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Abstract

Solvent flattening of macromolecular MIR electron
density maps is frequently used to improve the quality
of the phases and the interpretability of resultant
electron density maps. A new method is presented by
which the heavy-atom parameters of isomorphous
derivatives are refined against these same solvent-
flattened phases and is shown to enhance convergence
of the parameters by decoupling heavy-atom-param-
eter adjustment from parent-phase calculation. This
approach is described here in the first example of its
application in the solution of the glutaminyl-tRNA
synthetase-tRNAS'""-ATP co-crystal structure.

Introduction

While providing an unbiased view of a new
macromolecular structure, the method of multiple
isomorphous replacement often fails to yield inter-
pretable electron density maps due to errors in the
observed diffraction data and uncertainties in the
estimation of heavy-atom parameters. The native and
derivative amplitudes frequently contain errors aris-

* Present address: Department of Biology/Howard Hughes
Medical Institute, Massachusetts Institute of Technology, Cam-
bridge, MA 02139, USA.

+ Present address: Department of Pharmaceutical Chemistry,
University of California, San Francisco, CA 94143-0446, USA.

0108-7673/92/050751-06$06.00

ing from residual absorption and decay well beyond
their estimated standard deviations and the heavy-
atom coordinates and occupancies extracted from
difference Patterson maps occasionally lie outside
the radius of convergence of refinement. Addition-
ally, low-occupancy sites can resist identification.
Together these errors culminate in misestimation of
the parent phases against which the parameters them-
selves must be refined. Since the ‘lack of triangle
closure’ that is minimized in the least-squares
refinement of heavy-atom parameters requires the
parent phases to be calculated, heavy-atom-
parameter refinement is coupled to parent-phase
refinement. Adjustment of one of the two sets of
variables is a dependent function of the other and
must be either simultaneously or alternately - per-
formed with the other en route to convergence (Blow
& Matthews, 1973). The problem of ‘feedback’ is
particularly severe in situations where there are a
small number of heavy-atom derivatives with closely
related heavy-atom sites. Any constraints that can be
applied to either the phases or parameters help to
decouple the refinement and speed convergence.
Phases produced by back-transforming a MIR elec-
tron density map in which the solvent-filled interstices
of the crystal have been set to a constant electron
density (solvent-flattened) are significantly less biased
by the heavy-atom parameters. To the extent that the
macromolecular crystal is composed of solvent and

© 1992 International Union of Crystallography
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that the solvent boundary can be located, that portion
of the unit cell can be considered ‘solved’, and this
information used to constrain the phases (Bricogne,
1976; Schevitz, Podjarny, Zwick, Hughes & Sigler,
1981). To determine the solvent envelope, an electron
density map based on the initial MIR phases is
scanned for regions of density higher than the average
noise (Bhat & Blow, 1982; Wang, 1985). The better
the initial phases, the more likely these regions corre-
spond to macromolecular material. Phases obtained
by setting the putative solvent regions of the electron
density map to some constant value (i.e. flattening)
and back Fourier transforming can be combined with
the initial phases to yield a better estimate of the
parent phases. Several iterations of mask determina-
tion, solvent flattening and phase recombination
improve electron density maps when the solvent con-
tent is high. As these improved maps result from
phase improvement independent of the heavy-atom
parameters, these phases can be used in the further
refinement of the heavy-atom parameters.

Procedure for heavy-atom refinement using
solvent-flattened phases

A protocol for implementing this procedure is given
in flowchart form in Fig. 1. Conventional refinement
is performed on each derivative separately, with
parent phases initially determined as MIR ‘best’
phases (Blow & Crick, 1959) using the crude param-
eters of all the derivatives together. Occupancy and
heavy-atom B factors are refined alternately as usual.
After each derivative has been refined, new parent
MIR phases are recalculated and conventional
refinement repeated until the parameters do not
change. If possible, an anisotropic B-factor matrix
for each heavy atom is refined in the latter stages.
When conventional refinement is complete, MIR
phases and phase-probability coefficients (Hendrick-
son & Lattman, 1970) are calculated using all
derivatives. The macromolecular envelope (solvent
boundary) is determined and the solvent-flattening
constraints are applied to the MIR phases (Wang,
1985).* Examination of electron density maps created
using the native amplitudes and the new solvent-
flattened MIR (SF-MIR) phases should show
improvement over earlier maps using the MIR
phases; if not, the variables pertaining to the solvent
content and the solvent density used in solvent flatten-
ing require optimization.'Enforcement of the non-

