
map, and the disturbances in the electron density
near tﬁe heavy atom binding sites are no longer
evident. Furthermore only one break (of 5 residues)
in the course of the polypeptide chain is found and
this is thought to be due to extensive disorder
With this

exception the molecular description is complete for

rather than any deficiency in the map.

the entire molecule.



7. A COMPARISON OF THE USE OF CALCULATED AND
COMBINED PHASES

The use of a synthesis based on terms
(|F0b5|+n|Fobs-Fcalc|)expiacalc has been described
as an aid to refinement(18,19,20) fThe basis of
these maps is that the unknown part of a structure
will be revealed in an |Fobs[aca1c or
Fobs-Fcalei®calc map with peak heights € 1/, the
true value, depending on the error in the calcula-
ted phases. This follows from Luzzati(21), fThus
when virtually all 9f the structure is known a syn-
thesis based on terms (2|Fobs|-chalc|) ought to
reveal the unknown structure with peak heights
close to their true value. However the difficulty
in a protein refinement at resolutions <2.58 is
that the initial interpretation of the structure,
based on an isomorphous map, contains errors from
several sources:
(i) grossly wrong structure.

(ii) random positional errors due to the limited
resolution of the X-ray data.

(iii) little description of the ordered water mole-
cules.

(iv) inadequate or no account taken of the solvent

continuum.

Since these errors are all appreciable the unknown
structure will appear in a (2|Fobs|'|Fcalc|)aca1c
map with much reduced peak heights. It would
therefore be expected that such a synthesis would
be unable to suppress the spurious density at in-
correct atomic positions whilst also failing té
reveal the as yet uninterpreted structure. An
example of this may be seen in fig.5a which illus-
trates the region around Phe 291 in a map calcula-
ted with coefficients (2|Fobs|‘|Fcalc|)exPiacalC
when the R value for the structure was 0.30. This
map is to be compared with that shown in fig.5b
which is an equivalent synthesis employing the com-
bined phases. In the calculated phase map there is
some electron density around the Phe ring position
whereas there is none in the combined map. ©On the
other hand, to the right of the current position of
the Phe ring there is a very large feature in the
combined map but only a small feature in the equiv-
alent position of the calculated map. A reinter-
pretation of the model can then be made which moves
the Phe ring from its current position into the
electron density to its right. This change also

alters the Ramachandran angles such that they move
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from a disallowed to an allowed region. Hence it
would appear that, for refinements at 2.5% where R is
greater than 0.3, Fourier maps based on calculated
phases alone contain a very significant level of
bias such that large errors in interpretation will
be missed. In fact in order to suppress the spu-
rious electron density feature around the Phe ring
a map (shown in Fig.5c) with coefficients
(5|F0b5|-4|Fca1c|)exp(iacalc) had to be calculated.
Although this map gave strong density at the true
position of the aromatic ring many distortions of
the electron density features and false connectivi-
ties could be identified due to its inherently
higher noise level. Thus any interpretation of such
a map required a degree of hindsight. The current
interpretation of the structure is shown in fig.5d

which is the (2|Fobs|‘chalc‘)exP(iaCOMBINED) map

using the most recent set of phases.

Fig.5c

Fig.5d

The conclusions from this comparison, then, are that
at this resolution it would have been very diffi-
cult, if not impossible, to reach the stage of in-
terpretation now achieved with this molecule, using
the calculated phases alone. The effect of combin-
ing the calculated and isomorphous phase informa-
tion was to achieve a significant decrease in the
phase angle error and to remove the bias associated

with the calculated phases.



8. USE OF B VALUES AS A WEIGHTING FUNCTION IN
PHASE COMBINATION

In a refinement at high resolution the temperature
factor of an atom is often a guide to whether that
atom is misbuilt or not. Thus whilst some side
chains may be truly disordered and hence have high
values, others may have high B values as a result
of being in the wrong position. Clearly then the
calculated phases would be improved if the para-
meters to observation ratio permitted individual
temperature factors to be refined as the atoms not
on true atomic positions would be automatically
removed from Fcalc and Gcalc. However at 2.58 a
consideration of the parameters to observation
ratio might suggest that such a process would not
be feasible. In the most recent refinement of PGK
(during the transition from COMB5 to COMB6) the
atoms were allowed to have free temperature factors
and following the convergence of the least squares
the temperature factors were analysed in such a
way as to test their physical significance.
Surprisingly it was found that the B values were

in most cases well behaved.

