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Abstract 

The crystal structure of an orthorhombic form of 
human apolactoferrin (ApoLf) has been determined 
from 2.8 ~ diffractometer data by molecular 
replacement methods. A variety of search models 
derived from the diferric lactoferrin structure (Fe2Lf) 
were used to obtain a consistent solution to the 
rotation function. An R-factor search gave the cor- 
rect translational solution and the model was refined 
by rigid-body least-squares refinement (program 
CORELS). Only three of the four domains were 
located correctly by this procedure, however; the 
fourth was finally placed correctly by rotating it 
manually onto three strands of electron density 
which were recognized as part of its central/3-sheet. 
The final model, refined by restrained least-squares 
methods to an R factor of 0.214 for data in the 
resolution range 10.0 to 2.8 A~, shows a large domain 
movement in the N-terminal half of the molecule (a 
54  rotation of domain N2) and smaller domain 
movements elsewhere, when compared with Fe=Lf. A 
feature of the crystal structure is that although the 
ApoLf and Fe2Lf unit cells appear very similar, their 
crystal packing and molecular structures are quite 
different. 

Introduction 

Lactoferrin is a member of the transferrin family of 
iron-binding proteins, which also includes serum 
transferrin and ovotransferrin (Aisen & Listowsky, 
1980; Brock, 1985). These monomeric glycoproteins, 
of molecular weight - 8 0  000 dalton, have specific 
binding sites for two Fe 3 + ions together with two 
CO32 ions per molecule. The most striking feature of 
their binding properties is that while iron is bound 
extremely tightly, with binding constants of the order 
of 102o , this iron can nevertheless be released. Low- 
angle X-ray scattering (Kilar & Simon, 1985; Vigh, 
Cser, Kilar & Simon, 1989) and hydrodynamic meas- 
urements (Rossenau-Motreff, Soetewey, Lamote & 
Peeters, 1971), show that iron binding and release are 
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associated with a significant conformational change, 
with the molecule becoming markedly more compact 
when iron is bound. 

As multidomain proteins, the transferrins offer a 
number of possibilities for conformational flexibility. 
The structure of human diferric lactoferrin 
(Anderson, Baker, Dodson, Norris, Rumball, Waters 
& Baker, 1987) showed that the molecule is folded 
into two globular lobes, one representing the N- 
terminal half of the molecule (the N-lobe), and the 
other the C-terminal half (the C-lobe). Each lobe is 
further subdivided into two domains, N1 and N2 for 
the N-lobe, C1 and C2 for the C-lobe (Fig. 1). The 
same four-domain structure has also been found for 
diferric rabbit serum transferrin (Bailey, Evans, 
Garratt,  Gorinsky, Hasnain, Horsburgh, Jhoti, 
Lindley, Mydin, Sarra & Watson, 1988) and is presu- 
mably common to all transferrins. 

Conformational changes during iron binding and 
release could involve relative movements of the two 
lobes and/or of the two domains of each lobe. In 
fact, the location of the iron sites, one in each lobe, 
buried deep in the cleft separating its two domains, 
has suggested a mechanism. In this mechanism, rela- 
tive movements of the domains, about a hinge at the 
back of the iron site, can open each cleft, thereby 
facilitating iron release (Baker, Rumball & 
Anderson, 1987). 

The structure analysis of apolactoferrin was 
undertaken in order to allow a comparison with the 
structure of diferric lactoferrin, and thereby define 
the nature of any conformational change. Although 
the use of the method of molecular replacement for 
structure solution becomes problematical when large 
conformational differences exist between search 
model and target molecule, we were prompted to try 
this approach because of (i) our failure to prepare 
suitable heavy-atom derivatives, given a limited 
supply of crystals, and (ii) an apparent similarity in 
the unit cells of diferric and apolactoferrin. In the 
event, the successful use of this method, as described 
here, shows that it can be successful even where as 
much as one-quarter of the structure is very substan- 
tially changed. 

