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Abstract 

It is often the case that analogous proteins from dif- 
ferent species crystallize in a difl'erent form. These 
structures can usually be easily solved by the molecular- 
replacement (MR) technique, as the protein folding is 
very often conserved. However, the results from MR 
become more uncertain as the proportion of diffracting 
matter decreases as a result of multimericity and/or 
absence of some of the atoms in the model. In this 
paper results are presented on the structure solution of 
amaryllis lectin (109 residues per monomer) containing 
two protein molecules in the asymmetric unit. The 
structure was solved by MR using the C~ coordinates 
of one monomer from snowdrop lectin which has 85% 
amino-acid sequence identity to amaryllis lectin. This 
represents only 6% of the non-H atoms of the protein 
molecule to be used for structure determination and it 
is a major improvement on previous reports. Further 
calculations were carried out in order to establish the 
minimum number of atoms which could be included in 
the model before a clear solution to the MR problem 
was revealed. This study showed that the structure of 
amaryllis lectin could still have been solved easily with 
3.85% of the model, which even in the most favourable 
cases, will probably constitute a minimum for molecular- 
replacement structure solution. 

I. Introduction 

The use of the molecular-replacement method 
(Crowther, 1972) has become more and more popular 
as the number of protein structures determined by X-ray 
crystallography has increased dramatically in the last 
few years. The technique is primarily used to solve 
protein structures which are expected to show high 
three-dimensional homology with one of the known 
structures. These could be either the same protein in a 
different crystal form, or a structurally related molecule 
which will share some of the important features of the 
structure under investigation. The problem is simplest 
when the native protein belongs to a different crystal 
form and gets more complicated as the sequence 
homology decreases. For our study, the difficulty would 
have been low because of the high sequence homology 
between the two molecules involved (17 sequence 

changes per monomer). As at first only the C~ atoms 
of one monomer were available as a search model, 
the molecular-replacement problem could have been 
much harder to solve owing to the lack of diffracting 
matter in this fragment. 

Lectins are oligomeric proteins composed of subunits, 
usually with one carbohydrate binding site per subunit, 
and can be grouped into families of homologous pro- 
teins. The best characterized group of lectins are those 
from the seeds of leguminous plants (Van Driessche, 
1988). In the last ten years a number of new lectins 
have been isolated from the bulbs, corms, rhizomes and 
tubers of perennial plants and these storage organs have 
been shown to be a rich source of lectins of biologically 
interesting properties (Van Damme, Smeets & Peumans, 
1995). Research on non-seed lectins has been focused 
on the monocotyledonous families Amaryllidaceae, Alli- 
aceae, Orchidaceae, Araceae and Liliaceae. This research 
has shown that all the lectins characterized to date 
from Amaryllidaceae, Alliaceae and Orchidaceae species 
belong to a super-family of mannose-binding proteins 
(Van Damme et al., 1995) and are potent inhibitors of 
retroviruses (Balzarini et al., 1991). The crystal struc- 
tures of the Amaryllidaceae lectin from snowdrop bulbs 
was determined very recently (Hester, Kaku, Goldstein 
& Schubert-Wright, 1995). This structure contains a new 
class of protein fold which consists of three subdomains 
(I, II and III) each made up of an antiparallel four- 
stranded /t-sheet. The three sub domains are arranged 
as a 12-stranded /t-barrel around an internal pseudo 
threefold axis. 

