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Abstract

Density-modification algorithms have gained, in recent
years, a widespread use in the early stages of pro-
tein structure determination, especially in combination
with the single isomorphous replacement, the multiple
isomorphous replacement and the multiple-wavelength
anomalous dispersion methods, where density modifica-
tion usually leads to a significant improvement in the
quality and interpretability of the initial electron-density
map. The current computer programs which are used
to perform this task combine several approaches, an
important component of which is the solvent-flattening
procedure. The latter procedure depends crucially on the
correct determination of the molecular envelope. The
solvent-flattening procedure has also been applied to
the electron-density maps calculated from partial mod-
els obtained from the molecular replacement method.
In such case the envelope calculated in the standard
way does not always encompass entirely the missing
part. It has been found that the standard application
of the density-modification method (as implemented by
programs SQUASH and DM) to a map calculated from
a molecular replacement model containing ~60% of
the molecule, led to little improvement in the map
interpretability. Here, it is shown that a significant im-
provement of the map can be achieved when a better
envelope is used in the procedure. Various methods of
calculating the molecular envelope have been evaluated,
the effect of the shape of the envelope on the modified
electron-density map has been investigated and an im-
proved procedure to calculate the envelope from a partial
molecular replacement model is proposed.

1. Introduction

The electron density a priori has to conform to cer-
tain conditions, like non-negativity and boundedness.
These conditions are usually not strictly fulfilled by the
electron-density distributions calculated from the exper-
imental data due to errors in the amplitudes and phases.
The idea of modification of the experimental electron
density to make it conform to the theoretical expectations
was exploited for the purpose of improving the phases
more than 30 years ago (e.g., Hoppe & Gassmann,
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1968) and was initially applied to small-molecule struc-
tures with the hope of leading to a direct approach of
solving crystal structures. The first suggestions for the
usefulness of density modification to improve the protein
electron-density maps were associated with the concept
of non-crystallographic symmetry averaging (Rossmann
& Blow, 1963; Main & Rossmann, 1966) and were
mathematically analyzed by Bricogne (1974). He later
developed a suite of programs for direct-space non-
crystallographic symmetry averaging and formalized the
concept of the molecular envelope (Bricogne, 1976).
The application of density modification to the resolution
of the phase ambiguity inherent to single isomorphous
replacement or single anomalous substitution phases for
proteins was developed by Wang (1985) following the
premise that the electron density of the solvent, outside
of the protein, should be flat. An implemented algorithm
for an automated molecular envelope determination con-
tributed to a widespread application of his procedure.
Since a protein crystal contains usually at least 45%,
and often more, of its volume filled by solvent, a large
part of the map is affected by density modification.
This technique, called solvent flattening, has since been
successfully used for improving electron-density maps
obtained from various sources of phases. The method
strongly depends on the proper assignment of the volume
that is occupied by the molecule (molecular envelope)
and that occupied by the solvent. The usefulness of
solvent flattening, especially when combined with other
approaches such as histogram matching (Lunin, 1993)
and Sayre’s equation (Cowtan & Main, 1993), has been
well proven in recent years when applied to electron-
density maps calculated with initial phases obtained
from the multiple or single isomorphous replacement
(MIR, SIR) or from the multiple-wavelength anomalous
dispersion (MAD) techniques and this method is very
commonly applied in crystallographic practice. Density
modification can also be a powerful tool when the initial
phases are obtained from a molecular replacement (MR)
model. The rapidly increasing number of known protein
structures means that there is an ever increasing chance
for a protein to have at least one domain in common with
a related structure in the Protein Data Bank. The large
database of known structures makes for the ever increas-
ing application of the molecular replacement method.
However, the phases obtained from this method are bi-
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ased toward the molecular replacement model. When the
molecular replacement model (known part) encompasses
only a part of the whole structure or when the model is
only modestly similar to the structure of the protein of
interest, the resulting electron-density map is not easily
interpretable beyond the initial molecular replacement
model. Density-modification methods could significantly
improve this map and simplify the tracing of the missing
parts of the model. Since all present density-modification
programs include the solvent-flattening step as a major
part of the algorithm, the challenging problem is the
proper choice of the molecular envelope starting from a
map that is strongly biased toward a partial model. Here,
we analyze an example of the application of density-
modification method to the structure of procathepsin L
determined from a partial model, recount the difficulties
related to the proper definition of the molecular enve-
lope and evaluate the impact of the envelope on the
improvement of the electron density by the procedure.