© 1991 International Union of Crystallography 
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Experimental 

The crystals of human apolactoferrin used for this 
analysis were prepared from protein whose carbo- 
hydrate had been removed enzymatically prior to 
crystallization (Norris, Baker & Baker, 1989). They 
grew under similar conditions to those used for 
human diferric lactoferrin (Baker & Rumball, 1977), 
i.e. dialysis against low ionic strength solutions con- 
taining a small amount of added alcohol, and 
appeared to have a remarkably similar unit cell. 
Crystals of apolactoferrin were orthorhombic, a = 
152.1, b = 94.6, c =  55.8 A, space group P212~21, 
while those of diferric lactoferrin were also ortho- 
rhombic, a = 156.3, b=97 .4 ,  c = 5 5 . 8 5 A ,  space 
group P2,212~. Although no axial length differed by 
more than 3% between the two forms, the unit-cell 
volumes differed by only 5%, and the space groups 
were the same, the intensity distributions did, how- 
ever, appear quite different. 

Data collection was carried out at room tempera- 
ture, using an Enraf-Nonius CAD-4 diffractometer 
equipped with a helium-filled diffracted-beam path. 
Intensities were obtained from a limited step scan (in 
w) through each reflection peak, with Gaussian pro- 
files being fitted (Hanson, Watenpaugh, Sieker & 
Jensen, 1979). With scan widths of 0.3-0.4 ~, 2000 to 
3000 reflections per day could be measured. The 
stronger reflections (peak height > 2 times back- 
ground) were used to define peak profiles in different 
regions of reciprocal space; these were then applied 
to the data as a whole. Backgrounds, one per reflec- 
tion, were measured between reciprocal lattice points 
for short periods of time, then averaged in blocks of 
reciprocal space. Reflections with negative net inten- 
sities, or those that could not be fitted adequately, 
were omitted. All data were corrected for intensity 
decay of the crystals, from the intensities of five 
standard reflections, regularly monitored through 
each data collection, and were corrected for absorp- 
tion (North, Phillips & Mathews, 1968). 

Two crystals were used for the native data collec- 
tion, covering the resolution range 20 to 2.8 
resolution ( 0 = 2 . 2  to 16.2~). From the total of 
19 413 measurements, 947 were omitted as negative 
intensities or inadequately fitted leaving 18466 
reflections of which 16 355 (84% of total) had inten- 
sities I >  2o-t. After merging, a final data set of 
17 783 unique reflections was obtained (merging R 
factor, R,, = 0.090, where R m = ZII- il/Zi). 

Attempts were also made to prepare heavy-atom 
derivatives, but the limited number of crystals then 
available (less than ten) meant that these studies 
could not be pursued fully. Data were collected on 
several crystals soaked in dichloroethylene- 
diamineplatinum(II) (PtenC12), since this had pro- 
vided a good derivative in the diferric lactoferrin 

structure analysis (Anderson, Baker, Norris, Rice & 
Baker, 1989), but no satisfactory solution of 
difference Patterson maps could be obtained. 

Structure analysis by molecular replacement 

Choice of search model(s) 

Given the four-domain structure of human 
lactoferrin (see Fig. 1) and the likelihood that con- 
formational change from the diferric structure would 
involve relative domain and/or lobe movements, four 
different search models were used, all based on the 
diferric lactoferrin structure. These were the N- 
terminal half-molecule (domains N I and N2, resi- 
dues 4-334), the C-terminal half-molecule (domains 
C I and C2, residues 345-691), a 'core' fragment 
comprising domains N1 and C1 (residues 4-90, 
252-433 and 596-691), and the whole molecule (resi- 
dues 4-691). The choice of the 'core' fragment was 
based on the observation that almost all of the 
contacts between the two lobes involved domains N l 
and C l; thus these seemed likely to form an invariant 
'core', with any relative domain movements likely to 
involve domains N2 and/or C2 which are much less 
constrained. The whole molecule was still considered 
a useful possibility because of the similarity of the 
unit cell to that of diferric lactoferrin, which sug- 
gested the conformational change might be very 
small. 

