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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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(grant HD-20859), the Medical  Research Council  of  
New Zealand and the New Zealand Dairy  Research 
Institute. 

* 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. 

0108-7681/91/061004-07503.00 © 1991 International Union of Crystallography 
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Introduct ion  

L-Glutamic acid (LGA) is known to be at least 
dimorphic (Hirokawa, 1955), the two polymorphs 
being designated a and /3. The structures of both 

H--Oa 0 

\ kc(') o o//C~-C~c~_c/,- 
\ 

+ N--H 
H / I 

H 
LGA 

forms have been determined (Lehmans, Koetzle & 
Hamilton, 1972; Hirayama, Shirahata, Ohashi & 
Sasada, 1980), the/3 form being apparently the more 
stable. It is obtained when the material is crystallized 
slowly i.e. under equilibrium conditions. The a form 
may be obtained by the addition of trace amounts of 
impurities, especially amino acids, to the crystallizing 
solution (Hasegawa, Fukuda, Higuchi & Matsubara, 
1977: Hiramatsu, 1977a,b); it is converted to the fl 
form upon standing in solution for a long time. 
Hirayama, Shirahata, Ohashi & Sasada (1980) 
attempted to compare the two structures and pro- 
posed a structural pathway for the a--,fl transform- 
ation. 

The crystal structures of LGA will clearly be 
dominated by hydrogen bonds, and determination of 
the differences in hydrogen-bonding patterns 
between the two forms provides the way to under- 
standing the structural differences. In this case the 
hydrogen-bonding patterns are generated from com- 
bination of four hydrogen-bond donors and four 
hydrogen-bond acceptors. 

Recently, it has been shown that graph-set analysis 
can be a very powerful technique for decoding the 
hydrogen-bonding patterns in organic crystals (Etter, 
1990; Etter, MacDonald & Bernstein, 1990; 
Bernstein, Etter & MacDonald, 1990). In polymor- 
phic systems it can be used to readily identify the 
differences in structural patterns which distinguish 
multiple structures of a chemical entity. In this paper 
we apply this technique to unravel the hydrogen- 
bonding patterns and the polymorphic crystal chem- 
istry of LGA. 

M o l e c u l a r  s tructures  

The molecular structures of the two forms are shown 
in Fig. 1. As for all amino acids the molecule is in the 
zwitterionic form in both structures. The conforma- 
tions are clearly very different in the two 
polymorphs, so that this pair of structures consti- 
tutes an example of conformational polymorphism 
(Bernstein, 1987). In quantitative terms the 

significant differences in molecular conformation are 
essentially localized in three torsion angles, N1- -  
C2- -C3- -C4,  C2- -C3- -C4- -C5 ,  C 3 - - C 4 - - C 5 - -  
03, with corresponding values for the a and/3 forms 
of 178.4, -51.8;  68.8, -73.1;  - 150.0, - 160-7 '~, 
respectively. In general, the torsion angles can take 
on a variety of values, which fall into six quite well 
defined molecular conformations for rotations about 
C2--C3 and C3--C4. These have been observed in 
various crystal structures of salts and complexes of 
LGA: (~,, t), (g, t), (~, g), (g, g), (t, t) and (t, g), where 
g, ~ and t correspond to approximate torsion angles 
of 60, - 60 and 18ft. In the a form the value for the 
torsion angle about C2--C3 ( -  105.if') falls between 
the g and t conformations, so it may be considered as 
constituting an outlier from the conformations found 
in a variety of LGA structures and complexes. The 
conformation of the molecule in the/3 form is (~). 

Crysta l  s tructures  

Both forms crystallize in space groups P2~2~21. 
Examination of the experimental cell constants 
(given in parentheses) suggests the following rela- 
tionship between the two structures: a,~ (7.068 ,~)~- 
ct~ (6.948/~); b~ (10-277 ,~)= 2at~ (2 × 5.519 .A); 2c,~ 
(2 x 8.755 A ) =  b e (17.30 A). The packing diagrams 
in Fig. 2 are oriented to reflect the possible structural 
relationship suggested by the cell constants. Inspec- 
tion of the two packing diagrams indicates quite 
clearly that a simple relationship between the two 
structures does not in fact exist. 