2. Materials and methods

Procathepsin L crystallized in space group P2,2,2,
with cell dimensions a=40.1, b=88.1, c=94.9 A and
one molecule in the asymmetric unit. A native data
set to 2.2 A resolution was collected at the station
BL6A2, Photon Factory synchrotron facility (Tsukuba,
Japan), using a Weissenberg camera and the wavelength
A =1.00 A. The frames were processed with the program
WEIS and yielded a total of 46 120 observations that
merged to 13 872 unique reflections with Rperee = 0.069.
This data set is 87% complete to 2.5 A resolution and
78% complete to 2.2 A resolution (Coulombe, Li ef al.,
1996).

Mature cathepsin L shares ~40% amino-acid identity
with three other members of the papain superfamily
with known three-dimensional structures: papain (PDB
code 9pap), actinidin (laec) and caricain (1ppo). Us-
ing each of them as a molecular replacement model
yielded a clear solution for both the rotation and trans-
lation function (AMoRe, Navaza, 1994). The highest
correlation coefficient and the lowest R factor were
for the actinidin model. Further improvement of the
agreement indices was obtained by removing three loops
that differed significantly between the three known struc-
tures (Coulombe, Grochulski et al., 1996). The 2F, - F.
and 3F, — F, electron-density maps calculated with the
phases derived from this model were reasonably good
within the model but unclear outside of it.

The actinidin side chains were changed to those of
cathepsin L guided by the electron-density maps and the
resulting model was rigid-body minimized with X-PLOR
(Briinger, 1992). This partial model included residues
1-57, 62-98, 109-172 and 181-219 of cathepsin L
(195 residues in total) of which ten were represented
as alanines. The R factor for this model was 0.40 for

427

reflections in the 8-2.2 A resolution range. We refer to
this coordinate set as the MR model. Further minimiza-
tion of this model with X-PLOR resulted in a decrease
of the R factor to 0.33 but with no significant decrease
of Ry (0.41) suggesting an overfitting. For this reason
we have used the rigid-body-refined MR model as a
starting point in all calculations described below, unless
stated otherwise (see flowchart in Fig. 1). The fully
refined model of procathepsin L used for comparative
analysis contained residues 5p~96p of the proregion and
1-174, 180-220 of mature cathepsin L. Residues 1p—4p
and 175-179 were disordered in the crystal and were
not included in the model. The R factor for the final
model, which included 71 solvent molecules, is 0.182
(Riree = 0.241).

The electron-density maps were calculated with the
programs SFALL and FFT from the CCP4 suite of
programs (Collaborative Computational Project, Number
4, 1994). Molecular envelopes were determined with
the programs ENVELOPE (Leslie, 1987) or SOLOMON
(Abrahams & Leslie, 1996). For the former an aver-
aging radius of 8 A was used in all calculations. For
SOLOMON the radius parameter was set to 2.5 A for the
Fops map and to 4.5 A for the (3F s — 2F,) map. Map
manipulation was performed with the program MAP-
MAN from the O package (Kleywegt & Jones, 1996).
Correlation coefficients between the maps were calcu-
lated with programs specially written for this purpose.
Apart from comparing the entire map, a comparison
of only the region corresponding to the partial model
or only the missing part of the model was carried out
as well, as this was a more sensitive indicator of the
map quality. These comparisons were performed for
densities within a specific envelope, either for the partial
model or for the missing part. The electron densities
at atomic positions were calculated by interpolating
the electron-density map. These values were used to
obtain an average electron density for the backbone
atoms for the known and unknown parts of the model.
Since all the electron-density maps were calculated with
the same structure factor amplitudes, Fohs, the average
densities were expressed relative to those derived from
the final electron-density map (based on the fully refined
model, without solvent). The program SIGMAA (Read,
1986) was used to obtain estimates of weights for
phases derived from the model for phase combination.
Density modification was initially performed with the
program DM (Cowtan, 1994), which combines solvent
flattening and histogram matching, and with the program
SQUASH (Zhang, 1993). In both cases a comparably
small improvement in the interpretability of the result-
ing maps was found. Subsequent calculations described
below which tested various molecular envelopes were
performed only with the DM program. The program
allows for easy combination of a mask calculated from
one map to be applied for the density modification of
another map. The flowchart of the DM procedure is
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shown in Fig. 1. Resulting maps and masks were visually
inspected with the program O.