Search models included all atoms (main chain and 
side chain) of the appropriate parts of the diferric 
structure, taken from a model refined at 2-2/k 
resolution (crystallographic R factor 0.191 for a 

N-Lobe 

(a) C-Lobe (C) 

(b) (d) 

Fig. I. Schematic diagrams showing search models (shaded por- 
tions) derived from the Fe2Lf structure for rotation function 
calculations. (a) N-lobe, (h) C-lobe, (c) "core', and (d) whole 
molecule. 
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model comprising 5320 protein atoms, 2 Fe 3~ and 
2 CO 2- ions, and 300 water molecules). The bound 
ions and solvent molecules were, of course, not 
included. 

Rotation .['unction 

Each model was placed in a triclinic orthogonal 
cell, with edges a = b = c = 100 A and the resulting 
structure factors were used in rotations against the 
observed apolactoferrin (ApoLf) data, using the fast 
rotation function of Crowther (1972). In addition the 
observed data for diferric lactoferrin (Fe2Lf) were 
rotated against the observed ApoLf data. Data 
within the resolution limits 10 to 3.5 A were used, 
without normalization, and all Patterson vectors 
between 10 and 35 A considered in the overlap 
function. For a markedly ellipsoidal molecule such 
as lactoferrin (approximate dimensions 45 × 45 x 
90 A) this means that the longer vectors along the 
major axis will not be considered. The overlap func- 
tion may therefore be less sensitive to small relative 
movements along this direction (i.e. of the two 
lobes). The results of these rotations are given in 
Table 1. 

The most clear-cut solution was given by the 
C-lobe (C1 + C2) search model, with a peak of 7.7o, 
and the same solution, around (110, 80, - 1 1 5 )  
was also obtained from the 'core' (N1 + C1) and 
whole-molecule models, although at a slightly lower 
level (5-6o-). The other rotations also gave a peak in 
approximately the same position, but these were not 
the highest peak. Indeed the low level (2.10.) of this 
peak when the N-lobe was used as search model was 
the first indication of conformational differences in 
this part of the molecule. The "core' was then used in 
further rotations exploring the effects of variation in 
the resolution and Patterson sphere ranges. Limiting 
the vector range to 6.0-22.5 A reduced the peak-to- 
background ratio considerably, while increasing the 
resolution (from 10.0-3.5 to 6"0-3"0 ~) had a similar, 
but less pronounced, effect. Finally, a finer grid 
search gave a 'best' peak position of (109, 83, 
- 1 1 3 . 4 : ) .  

Translational search 

The rotated model was positioned in the apolacto- 
ferrin cell using an R-factor search, with data in the 
resolution range 10-0 to 3-0A. Initial attempts 
involved moving the (N1 + C1 + C2) fragment of 
Fe2Lf, rotated as above, systematically through the 
apolactoferrin unit cell. Increments of 1.25 A were 
used, with a much finer step size (0.125 A) used to 
more accurately define minima. The largest mini- 
mum, at (0.06, 0.00, 0.13 A) and R=0.400,  was 
11.45o- below the mean level of the map; this solu- 
tion, however, gave a large number of overlaps with 

Table I. Rotation function results 

Highes t  p e a k  C o r r e c t  peak  
Search  m o d e l  (a,/3, y) ( )  Heigh t  ( a , / 3 ,  y) ( ) He igh t  
Whole molecule (110, 80, - 115) 5.9o. (110. 80, - 115) 5.9o. 
N-lobe (20, 84, 70) 3.4o- ( 105, 80, -- 90) 2.1 o- 
C-lobe (110,80, -115)  7.7o- (110,80, -115)  7.7o- 
C o r e ( N l + C 1 )  (110 ,85 , -112 .5 )  5.0o" (110 ,85 , -112 .5 )  5.0o. 
FezLfdata (0,0. 15) 2.5o" (110,80, -112.5) 1.6o" 

symmetry-related molecules. A second translational 
search, this time using the whole molecule (N1 + N2 
+ C1 + C2), rotated as before, gave a minimum at 
(20-28, 2.61, 0.51 A) and R = 0.423, which was 13.4o 
below the mean level of the map. When this shift 
vector was applied to the search model, no inter- 
molecular overlaps were found. Moreover, it was 
found that this solution also corresponded to the 
second-deepest minimum (6.40-) in the previous map. 
This was therefore taken as the correct solution. 