The dominant intermolecular interactions in these 
structures clearly must be the hydrogen bonds, and 
the structural differences and similarities should be 
apparent from an examination of the hydrogen- 
bonding patterns. Traditionally, one of the most 
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Fig. 1. Stercoviews of L-glutamic acid in (a) the a form and (b) the 
fl form. In both cases the view is on the plane of C2--C3--C4, 
which highlights the conformational differences. Hydrogens 
have been omitted for clarity. 
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common methods for comparison of the hydrogen- 
bonding patterns has been the tabulation of the 
geometric characteristics of the hydrogen bonds, as 
in Table 1. It is quite apparent from examination of 
this table that such an approach does not provide 
very much additional insight into the similarities and 
differences between the two structures. The applica- 
tion of graph-set analysis is a straightforward 
method for making those distinctions. 

Hydrogen bonding - application of graph theory 

The procedures for identifying the different kinds of 
hydrogen bonds and assigning the graph sets have 
been outlined previously (Etter, 1990) and an exem- 
plary case has been presented (Bernstein, Etter & 
MacDonald, 1990). LGA has four hydrogen-bond 
donors and four potential acceptors. Of the latter, 
two are carboxylate oxygens, one is a carbonyl 
oxygen and the fourth is a hydroxyl oxygen. The last 
is a relatively poor acceptor and in fact does not 
participate in a hydrogen bond in either structure. 
The fact that all four donors do participate in hydro- 
gen bonds requires that in both cases one of the 
remaining three oxygens participates in two hydro- 
gen bonds. 

To proceed with the analysis each hydrogen-bond 
type in turn is isolated from the others and a map is 
prepared showing all the repetitive occurrences of 

(a) 

(b) 

Fig. 2. Stereo packing diagrams for  the two forms of  LGA.  The 
unit cells are oriented to demons t ra te  the possible geometric 
relat ionship between the cell constants  in Table 1 (see text). (a) 
a form, (b)/3 form. 

Table 1. Hydrogen-bond geometries in the two forms 
of LGA 

Interact ion Symmetry* Di s t ance (A)  Interact ion Di s t ance (A)  
a form 
i!1".'01 3-101 1.81 N...O1 2.77 
tt2--O4 41 -'- I I 218 N-..O4 2.89 
1 t 3 - - 0 2  2010 1 92 N - - 0 2  2 8 I 
H30...O2 4100 1-56 03...02 2.57 

/_3 form 
H I...O2 2000 1.84 N...O2 2.87 
H2-..O2 1100 1.87 N-.-O2 2.89 
H 3.-.04 3002 1-90 N-..04 2.92 
HO3...O I 4101 1-48 O3.-.O I 2.52 

* Symmetry  operat ions include the following space-group symme- 
try opera to r  followed by the suitable translations along the a, b 
and c directions. ( l ) x ,  y, z: (2) ~ - -x ,  - .v,  ~ + z: (3) ~ 4-x, ~ - y ,  
-z:(4) x . ~  ~',~--. 

that single type of hydrogen bond. The set of mol- 
ecules that is connected by this kind of hydrogen 
bond is the characteristic motif, which is assigned to 
one of four graph types, determined by whether the 
motif is intramolecular (S), infinite (C), cyclic (R) or 
dimeric (D) (Etter, 1990: Etter, MacDonald & Bern- 
stein, 1990). The numbers of proton donors and 
acceptors involved in the motif are assigned as sub- 
and superscripts (the default value is one) and the 
degree or size of the motif is included in the notation 
in parentheses. Motifs are always composed of only 
one hydrogen-bond type, as opposed to networks, 
which contain multiple types of hydrogen bonds. 

These principles are demonstrated in the scheme 
below, for a hypothetical molecule that contains one 
acceptor (A) and two hydrogens which can partici- 
pate in the formation of hydrogen bonds. The 
hydrogen-bond motif for the first of these hydrogens, 
H1, is an eight-membered ring, with two donors 
and two acceptors, hence R2(8). The second hydro- 
gen, H2, participates in a four-atom chain motif 
with one donor and one acceptor (the designator 
default values), hence C(4). These two motifs com- 
prise the first-order graph set, NI = C(4)R2(8). 

y (2) 

I , 
H ,, 

: h 
: I 

I 
H 
1 
, 

N 1 = C(4)R2(8) 

N2 -- R~(8) 

~ = any organic ligand 
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In the ce structure, the hydroxyl hydrogen is in a 
chain motif C(8). Two of the amino hydrogens parti- 
cipate in C(5) chain motifs while the third amino 
hydrogen is in a C(7) chain motif. The motifs are 
presented schematically in Fig. 3. These four 
hydrogen-bond motifs comprise the first-order graph 
set for the ce form. The corresponding analysis for 
the/3 form yields precisely the same graph set. Hence 
the first-order graph sets for the two forms are 
identical. Figs. 4 and 5 show the first-order network 
for the c~ and /3 forms of LGA, respectively. The 
identity of the first-order graph sets for polymorphic 
structures was also observed in two of the three 
polymorphs of iminodiacetic acid (Bernstein, Etter & 
MacDonald, 1990). 

