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Abstract 
The structure of aldose reductase, a monomeric enzyme 
of 314 amino acids which crystallizes in space group P1 
with four monomers per asymmetric unit, has been solved 
using a combination of single isomorphous replacement 
(SIR), solvent flattening and local symmetry averaging. 
The self rotation showed evidence of 222 local symmetry. 
The map calculated from the original single isomorphous 
replacement phases showed a clear solvent envelope but 
was uninterpretable. A first averaging attempt failed be- 
cause the molecular envelope obtained from the SIR map 
weighted with monomer correlation was too small and 
the averaging was biased by low-resolution truncation. A 
second attempt with an enlarged envelope and including 
low-resolution reflections succeeded in refining phases at 
3.5/~, resolution but failed to extend them correctly. Rigid- 
body refinement of a partial model based on the 3.5 /~, 
map calculated from refined phases showed significant 
departures from the 222 symmetry. A third averaging 
attempt using the improved symmetry succeeded in pro- 
ducing a clear map with phases extended to 3.07 /~ 
resolution. This map revealed a (~//o08 fold, not previously 
found in NADPH-dependent enzymes. This work shows 
the importance of mask definition and local symmetry 
elements accuracy for averaging, and describes a method 
for improving these parameters. 

1. Introduction 

Local symmetry averaging is a very powerful technique 
for improving the quality of a phase set. First proposed in 
reciprocal space (Rossmann & Blow, 1962, 1963; Ross- 
mann, 1972) it was subsequently implemented in real 
space (Buehner, Ford, Moras, Olsen & Rossmann, 1974; 
Bricogne, 1976) and it has been applied successfully to a 
number of cases, notably virus particles (Harrison, Olson, 
Schutt, Winkler & Bricogne, 1978; Rossmann, 1990; and 
references therein). 

As already shown by Jones, Walker & Stuart (1991) for 
the case of tumor necrosis factor, the process of averaging 
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Table 1. Crystallographic data and crystallization 
conditions for the triclinic crystal form 

Crystal form Triclinic 
Space group PI 
Unit-cell parameters a = 81.3, b = 85.9, c = 56.6/k 

a = 102.3, / /= 103.3, y = 79.0 
V = 371000/k ~ 

Number of monomers 4 
per asymmetric unit 

Specific volume ( ,~da l ton  ~) 2.65 
Limit of diffraction (A) 1.9 
Drop composition 5 mg ml ~ AR 

(10 ~.1) 2.5% Polyethylene glycol 6000 
15 mM Ci,NH2 

pH 6.2 
20% Polyethylene glycol 6000 

15 mM Ci,NH2 
pH 6.2 

Reservoir composition 
(750 p.l) 

depends strongly on the following parameters: (a) the 
local symmetry operations (both in number and accuracy); 
(b) the domain in which local symmetry acts (i.e. the 
molecular envelope); (c) the quality of the amplitude set 
(in resolution, accuracy and completeness); and (d) the 
errors in the initial phase set. 

In some cases, such as the virus particles, the local 
symmetry is related to the crystal symmetry and is there- 
fore defined with geometrical accuracy, and the molecular 
envelope is related to a known particle shape (e.g. icosa- 
hedral). This is not a general rule, since local symmetry 
operations and molecular envelopes can in principle be to- 
tally arbitrary. The importance of the completeness of the 
structure-factor set has already been reported (Rayment, 
1983). Since current averaging processes are fixed-point 
iterations which do not allow a local minimum to be 
avoided, the radius of convergence is finite. Therefore the 
error of the initial phase set should be within this radius. 

In a practical application, all the parameters listed above 
are related and improvement of one of them can lead to 
improvement of the others. The resolution of the structure 
of aldose reductase is an example of such a case. This 
structure was solved from one single derivative together 
with local symmetry averaging. Initially, all averaging 
parameters were roughly defined and it was necessary to 
implement a 'boot-strapping' procedure to improve them 

© 1993 International Union of Crystallography 



TETE-FAVIER, RONDEAU, PODJARNY AND MORAS 247 

Table 2. Crystallographic data collection statistics for  the two native and the P M S  data sets 

The first native data  set ( N A T I )  goes to higher resolution but the second native data  set (NAT2)  is more  comple te  at resolut ions lower than 10 A. 

N u m b e r  of  measured  
independent  Averaged 

Resolut ion reflections Comple teness  (%)  redundancy R~y,, (%)  
d ( A )  N A T I  NAT2 PMS NATI  NAT2 PMS NATI  NAT2 PMS NATI  NAT2 PMS 
9.86 529 783 695 64.9 96.1 85.3 1.6 4.8 2.6 5.4 6.7 3.6 
6.99 1367 1469 1375 92.7 99.6 93.2 1.9 4.0 2.8 4.8 6.9 4.5 
5.71 1743 1889 1800 92.0 99.7 95.0 1.9 3.6 3.0 4.9 6.2 5.5 
4.95 2033 2263 2163 89.4 99.5 95.1 1.8 3.2 2.9 4.6 5.4 5.3 
4.43 2283 2523 2381 90.3 99.8 94.2 1.8 3.1 2.9 4.6 5.4 5.0 
4.04 2555 2805 2645 90.9 99.8 94. I 1.8 3.0 2.9 4.8 5.5 5.5 
3.74 2742 3063 2859 88.8 99.2 92.6 1.8 2.9 2.8 5.0 6.2 6.7 
3.50 2846 3190 2114 87.1 97.6 64.7 1.7 2.8 2.3 5. I 6.8 8.0 
3.00 8627 9438 - -  80.9 88.5 - 1.7 2.8 - 5.3 7.3 
2.50 14615 14132 --  69.6 67.3 1.7 2.8 6.1 9.3 
Limit* 22072 6207 46.5 26.7 - -  1.7 2.7 - .  I 1.1 12.9 - -  