3. Results and discussion

Procathepsin L is the proform of the cysteine protease
cathepsin L, which belongs to the papain superfamily.
It is synthesized in the Golgi apparatus and directed
to lysosomes. In the acidic environment of the lyso-
somal compartment the proregion is cleaved, liberating
the active protease, whose main role is in degradation
of proteins in the lysosome. The mature protein has
220 residues and the prosegment is 96 residues long.
The orthorhombic crystals of procathepsin L contain
48% solvent and diffraction data to 2.2 A resolution
were collected. These data were used in our initial
attempts to solve the structure. There are good models
for the structure of cathepsin L and we thought that,
despite the initial model containing only ~62% of the
procathepsin L, density modification should improve
the initial electron-density map to allow the tracing
of the proregion. This was not so for the orthorhom-
bic crystal form. The electron-density map was not
interpretable beyond the molecular replacement model.

e.d. map
Fobs/3Fo-2Fc/modified
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Standard application of density modification method
using programs like SQUASH (Zhang, 1993), PHASES
(Furey & Swaminathan, 1990) and DM (Cowtan, 1994)
did not improve the interpretability of the map. The
structure was eventually solved when a different crystal
form with a higher solvent content became available
(Coulombe, Grochulski et al., 1996). Fig. 2 shows the
structure of procathepsin L with the parts not included in
the MR model shown in light shades. A similar case of a
MR solution with a large missing fragment was reported
recently by Rudenko, Bonten, d’Azzo & Hol (1996),
where the solvent flattening with various, manually
modified envelopes, was aided by the twofold non-
crystallographic symmetry to help solve the structure.
We have undertaken a detailed analysis to understand the
reasons for the failure of density-modification methods
to improve sufficiently the initial electron-density map.
As a result of this analysis we propose several ways by
which a significantly improved molecular envelope can
be obtained.

Although it was possible that solvent flattening made
little improvement due to a relatively low solvent con-
tent, approximately 48%, we thought that a more severe
problem was an inaccurate envelope determination. In
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Fig. 1. Flowchart of the density-
modification procedure as ex-
ecuted with the DM program.
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the trials described below we have used a slightly higher
solvent content, 52%, which produced the best results.
The differences were not large but the improvement
correlated with a decrease of the Ry.. index. Thus, the
Riwe calculated by the DM procedure could be used as
an indicator to select the optimal solvent content for
further calculations.

To start, we compared the map calculated with phases
derived from the MR model to the final map which
was calculated from the refined coordinates, excluding
solvent atoms. The correlation coefficient for the whole
map was 0.72; within the known part the correlation
was much higher, 0.84, but within the missing part the
two maps showed only a correlation of 0.56. The MR
derived map was not interpretable within the missing
part volume.

3.1. Reference and standard envelopes

In the next step of our analysis we calculated the best
molecular envelope (mask) for the procathepsin L from
the final electron-density map calculated with the phases
derived from the refined coordinates (excluding solvent
molecules). As in the calculations of other envelopes we
have assumed a solvent content of 52% and an averaging
radius of 8 A (Fig. 3a). This was our reference envelope

Fig. 2. The cartoon representation of the procathepsin L structure.
The parts that corresponding to the MR model are shown by dark
shading, those not included in the model are lightly shaded.
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to which other envelopes were compared in subsequent
calculations. Since all the envelopes had roughly the
same volume, we have judged the similarity of two
envelopes by the percentage of the volume that was
common to both of them (see Table 1).

Next, the molecular envelope was calculated in a stan-
dard way, from the F,, map phased with the MR model.
We will call it the standard envelope. When the standard
envelope was compared to the reference envelope their
common volume was 77.6% of the reference envelope
volume (Table 1). This relatively low agreement imme-
diately indicated that the problems we were experiencing
were largely related to an inadequate envelope. On visual
inspection it became obvious that the standard envelope
covers only a small part of the prosegment (Fig. 3b).
The modified map resulting from the DM procedure
with the standard envelope was also compared with
the final electron-density map. The overall correlation
coefficient between the two maps was 0.75; while within
the known part the correlation between the maps was
0.85 it dropped to only 0.62 in the prosegment area
(Table 1).