As an example of this the B values for the side
chains of Arg 21, a well ordered semi-buried
arginine, and Lys 85, an external lysine involved
in a hydrogen bonding network, are shown below in
fig.6. The good agreement of the B values for the
arginine and the general increase along the length

of the lysine make good physical sense.

Fig.6. Temperature factors for Arg 21 and Lys 85.

One particularly interesting result was observed
for the side chain of Glu 204. The temperature
factors of the two carboxyl oxygens were very
different, one being 20 the other 106. Inspection
of the electron density map based on COMB6é phases
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revealed that the glutamate side chain was mis-
placed but that the oxygen atoh with the low B value
was sitting on an isolated peak. Since the level

of bias in this map is very low, an explanation of
this peak could be that it is an ordered water mole-
cule and indeed its position is consistent with that
finding, there being two carbonyl oxygen atoms 38
away from this peak. The electron density in the
above map and the temperature factors for the atoms

are shown in fig.7.

Fig.7



The temperature factors are clearly sensible par-
ameters even at this resolution and although in
the initial stages of a refinement it may be wise
to use group thermal parameters, the use of indi-
vidual B values later on appears to be both justi-

fiable and useful at this limited resolution.

9. CONCLUSION

In the study of an enzyme structure the use of a
refinement technique is a great aid in obtaining a
more accurate set of atomic parameters. However
at limited resolution the problems caused by feed-
back from incorrectly located atoms can give rise
to a situation where a false minimum is reached and
cannot be easily by-passed. By the combination of
the isomorphous and calculated phase information

it has been possible to overcome this situation and
achieve a successful refinement for PGK which has
proved both satisfying in terms of revealing many
errors of interpretation and rewarding in provid-
ing much valuable information on the functional
aSpects of this molecule(14), By the coupling of
the refinement of temperature factors to weight
out incorrectly placed atoms, and the use of mixed
syntheses such as (2|Fgpg|-|Fcalc|) with the
combined phases, the technique described here has
been convincihgly demonstrated ‘to have great poten-—
tial in the field of protein structure determina-

tion.
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SOME REFINEMENT EXPERIENCES WITH 2Zn INSULIN

by

Guy Dodson
Department of Chemistry, University of York,
Heslington, York YOl 5DD, U.K.

One of our motives for extending the
resolution of the 2Zn insulin crystal
structure was to get a useful description
of the electron density of the water-con-
taining regions. A number of water
molecules had been placed in the iso-
morphously phased 1.9A spacing map but
difference Fourier calculations at this
resolution indicated that some of these
were incorrect. Refinement at 1.5A
spacing has enabled us to identify a large
proportion of the water molecules in the
crystal pretty satisfactorily,though there
is uncertainty in some cases as to the

occupancy and thermal parameters.

Our procedure has been to place water

molecules where the electron density, in

different maps, was persistent and led to
For the well-defined
these features were typically

sensible contacts.
molecules,

spherical and examples of these attached
directly to the protein can be seen in
Figure 1. Oxygen atoms refined at these
positions had thermal parameters not much
different from those of the adjacent protein
atoms. Away from the protein, the electron
density peaks are lower and sometimes extend
into channels of density with no obvious
maximum, as also can be seen in Figure 1.
Defining positions in this density is
.arbitrary since first the water molecules
are probably distributed in a statistical
And,

although the overall appearance

population along the density.
secondly,
of the electron density is largely
preserved, it is subject to the background
fluctuations which alter the position of
the maxima in the different maps employed to
position the water molecules (Figure 2).