We have crystallized the tetrameric amaryllis lectin 
(Hippeastrum hybrid agglutinin, HHA) (Wood et 
al., 1994) in space group C2 with cell parameters 
a=73 .4 (1 ) ,  b=100 .3  (1), c=62.2]k ,  ~ = / ] = 9 0  and 
~, = 137.2 (2) °. Data were collected at the SRS Daresbury 
Laboratory using the MAR imaging-plate scanner, 
yielding a data set which was 97% complete to 2.25 ]k 
resolution, with 69% of the data greater than 3o-. The 
unit-cell volume indicated that there were two molecules 
per asymmetric unit yielding a packing density of 
2.86/~, 3 Da -I (Matthews, 1968). A self-rotation search 
clearly indicated the presence of non-crystallographic 
twofold symmetry. The dimeric structure could be 
determined using only the C~t coordinates of a single 
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monomer of the snowdrop lectin (Galanthus nivalis 
agglutinin, GNA) structure (Hcstcr et al., 1995) as a 
search model. This study reports the first example of 
a multimeric structure containing two molecules in the 
asymmetric unit solved by molecular replacement with 
only the C¢~ coordinates of a monomer. This corresponds 
to a probe with only 6% of the diffracting matter of the 
total dimer. The technique was further applied to a 
smaller probe where C~t coordinates at both ends of the 
polypeptide chain were removed until the molecular- 
replacement problem could not bc solved any more. 
This occurred when just 65 C~ atoms or less than 
4% out of the 1688 total protein atoms present in the 
atomic coordinate file. A further experiment showed 
that when using main-chain and side-chain atoms, the 
structure could be solved with a truncated fragment 
(i.e. 46 residues or one subdomain and a half) which 
represented much more of the diffracting matter (21%). 

To our knowledge this constitutes the first time that 
the full molecular-replacement problem [rotation (RF) 
and translation function (TF)] could be solved with such 
a small fraction of the total structure in the asymmetric 
unit. Recently, a hexameric structure in the asymmet- 
ric unit was solved using a partial model from one 
monomer (Oh, 1995). This probe with 16-17% of the 
total diffracting matter contained slightly more than three 
times the number of atoms that we used in this work. A 
few examples of small probe experiments in molecular 
replacement can be found in the literature. A similar 
investigation to ours was made with a Fab subdomain, 
where it was shown that a model made of C~ atoms 
of the C domain (approximately 6%) could be used 
to solve the rotation function unequivocally (Cygler 
& Anderson, 1988a). These workers also showed that 
a correctly orientated Fab subdomain containing only 
24% of the asymmetric subunit could be used to solve 
the translation function (Cygler & Anderson, 1988b). 
Schierbeek, Renestseder, Dijkstra & Hol (1985) have 
also shown that when an actinidin model, containing 
only the C~t atoms (13% of the total number of atoms), 
was exactly in the correct orientation, the highest peak 
in the TF occurred at the correct position. Thus, in order 
to obtain phase intbrmation, it is essential to have a 
complete enough model which can be used to solve both 
the rotation and translation function (except in space 
group PI where only the orientation is required). In our 
study we have shown that the use of as little as 4% of 
the asymmetric unit-cell contents for phasing is enough 
to determine the correct molecular-replacement solution. 

2. Results 

The three-dimensional structure of amaryllis lectin was 
assumed to be similar to that of snowdrop lectin because 
of the high sequence homology. Both lectins belong 
to the Amaryllidaceae plant family and exhibit strict 
specificity for ~-D-mannose. They were both character- 

ized to be tetramers of identical subunits (each of about 
11 700 Da). Snowdrop lectin was therefore regarded as a 
good candidate for structure determination by molecular 
replacement. 

AMoRe (Navaza, 1994), an integrated suite of 
molecular-replacement programs, and POLARRFN (W. 
Kabsch, Collaborative Computational Project, Number 
4, 1994) were used to determine the structure of 
amaryllis lectin. AMoRe had previously been used 
with success in the group to solve a particularly 
difficult structure (Chantalat, Jones, K6rber, Navaza 
& Pavlovsky, 1995), and therefore we decided to use 
it for this study. 

2. I. SelJ:rotation 

The self-rotation function was calculated with 
POLARRFN. As there is only a dimer in the asymmetric 
unit and the molecule is naturally found as a tetramer, 
we expected to find the dimer perpendicular to the 
crystallographic dyad axis along y. Fig. 1 shows the 180 ° 
section of the self-rotation function looking along the 
= axis. Apart from the crystallographic dyad at (,' = 90, 
,y = 90 °, a strong non-crystallographic twotbld rotation 
axis emerges at (, = 90, ~ = 0 °, and at the symmetry- 
related position (j~' = 0, ~ =  0 °) when using reflections 
between 15 and 6 ~ resolution and an integration radius 
of 20 ~. The height of the local dyads are 65.2% of that 
obtained for the crystallographic dyad. The local twofold 
axes are found in the a/c plane, with one parallel to the 
a axis, with the other one 90 ° away from it, therefore 