Initial refinement and model correction 

The rotated and translated whole molecule was 
next subjected to a series of rigid-body refinements, 
using the program CORELS (Sussman, 1985), in 
order to optimize the positioning of the molecule, 
and to try to account for any relative domain or lobe 
movements in the apolactoferrin structure. The 
model was refined first as a single rigid body (the 
whole molecule), then two (the two lobes), four (the 
four domains) and finally fourteen rigid groups 
(fourteen coherent structural elements) (see Table 2). 
At the same time the resolution limits of the data 
used were gradually increased, from 10.0-8.0 to 
6-0-4-0 A. 

At the end of this procedure the crystallographic R 
factor appeared reasonable (R = 0.398 for data in the 
range 10.0-2.8,~, resolution). However, the corre- 
lation coefficients never exceeded -0 .5 ,  and a 2F,,-  
F,. electron density map showed good, well-fitted 
density for the three domains N l, C1 and C2, but 
weak, broken, uninterpretable density for the fourth 
domain, N2. It also appeared that the rigid-body 
refinement had moved N2 closer to N1, i.e. in a 
direction opposite from that expected. An attempt 
was made to improve the phasing by carrying out 20 
cycles of conventional restrained least-squares 
refinement (allowing the geometry to relax consider- 
ably before re-tightening) using the program TNT 
(Tronrud, Ten Eyck & Matthews, 1987). This was 
followed by solvent flattening (Wang, 1985) using as 
masks both the whole molecule and the (NI + C I + 
C2) fragment. 

Electron density maps with coefficients 3 E , -  21=,, 
were then calculated, based on the (N1 + C1 + C2) 
fragment, with and without a phase contribution 
from the solvent flattening. These maps showed little 
density which could be attributed to the N2 domain. 
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Table 2. Rigid-body refinement 

Number  Resolution Number  Correlat ion 
of  groups range (A) of  cycles R factor* coefficientt 

(i) Initial model 
I" 10.0-.8.0 6 0.462 ~ 0-456 
2 ~ 10-0 8.0 5 0.456 ----0.440 
4' 10.0--8.0 6 0.440---0-395 0.484--*0.530 

9.0- 7.0 6 0.431 ---. 0.429 0.420---0.468 
8"0--6"0 9 0-450 --* 0.430 0" 378 --* 0.427 
7.0--5.0 8 0.442---0.425 0.391 --*0.439 

14 a 7.0 5"0 6 0.425---0.409 0.464---0.479 
6.0 4.0 4 0.418---0.411 0-466--*0.485 

10-0 4-0 1 0.417 0.491 

(ii) After correctly placing N2 domain  
2 ~ 10.0 8.0 2 0.328--*0.307 0.677--*0.725 
4' 10-0 8.0 4 0.307--*0.263 0.725--*0.795 

10-0 6.0 4 0.325--0.314 0.721 --*0.743 
7" 7.0 5.0 4 0.346---0.319 0.683----0.727 

Notes: (a) Whole molecule: residues (4-691). (b) Two lobes: 
(4-333), (334--691). (c) Four  domains: (4 90 + 252-333), (91- 
251), (334--433+596-691), (434--595). (d) Fourteen structural 
units: (4 55), (56-84 + 252---320), (85-93), (94-159 + 190 230 + 
321-332), (160-189), (231-251), (333-344), (345--387), (388-416 + 
595 663), (417-436), (437--496 + 527-575 + 664-677), (497-526), 
(576-594), (678--691). (e) Four  domains,  with N2 split into four 
parts: (4 -90+  252-333), (91-160), (161-190), (191--231), (232- 
251), (334-433 + 596-691), (434-595). 