In such a case it is necessary to turn to higher- 
order graph sets to determine the hydrogen-bonding 
patterns which may be used to distinguish between 
the forms. Higher order graph sets are determined in 
a manner similar to the first-order ones. However, in 
this case each motif comprises a graph set of nth 
order. Determination of the graph set involves start- 
ing at one hydrogen-bonded H atom and tracing out 
a path through the first hydrogen bond, along an 
atomic path (which can be intra- or intermolecular) 

until reaching a second hydrogen-bonded H atom, 
proceeding through its hydrogen bond and continu- 
ing along an atomic path until the first hydrogen- 
bonded hydrogen is needed again. The pathway is 
not necessarily a cyclical one; 'returning to the first 
atom' simply means that the pathway leads to a 
chemically identical (and identically labelled with 
respect to the starting molecule) H atom. In the 
scheme above, the second-order graph set clearly 
contains both H1 and H2 in an eight-membered 
ring with four donors and two acceptors, denoted by 
N 2 = R 4 ( 8  ). 

The first difference between the two polymorphs 
shows up in the second-order graph sets. For the ce 
form the set is C2(6) while that for the /3 form is 
C~(4). The short chain length for the /3 form is due 
to two facts: first, one oxygen serves as a single 
acceptor for both hydrogen bonds, and second, both 
hydrogen donors are bonded to the same (nitrogen) 
atom. Incidentally, this interaction forms a screw- 
generated chain along the crystallographic c axis. 
The graph sets for both forms are summarized in 
Table 2. 

The next five orders N3-Nv are given in short form 
in Fig. 3. All of them for both forms are chains. The 

O 
I 

It(I)---O--C--C--N--H(1) C(5) 
O 
I 

H(3)---O--C--C--N--H(3) C(5) 

O 
I 

H(2)---O =C--C--C--C--N--H(2) C(7) 

O O 
I II 

H(O3)'--O--C--C--C-C--C--O--H(O3) C(8) 

H( I)- - -O--C--O- - -H(3)-N--4q(1) (~(6) 

C{5) ||(I)---O--C--C--N--H(1) 
O 
I 

C(5) H(2)'--O--C--C--N--H(2) 

O II 
C(7) H(3)---O--C--C--C--C-N--H(3) 

O O 
I II 

C(8) H(O3).--O--C--C--C-C--C--O--H(O3) 

C 
~(4) I H(I)-- -O- - -H(2)-N---,H(1) 

O I 
O----C--O--H(O3) f~ (9) II(O3).--O--C--C--N--H(2) 

C O 
J lJ 

H(O3).--O---H(3)-N--C--C--C--C--O-H(O3) ~ (9) 

O O 
I I 

H(1) . - -O--C~C--C--C--C=O --H(2)-N--H(I) (~ (I0) 

O O 
I I 

--H(3)-N~ H(|) ~ (10) H( I ) - - -O~C- -C- -C- -C~C- -O 

O 
II 

H(O3)---O--C--O --H(1)-N--C--C--C--C--O--H(O3) ~ ( I I) 

c ~ C  

OX / ~C~ O R~ (14) 
O/c-'--c J 
fi(3) \ i .(o3) 

/Nx / 

" ' 0 - " - - ' - %  

O 
I 

(~(9) H(O3)---O--C -C--N--H(3) .... O=c--O--H(O3) 

O O 
I I 

(~(10) --H(2)--N--}I(3) ll(3)---O=C--C--C--C--C--O 

O O 
~( ,0 )  I I 

H(1)---O--C--C--C--C--c=o --H(3)-N--H( l ) 

O 
II 

~(11)  H(O3)'--O--C--O --H(1)--N--C--C--C--C--O-- H(O3) 

0 
II 

¢~( I I H(O3)---O--C--O--II(2)--N--C--C--C--C--O-- }I(O3) ) 

C~3(I0) H(O3).- -O--C--O - -H(1)--N--H(3) .... O--C--O--H(O3) 