b 

a 

Fig. 1. Section h =  180 ° of the selfrolal.ion function. Polar angles: 
~'. inclination against c* (=); ,,.-, azimuth measured relative to a 
(x). Contour levels from 4()(/~ in steps of 5(Y~. Peak height for 
crystallographic twofold along h (y): 1()()'~ and peak height for 
local twofold at ( t ' / ,F)= (90, O) and (0. 0): 65.2(/~. 
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forming a 222 set with the crystallographic dyad as it 
was expected. The third highest peak had a height of 
45.6%. 

2.2. Rotation fimction 

The model of GNA which has been refined to an R 
value of 17% to 2.3/~ resolution (Hester et al., 1995), 
was first used with Cc~ atoms only. Later, when the 
full model was made available from the Protein Data 
Bank (entry 1MSA) at Brookhaven National Labora- 
tory (Bemstein et al., 1977), it was used to check the 
correctness of the molecular-replacement solution. The 
C(~ search model contained 109 atoms out of 1688 of 
the full dimer. Several parameters used for the cross- 
rotation function, are shown in Table 1, the PI cell 
size was chosen approximately equal to the smallest 
box containing the model, plus the integration radius, 
plus the required resolution (Navaza, 1994). Although 
we used data between 15 and 4/~ for this work, our 
calculation also showed that the structure could also 
have been solved with data from 15-10 to 5-3 A. The 
top 50 rotation-function values for the two models are 
shown in Fig. 2. At first glance, it was clear that in 
both cases, the top two peaks were the correct solutions, 
as their (~ angles, which is tt{e last rotation to be 
performed, differed by 180 ° and their .~ and ~, angles 
were approximately identical. These two solutions were 
1.2 and 1.1rr above the highest noise peak (Fig. 2). 

2.3. The translation function and rigid-body refinement 

The one-body translation function was carried out for 
the 50 RF solution peaks using all data between 15 and 
4/~, this resolution range was also used for the two-body 
TF and rigid-body refinement. The main parameter to 
be considered in finding a solution is the correlation 
coefficient (Navaza & Vernoslova, 1995). Of the TF 
peaks found, 15 of these were sorted in descending 
order of their correlation coefficient. It is important to 

35 +30  
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~) 20 " • Full  
° 
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RF P e a k  i n d e x  

Fig. 2. Rotation search using ( '~  (=) anti all coordinates  ( l l )  o f  a 
mononler  of  snowdrop  Icctin as search model.  The top lwo peak~, 
correspond to the rotations shown in Table 2. 

Table 1. Parameters used for the cross-rotation function 

PI cell fl~r the model  (,~) 78 x 63 x 58 
Resolut ion range (,~) 15-4 
Pat terson vector  length (A) 20 
Sampl ing  interval  for /~* ( ) 2.5 
Assumed  overal l  t empera tu re  factor (~2) 15 
Sharpening factor (,~2) - 10 

* For  definition, see Rossmann  & Blow (1962). 

select a large enough number o1" TF peaks since the 
highest correlation coefficient might not correspond to 
the highest TF peak. 

Fig. 3(a) shows that the translation function gives 
consistent results with the rotation function; the first two 
peaks give the highest correlation coefficients. Rigid- 
body (RB) refinement was then applied to each top 
translation solution (Fig. 3b). As there was more than 
one molecule in the asymmetric unit, a series of two- 
body TF's  and rigid-body refinement were performed for 
the top one-body TF solutions with the highest ranking 
one being fixed (Figs. 3c and 3d). In the two-body 
situation, the structure factors of the supposedly correct 
solution, usually the highest overall after RB refinement, 
contribute to the TF and RB refinement calculations. If 
the fixed position for one of the molecules has been 
assigned correctly, the improvement of the calculated 
phases will probably indicate clearly the position of the 
second molecule by a much higher correlation coefficient 
than for the other solutions. The second peak of the 
rotation function when combined with the top peak gave 
the best result for the two-body TF and RB refinement 
(Figs. 3c and 3d). After the final RB refinement the 
correct solution given by the C~ model had a correlation 
coefficient 10% higher than the first noise peak (Table 
2) and it also had the lowest R factor of 42.4% (4.5c~ 
lower than the highest noise peak). 