A set of positions has nonetheless been

derived which match the electron density
(continued on page 98)
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FIGURE 1:

represented as filled-in circles.
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The electron density from the final systematic difference Fourier density for
the 2Zn insulin crystal between sections 26 - 18/72 along the C axis.

Water molecules are

The peptide chain extends from B2 to B6.



FIGURE 2: Sections 38, 39 and 40/72, éhowing the electron density in

(a) the difference Fourier with all water molecules and doubtful atoms excluded from the
phasing calculated at the beginning of the fast Fourier least squares refinement.

(b) The subsequent difference Fourier in which 110 water molecules were included in the
phasing. One cycle of refinement (3(X,y and z) + 2B) has been carried out before
the map was calculated.

(c) A Fourier map calculated at the same stage as (b).

(d) A systematic difference F¥ourier calculated near the completion- of the refinement.
In this procedure the electron density in each 1/8 of the unit cell is phased by the
other 7/8.

The contour levels in each map are at .leg_s; the protein atom and water positions are

those at the completion of the refinement.

Water molecules' positions are indicated by circles.

represents the position of an unphased water <.52 from the section;

represents the position of a phased water <.gA from the section;

represents the position of an unphased <.12 + >.52 from the section;

represents the position of a phased <.IX + >.52 from the section;

O e & &

represents the position of a water <IX from the section.

96



FIGURE 2 (continued)

Protein atoms are joined by bonds.
In (a) and (d)

® represents oxygen atoms' positions <.52 from the section;
° " nitrogen " "
0 " oxygen " >.SX "
o " nitrogen " "

No representation is given for carbon atoms.

In (b) and (c)
® represents atomic positions (oxygen, nitrogen and carbon)
<.5A from the section.

(b)

VAL B12

FIGURE 3: Disorder
Disorder, dynamic or statistical, can be detected in electron density maps if the conform-
ations are few and well defined and more than 1/3 populated. In the 2Z2n insulin analysis,
a number of cases of disorder have been identified involving mostly charged sidechains
(arginine, lysine, and glutamic acid), though a non-polar group, valine, exhibits this
behaviour (b). Figure 3 (a) illustrates the electron density for one of the arginine side-
chains on the systematic difference Fourier calculation near the completion of the refine-
ment. The higher electron density peak at one of the four NH positions is attributed to
the presence of a complementary water molecule (indicated by W). It makes the same H bond
as the NH it replaces when the arginyl sidechain assumes the alternative conformation.

It is important that only the most definite evidence is accepted for a disordered
conformation since the refinement of half weight atoms is often misleading. For this

reason, review of disorder in difference and systematic difference Fouriers is essential.
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acceptably, and which conform to the H-
bonding and contact requirements of water

molecules.

Most of the water molecules have been given
full occupancy except where (for example,
see Figure 3) the evidence for disorder or
Thus,
the set of water positions chosen in the

alternative structures was secure.

poorly defined electron density represents
only one of the possible local structures
of comparable population assumed by the
solvent.

Support for the observations made directly
from the maps illustrated in Figures 1 and
2 comes from an alalysis'of the water
molecule thermal parameters and electron
density.

In Figure 4, the electron density

B A

120

100

60 .

40 .

20 ' '

value for a selection of water molecules
is plotted along the ordinate. It was
obtained from the average peak value in the
difference Fourier when all water was
excluded and the systematic difference
Fourier near the refinement's completion.
The thermal parameter for each water at
completion of the refinement is plotted

along the abcissa.

Thereis a generally sensible correlation
between the average value of the electron
density and the thermal parameter which
improves as the electron density increases.
The wide spread in thermal parameters at
low values of the electron density is a
reflection of the errors, illustrated for

example in Figure 2, present in the maps.