Total 61412 47762 16032 63.1 65.4 88.3 1.8 3.0 2.8 5.6 6.5 5.5 

* Limit = 2.0 A for NAT1 and 2.2 A for NAT2. 

and arrive at the correct solution. Such a procedure is 
described below. 

Aldose reductase is a monomeric enzyme of 314 amino 
acids (MW = 36 kdalton) which catalyses the reduction of 
glucose into sorbitol, using NADPH as the coenzyme. For 
the following studies the enzyme isolated from pig lens 
(Reymann et al., 1992) was used as it presents a very high 
sequence homology with human aldose reductase* (88% 
of strict identity). Since the intracellular accumulation of 
sorbitol is believed to be the cause of several complica- 
tions of diabetes, the inhibition of the enzyme is clearly 
of pharmacological interest. 

The enzyme crystallizes in three different forms (tri- 
clinic, tetragonal and hexagonal). For the purpose of 
this work, the triclini¢ form, which diffracts to 1.9 /%, 
resolution, was used. The crystals were obtained from 
ammonium citrate buffer, and were easy to reproduce. 
Table 1 shows the crystallization conditions and the cell 
parameters. 

2. Data analysis of the triclinic form and single 
isomorphous replacement phasing 

2.1. Data collection 

Two different native data sets were collected with a 
Siemens-Xentronics multiwire area detector at 263 K. 
The data sets were processed using XENGEN software 
(Nicolet Instrument Corporation). As shown in Table 2, 
the first set includes data to 2 A, but only 65% of the 
low-resolution reflections (d > 10 A). The second set was 
collected to provide low-resolution completeness. It was 
99% complete between 10 and 3.5 /~ and 96% complete 
for the low-resolution reflections (d > 10 A). It had a 
higher redundancy, but missed the high-resolution end (d 

* Note added in proof'. Afte r  s u b m i s s i o n  o f  this paper ,  a paper  desc r ib -  
ing the 1.65 A s t ructure  o f  the h u m a n  a ldose  reduc tase  h o l o e n z y m e  and 

s h o w i n g  the very  h igh  s imi lar i ty  o f  the t w o  s t ruc tures  appea red  (Wi lson ,  
Bohren ,  G a b b a y  & Qu iocho ,  1992). 

< 2.23 A). These two data sets were not merged, since 
the relative R factor in amplitudes was 11%. They were, 
therefore, used separately as required. 

2.2. Local symmetry 

The volume of the unit cell agrees with the assumption 
of four molecules per asymmetric unit (Vm = 2.65 /l 3 
dalton-l). A 12-6/~ self-rotation function (Rondeau et al., 
1987) based on the native data was calculated using the 
program PROTEIN (Steigemann, 1974). Reflections with 
I > 3o'(/) were used and only Patterson vectors between 
30 and 8 /~ were superimposed. The rotation space was 
sampled in steps of 5 ° . The resulting function clearly 
shows three orthogonal local twofold axes in the rc = 180 ° 
section (Fig. la). As a check, duplicate calculations were 
performed using ALMN (Dodson, 1985) and MERLOT 
(Fitzgerald, 1988), which gave similar results. 

This calculation was repeated with data between 12 
and 3 /~, using Patterson vectors of lengths between 30 
and 5 A. The rotation space was sampled around the 
previously found peaks in steps of 0.25 °. Table 3(a) 
shows the result of this refinement. Even when peak 3 
is somewhat extended, suggesting two values near 180 ° 
(Fig. 1 b) that have coalesced, it was not possible to resolve 
this peak and obtain a more accurate ec value at this stage 
of the structure determination. 

The self-rotation function was repeated using the pro- 
gram ROTINTER, based on the reciprocal space rotation 
function of Rossmann & Blow (1962). An initial search 
with data between 10 and 5 A and a Patterson radius of 
40 t%, gave the same results as PROTEIN. A second search 
with 0.25 ° steps was conducted using data between 5 and 
3 A. The results are the same as obtained with PROTEIN 
to 0.4 °, except for the value of <P3, which differs by 1.6 °, 
suggesting again that this rotation axis might be misplaced. 

With this caveat, the result of both calculations is 
coherent with a 222 local symmetry, with screw trans- 
lations to be determined (to differentiate this symmetry 
from a 222 point symmetry without translations, it will 
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be called 2t2,2t here). Since 222 point symmetry has been 
found in other dehydrogenases (Rossmann, Ford, Watson 
& Banaszak, 1972; Rossmann et al., 1973), it seemed a 
plausible hypothesis at this stage. 