Fig. 3. Hydrogen-bond  patterns and the graph sets for LGA.  
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rules for determining the graph sets (Etter, 1990; 
Etter, MacDonald & Bernstein, 1990) assign the 
lowest degree (i.e., shortest) chains to the lowest Order 
order and the increasingly longer chains to higher N, 
orders. It is important to point out here that the N, 
prescription for determining the hierarchy of the N, 

./V.~ 
orders of graph sets does not in any way determine U~ 
the chemical or structural priority of the hydrogen- ,'~ 

N7 bond patterns; it does provide a useful method of Us 
analysis and comparison. Moving to the next higher 
order N3, the assignment is identical for the two 
forms. In N4 the chain length in the a form is shorter 
by one atom than in the/3 form; again in the former 

C(7) 

1.1(2).- -O=-C --C--C--C--N--H(2) 
/ 

o % "" / ,  .," 
C(5) 

) ° " ~ ,  • ........ c~  . . . . . . . .  / % •"• 
1 q 

• " %,, lhO.9 - -O--C--C-C-C--C - - 0 -  H(03) 

C(8) 

Fig. 4. Diagram of the a form of LGA showing the first-order 
network. 

C(5) 
(~ ('(5) 

H(2)..O--C--C--%--LI, 2) 

C(7) :~, ] Hd) --o--7--C-->,--Ik I ) 1  

o ..2~. ~ .... 
,, . . . . . . . . .  . . . . . .  I / .,~>--o-c-c-c-c-~-.,3) . ~ .~ / / 

-= ~.- ~2~:;,',',': 

''J 
. . . . . . . . .  : . . . . .  - 

. . . . . . .  

C(81 

Fig. 5. Diagram of the /3 form of LGA showing the first-order 
network. 

Table 2. Summary of graph-set assignments for LGA 
polymorphs 

a form /3 form 
C ( 5 ) C ( 5 ) C ~ 7 ) C ( 8 )  C ( 5 ) C ( 5 ) C ( 7 ) C ( 8 )  
C~(6) C~(4) 
C~(9) C~(9) 
c~(9) c~(10) 
(~(io) (~(io) 
c~(~o) c~(11) 
~"~(11) C'~(ll) 
R](14) C](10) 

[C~(9)] one oxygen acts as an acceptor in two hydro- 
gen bonds. The identity of the graph sets returns in 
N5 and N> N6 again being distinguished by a 
difference in only one carbon, and again in favor of 
the a form. 

To this point, the graph-set distinction between the 
two forms at higher levels does not provide a great 
deal of chemical information which might serve as a 
basis for understanding the crystallization phe- 
nomena described in the Introduction. Through N 7 

all of the graph sets are chain structures of identical 
length or differing in length by only one atom. For 
this insight we turn to the next higher order graph set 
Ns (Table 2). Since all the pairwise combinations 
have been exhausted through Nv, we must now turn 
to triple combinations of hydrogen bonds. The 
method for determining the graph set is similar to 
that described for the pairwise combinations, but in 
this case three hydrogen bonds must be traversed 
before returning to the original chemically identical 
H atom. 

For the /3 form N~ is another chain structure, 
C~(10) (Fig. 7), perhaps surprisingly short for a 
motif containing three hydrogen bonds. However N8 
for the a form is R~(14) (Fig. 6), the first hydrogen- 
bonded ring structure encountered in this polymor- 
phic system. This is a very clear and significant 
structural difference between the two forms. Clearly, 
in such a complex structure many ring graph sets 
must exist, especially at higher orders, and two of 
them, R3(17) and R](18) are shown in Fig. 8. There 
are no ring structures in the /3 form which contain 
less than 17 atoms. The reason for the absence of 
smaller ring motifs in the /3 form is due to the 
conformation of the molecule. The conformational 
difference in the two forms is manifested primarily in 
the torsion angles N - - C 2 - - C 3 - - C 4  and C 2 - - C 3 - -  
C4--C5. In the a form these two angles have values 
which lead to a folded molecular conformation in 
which the intramolecular distance 02. . .03 (on oppo- 
site ends of the molecule) is 3.34 ~. This folding is 
the conformation which allows the molecule to parti- 
cipate in the rather small cyclic R3(14) graph 
arrangement. The key role of this folding in forming 
the ring may be seen in Fig. 6. The distances in the/3 
form between oxygen atoms on different carboxyl 
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groups are greater than 6.5 A, reflecting the clearly 
more extended conformation found in this structure, 
so that more than 14 atoms are required for any 
cyclic arrangement at this level of hydrogen bonds. 