FIGURE 4.:

7 8 9 10 11 2 e S

o
The refined thermal parameter (BA2) and the electron density

at RD17 (averaged from the difference Fourier and the systematic

difference Fourier) for a selection of water molecules in the

2Zn insulin crystal.
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SUMMARY OF THE GENERAL DISCUSSION PERIODS

by

John W. Campbell and Mike Elder
Daresbury Laboratory

1. INTRODUCTION

In this chapter we attempt to summarise the main
points of the various discussion periods. The major
Saturday afternoon discussion session is dealt with
in a preceding chapter. A number of points came
up in various guises throughout the small discussion
periods totalling some four hours, which punctuated
the meeting. We have found it easier to gather these
together under a number of headings rather than to
associate them with the individual papers. To some
extent these headings reflect our understanding of
what was said and we apologise for any omissions or
misplaced emphases. At risk of offending the many
contributors to the discussion periods we have deci-
ded not to attribute the various contributions. This
has enabled us to summarise and abbreviate sometimes
lengthy discussions and to avoid the embarrassment
of wrong attributions, or even worse, crediting our

misunderstanding to some otherwise innocent speaker!

2. CONSTRAINTS
(1) whilst the power of restraints in protein struc-
ture refinement was generally accepted, it was felt

that the use of constraints has certain advantages:

a) The number of parameters being refined can be re-
duced. This is especially valuable at low resolu-

tion where the number of X-ray observations is low.

b) Larger shifts, especially of complete sections of

a protein, can be more readily accommodated, thus
giving a larger radius of convergence for the refine-
ment. Again, this feature is of particular value at

low resolution.

c) It is easier to maintain planarity of groups than
by using distance restraints. It would probably be
realistic and desirable to maintain the geometry of
aromatic rings throughout most refinements. It would
therefore be desirable to have some provisioh for
using certain constraints within restrained refine-

ment methods.
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(2) Certain disadvantages were also identified:

(a) The errors will all tend to accumulate in cer-
tain 'garbage collecting' parameters (c.f. the Tau
angles in Diamond's real space refinement). In con-
trast, the errors tend to be spread more evenly

throughout the structure when a restrained method is

used.

(5) It may be very difficult to escape from false
minima resulting from a constrained refinement when
a restrained refinement is carried out at a higher
resolution. More manual intervention may therefore
be required to correct false minima before moving to

higher resolution.

(3) Various experiences were reported of fitting sec-
tions of a known protein structure to a low resolu-
tion map of a related structure using computer gra-
phics and it was felt that Sussman's constrained re-
finement method for nucleic acids [see his paper]
could be usefully applied to fitting and refining

protein structures.

3. RESTRAINT REDUNDANCY

(1) Concern was expressed that redundant information
may be introduced when restraints are used. Certain
regions of the molecule then become incorrectly
weighted. For example, the same inter-atomic dis-
tances may be used to restrain bond lengths, bond
angles and ring planarities; chiral volume restraints
may be used to preserve the geometry at chiral cen-
tres for which all the parameters are also restrained
in terms of bond lengths and angles. Thus the re-
straints, which are in effect observations in the
context of the refinement, do not constitute an in-

dependent. set of observations.
(2) In response to this concern, it was suggested
that it is important to distinguish between the pro-
cess of refinement and the analysis of the results
at the end of a refinement. During the course of a
refinement, the over-specification of restraints

probably acts as an aid to the process. 1In particu-



lar, chiral volume restraints provide a strong bar-
rier to inversion at tetrahedral centres which can-
not be matched by any but the most rigid bond angle

restraints.

(3) It is theoretically possible to treat the corre-
lation between restraints properly. The relation-
ships between the correlations in parameters. and ob-
servations and the relevant matrices can be expressed

as follows:

(a) Off-diagonal terms in the normal matrix repre-

sent correlations between the parameters.

(b) Off-diagonal terms in the variance-covariance
matrix of the observations represent correlations

between the observations.

Normally only the diagonal terms are included in the
least squares observations weighting matrix on the

assumption that the observations are independent but
there is no reason why the off-diagonal terms expres-~
sing the correlations between the observations should
not also be included. The computational problem in-

volved would however be very large.

4. NON-CRYSTALLOGRAPHIC SYMMETRY

(1) An exact use of non-crystallographic symmetry,
e.g. by averaging symmetry related regions of a dif-
ference map, is valuable when working at low resolu-
tion and during the early stages of a refinement as
it reduces the number of parameters and probably in-

creases the radius of convergence for the refinement.