* A short program bypasses the routine provided with Wang’s
solvent-flattening package for combining the phase profiles
obtained from each separate derivative and instead directly loads
the MIR phase-probability coefficients determined by the
refinement program into the program that determines the molecular
envelope. It is not clear why the resultant phase-probability profiles
are different, but in our experience this gave significantly better
results.
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negativity and solvent content of the electron density
is accomplished by proper choice of these parameters.
In our case, the best maps resulted when parameters
were chosen so that 55% of the unit cell was flattened
(estimated true solvent content is about 70%) and
less than 0.5% of the non-solvent density was trun-
cated as negative. In the fifth step, difference Fourier
maps between the heavy-atom derivative and the
native data calculated using the SF-MIR phases are
used to locate new heavy-atom sites. These maps are
superior to the usual cross-difterence Fourier maps,
in which the derivative whose amplitudes are
included in the difference term is omitted from MIR
phasing, since the solvent-flattening process greatly
reduces this phase bias. After addition of any new
heavy atoms, each derivative is again refined using
the SF-MIR phases in place of the MIR phases in
conventional refinement.* The heavy-atom param-
eters are refined to convergence without recalculating
the parent phases during refinement. When all of the
derivatives have been refined to convergence, new
MIR best phases are generated and the cycle is
repeated by applying solvent-flattening constraints to
the new MIR phases. A lack of shift in heavy-atom
parameters or of significant difference in the MIR
phases signals that the procedure is complete. The
last native map using SF-MIR phases provides a view
of the macromolecule unbiased by any atomic model.

Application to the synthetase-tRNA structure

The procedure described above was applied to the
structure determination of the glutaminyl-tRNA syn-
thetase-tRNA®'""-ATP complexi (Rould, Perona,
Soll & Steitz, 1989); see Fig. 2. While the diffraction
data were of good quality, all four derivatives
{K[AuCl,], di(nitromercurio)acetate (DMA), ethyl-
mercuriophosphate (EMP) and p-chloromercurio-
benzoate (PCMB)} shared the same heavy-metal
binding sites and differed from each other mainly in
the relative occupancies of these common sites (see
Table 1 of Rould, Perona, Soll & Steitz, 1989). This
made the use of cross-difference Fourier maps tedious

* Since PROTEIN did not allow parameter refinement using
externally supplied parent phases, the program PHARE of the
Crystallographic Computing Package CCP4 {SERC Daresbury
Laboratory, 1986) was used for further refinement. PHARE does
not accept weights, e.g. figures of merit, reflecting the reliability
of the externally-supplied phases; only standard lack-of-closure
error weighting was used in the refinement. All parent phases were
used in the refinement, regardless of the figure of merit.

+ The E. coli glutaminyl-tRNA synthetase-tRNAS"-ATP com-
plex crystallizes in space group C222, with unit-cell parameters
a=243, b=94, c=116 A. There is one complex per asymmetric
unit. The refined model from which calculated structure factors
are derived has an R factor of 19.6% for all data in the resolution
range 6-2.8 A. The r.m.s. deviation from ideality is 0.012 A for
bond lengths and 2.6° for bond angles. Tightly restrained individual
B factors are applied to each non-hydrogen atom.
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Fig. 1. Protocol for refining heavy-atom parameters against phases
constrained by solvent flattening. See text for discussion of each
step.