Let us now return to the crystallization chemistry 
in order to examine its relationship to the graph sets 
which have just been defined. The/3 form is obtained 
upon slow crystallization, i.e. it is the form obtained 
under more nearly equilibrium conditions and there- 
fore may be considered to be the more stable one. 
The a form is obtained under kinetic conditions but 
converts to /3 when placed in solution for a long 
time. Consideration of these facts in the light of the 
graph sets suggests that the C3(10) chain structure is 
the thermodynamically more stable of the two 
arrangements. Under the kinetic conditions of rapid 
crystallization the closing of a ring arrangement will 
take place more readily than the attachment of an 
additional molecule necessary for an infinite chain 

R3 3 { l.l) 

• . . . . . . . .  .,. 

......... ~ ... 

.D ..... .g'~"-, . . . . . . .  ~ '~t ~ / "  
..'" .... 7 

.. ~LY~-.,_ ~ ¢ ~  . m 

.... 

Fig. 6. Diagram of the a form of LGA showing the eighth-order 
network. 

arrangement. In energetic terms one would expect 
the most stable molecular conformation to appear 
under thermodynamic crystallization conditions. 
Higher energy conformations would be more likely 
to be 'trapped' under kinetic crystallization condi- 
tions (Bernstein & Schmidt, 1972). Conformational 
energy calculations on LGA, including non-bonded, 
electrostatic and torsional energies (Ponnuswamy & 
Sasisekharan, 1971) indicate that the conformation 
in the a form is higher in energy by ca 0.4 kcal mol-  
(1-7kJmol  ~). This value is consistent with the 
crystallization behavior and the molecular conforma- 
tions found in the two polymorphs. 

Another important observation is that the addi- 
tion of trace amounts of some amino acids or other 
special compounds causes the formation of the 
form. Some very elegant experiments have been car- 
ried out over the past few years investigating the role 
of 'tailor made' impurities on the morphology of a 
number of materials including amino acids (Addadi 
et  al . ,  1985). In these studies it was possible to 
determine, at the molecular level, the influence of the 
impurities on the rate of growth of specific crystal 
faces by examining the match between the molecular 
shape of the impurity and the various crystal faces in 
question. In the LGA system, a considerable amount 
of information is lacking but the graph-theory analy- 
sis provides some useful sights for some educated 
speculation. 

First, the addition of trace amino-acid impurities 
inhibits the formation of the /3 form. In graph-set 
terms the impurity should inhibit the formation of 
the infinite C~(10) chain. The a form, in which the 
molecules can close on themselves should be pre- 
ferred under these perturbed circumstances of 
crystallization. When the same crystals are left in 
solution, again under thermodynamic conditions, the 
slow dissolution and recrystallization allows for the 
chain structure to develop at the expense of the ring 
structure. 

" I 

.y--<f i ..... / 
, "% 

Fig. 7. Diagram of the/3 form of LGA showing the eighth-order 
network. 

° 

. R ~ ( 1 7 )  

..... ~ + ~ ' : : : , , , ~  

...... ~ ~. 

Fig. 8. Diagram of the/3 form of LGA showing two higher-order 
ring networks. 
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Concluding remarks 

By providing a straightforward method for classify- 
ing the hydrogen-bond patterns is crystal structures, 
graph-set analysis permits a very simple means for 
comparing the structures of polymorphic systems. 
Differences in structural patterns may be readily 
identified. The application of graph-set analysis to 
the LGA system yielded significant differences 
between the hydrogen-bonding patterns only when 
rather high-order networks were considered. It also 
yielded a structural rationale for the significant 
molecular conformation differences between the two 
polymorphs and the relationship of those conforma- 
tional differences to the crystal packing. The 
hydrogen-bond patterns, clearly defined and hier- 
archically ordered with the aid of graph theory, can 
also aid in the interpretation of the crystallization 
chemistry, including relative rates of growth and the 
influence of impurities. We consider this to be a very 
general approach to studying the packing patterns of 
hydrogen-bonded crystals, and look forward to its 
application to many additional systems. 
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Abstract 

The biological properties of the plant hormone 
(auxin) indole-3-acetic acid (IAA) and its ring- 
substituted derivatives have so far been rationalized 
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by a number of contradictory hypotheses based on 
incomplete structural data deduced mainly by inspec- 
tion of molecular models. To permit a more detailed 
insight into structure-activity correlations, we here 
compare the molecular structures of IAA and 5-(n- 
alkyl)indole-3-acetic acids (alkyl=methyl ,  ethyl, 
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