(2) The restrained method also allows for the treat-
ment of non-crystallographic symmetry but differs
from other methods, such as map averaging, in that
it will make allowances for some differences between

the related sub-units.

(3) The use of non-crystallographic symmetry in the
restrained method increases the number of observa-
tions, without any change to the number of parame-
ters. The size of the computational problem (e.gq.
structure factor calculation) is therefore greater
than that associated with the strict application of
non-crystallographic symmetry which in general al-

lows for a reduction in the number of parameters and

therefore in the size of the problem.
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5. HYDROGEN BONDS

(1) when using non-bonded contacts as restraints in
a refinement it is necessary to allow for hydrogen
bonds as these allow non-bonded atoms to come closer
than the normal Van der Waals' distance. For this
reason, potential hydrogen bonds are identified in
Hendrickson's refinement method [see his paper] and
separate distance restraints are applied to them.
Such hydrogen bonds are identified only by the types
of the non-bonded atoms and without reference to the

geometry involving the hydrogen atom.

(2) In a more general context, it was pointed out
that the calculations of theoretical guantum chemists
would suggest that the protein crystallographer's
traditional view of what constitutes a hydrogen bond
is probably too conservative and that significant
hydrogen bonding effects can take place with hydro-
gen bond distances as great as 4 A or with angles

as low as 150 degrees at the hydrogen as atom.

6. ENERGY REFINEMENT

(1) In energy refinements, hydrogen atoms play a more
important part than in X-ray refinement. In particu-
lar, parameters depending on non-bonded contacts in-
volving hydrogen atoms are likely to be better de-

fined from energy calculations than from X-ray re-

finement.

(2) The present methods for modelling energies are
in many ways inadequate. Also, important terms such
as long range electrostatic interactions are normal-
ly ignored in energy calculations though they may
have significant impact on the structure. It is
fortunate that long range effects are well treated
by X-ray refinement and it would seem to be general-
ly true that energy refinement and X-ray refinement

provide complementary information.

(3) Though there is good evidence of the value of

doing energy as well as X-ray refinement, it is not
necessary that they should be combined in one calcu-
lation. Provided that the matrices from the separ-
ate calculations were retained, it would be possi-
ble to calculate the most probable structure based

on the results of the two independent refinements.



7. WEIGHTING SCHEMES

(1) When considering the pro.i-m of the correct re-
lative weights to give to the X-ray data and the
various restraints in a restrained refinement, it is
important to distinguish between the weighting re-
quirements in the final stages of refinement and the
weightin, requirements during the course of the re-
finement. Meaningful interpretation of the results
at the end of a refinement is only possible if cor-
rect weights are used in the latter stages. During
the course of the refinement, however, pragmatic
considerations are the most important. In particu-
lar, it is unsatisfactory to weight reflection data
using o values based on counting statistics. Unit
weights give a better refinement and perhaps the
most helpful weighting is obtained using a sloping
function based on the sin 6/A values for the reflec-

tions.

(2) The question was raised as to where the bond
lengths and angles to be used in restrained or energy
refinement should be found and, more importantly
where the values to be used as weights or force con-
stants should come from. It was observed that aver-
age values and their distribution about this average
could be obtained from a survey of relevant small

molecule structures such as are available in the

Cambridge Crystallographic data base.

(3) At the end of a refinement the X-ray weights
need to be put on a correct scale relative to those
for the restraints. The problem of doing this has

not yet been adequately solved.

(4) The basic approach to the weighting of energy
refinement results and restrained X-ray refinement
results is through probability considerations. From
the energy point of view, the probability of a given
structure can be calculated using Boltzmann statis-
tics and for the restrained X-ray refinement the
probability can be calculated, at least in theory.

using Gaussian statistics.