Phases o MIR1—) SF1 MIR2—) SF2 MIR3—) SF3
Parameters HAP > HAP: “—3 HAP3 > HAP4

Fig. 2. Evolution of the heavy-atom parameters and phases during
the development of an interpretable electron density map for
the glutaminyl-tRNA synthetase-tRNA®'"_ATP complex struc-
ture. The process begins with the set of heavy-atom parameters
(HAP1) that give the best statistics after conventional refinement.
MIR ‘best’ phases, MIR1, with corresponding Hendrickson-
Lattman coefficients are first generated in step 1, then Fourier
transformed with the native amplitudes for use in determination
of the solvent region of the unit cell by an automated procedure
(Wang, 1985). This second step is completed when iterative
recombination of the original phase-probability distributions
with those obtained by back-transforming solvent-flattened elec-
tron density maps converges, yielding solvent-flattened phases,
SF1, with updated probability profiles. These phases are used
to generate derivative-native difference Fourier maps for the
extraction of new heavy-atom sites. In the final step of one cycle
of this protocol, the parameters from all of the heavy-atom sites
of all derivatives are refined using only the solvent-flattened
phases as the parent phases, resulting in an improved parameter
set HAP2. Three passes through this protocol were performed.
The final refinement yielding parameter set HAP4 served only
to confirm convergence of the parameters.
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Table 1. Heavy-atom-parameter statistics at each cycle
of the protocol shown in Fig. 2

For each derivative is listed the number of sites used at each cycle,
the phasing power of the derivative expressed as the r.m.s. ampli-
tude of the structure factor arising from the heavy atoms divided
by the lack-of-closure error (fh/E), the r.m.s. shift in A of all
sites (from the previous parameter set) and the largest shift of any
of the sites in the derivative. For the EMP and PCMB derivatives,
the high- and low-resolution data sets were collected from different
crystal batches and showed differences in degrees of heavy-metal
substitution. EMP1, PCM1 and AUCI extended to 3.5 A; EMP2
and PCM2 to 2.8 A; DMAL to 3.0 A.

Derivative HAP1 HAP2 HAP3 HAP4
AUC1 Number of sites Not used 5 6 6
fh/E 0.81 0.93 0.95
R.m.s. shift 0.32 0.08
Max. shift 0.65 0.16
DMA1 Number of sites Not used 7 8 8
fh/E 1.40 1.62 1.67
R.m.s. shift 0.26 0.19
Max. shift 0.60 0.47
EMP1 Number of sites 2 6 7 7
Jh/E 1.50 1.90 218 2.29
R.m.s. shift 0.13 0.12 0.13
Max. shift 0.17 0.18 0.35
EMP2 Number of sites 2 6 7 7
fh/E 1.14 1.17 143 1.51
R.m.s. shift 0.14 0.08 0.04
Max. shift 0.19 0.13 0.10
PCM1 Number of sites 4 5 5 5
fh/E 1.55 1.77 1.96 2.04
R.m.s. shift 0.12 0.27 0.06
Max. shift 0.17 0.60 0.13
PCM2 Number of sites 4 5 5 5
fh/E 1.78 1.96 2.10 2.21
R.m.s. shift 0.07 0.05 0.03
Max. shift 0.11 0.10 0.06
All derivatives
R.m.s. shift 0.11 0.21 0.11
Figure of merit 0.51 0.55 0.58 0.59

and less accurate, since analysis of a given heavy-atom
site in one derivative required the omission of that
site from the other derivatives used in phasing (lest
the errors in occupancy and B factor for the same
site in the derivatives used in phasing adversely
influence that site in the derivative being analyzed).
For this same reason, heavy-atom parameter
refinement of one derivative using parent phases
derived only from the other derivatives failed to con-
verge; the derivatives were simply too similar to each
other. The common method of refinement using only
the centric reflections (whose phases are exactly
known when the native and derivative amplitudes are
known without error, except for crossover reflections)
failed to converge in our case.