3.2. MR model with reference envelope

To substantiate our conviction that the correct enve-
lope should lead to an interpretable map we have applied
the DM procedure with the same starting phases from
the MR model but using the reference envelope. The
resulting map was significantly better then the previously
calculated map and had a correlation coefficient of 0.80
to the final F,,, map. The improvement was mostly in
the prosegment region where the correlation between the
maps increased to 0.74, while within the known part the
correlation increased only slightly to 0.87 (Table 1). The
relative average electron density for the backbone atoms
of the known part was 0.95 while it was 0.42 for the
unknown part. A visual inspection of this map indicated
that the prosegment could be traced in this map with
minor difficulties.

3.3. Partial cathepsin L model with standard envelope

To find out to what extent the inaccuracies of the
partial model influence the modified map we applied the
DM procedure to the map calculated with the phases
derived from the same residues as the MR model but
taken from the final refined procathepsin L structure
(partial pcatL), and used the standard envelope. The
correlation coefficient of this map was 0.86 for the
whole map and 0.75 for the prosegment part. The
relative average electron density for the backbone atoms
of the known and unknown parts was 0.93 and 0.29,
respectively. The improvement from the best partial
phases was then of the same order as that from the best
envelope. However, the MR model, which originated
from a close relative, already represented a rebuilt model
and its further improvement was not straightforward.
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Table 1. Comparisorn of molecular envelopes (masks) and electron-density maps obtained from various starting
phases and masks

Relative
DM calculations Correlation coefficient* average electron densityt
Phases Envelope
from Riree overlapf Entire Known Unknown Known Unknown
model Envelope (DM) (%) map part part Solvent part part
pcatl§ — — 100 1.000 1.000 1.000 1.000 1.00 1.00
MR model None" — — 0.718 0.838 0.558 0.350 1.02 0.22
MR model Standard** 0.399 77.6 0.746 0.853 0.620 0.390 0.93 0.25
cycle 2 0.397 78.3 0.748 0.854 0.625 0.393 0.93 0.26
MR model Referencet 0.353 100 0.804 0.872 0.741 0.450 0.95 0.42
pcatL parti} Standard** 0.407 77.6 0.856 0.950 0.752 0.575 0.93 0.29
MR model From 3F, — 2F§§ 0.378 84.7 0.771 0.861 0.674 0.412 0.94 0.34
MR model From 2mF, — DE. 0.386 86.3 0.769 0.859 0.675 0.414 0.93 0.31
MR model Combined A9 0.381 80.0 0.766 0.859 0.663 0.408 0.95 0.31
MR model Combined B*** 0.382 86.9 0.768 0.858 0.664 0.397 0.94 0.32
MR model Combined C {17 0.373 87.5 0.776 0.862 0.688 0.419 0.94 0.35
cycle 2 0.366 91.1 0.789 0.867 0.709 0.438 0.95 0.38
cycle 3 0.362 92.0 0.792 0.868 0.716 0.440 0.95 0.39
MR model Solomon (F){1i 0.394 79.6 0.754 0.854 0.637 0.440 0.93 0.28
MR model Solomon (3F, — 2F){tt 0.371 87.0 0.772 0.860 0.678 0.415 0.94 0.32
cycle 2 0.399 87.4 0.781 0.860 0.702 0.423 0.92 0.39
pcatL partff Referencett 0.331 100 0.900 0.961 0.850 0.642 1.04 0.49
pecatL partif Combined C 117 0.363 87.5 0.879 0.955 0.798 0.611 1.03 0.41

* Correlation coefficient between the specified map and final electron-density map calculated from the refined pcatL model.  Relative average
electron density interpolated at positions corresponding to the location of the atoms in the final pcatL model in relative units. The electron-density
maps were calculated with unscaled F,,, and the average density is expressed as a fraction of that for the final map, scaled independently for the
known and unknown part. }Percentage of the volume in common with the reference envelope. §Final refined model of procathepsin
L. 9Initial map, no density modification. **Standard envelope calculated from the F,, map with phases derived from the MR
model. 11 Envelope calculated from the final F,;; map based on refined pcatL coordinates. 1§ pcatL part - counterpart of MR model in the
final pcatL model. §§Envelope calculated from the (3F, — 2F,) map with phases derived from the MR model. 99 Combined 4 envelope
calculated from (F, —F) map as described in the text. ***Combined B envelope calculated from F_  map as described in the
text. 111 Combined C envelope calculated from F,,; map and (3F, — 2F.) map as described in the text. }}fEnvelope calculated by the
program SOLOMON either from the F,,, map or from the (3F, — 2F) map phased by the MR model.