8. THE TREATMENT OF SOLVENT

(1) It was generally felt that the ability to repre-
sent solvent structure is an important factor in im-
proving the refinement of the protein itself and that

the placing of individual solvent molecules is valu-

able even if the complete solvent structure cannot
be described. Much detailed work has been done on
the solvent structure of Insulin including a careful
analysis of the contents of the unit cell. All the
water structure (283 molecules) has been described,
mainly in terms of individually placed oxygen atoms
with B values from protein oxygen values to around

80.

(2) Where it is not possible to place individual
water molecules, it may be profitable to include uni-
form electron density for the regions of solvent for
which the structure cannot be described in detail.
Some experiences have shown however that only marg-
inal improvements take place and those only in the

very low resolution terms.

(3) Though the computer simulation approach to de-
scribing solvent structures using Monte Carlo tech-
niques has both in Hermans' results [see his paper]
and in Finney's coenzyme B12 results, given some
correspondance between predicted and observed.close-
ly bound solvent structure, there are many problems
to be solved before the method will be of real use
to protein crystallographers. In particular the
problem of choosing appropriate potential functions,
which model accurately the relevant properties of
water, is far from being solved and this is critical
because small differences in the potential functions
used tend to give large differences in the predicted

solvent structure.

(4) The gquestion of whether the presence of salt in-
hibits the formation of extensive solvent structure

was raised but no evidence was presented in reply.

9. THERMAL EFFECTS

(1) The correlation of temperature factors is much
stronger in the direction of bonds than perpendicular
to bonds. A model calculation by Hendrickson assum-
ing an RMS bond length restraint of say 0.05 A gave
the following results for the possible variation of
temperature factor along an extended Lysine side

chain:

(a) Isotropic model:

4.0 4.2 4.4 4.6 4.8 5.0
(b) Anisotropic model:

4.0 7.4 10.7 14.1 17.4 20.8



It can be seen that the anisotropic model allows for
a much greater variation in temperature factor along
a chain.and is therefore more suitable, though still
inadequate, for describing a side chain which is

well anchored at one end and relatively free to move

at the other.

(2) Other approaches to the temperature factor de-
scription of proteins need to be considered. For
example, TLS modelling may be appropriate. Here a

side chain may be treated as a rigid body with free-
dom to translate and librate, Looking further into
the future, it may be possible to address the prob-
lem of thermal effects by considering molecular dy-

namics of the whole protein.

{(3) When considering the effects of thermal motion,
the possibility of alternative conformations being
present should also be considered. A side chain
which alternates between two conformations may give
difficulties in refinement if an attempt is made to
describe it in terms of a side chain vibrating about
the average position. A particular problem will oc-
cur if such an average position is not sterically

feasible because of unfavourable non-bonded contacts.

10. FFT METHODS

(1) At the present time, Agarwal's FFT refinement
method [see his paper] only deals with isotropic
temperature factors but there is no reason why it
should not be extended to cope with anisotropic

temperature factors.

(2) The approximations made in Agarwal's method are
probably satisfactory provid:d that the matrix is
well conditioned but concern was expressed over the
case where this is not so. It was felt that if re-
straints were introduced into the method then the
matrix would be likely to be less well conditioned.

The regions over which the approximations are valid

need to be explored in some detail.

(3) When convoluting atomic densities with difference
Fourier maps, the Gaussian approximations to the

atom shapes should not be modified for resolution; it
is sufficient to take the Fourier terms as zero after

the resolution cut-off.
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11. PHASE IMPROVEMENTS

(1) Bhat's phase combination method [see his paper]
is capable of making significant changes and improve-
ments in an electron density map compared with that
obtained using MIR phases alone. The phase combina-
tion approach is especially valuable where sequence
information is not known or where it is not well
known.

(2) In contrast, no dramatic results have been ob-
tained using direct methods to refine or extend sets
of phases where the answer was not already known.
Sayre's phase extension method on Rubredoxin and 2 Zn
Insulin did give fairly sensible results especially
when the generated phases were held close to the iso-
morphous phases where available. A 1.5 R 2 Zn insu~
lin map calculated using phases extended from 1.9 A
had clear maxima for many of the atoms and it was
easy to assign coordinates to these. However the
connectivity of the protein was not always visible,
some of the atoms had disappeared, and it was

The

i.es
not straightforward to interpret such a map.
matrix methods of Tsoucaris and de Rango also gener-
ated phases to 1.5 A on Insulin which agreed well

with the calculated model phases when the isomorphous
phases were held fairly closely. However they have
not had much success when starting with lower reso-

lution sets or less accurate sets of isomorphous

phases.