2.4. Verification of the solution 

The initial verification was to inspect the model on the 
graphics system. For a good solution very few clashes 
should be observed. Also from the self-rotation function 
and biochemical studies two dimers were expected to 
form a tetramer around the crystallographic twofold axis. 
The rotation function appeared to be correct since the 
first two peaks were related by nearly 180 ° about the 
last rotation axis. Inspection of packing within the cell 
showed the dimers were packed sensibly (Fig. 4). The 
electron-density map made from this C(~ model also 
showed excellent continuity and some side chains could 
already be distinguished. 

The molecular-replacement solution was confirmed 
when the full coordinate set was released. The same 
procedure described above using AMoRe was employed 
with all the atoms of a snowdrop lectin monomer (Ta- 
ble 1) with atomic temperature factors set to 15 ~2. 
As there were only 17 residues which were different 
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Table 2. Molecular-replacement parameters and S/N ratio Jor the final dimer 

Model* u ( ) /4 ( ) 

All atoms 353.47 103.83 
(844) 173.10 104.44 
All C~ atoms 352.99 103.82 
(109) 172.32 104.52 
Less C(~ atoms 351.90 102.48 
(65) 17 I. 10 104.54 

* Atoms selected for  a single monomer.  

1149 

), ( ) x (,~)~- v ( A ) +  z (,~)+ CC (%) Rf (%) S/N ratio+ 

12.59 0.692 0.627 0.121 73.6 32.2 1.71 
11.72 0.006 0.658 0.151 73.6 32.2 
11.98 0.690 0.628 0.132 52.8 42.4 1.25 
12.12 0.014 0.644 0.145 52.8 42.0 
I1.90 0.707 0.654 0.092 34.5 48.8 1.06 
12.44 0.016 0.639 0.137 34.5 48.8 

i- Fractional coordinates. S/N ratio as (CC for solution peak)/(CC for highest noise peak). 

between the GNA and HHA molecules, no changes 
were made to the search model. Figs. 2 and 3, also 
show the RF, TF and RB refinement for the full model. 
After the two-body refinement both models gave similar 
molecular-replacement parameters differing only by a 
few angstroms and degrees (Table 2). Although the final 
CC for the full model is very high (73.6%, Fig. 3d), 
interestingly the S/N ratio is 1.71 for all atoms compared 

to a lower but still significant value of 1.25 for the C(~ 
atoms only (Table 2). 

After replacing the 17 residues that differed between 
the two structures, the complete dimer was refined by 
simulated annealing with X-PLOR (Bdinger, Kuriyan & 
Karplus, 1987). The current model yields a crystallo- 
graphic R factor of 20% and a free R factor (BrOnger, 
1992) of 28%, including all data between 8.0 and 2.3 ,~. 
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Fig. 3. Translation search and rigid-body relinement using lhe C<l atoms only (1) and the full search model (ill of snowdrop leciin against 
the amaryllis diffraction data. The TF and RB refinement were first applied to each orientation of the search model [one-body TF (at 
and one-body RB relhmment (hi]. Then the top solution, in first or second position was fixed, the TF was once more run to find the 
translation parameters of the second molecule with respect to the fixed one [two-body TF lc)]. The orientation and translation parameters 
of 111c I~o  molecules ~vas refined in pairs by RB [two-body RB refinement td)]. 
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The electron-density map is of good quality as shown 
in Fig. 5. 