* R factor defined as R = ~l  E, - F, I / ~ I E , .  
t Correlat ion coefficient defined as [(Y E, E ) -  ( "  E, )(~.E )]/ 

["~E, 2 - (~ E, )21[y ~; 2 _ (X E. )-'1' :. 

However, two short stretches of density did extend 
from residues 91 and 251, which were the cutoff 
points between domains N I and N2. These stretches 
of density were taken as being the two interdomain 
connecting peptides, extending into domain N2, and 
were fitted as residues 91-96 and 247-251. Adjacent 
to these two was a third short strand of density (see 
Fig. 2) which we interpreted as residues 207-211; in 
the FezLf structure these three polypeptide strands 

form part of the central/3-sheet of domain N2. The 
entire N2 domain from the Fe2Lf structure, residues 
91-251, was then fitted as a rigid group on the C,~ 
positions of these 16 residues. This new position for 
the N2 domain, which was rotated about 50 ° from 
the previous position, gave rise to no unacceptable 
intermolecular contacts. 

Rigid-body refinement using CORELS was then 
used again, on this revised model, to try to achieve 
optimum placement of the four domains. The results 
(Table 2) strongly suggested that the new model was 
indeed correct, with R values reduced from around 
0.4 to around 0.3, and correlation coefficients 
increased to about 0.7-0.8. Domain N2 was moved 
by - 6  ~ in this refinement but the other three dom- 
ains were hardly changed (maximum rotation 0.4"% 
Further refinement in which the N2 domain was 
divided into four blocks also produced only small 
changes (1-2~;). 

Restrained least-squares refinement 

Further refinement was by restrained least-squares 
refinement using the program TNT (Tronrud, Ten 
Eyck & Matthews, 1987), using all data in the resolu- 
tion range 10.0 to 2.8 A for which I >  0"5o1 (17 686 
reflections). In the initial six cycles geometric 
restraints were relaxed, in order to allow relatively 
large atomic movements; the R value dropped from 
0.332 to 0-262 while the r.m.s, deviation of bond 
lengths from standard values increased to 0.13 A. 
After a further 14 cycles, in which the geometry was 
gradually tightened and R increased to 0.280, a series 
of 2Fo- F,. 'omit '  maps were calculated. Blocks of 

70 residues at a time were omitted from the model 
and three cycles of least-squares refinement carried 
out (to reduce bias in the calculated structure fac- 
tors) prior to the calculation of each map; between 

q9 
p 9~ 9 6  

Fig. 2. Portion of  the 3 E , -  2F, 
electron density map calculated 
from a model comprising dom- 
ains N l, CI and C2, with phases 
further improved by solvent 
flattening. The three strands of  
electron density shown are the 
only clear density for the N2 
domain;  they were fitted as three 
strands of  the N2 domain 
,8-sheet and used to position the 
whole domain  (treated as a rigid 
body)• The a-carbon tracc is 
shown for each strand• 
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them, ten such ~omit' maps covered the entire 
structure. 

Manual rebuilding used the program FRODO 
(Jones, 1978) on an Evans and Sutherland PS330 
interactive graphics system. An immediate indication 
of the correctness of the model was given by the 
appearance of good density for several side chains 
which had not been included in the original search 
models because of disorder in the FezLf structure. 
These included two side chains in the N2 domain 
(Lys 237 and Lys 241). Other side chains required 
some reorientation and particular attention was paid 
to residues at the joins between groups used for the 
rigid-body refinement, as some disortion was appar- 
ent in these regions. 

Further cycles of restrained least-squares 
refinement then reduced the R value to 0.213 for a 
model with acceptable geometry (r.m.s. deviation 
from standard bond lengths 0.020 A). Individual 
temperature factors were refined for the first time 
after ten cycles, when R was 0.249, followed by a 
further 20 cycles of refinement, in which geometrical 
restraints were relaxed and then tightened again. The 
refined model comprised 5231 atoms, representing 
residues 3-418 and 424-691; no density could be seen 
for residues 1-2, and only weak discontinuous den- 
sity for 419-423 which form a poorly defined exter- 
nal loop in the Fe2Lf structure also. 