(3) Direct methods may prove to be useful in a limi-
ted context, particularly in such areas as finding

improved positions for water molecules.

(4) When attempting to use direct methods, experience
has shown that it is necessary to preserve some of
the MIR phases strictly throughout the phase exten-

sion or refinement process.

12, PRACTICAL ASPECTS OF REFINEMENT

(1) The need for frequent manual intervention during
a protein structure refinement was stressed. This
involves the inspection of Difference Fourier maps
and model building which can most effectively be

done using a computer graphics system. It is normal

practice to inspect the complete model during manual
intervention though it is probably a matter of per-

sonal preference whether minor adjustments are made



throughout the structure as well as correcting the
more gross errors. A useful facility, which is not
at present available in the restrained refinement

method, would be the ability to specify which parts
of the model are in good agreement with the electron
density map and to put an extra restraint on moving

such parts.

(2) Both the speed of a refinement and the volume of
parameter space explored are probably increased by
using some alternation between X-ray based and geome-
try based refinement. At one extreme, this may be
done using an X-ray refinement program in alterna-
tion with a model building program. A similar,
though less extreme, solution is to vary the rela-
tive weighting of the X-ray and geometry restraint
terms in a restrained X-ray refinement. This latter
approach enables a more even refinement than is

possible with the strictly alternating approach.

(3) The concept of alternation is also important as
a means of looking for problem areas within a struc-
ture. Errors in interpretation are probably indica-
ted if the shifts produced by giving a high weight

to the X-ray terms are in opposition to those pro-

duced by restraining the geometry. The use of this
technique cannot however substitute for regular man-

ual intervention as described above.

(4) One general worry about using restraints in re-
finement is that the emergence of new information

will tend to be suppressed if each structure is re-
strained to results based on previously determined

structures which have themselves been restrained.

(5) It was noted that the inclusion of the X-ray data
off-diagonal terms between different atoms in a re-
strained refinement did not give any improvement

in the speed or results of the refinement. Though
the inclusion of off-diagonal terms in X-ray refine-
ments is valuable in small molecule refinements, it
was felt that their inclusion in Agarwal's FFT re-
finement method would probably be of little benefit

when dealing with large and relatively poor models,

except perhaps at the end of the refinement.

(6) A request was made, on behalf of those about to
start on restrained refinement, for more practical
advice and examples of actual numbers used in weight-
ing schemes etc. It was hoped that groups with ex-

perience in this field would be able to make contri-
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butions for this purpose.

13. THE ACCURACY OF THE RESULTS

(1) To give a feel for the guality of the model pro-
duced at the end of a refinement, it would be useful
to devise a geometry factor which could be presented
in parallel with the standard crystallographic
R-factor. This would give an indication of how far
the model deviates from the ideal geometry used to

restrain it.

(2) Even more importantly it is necessary at the end
of a refinement to be able to estimate, meaningful-
ly, the accuracy of the results obtained. Though in
principle the standard deviations of the final para-
meters can be derived from the normal matrix of the
least squares, there are still in practice problems

of weighting to be solved.

(3) More gualitatively, some feel for the accuracy
of the results of a refinement may be obtained by
observing the effects on the model when restraints

are relaxed.

(4) In some cases information on the accuracy of re-
sults has been obtained from different structure de-
terminations of the same protein containing, for ex-
ample, different inhibitors. It would be unwise,
however, to assume that the X-ray data sets measured
for the different structures are truly independent,

especially if the protein always crystallises in the

same space group.

(5) The importance of considering the precision of
the observed X-ray data was also stressed and care
should be taken when making corrections, such as ab-
sorption corrections, to data which are to be used

for accurate refinement.