Fig. 3. Qualitative representation
of the molecular envelopes
calculated from various maps
using identical parameters.
The integration radius was 8 A
in each case. (a) Reference
envelope, based on the final
electron-density map of the
refined structure without sol-
vent molecules. (») Standard
envelope, based on the Fp
map phased by the MR model,
(c) Envelope based on the
3Fobs — 2F 4 map phased by
the MR model. (d) ‘Combined
A’ envelope. (¢) ‘Combined
B’ envelope. (f) ‘Combined C’
envelope.
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3.4. Partial cathepsin L model and reference envelope

For comparison, we have also performed these calcu-
lations with the partial pcatl. model using the reference
envelope. This is the best that can be achieved starting
from this partial model and provides a reference point
for other comparisons. The resulting map agreed very
well with the final map: the correlation coefficient was
0.90 for the whole map and 0.85 for the prosegment area
(Table 1). The relative average electron density was 1.04
for the known part and 0.49 for the unknown. The latter
value was significantly higher than when the standard
envelope was used.

The calculations above show clearly that in the case
of initial phases derived from a partial model, the crucial
factor determining the success or failure of the density
modifiation method is the shape of the envelope. It is
also evident that automated mask calculation from the
F,,s map by the standard algorithm was not able to
provide good coverage of the missing prosegment and
hence little improvement in the interpretability of the
modified map was noted. While there was not much
more that could be done to improve the MR model at
this stage, there was much that could be done to improve
the envelope.

3.5. Envelope based on a (3F,,—2F.4.) map or a
(ZmFobs—DFcal(') map

The electron-density map calculated from F,s coef-
ficients and phases based on a partial model is strongly
biased toward the partial model. The electron density
for parts of the molecule not included in the model are
significantly weaker than the known parts. A map calcu-
lated with Sim weights (Sim, 1960) or with the modified
coefficients such as (2Fgbs — Feaic), 2mFops —DFoyc) o1
even better (3F ops —2F ca1c), should be less biased toward
the model and have more pronounced electron density
corresponding to the unknown part. Such a map should
provide a better starting point for the calculation of
the molecular envelope. Table 1 shows that, indeed, the
mask obtained from a (3F s — 2F ) map has 84.7%
of its volume in common with the reference mask.
The density-modification algorithm with this envelope
resulted in a map that had a correlation coefficient of
0.77 to the final map and 0.67 in the prosegment area.
Visual inspection of this molecular envelope showed that
it covers some parts of the prosegment but parts with
weak density are not covered (Fig. 3c). Starting with
the 2mFops — DF yi) map led to almost the same results
(Table 1).

3.6. Decoupling of envelope calculation for the known
and unknown parts

The calculation of an envelope for the missing proseg-
ment in the F,,, map is hampered by its weak electron
density that resides next to a much stronger electron
density of the partial model. The map calculated with
(3F 4ps — 2F .1c) coefficients has an elevated electron den-
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sity for the unknown part and thus leads to an envelope
that covers more of the missing part of the molecule
(Fig. 3¢). However, we thought that a better result would
be obtained if the calculation of the envelope for the
unknown part could be carried out separately from the
calculation of the envelope for the known part. For this
purpose a map should be constructed with a negligible
contribution from the known part of the model. This
task can be performed either in reciprocal space by
calculating the (Fops — Feac) difference map, or in real
space, by eliminating the density in the volume taken
by the partial model. We have tried both aproaches and
concluded that working in real space provides more
flexibility in map manipulation.

3.6.1. Reciprocal space. The envelope was calculated
in two steps. First, the envelope for the known part
was calculated in a standard way based on an F,,; map
phased with the MR model. Since the known part is
approximately p=0.62 of the whole molecule and the
fraction of the unit-cell volume taken by the molecule
is Vot = 0.52, the known part takes up approximately
Vinown = PVmol = 0.62 x 0.52 (0.35) of the total volume
of the asymmetric unit. The missing prosegment
takes approximately Vol — Vinown = Vimissing (0.15) of the
volume. To calculate the envelope for the known part we
have used, then, a solvent content of (1 — Vipown) = 0.65.
Second, we used the (Fops—Fcac) difference map
to calculate the envelope for the missing part. The
solvent volume assumed for this calculation was
(1 = Vinissing) = 0.85. The combined envelope for the
whole molecule (combined A) was obtained by the
addition (union) of the two envelopes described above
(Fig. 3d). Since the envelope calculated from the
difference map covered some volume of the known
part, the total volume of the ‘combined A’ envelope
was somewhat smaller than other envelopes. Density-
modification calculations with phases from the MR
model and the ‘combined A’ envelope produced a map
that had a correlation coefficient of 0.77 to the final F
map and 0.66 in the prosegment area and the relative
average electron density of 0.95 and 0.31 for the known
and unknown parts, respectively (Table 1).