Discussion 

The final refined structure deviates considerably from 
the Fe2Lf structure used for the various search 

models in the molecular replacement analysis (see 
Fig. 3). The main differences are in the relative 
domain orientations, summarized in Table 3. Super- 
positions of each of the individual domains on to the 
corresponding domains of the Fe2Lf stucture show 
that there is very little difference within domains, the 
r.m.s, deviation in C ,  positions ranging from 0.43 A 
for the CI domain to 0-65 A for the N2 domain 
(Table 3). Although these figures may change some- 
what as the refinement is continued at higher resolu- 
tion, it is clear that the major movements in going 
from the holo- to the Apo-Lf structure are rigid- 
body domain rotations. 

The largest movement is the 54 rotation of the N2 
domain, which causes the binding cleft in the N- 
terminal half of the molecule to be opened wide. This 
suggests a mechanism for metal binding in which 
first the anion (CO 2-) and then the metal ion (Fe 3+ ) 
bind to one domain while the molecule is in this 
'open' conformation, followed by a conformational 
change in which the cleft is closed, by domain 
rotation, to complete the metal-ion coordination 
(Anderson, Baker, Norris, Rumball & Baker, 1990). 
The least movement is seen in the C-terminal half of 
the molecule, in which the cleft is still closed, even 
though no metal is bound. In fact the relative 
movement of domains CI and C2 is only 1.3 (Table 
3). The possible structural and functional impli- 
cations of this have been discussed elsewhere 
(Anderson, Baker, Norris, Rumball & Baker, 1990). 

Given the large conformational change in the 
N-lobe, involving rotational of the N2 domain, it is 
not surprising that the N-lobe search model gave a 

Fig. 3. C,, stereo plots of  structures 
of apolactoferrin (above) and 
diferric lactoferrin (below). 
showing the conformational 
transition from an open N-lobe 
in ApoLf  to a closed N-lobe in 
Fe2Lf. 
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Table 3. Domain relationships between Fe2Lf and 
ApoLf 

The diagonal elements (N 1 versus  N 1 e tc . )  give the r.m.s, deviation 
in C,, positions when the corresponding domains in Fe2Lf and 
ApoLf are individually superimposed. The off-diagonal elements 
show the relative angular rotations between pairs of  domains in 
the two structures. These were computed, for example, by super- 
imposing ApoLf on Fe2Lf using the N i domains to define the 
transformation matrix, and then seeing what further transform- 
ation was required to superimpose the N2 domains. 

Fc2Lf 
N 1 N2 C 1 C2 

NI 0.52 A 53.3 8.1 7.T 
N2 0.65 A 54.6 53.7 

ApoLf CI 0.43 ~, 1.0 
C2 0-44/k 

poor solution to the rotation function. It is apparent, 
in retrospect, that this search model did give peaks 
for both the N1 and N2 domain orientations; the 
latter was in fact the highest in the map but was 
ignored because it was inconsistent with the solutions 
using other search models. On the other hand the 
C-lobe, even though it represents only half the struc- 
ture, gave a good clear solution because its structure 
is essentially unchanged. Similarly the 'core' search 
model (N1 + CI) gave a good solution even though 
there is a small readjustment between the two lobes 
which results in a change of 8' in the relative orienta- 
tions of N I and C1 domains (Table 3). The success 
of the 'core' as a search model suggests that a correct 
solution to the rotation function could have been 
obtained even if both lobes had shown the 'open' 
conformation (i.e. with both N2 and C2 undergoing 
a large-scale rotation). It also emphasizes the value, 
when using molecular replacement on a multidomain 
protein structure, of careful examination of the struc- 
ture when choosing a search model. (Alternatively 
one can choose a variety of search models, as we did, 
and seek a solution common to all). 