2.3. Derivative data 

A search for heavy-atom derivatives was conducted, 
and numerous compounds were tried. Since pig-lens aldose 
reductase has six cysteines, mercury derivatives were log- 
ical candidates. The only effective derivative was indeed 
a mercury salt, sodium phenylmercurysalicylate (PMS).* 
All other compounds either have no effect or crack the 
crystals. The fact that the mother liquor contains citrate 

Table 3. Comparison of  222 axes obtained from the 
self-rotation function and pseudo 222 axes obtained 

from rigid-body refinement 

The polar convention (Tanaka, 1977) is used. The screw translations t imply 
non-intersecting axes. The value d measures the distance of  each axis to a 
middle point. The translation components are significant for axes 2 and 3 
and the K value for the third axis differs significantly from 180 °, in 
agreement with the observation shown in Fig. l(b). 

~' C) '# (°) '¢ C) 
(a) Self-rotation function 

Axis I 330.15 86.45 180.0 
A x i s  2 61 .80  65 .30  180.0 

Axis 3 232.50 25.00 180.0 

t (A) d (A) 

(b) Rigid-body refinement 
A x i s  1 328.8 87.6  181.4 0.1 0 .8  

Axis 2 61.4 65.4 181.8 0.4 1.1 
A x i s  3 236.1 25.2  175.1 0 .9  1.3 

* The derivat ive is not EMTS,  as mistakenly reported by Rondeau 
et al. (1992). 

- x 
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Fig. I. Self-rotat ion function. (a) Section ~ =180 ° of  the rotation func- 
tion showing three perpendicular  twofold axes. (b) Peak self-rotation 
function values of  the three twofold axes shown in (a) corresponding 
to ~ sections near 180 °. 

ions, which are strong chelating agents, is probably one 
cause of these difficulties. The classical solution of trans- 
ferring crystals to another media did not work in this 
case. 

Data for the PMS derivative were collected with an 
area detector at 263 K (see Table 2). Scale and temperature 
factors were applied to the derivative in order to minimize 
the isomorphous differences 

Also = IFder - Fnatl 

with the first native data set. The mean value of Rmer = 

E A i s o / E F n a  t between 20 and 3.5 A is 19.4 %, typical of a 
well substituted derivative. Lack of isomorphism appears 
at 4 /~,  but it remains acceptable to 3.5 A. 

Since the space group P1 has no Harker sections, 
heavy-atom sites have to be identified from cross vectors. 
The difference Patterson map could not be manually 
interpreted, since there are 30 peaks above 3o" and 142 
peaks above 2a. This is characteristic of a multi-site 
derivative and, therefore, an automatic search procedure 
(HASSP; Terwilliger & Eisenberg, 1987) was used. 

Table 4(a) shows the result of this search, in which nine 
correlated positions were found. All 36 cross vectors are in 
positive zones of the Patterson map and 50% of them are 
above 2a, with a maximum of 5.4a. A change of reference 
frame allowed the interpretation of these positions in terms 
of a 2t2t2t local symmetry, with the rotation axes close to 
those observed in the self-rotation function. A residual 
difference Fourier map based on phases from these nine 
positions showed two additional peaks compatible with 
the 2t2t2t symmetry, and a 12th position was assigned 
according to the local symmetry. This position was con- 
firmed by a residual difference Fourier map based on the 
other 11 sites. These heavy-atom positions were refined 
using the program HEAVY (Terwilliger & Eisenberg, 1983) 
and the final result is shown in Table 4(b). Note that 
even when HASSP and HEAVY are both based on the 
use of an origin-removed difference Patterson map, the 
values of occupancies and B factors listed in Table 4(b) 
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Table 4. Description of heavy-atom location, refinement and phasing 

(a) Pa t t e r son  cross peaks  
The  cross peaks  were ob ta ined  by a sys temat ic  search wi th  HA SSP  (Terwill iger & Eisenberg,  1987). The  tr value  is 1000. The  n u m b e r i n g  co r r e sponds  to the 
local symmet ry  classification shown in (b). Peaks  2, 3 and  9 were not  s h o w n  in this  search a n d  were pos i t ioned  as descr ibed in the text. 

Site 1 4 5 6 7 8 10 11 12 
1 - -  2697 2422 4205 1671 5275 4432 2928 3637 
4 2697 - 1393 2277 1242 68 1903 1377 1694 
5 2422 1393 2043 1231 5418 1027 970 850 
6 4205 2277 2043 - -  4858 2484 3867 1679 2957 
7 1671 1242 1231 4858 840 1496 1478 1385 
8 5275 68 5418 2484 840 - -  2698 1433 1717 

10 4432 1903 1027 3867 1496 2698 3040 3847 
II 2928 1377 970 1679 1478 1433 3040 .-. 2235 
12 3637 1694 850 2957 1385 1717 3847 2235 - -  

(b) H e a v y - a t o m  pa rame te r s  
The  pa rame te r s  were ob ta ined  by the p r o g r a m  H E A V Y  (OCC,n, and  Bin,) and  subsequen t  ref inement  agains t  averaged  phases  (OCCr,, a n d  Bn,) with da ta  
between 20 and  4 A. A first set of  12 cycles refined the global  scale, the pos i t ions  and  the occupancies ,  with B's fixed a rb i t ra r i ly  to 20 A 2. This  was fol lowed 
by 12 cycles o f  ref inement  o f  global  scale and  B. As the origin is a rb i t r a ry  for the space g roup  PI ,  it was placed at the init ial  ba rycen te r  of  the 12 sites, a n d  
kept  fixed du r ing  the whole  ref inement ,  to avoid  a c o n t i n u o u s  devia t ion  o f  the procedure .  The  12 sites have  four  g roups  A, B, C a n d  D which  are related by 
local symmet ry  and  co r r e spond  to the pro te in  m o n o m e r s .  There  are four  local symmetry- re la ted  s t rong  sites (1, 4, 7 a n d  10) which are clearly 
d is t inguishable  f rom the o the r  eight.  