3.6.2. Real space. In real space the mask for the
known part was calculated exactly as described above,
from the F,,, map phased with the MR model and
assuming a solvent content of (1— Vinown)=0.65. To
build the envelope for the unknown part we calculated
the (3F,—2F,) map, which was then modified by re-
placing the electron density at every grid point within
the envelope for the known part by a value of zero. We
used a similar approach previously in the treatment of a
translation problem (Cygler & Desrochers, 1989). This
map is conceptually equivalent to a difference map. The
envelope for the unknown part was calculated from this
map assuming a solvent content of (1 — Vissing) = 0.85.
The combined envelope (‘combined B’) was an addition
of the two (Fig. 3e) and had 86.9% volume in common
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with the reference envelope. The modified map obtained
with the ‘combined B’ envelope had a correlation co-
efficient of 0.77 to the final F,,s map and 0.66 in
the prosegment area while the relative average electron
density for the backbone was 0.94 and 0.32, respectively
(Table 1). Inspection of the envelopes calculated as
described above showed that there was a gap between
the envelope of the partial model and that for the
unknown part, resulting in the ‘combined B’ envelope
having holes at the interface between the prosegment
and the cathepsin L (Fig. 3e). This is an artifact resulting
from close contacts between a significant portion of the
unknown domain and the partial model. After blanking
the density inside the partial model envelope, the step of
electron-density averaging over a large radius artificially
reduces the density values at the grid points near the
partial model. The calculation of the envelope for the
unknown part then automatically excludes many of these
grid points.

To correct this problem we have redesigned the pro-
cedure that removes the density for the partial model
from the electron-density map. Instead of truncating
the map within the whole volume of the partial model
we have modified the density only within the ‘core’
of this model. This ‘core’ was defined by a ‘tight’
envelope of the partial model and was calculated from
the F,s map using, somewhat arbitrarily, r = 3/5 (60%)
of the volume occupied by the partial model. That led
to the value of Vi e = rVinown =0.20 for the core of
the partial model and (1 - V) =0.80 for the solvent
volume. The (3F s —2F ) map was then blanked to
zero within this ‘tight” envelope and used to calculate the
envelope for the unknown part with the solvent content
of (1 —Viissing) =0.85, as in the previously described
procedure. This envelope was then added to the original
envelope for the partial model to form the ‘combined C’
envelope (Fig. 3f). The ‘combined C’ and the reference
envelopes have 87.5% volume in common. The DM
procedure with the ‘combined C’ envelope led to a
map with a correlation coeficient of 0.78 to the final
Fops map and 0.69 within the prosegment area. The
relative average electron density for the backbone atoms
was 0.94 and 0.35 for the known and unknown parts,
respectively.

Visual inspection of the ‘combined C’ envelope
showed that the holes at the interface between partial
model and prosegment, that were present in the
‘combined B’ envelope, had been eliminated. The value
of the partial model volume fraction which is suitable
for the calculation of the ‘core’ volume depends on
the radius of averaging used in subsequent envelope
calculation. If a smaller averaging radius is chosen, a
larger volume fraction will suffice.