An interesting sidelight to our selection of the 
'core' as the best search model was an independent 
observation (R. C. Garrat t  and P. F. Lindley, 
personal communication), from comparison of the 
diferric lactoferrin (Anderson, Baker, Dodson, 
Norris, Rumball, Waters & Baker, 1987) and trans- 
ferrin (Bailey, Evans, Garratt ,  Gorinsky, Hasnain, 
Horsburgh, Jhoti, Lindley, Mydin, Sarra & Watson, 
1988) structures, that relative domain displacements 
occur between the two molecules, but that the dom- 
ains which are displaced least are N1 and C1, again 
implying that they form a structural 'core'. A similar 
situation also occurs in the dimeric liver alcohol 
dehydrogenase structure. The ligand-induced confor- 
mational change for this enzyme involves rigid-body 
movements of its two catalytic domains relative to 
the two coenzyme-binding domains (Eklund, 
Samama, Wallen, Branden, Akeson & Jones, 1981), 

with the latter forming a similar core to the two- 
subunit four-domain structure. 

It is not clear why the whole molecule (including 
the incorrectly placed N2 domain) gave a better 
solution to the translational search than the three- 
domain (NI + C1 + C2) model; in retrospect, how- 
ever, the same correct solution was given by both, 
albeit as only the second-lowest minimum in the 
latter case. CORELS refinement of the original solu- 
tion (with N2 wrongly placed) did achieve some 
improvement, since small movements of N 1, C1 and 
C2 domains did occur, and these then hardly moved 
at all in subsequent refinement after N2 had been 
re-positioned. On the other hand, even with a simple 
model of only four rigid groups (the four domains) 
and low-resolution data (10-8 A) the radius of con- 
vergence was insufficient to move N2 in the right 
direction. The best indication that the initial struc- 
ture was wrong in some fundamental way was given 
by the low value for the correlation coefficient, which 
remained less than 0-5; as soon as N2 was corrected 
this increased to 0.7-0.8. 

A curious feature of the apolactoferrin crystal 
structure is the similarity of the unit-cell dimensions 
to those of the diferric lactoferrin crystals (and with 
the same space group) even though the crystal pack- 
ing is quite different. The packing in the two cases is 
illustrated schematically in Fig. 4. The molecular 

N 2  

C 1  - ""  

N 1  

Fig. 4. Schematic diagrams of molecular packing in unit cells of 
apolactoferrin (above) and diferric lactofcrrin (below) ([001] 
projection). In each casc one molecule is outlined to identify the 
four domains. 
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orientat ion in the apolactoferrin cell is related to that 
in the diferric lactoferrin cell by a rotation of  90 ~ 
about  the a axis, 20 ~ about  b, followed by 20  ' about  
c. The similari ty in unit cells seems to be largely 
coincidental,  a l though in the c direction at least it 
may  be at tr ibuted to the ellipsoidal shape of  the 
molecules; a rotation of  - 9 0  ° about  a does not 
change the c dimensions of the molecule. 

Finally,  a l though molecular  replacement has been 
successful in this structure analysis, a recent elabor- 
ation of the method,  in which molecular  dynamics  
calculations are used to give flexibility to a search 
model (Brfinger, 1990) may  make problems of  this 
type much more amenable  to solution.* 
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* Atomic coordinatcs 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 Library Document Supply Centre as Supplementary Publi- 
cation No. SUP 37051 (as microfiche). Free copies may be 
obtained through The Technical Editor, International Union of 
Crystallography, 5 Abbey Square, Chester CHI 2HU, England. 
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Abstract 

Graph-set  analysis is employed to study the similari- 
ties and differences in the hydrogen-bonding patterns 
of the two polymorphs  of  e-glutamic acid. There are 
considerable similarities between the two structures, 

and only the higher-order graph sets reveal the 
differences. These are used to gain insight into the 
crystallization chemistry of  the two forms as well as 
the structural relat ionship between them and the 
significantly different molecular  conformat ions  
found in them. 
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