G r o u p  Site x ) '  z OCC,,,  OCCn,  B,,, (A 2 ) Be,, (A 2) 
A I - 0.2220 0.2482 0.1686 13.1 13.7 21.3 17.8 

2 - 0.1397 0.2489 0.1831 5.5 5.6 22.5 18.2 
3 - 0.2362 0.2347 0.0028 3.5 3.4 16.7 15.0 

4 0.0259 - 0.2820 - 0.3273 8.3 8.2 16.6 18.0 
5 -- 0.0744 0.2660 - 0.2499 6.3 4.8 22.4 20.2 
6 - 0.0517 - 0.2785 - 0.2370 6.5 6.5 15.0 14.5 

7 -- 0.0027 0.3253 0.1426 9.3 11.1 18.3 17.3 
8 - 0.0565 0.3018 0.1214 5.4 4.6 17.5 20.0 
9 0.0422 0.2794 0.2580 3.6 4.2 20.7 17.5 

10 0.1937 - 0.2927 0.0102 9.9 6.8 21.3 21.4 
11 0.1257 - 0.2747 - 0.0575 5. I 5.3 20.2 20.0 
12 0.2401 -0.2257 0.0538 3.3 5.6 14.5 17.7 

(c) Superpos i t ion  of  equ iva len t  heavy a toms  
R o o t - m e a n - s q u a r e  (r.m.s.) values for  the superpos i t ion  were ob ta ined  using the pos i t ions  in (b) calculated by the  p r o g r a m  HEAVY.  Three  types of  
non-c rys ta l lograph ic  symmet ry  are analyzed:  first, the 222 axes. which  are used for the first averag ing  process,  second,  the 2,2,2, system c o r r e s p o n d i n g  to the 
best superpos i t ion  of  equiva len t  sites, and  third,  the final 2,2,2, system, which is ob t a ined  af ter  r ig id-body ref inement .  

Non-c rys ta l lograph ic  R.m.s. of  superpos i t ion  (,~) 
symmet ry  Axis I Axis 2 Axis 3 

222 0.56 1.23 1.26 
Best 2,2,2, 0.49 0.93 0.94 
Final 2,2,2, 0.58 1.33 1.36 

(d) SIR phas ing  statistics as a funct ion  o f  resolut ion 
Note  tha t  the figure o f  meri t  a n d  the phas ing  power  are r a the r  un i form,  in ag reement  wi th  the curve shown  in Fig. 2(a) which is qui te  un i fo rm with the 
except ion of  the very highest  reso lu t ion  bin.  

Tota l  
d,,~ (A) 24.94 13.30 9.07 6.88 5.54 4.64 3.99 3.50 
Number of reflections 16 220 650 1266 2072 3034 4175 4516 15949 
Figure of merit 0.46 0.43 0.50 0.47 0.47 0.46 0.45 0.44 0.45 
Phasing power 1.57 1.98 2.03 1.94 1.88 1.76 1.60 1.53 1.70 

(from HEAVY) do not correspond to the height of cross 
vectors (from HASSP) listed in Table 4(a). However, 
this is only an apparent inconsistency. HASSP does not 
refine the global agreement of the calculated and observed 
Patterson maps. It calculates the Patterson values at all 
interatomic vectors, identifies the minimum of these values 
and adjusts the positions of the sites to maximize this 
minimum value only. Thus, the values of the difference 
Patterson function which are listed for the other cross 
vectors cannot correspond to the maximum of the peaks, 
but only to their edge. 

A systematic search of possible compact tetramers was 
conducted by combining the local symmetry obtained from 
the heavy-atom constellation with the lattice translations. 
This search produced 30 possibilities with at least one 
translation close to zero. Of these, one had all three transla- 
tions close to zero (tl = 0.51, t2 = 0.49, t3 = 0.42/~,). When 
an exact 222 point symmetry with the orientation defined 
by the self-rotation function was fitted to this solution, the 
heavy-atom constellation agreed within an r.m.s, error of 
0.56 for the first axis, 1.23 for the second and 1.26/~ for 
the third (see Table 4c). Since the best possible choice of 



2t2t2t symmetry had a corresponding error of 0.49, 0.93 
and 0.94/~,  it was decided that these two solutions were 
equivalent within the accuracy of the heavy-atom positions 
and, therefore, the local 222 symmetry without translations 
was chosen. This decision was later confirmed by analysis 
of the r.m.s, errors using the final 2t2t2t symmetry (see 
Table 4c), which are comparable to those of the 222 
symmetry and show, therefore, that an optimization of the 
symmetry based on the heavy-atom positions would have 
led to the wrong axes. 