3.7. Envelope calculations by the SOLOMON program

A new approach for calculating the molecular en-
velope was recently proposed and applied successfully
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to the solution of the F1-ATPase (Abrahams & Leslie,
1996). The program SOLOMON that performs the cal-
culations became available as part of the latest ver-
sion of CCP4 suite of crystallographic programs (J.
P. Abrahams, CCP4 suite, 1996 version). For compar-
ison with other approaches described here, we have
calculated the envelope using the SOLOMON program
and applied the same DM procedure as in other cases.
The input to the SOLOMON program was either the
Fos or the (3F,ps—2F ;) map calculated with the
phases derived from the MR model. The Fy, map led
to an envelope that had 79.6% volume in common
with the reference envelope. Although this envelope
was somewhat better than the standard envelope, it
suffered similar problems, namely poor coverage of
the proregion. As a consequence, the modified map
resulting from the DM procedure had a correlation of
0.75 to the final map and the correlation within the
proregion was only 0.64, only slightly better than in
the case of the standard envelope. The results for the
(BFobs — 2F cuic) were significantly better. The volume in
common with the reference envelope increased to 87.0%,
slightly worse than the ‘combined C’ envelope. The
modified map based on this envelope had correlation
coefficients to the reference map of 0.77 for the whole
map, 0.86 for the known part and 0.68 for the unknown
part. The relative average electron density was 0.93 and
0.32 for the known and unknown parts, respectively.

3.8. Iterating DM procedure with recalculation of the
envelope

Since there is an improvement in the electron-density
map after one cycle of the DM procedure, the new
map and/or phases could be used to calculate an im-
proved molecular envelope. We have tested the iterative
application of the DM procedure for three cases: (a) stan-
dard, (b) ‘combined C’ and (c) SOLOMON procedure
envelope calculation. The maps used for deriving the
new envelopes were calculated with the coefficients as
described above but with the phases obtained at the end
of the previous DM cycle. This new mask and the phases
from the MR model were then input to the next cycle
of DM.

Iteration of DM cycles with the standard envelope
led to no further improvement of the electron-density
map due to little change in the envelope. On the other
hand, a significant improvement was achieved with
the ‘combined C’ envelope. The correlation coefficient
between the final map and the DM-modified map within
the volume of the unknown part increased from 0.69 to
0.71 in the second cycle and to 0.72 in the third cycle.
The latter value is nearly equal to the correlation for the
map that was produced using the reference envelope.
The relative average electron density for the backbone
atoms in this map was 0.95 for the known part and
0.39 for the unknown part, a significant increase of the
latter as compared to the starting F,ps map phased by
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the MR model. As expected, this iterative procedure
improved also the maps when the mask was obtained
by the SOLOMON procedure (Table 1).

4. Conclusions

All present density-modification programs include the
solvent-flattening step as a major part of the algorithm.
We have shown here that to take the full advantage of the
solvent-flattening procedure in the case of a molecular
replacement solution when a significant portion of the
model is missing, the molecular envelope should be
calculated in a different way than for the MIR case.
While in the MIR maps the errors are distributed more
or less evenly throughout the whole asymmetric unit, in
the MR maps there is a strong bias toward the partial
model. The analysis of the reasons of the failure of the
standard application of the density-modification method
to improve the initial electron-density map obtained
from a partial molecular replacement model led us
to propose an improved procedure to determine the
molecular envelope. The most straightforward and quite
effective is to use 2Fps — Feate), CQmFops — DF ) or
(3F gbs — 2F .5ic) maps for envelope determination in place
the Fo,s. However, in the MR case it is advantageous
to decouple the process of envelope determination for
the known part (MR model) from the calculation of
the envelope for the unknown part. While this can
be achieved conceptually either in reciprocal or real
space, we believe that manipulation of the map in real
space provides more flexibility and leads to somewhat
better results. Many different schemes can be thought
of to acheive this goal. We have investigated a few
possibilities and found that among those the best results
were obtained by calculating the envelope for the partial
model from the F,,, map while that for the unknown part
from the (3Fps — 2F c41c) map modified to zero within the
core of the partial model. A significant improvement in
the electron-density map derived from such an envelope
suggested an iterative approach. Indeed, iteration of the
DM procedure with recalculation of the envelope after
each cycle of density modification provided a further
improvement of the map making the interpretation of
electron density relatively easy. In the end, by applying
this procedure to determine the envelope, we were
able to improve significantly the electron-density map
as compared with the standard iterative application of

433

density modification: the correlation of the resulting map
to the final map in the unknown portion increased from
0.620 to 0.716 and the relative average density for the
backbone atoms increased from 0.25 to 0.39. Finally, we
have observed that the algorithm used by the SOLOMON
program to calculate envelopes was superior to the
traditional approach and when applied to (3F b — 2F calc)
map gave results almost as good as the ‘combined C’
envelope.

The authors are grateful to Mr Marc Desrochers for
writing some of the programs used for the analysis of
masks and maps.
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