2.5. Experiments with smaller models 

To find out exactly how incomplete a model for MR 
could be, we tested more extreme models where further 
Cc~ atoms were removed from the calculations. The 
smallest fragment that could be used to solve the HHA 
structure easily (i.e. the correct solution coming first after 
the TF or RB refinement) consisted of 65 C a  atoms or 
3.85% of the total structure; 22 Cc~ atoms on both ends 
of the chain were removed from the initial 109 atoms 
of one monomer. The correct rotation solutions were 
still in first and second positions. If  one more atom was 
omitted the solution was drawn down to the tenth place 
after the translation function. This would not have been 
too critical since the rotation-function solution was clear, 
and the incorrect solutions quickly excluded because of 
bad packing using, for example, the program CONTACT 
(Collaborative Computational Project, Number 4, 1994). 
All of the remaining solutions could then be checked on 
the graphics system and further refined if they seemed 
sensible. 

) 

) 

) 

Fig. 4. Packing of four dimers (Col atoms only) in the unit cell of 
amaryllis lectin after rigid-body refinement of the search model 
with AMoRe. The view is down the a axis with the b axis along 
the length of the paper. 

Although our work shows that only a small fragment 
is required to solve the molecular-replacement problem, 
it may not be a very practical case, since adding the 
main-chain atoms to a Co~ trace can easily be performed 
and we have shown that the structure could be solved just 
as well (unpublished results). In another experiment, we 
wanted to determine in terms of the number of residues 
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Fig. 5. Equivalent views of the 2F,,- F~. electron density around a 
tryptophan cluster (Trp41, Trp73 and Trpl02) for the two indepen- 
dent molecules (a) molecule A and (b) molecule B. The map is 
contoured at 0.6 e/~-3. 
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employed, the smallest fragment that could be used to 
solve the HHA structure. For this test all the atoms from 
each residue were used and the shortest segment which 
could be used successfully included residues 33-79 
(21% of the protein atoms). This corresponds roughly 
to one subdomain (four/3-strands) and a half. 

3. Concluding remarks 

In the HHA protein, the polypeptide fold consists of 
three sequential /3-sheet subdomains (I, II and III) and 
each subdomain forms a fiat four-stranded antiparallel 
/3-sheet. The/3-sheets are inter-related by pseudo three- 
fold symmetry to form a 12-stranded/3-barrel (Fig. 6). 
Subdomain I is a hybrid /3-sheet. It contains both the 
N-terminal region and C-terminal region (but only up 
to residue 101). The outer strand of subdomain I is 
donated from the dimer-related subunit. The centre of 
the /3-barrel is filled with conserved hydrophobic side 
chains. The high sequence homology (85%), the globular 
shape of the protein and the essentially identical fold of 
the polypeptide backbone of the target and probe models 
were probably important factors in the structure solution 
by molecular replacement. 

Our experience indicates that with only the Co~ atoms 
of one monomer (6% of the non-H atoms) the rotation 
and translation functions can clearly be solved (Figs. 2 
and 3). Up until now all experiments involving so few 

II 

III 

Fig. 6. The folding of the HHA monomer showing the pseudo threefold 
axis relating subdomains I, II and III. The 4-strands are shown as 
arrows in green for strands 1 to I I and the C-terminal strand, 12, 
is shown in red. Subdomain I is a hybrid 4-sheet, strand 12 is 
donated from the dimer-related subunit. The figure was prepared 
using MOLSCRIPT (Kraulis, 1991). 

atoms had always failed to give the correct translation 
parameters (e.g. Cygler & Anderson, 1988b). In our 
study, we also found out that just 3.9% of the atoms 
were sufficient to give the correct solution, that is 65 
atoms out of approximately 1690. We also showed that 
the HHA structure could be determined by MR using a 
Co~ search model with data in the range 15-10 to 5-3 ~. 

We further showed that the HHA structure could be 
solved using a search model containing one and a half 
subdomains (i.e. approximately one half of a monomer) 
with only 21% of the protein atoms of the asymmetric 
unit. Experiments using a probe consisting of only 
a four-stranded antiparallel /3-sheet (one subdomain) 
failed, possibly as a result of the pseudo threefold 
symmetry which relates subdomains I, II and III (Fig. 
6). 

We expect that the polypeptide fold described above 
to be a common feature of all monocot bulb lectins, 
which we plan to establish by determining the structures 
of representative lectins from the Alliaceae, Orchidaceae 
and Liliaceae families by the approach described above. 
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