The best MIR phasing statistics were generated
using only two of the derivatives (Table 1), EMP with
only two sites and PCMB with four sites, using the
PROTEIN crystallographic analysis package (Steige-
man & Huber, 1982) for the heavy-atom refinement.
The weak anomalous-scattering signal from the mer-
cury atoms assisted the refinement and anisotropic B
factors were necessary to fit the elongated sites.
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Table 2. Mean phase differences between and among the MIR and SF-MIR phase sets shown in Fig. 2 as a
function of resolution

Convergence of MIR phasing was essentially complete after one cycle through the procedure outlined in Fig. 1.

Resolution Number of MIR1 MIR2 MIR1
(A) reflexions MIR2 MIR3  MIR3
10-4.8 5787 26 6 29
4.8-3.8 6512 37 8 40
3.8-3.3 6790 44 10 47
3.3-3.0 6406 49 12 52
3.0-2.8 5574 48 12 52
10-2.8 31069 41 10 44

While the first MIR electron density maps were too
noisy to interpret (Fig. 3a), maps generated using
solvent-flattened phases showed substantial improve-
ment (Fig. 3b). Most importantly, difference Fourier
maps calculated using these solvent-flattened phases
allowed more reliable identification of the minor
heavy-atom binding sites. Some of the elongated sites
resolved into two sites in such maps.

The heavy-atom parameters were then refined using
these solvent-flattened parent phases, as described
above. A total of three such cycles of heavy-atom
refinement, MIR phasing, solvent flattening (with
redetermination of the solvent envelope) and map
generation resulted in convergence of the heavy-atom
parameters and a readily interpretable electron
density map (Fig. 3d).

Examination of Table 2 shows that after one cycle
through the procedure the MIR phases had con-
verged. Native maps using either MIR2 or MIR3
phase sets are nearly identical, even though the phas-
ing power of the derivatives improved (Fig. 2 and
Table 1). After the first cycle there was a small increase
(about 10%) in the occupancies and about half that
increase in subsequent cycles. Proper refinement of
the heavy-atom occupancies was crucial in this case
where all derivatives share the same sites and is one
of the strengths of this method (Cura, Krishnaswamy
& Podjarny, 1992). That the occupancies were
approaching their correct values was reflected in the
reduced artifacts at the heavy-atom sites in sub-
sequent native MIR electron density maps. The
absence of these artifacts in the solvent-flattened MIR
maps indicates that heavy-atom bias is substantially
reduced in the SF-MIR phases. Interestingly, the
mean phase change upon solvent flattening of the
MIR phases of the final cycle is about half that upon
solvent flattening the MIR phases of the first cycle.
Reflecting this, the final MIR map (Fig. 3¢) improves
little after solvent flattening (Fig. 3d).

Compared with the best phases obtainable before
solvent flattening, the overall figure of merit to 2.8 A
for the final MIR phases improved from 0.51 to 0.59;
accordingly, these final MIR phases more closely
resemble phases calculated from a refined model of
the complex (Table 3). The overall phase improve-
ment of 20° (66 to 46° versus calculated phases) is

SF1 SF2 SF1 MIR1 MIR2 MIR3

SF2 SF3 SF3 SF1 SF2 SF3
34 S 35 38 10 9
44 9 45 54 23 20
54 14 54 62 36 33
59 18 59 67 49 45
65 22 66 n 59 55
51 14 52 58 35 32

Table 3. Mean phase differences between phases calcu-
lated from a refined model of the complex and MIR or
SF-MIR phases as a function of resolution

Despite major improvement in the interpretability of the final MIR
versus theinitial MIR electron density maps, the mean [MIR —calc.|
phase difference changes only modestly. Since the mean figure of
merit of a phase set is approximately equal to the cosine of the
mean expected discrepancy between the phase set and the true
phases, the figure of merit for the final solvent-flattened phases is
thus estimated to be 0.7 (assuming the calculated phases to be
close to the true phases), in contrast to the value of 0.8 given by
the solvent-flattening programs.