2.4. Single isomorphous replacement phasing 

The heavy-atom data and parameters were used to cal- 
culate phases in the 30--3.5 /~, range using the program 
PHARE from the CCP4 suite (SERC Daresbury Labo- 
ratory, 1986). Table 4(d) shows the figure of merit and 
phasing power as a function of resolution; they are typical 
of single isomorphous replacement phasing. The overall 
figure of merit of 0.45 suggests a 70 ° mean phase er- 
ror. This was confirmed a posteriori by comparison of 
the single isomorphous replacement (SIR) phases with the 
current model, which shows that the mean phase error 
([qOSIR- VPmodel[) is 70.6 °. The resolution dependence is 
shown in Fig. 2 (curve a). Fig. 3(a) shows a global view 
of the Fourier transform of mFobsexp(itPsrR), where m is 
the SIR figure of merit. In this electron-density map the 
molecular and solvent regions can be distinguished. Fig. 
4(a) shows a local view of the same map, superimposed 
with the final model in an o~-helical region. The map had 
too many discontinuities to be interpretable, as can be ex- 
pected from the large phase error. A procedure of phase 
improvement was therefore necessary. 

I O0 - 

X 

[ ]  

n 

' i u 

20 110 5 313 Mean  

Resolution 

(a) SIR 

(b) AV1 

(c) AV2 

(d) AV3 

-- (e) REF 

Fig. 2. Values of (tpo~,.~ - tP,n,,dol) as a function of resolution for different 
stages of the structure solution. The mean value over the whole 
resolution range is also shown. The model was obtained from the 
2.5 ,/k refinement. (a) ~,,bs obtained from SIR phasing with the Hg 
derivative (SIR). (b) ~Pob.~ obtained from the averaging described in 
§3.1 (AV1). (c) tp,,i,., obtained from the averaging described in §3.2 
(AV2). (d) ~,,~,s obtained from the averaging described in §3.3 before 
heavy-atom re-refinement (AV3). (e) ~P,,b., obtained from the averaging 
described in §3.3 after heavy-atom re-refinement (REF). 

3 .  R e a l - s p a c e  p h a s e  r e f i n e m e n t  

In order to improve the quality of the electron-density 
map, a procedure of real-space density modification was 
implemented. The constraints imposed on the density in- 
cluded the local symmetry inside the molecular envelope 
and the flatness of the solvent outside• The solvent con- 
tent of the crystals, as estimated from Matthews'  formula 
(Matthews, 1974), was 51.2%. The programs used were 
from the program package RMOL (Rees, Bilwes, Samama 
& Moras, 1990). 

The determination of the correct local symmetry ele- 
ments and tetramer envelope, which seemed clear at this 
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Fig. 3. (a) Slab of the SIR map calculated from Hg heavy-atom param- 
eters refined by HEAVY. (b) Correlation-weighted map. The values 
of the SIR electron density are averaged and multiplied by the local 
correlation function. To show the boundaries clearly, eight unit cells 
are represented. The envelope obtained by Wang's procedure (Wang, 
1985) from this correlation-weighted map is shown. 
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stage, was very approximate.  Therefore ,  several attempts . "~--,~ .- - ~  
were  necessary  until an accurate enough  set was found. ~ r ~  ~ - "  
These  attempts are descr ibed be low and summar ized  in ~ ~ _ ~  
the f lowchart  shown in Fig. 5. The corresponding maps 
are shown in Fig. 4. ' ~ ! ~ 4 

.:.. . . . .  , . . .  ~ -~ ~ . . . . .  . . . . . .  ~ ' ~ e ~ t . ~  ~ / ~  " - , ~ . ~ "  ".~.~.~- . - - ~  " ~ . ~ . z ~  . ' 

~" -- ~ ~'~ . . ~ -~~" :'a ~ ~ (c) ~ 0 

~ _ ~ . '  ' . , _  X , : ~ , . 

~ :-r: ~ -~ 

n ~ 

C 

Fig. 4. Detail of the 3.5/~ resolution electron-density map correspo d g 
to a helical region for different stages of the structure solution. The 
density is calculated from the structure factors F,,i,sexp(i~,,},.~), where 
~,,~,~ is obtained as follows: (a) ~p,,~,, obtained from SIR phasing with 
the Hg derivative (SIR). (b) ~,,},.~ 'obtained from the averaging de- 
scribed in §3.1 (AV 1). (c) ~,,},.~ obtained from the averaging described 
in §3.2 (AV2). (d) ~p,,~,~ obtained from the averaging described in §3.3 
before heavy-atom re-refinement (AV3). (e) ~p,,~,.~ obtained from the 
averaging described in §3.3 after heavy-atom re-refinement (REF). (e) 
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3.1. First attempt: 222 local symmetry, automatically 
determined molecular envelope and incomplete low- 
resolution shells 

Since the 222 symmetry obtained from the heavy-atom 
positions has no translations and extends to the whole 
tetramer, the distinction between monomers is not neces- 
sary for averaging purposes. A global envelope is therefore 
sufficient. Even when the SIR map shows the solvent 
regions needed for the calculation of this envelope, the 
boundaries are not sharp enough and there are ambiguities 
in the packing zones. In order to enhance the density of the 
molecular region and distinguish one single tetramer, the 
electron density was weighted by a correlation function 
based on the local symmetry* (Rees et al., 1990) 

l - ' (S)  = p(r i )  2/)-~#(ri)2- 1 / (n -  1),  
• = i=1 

with n = 4. Fig. 3(b) shows the correlation-weighted map 
calculated over eight unit cells. This showed very clearly 
the molecular boundaries of the tetramer [for previous ex- 
amples of the same principle, see Rossmann (1990)]. The 
map was then convoluted with a linear weighting sphere of 
10 A radius (Leslie, 1987) and a cut-off, corresponding to 
a solvent content of 40%, was applied. After 'tidying-up' 
of isolated density islands, this led to a solvent content 
of 45%. 

* Note that trials to improve the local symmetry  by monomer  corre- 
lation in the SIR map did not show any clear signal. 
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Fig. 5. Flowchart describing the three different attempts at real-space 

refinement. 

An averaging procedure was performed using native 
data set 1, incomplete at low resolution. At each cycle, 
only observed data between 12 and 3.5 /~ were used in 
the calculation of electron-density maps. Exact 222 sym- 
metry was applied to replace each density point inside the 
molecular envelope by the average of the four symmetry- 
related points. Densities inside the molecular envelope 
which were either too high or too low were attenuated. 
The average value of the solvent zone was very close to 
zero, and, therefore, all solvent points were set to zero. 
Calculated structure factors were obtained by Fourier in- 
version of averaged and solvent flattened maps, and a Sim 
weighting scheme was used to assign a probability to ~Ocalc. 
This phase was then merged with ~StR with equal weights, 
and the resulting phase ~mer was used together with Fnat  to 
calculate a new map. The procedure was reiterated until 
convergence of qOcalc. 

Figs. 6(a) (curve 1) and 6(b) (curve 1) show the 
averaging statistics. Even when the correlation between 
monomers increases, the R factor between Fcalc from the 
modified map and Fnat remains large (33%). A detailed 
view of the Fourier transform of mFobseXp(iqOmer) where 
m is the merged figure of merit (Fig. 4b) shows that the 
electron-density map is clearly inferior. This can be con- 
firmed a posteriori by calculating the mean phase differ- 
ence with model phases, which increases from 70.6 to 90 ° , 
showing that the procedure has diverged. Fig. 2 curve (b) 
shows this phase e r r o r  (qOmer - q0model) as a function of 
resolution. 

An analysis of the possible reasons for this failure of 
phase improvement is given in §4. The conclusion was 
that the envelope was too small. Furthermore, a test case 
with Gaussian spheres of B = 10 000/~2 (poor diffraction 
beyond 10 A) centered at the monomer positions showed 
that a low-resolution cut-off led to poor monomer correla- 
tion (e.g. an 18 A cut-off corresponded to 68% monomer 
correlation) leading to a lack of local symmetry in the 
truncated map. This showed the importance of including 
low-resolution terms. Both these conclusions were applied 
in the next attempt at phase improvement. 

3.2. Second attempt: 222 local symmetry, improved 
molecular envelope and low-resolution terms 

The second native data set, including more low- 
resolution terms, was used and a lower solvent level was 
imposed in an attempt to increase the size of the molecu- 
lar region. This led to an envelope which corresponded to 
a solvent content of 31%. Because of the extreme sharp- 
ness of the local symmetry correlation, this number could 
not be further diminished by imposing an even lower sol- 
vent level. Therefore, the procedure of envelope enlarging 
implemented in RMOL, which consists of the addition of 
surface layers, was employed. By adding an extra 2 A 
thick layer to the molecular region the solvent content 
was diminished to 16.9%. 
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Figs. 6(a) (curve 2) and 6(b) (curve 2) show the statis- 
tics of the refinement. Even when the R factor between 
Fcalc from the modified map and Fna t remained large 
(34%), the a posteriori calculation of the phase error 
showed a decrease from 70.9 to 56 °. Therefore, at this 
stage the procedure has begun to converge to the correct 
minimum. 

To improve the conditions for averaging further (as 
discussed above), non-phased or non-measured low- 
resolution reflections (83 > d > 10 A) were estimated 
(either in phase only or in both amplitude and phase) 
from the Fourier inverse of modified maps and included 
in a new averaging procedure. The combined effect of 
a better envelope and the low-resolution phasing clearly 
improved the map, as shown in a detailed view (Fig. 
4c) of the Fourier transform of mFobs exp(iqDmer), which 
is clearly interpretable in terms of a helix. Overall, the 
3.5 A averaged map clearly showed main-chain density 
for 250 residues, corresponding to about 80% of the total 
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Fig. 6. Statistics of the averaging procedure as a function of cycle number 
during this procedure. (a) Mean value of the correlation between local 
symmetry-related monomers: (1) averaging procedure described in 
§3.1 (AV1), (2) averaging procedure described in §3.2 (AV2), (3) 
averaging procedure described in §3.3 (AV3). (b) R factor between 
Fobs and Fcaic obtained from the inverse Fourier transform of the 
averaged map: (1) averaging procedure described in §3.1 (AV1), (2) 
averaging procedure described in §3.2 (AV2), (3) averaging procedure 
described in §3.3 (AV3). 

number. In addition, clear side-chain densities enabled the 
positioning of 60% of the total number of atoms of one 
monomer. This model was extended by local symmetry to 
the full tetramer. 