Resolution(A) MIR1 MIR2 MIR3 SF1 SF2 SF3
10-4.8 49 37 37 45 34 34
4.8-3.8 60 46 46 51 36 36
3.8-33 68 57 56 62 44 44
3.3-3.0 75 67 67 68 56 55
3.0-2.8 79 75 5 76 65 65
10-2.8 66 57 56 60 46 46

substantial (compare with Cura, Krishnaswamy &
Podjarny, 1992). Concomitantly, the phasing power
of the individual derivatives, expressed as the r.m.s.
heavy-atom amplitude signal divided by the r.m.s.
lack-of-closure error, improved by an average of 36%.
Several sites with occupancies less than 10% of the
most substituted site were identified, with all sites
found to be ligands to cysteine or histidine residues
after model building.

In examining these tables, it might be argued that
the improvement in the quality of the phases may
have simply been due to the addition of two deriva-
tives (AUC1 and DMA1) and to the addition of new
sites to the original derivatives. Prior to refinement
against the solvent-flattened phases, the AUCI
derivative could not be refined well and the new sites
in the original derivatives were in the noise level of
the MIR-only maps. It must not be overlooked that
each of these derivatives was refined to convergence
in essentially one cycle by using solvent-flattened
MIR phases from a rather poorly determined set of
only the two original derivatives (EMP1/EMP2 and
PCM1/PCM2). The additional sites were extracted
using derivative-native difference Fourier maps using
the solvent-flattened phases, SF1. This method may
be most powerful in the SIR case, where solvent
flattening biases the bimodal phase distribution
toward the correct parent phase for use in further
refinement.
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Subsequently, other groups have applied this pro-
tocol to other difficult structure determinations, with
similar success; for example, the RecA protein of
E. coli (Story, Weber & Steitz, 1992) and the engrailed
homeodomain/DNA complex (Kissinger, Liu, Mar-
tin-Blanco, Kornberg & Pabo, 1990). Other more
recent examples and a critical examination of the
application of this method is presented by Cura,
Krishnaswamy & Podjarny (1992).

While solvent flattening provided the phase
constraints for decoupling parent-phase generation
from heavy-atom refinement, other sources may be
exploited, for example noncrystallographic symmetry
(Bricogne, 1976; Cura, Krishnaswamy & Podjarny,
1992), translational noncrystallographic symmetry
(Agard & Stroud, 1982) and entropy maximization
(Prince, Sjolin & Alenljung, 1988). These and other
constraints are reviewed by Tulinsky (1985) and
Podjarny, Bhatt & Zwick (1987).
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Abstract

A new algorithm for refinement of heavy-atom par-
ameters is defined by an iterative procedure where
external phases are provided by density modification.
This algorithm is applied to two cases, tRNA*? and
the complex between tRNA*® and aspartyl-tRNA
synthetase. In the first case, where the structure was
solved by multiple isomorphous replacement (MIR)
methods, it was found that the new method gives
accurate values for the native-derivative scale and
for occupancy of heavy-atom sites. Position
refinement was more delicate and it needed to be
handled in a restricted resolution range. In the second
case, where a similar method was used in the early
stages of solving the phase problem, it slightly
decreased the phase error. It was followed by an

* Present address: Madurai Kamaraj University, Madurai,
India.
t To whom correspondence should be addressed.

0108-7673/92/050756-09%$06.00

improvement of the density-modification masks,
which led to better maps at higher resolution.

Introduction

Heavy-atom isomorphous replacement (Blow &
Crick, 1959) is widely used for phasing a new
molecular structure. However, its application is rarely
straightforward (Philips, 1988; Blow, Henrick &
Vrielink, 1988) and new developments such as
improvements of the error analysis (Read, 1991)
or of the underlying theory (Bricogne, 1992;
Otwinowski, 1992) are welcome.

The refinement of heavy-atom parameters relies on
the proper estimate of either the heavy-atom ampli-
tude or the protein phase. The first option is adequate
if enough centric reflections or good-quality deriva-
tive anomalous-dispersion data are available. If this
is not the case, it is necessary to estimate the protein
phase independently of the heavy-atom parameters
under refinement (Dodson, 1976, and references

© 1992 International Union of Crystallography