The quality of the electron-density map indicated a 
lower phase error, confirmed a posteriori by a (AqD) of 
54.8 ° (Fig. 2, curve c). However, attempts at phase exten- 
sion failed to improve the quality of the map. This failure 
was later confirmed by phase-error analysis, which showed 
that the mean phase difference with model phases in the 
3.5-3.07 /~ range was 74 °. 

Several attempts to improve this phase extension failed, 
pointing to an error in the averaging parameters. This was 
solved by redefining the local symmetry axes, as described 
below. 

3.3. Third attempt: pseudo 222 local symmetry, improved 
molecular envelope, low-resolution terms, heavy-atom 
re-refinement and phase extension 

Using the partial model defined above as a rigid body, 
refinement of the four independent monomers was per- 
formed using data between 15 and 6 A resolution. This 
refinement reduced the starting R factor of 43.8 to 40.9%, 
and, most importantly, it displaced the positions and orien- 
tations of the local axes significantly, (Table 3b), changing 
the symmetry from exact 222 to pseudo 2t2t2t. In this ar- 
rangement, the axes are not exactly twofold, they have a 
translation component t in the direction of the axis and 
they do not intersect. 

A new averaging procedure was started with the 
new symmetry and original heavy-atom parameters from 
HEAVY. Since the symmetry is no longer 222 but 
pseudo 2t2t2t, the local symmetry is no longer a point 
group and each symmetry operation acts only on the 
corresponding monomer. This requires the definition of 
separate envelopes for each monomer. The envelopes 
were obtained from the partial model, and zones which 
were obviously empty and corresponding to uninterpreted 
portions of the map were filled with dummy atoms. The 
final tetramer envelope corresponded to a solvent content 
of 19.9%. 

The averaging was carried out as described previously, 
with data between 83 and 3.5 A and low-resolution unob- 
served reflections inserted from the inverse Fourier trans- 
form. The phases were clearly improved ((A~) = 43°), 
especially at medium and high resolution (Fig. 2, curve 
d), and this was reflected in clearly improved maps (Fig. 
4d). 

In order to improve the starting point, map averaging 
at 3.5 A was combined with re-refinement of heavy-atom 
parameters against averaged phases. This changed the ini- 
tial heavy-atom parameters, in particular the occupancies 
(see Table 4b), and led to an even better map (Fig. 4e) 
which was very close to the calculated one. Fig. 2 (curve 
e) shows the phase improvement ((A~o) = 38°). Figs. 6(a) 
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(curve 3) and 6(b) (curve 3) show the effect of improved 
local symmetry and heavy-atom re-refinement in the av- 
eraging statistics; the most obvious effect of the improved 
symmetry is on the R factor between Fcalc and Fnat, which 
dropped to 18%. 

Based on the new symmetry elements and exact en- 
velope a phase-extension procedure to 3.07 /~, was per- 
formed. The reciprocal space between 3.5 and 3.07/~ was 
divided into 15 radial steps. Each step was subjected to 
an averaging procedure in which the corresponding am- 
plitudes were phased. This led to an improved map as 
shown by a phase error of 44 ° in the 3.5-3.07/~, range as 
opposed to 74 ° with exact 222 symmetry. This map was 
interpreted leading to a complete model, which was prop- 
erly aligned with the sequence. The model was refined to 
an R factor of 21.9% at 2.5/~ resolution. The identification 
of solvent molecules and the final refinement to 1.9/~ res- 
olution is underway and will be published elsewhere. The 
model shows a (/3/a)8 barrel fold not previously found in 
adenine dinucleotide dependent enzymes (Rondeau et al., 
1992). 

4. Discussion 

During the process described above, two steps proved par- 
ticularly difficult: definition of the molecular boundaries 
and accurate definition of the local symmetry. 

4.1. Mask definition 

The first averaging process diverged, and this was cor- 
rected by enlarging the tetramer mask. This mask seemed 
very clear from the correlation-weighted map, and it in- 
dicated a solvent content of 45%, compared with the 
predicted value of 51.2%. Since the envelope is a low- 
resolution object which cannot follow the exact shape 
of the surface to atomic resolution, it should include a 
molecular volume 20-30% larger than that indicated by 
Matthews' formula, and the solvent content in this case 
should then be between 20 and 30%. The solvent content 
of 45% used in the first averaging procedure was therefore 
too large. This can be confirmed a posteriori by superim- 
posing the envelope with the final model (Fig. 7a). This 
superposition shows that in the model the external side 
chains are consistently outside the envelope. Therefore, 
the clear boundaries shown by the correlation-weighted 
map were misleading. This is most likely due to the error 
in the local symmetry axes. This error lowered the corre- 
lation at the borders, since the incorrect symmetry opera- 
tions superimposed a border protein region with a solvent 
region. The net effect of this incorrect envelope was to 
cut the protein region, thus leading to the divergence of 
the phase refinement. 

This problem was corrected by the addition of an extra 
layer to the molecular region. This layer needed to be large 

enough to prevent all cutting of the protein region. When 
a model was available, it was confirmed that indeed this 
new envelope does not cut the model (Fig. 7b). Since the 
main phasing power of the procedure arises from monomer 
averaging and not from the solvent flattening, the low 
solvent content of this extended mask did not prevent the 
success of the procedure. 

4.2. Very low resolution data 

The inclusion of very low resolution data, either ob- 
served or calculated from inverse Fourier transforms, is 
clearly helpful in the early stages of the phase refinement. 
It should, however, be noted that the extended mask is cal- 
culated without these terms and that extra tests have shown 
that if the exact symmetry is used the averaging procedure 
converges even without the low-resolution terms. 

4.3. Calculation of the exact local symmetry (pseudo 2t2t2t) 

The self-rotation function indicated a point 222 sym- 
metry, confirmed by the interpretation of the heavy-atom 
constellation. This symmetry was only approximate, since 
the exact symmetry includes translations and rotation axes 
that are close to, but not exactly, twofold as shown in 
Table 3(b). 

There were some indications of this problem. One of 
the self-rotation function peaks (peak 3) was elongated. 
The averaging R factor was higher than 30%, and phase 
extension beyond 3.5 ,A, failed. Even when all these factors 
signalled an error in the local axes, correlation methods 
either in Patterson or Fourier space failed to point towards 
the correct axes. The accuracy of Patterson superposition 
methods suffers in general from the increased radius of 
the Patterson peaks as compared to the Fourier peaks. In 
this particular case it also suffered from the superposition 
of symmetry-related peaks since the correct orientation 
is close to a mirror plane in Patterson space. Correlation 
methods in Fourier space suffered from the fact that SIR 
phases were calculated from a heavy-atom constellation 
which fitted the erroneous 222 symmetry. This is shown 
by the first value of the correlation during the different 
averaging procedures (Fig. 6) which is not sensitive to the 
improvement in the local symmetry axes. In contrast the 
final value is clearly better for the correct symmetry. Since 
the correlation methods were not accurate enough, it was 
only the rigid-body refinement that enabled the calculation 
of the exact symmetry. 

The question of a correct method for obtaining the 
local symmetry axes, without prior knowledge of a model, 
remains open. A possibility could be a systematic search 
of possible orientations where a few averaging cycles are 
performed at each orientation and the R factor computed. 
It remains a large but not impossible computing task and 
the sensitivity of the R factor (which dropped in this case 
by almost half) to the correct axes suggests that it may 
work. 
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(a) 

(b) 

Fig. 7. Superposition of the tetramer envelope and the 2.5 A refined model. (a) 45% solvent envelope utilized for the averaging procedure described 
in §3.1. (b) 20% solvent envelope utilized for the averaging procedure described in §3.2. 
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5. C o n c l u d i n g  r e m a r k s  

Local symmetry  averaging is a very powerful  technique,  
but its success depends  on the quality of  the initial param- 
eters, such as the accuracy of  the axis, the comple teness  
of  the ampli tude data set, the quality of  the initial phasing 
and the accuracy of  the envelope.  These parameters are 
correlated and they are only approximate at the beginning 
of  the phasing procedure.  

In the case described, the main problem was the local 
symmetry ,  which is approximately but not exactly 222. 
Use of  an approximate symmetry  in defining the enve lope  
by local correlation led to a reduced-size  enve lope  and to 
a diverging averaging procedure.  

The problem was corrected by an expansion of the 
envelope,  which led to a converging averaging procedure 
and to an adequate phase set to produce an initial partially 
interpretable map. Knowledge  of  the partial model  enabled 
the definit ion of  the correct symmetry  e lements  and led to 
the final structure solution. 

The problem of  finding the correct symmetry  e lements  
directly is not  straightforward. Neither  Patterson methods ,  
heavy-a tom posit ions nor m o n o m e r  density correlation in 
SIR maps seem to be accurate enough.  The sensit ive 
parameter  is the R factor be tween Fcalc and Fnat after 
averaging; therefore,  a search procedure based on a few 
cycles of  averaging for each symmetry  e lement  could be 
envisaged.  

The solution of  the structure of  aldose reductase 
is an example  of  how the parameters defining non- 
crystallographic averaging can be changed during the pro- 
cedure to obtain the best possible phase set.* 

* Atomic coordinates and structure factors have been deposited 
with the Protein Data Bank, Brookhaven National Laboratory, and are 
available in machine-readable form from the Protein Data Bank at 
Brookhaven. The data have also been deposited with the British Li- 
brary Document Supply Centre as Supplementary Publication No. SUP 
37075 (as microfiche). Free copies may be obtained through The Tech- 
nical Editor, International Union of Crystallography, 5 Abbey Square, 
Chester CH1 2HU, England. At the request of the authors, the atomic 
coordinates will remain privileged until 1 March 1994 and the structure 
factors will remain privileged until 1 March 1997. 

We thank Bernard Rees for his constant  support with 
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was made  possible by the biochemical  work of  P. Barth, 
J. F. Bie l lmann and J. M. Reymann,  and the sequence 
analysis made  by M. Jaquinod and A. Van Dorsselaer.  
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