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Structures of Alumichrome A and Ferrichrome A at Low Temperature
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Abstract

The crystal structure of ferrichrome A, the ferric
chelate of a natural siderophore, was redetermined,
confirming the earlier published structure [Zalkin,
Forrester & Templeton (1966). J. Am. Chem. Soc. 88,
1810-1814]. The crystal structure of alumichrome A
was determined and shown to be isomorphous with
ferrichrome A. Both molecules crystallized in the
monoclinic space group P2,, with cell parameters [at
128 (2) K] of @ = 10-939 (1), b = 13-190(1), ¢ =
18-118 (2) A, B =99-37 (1)° (ferrichrome A) and a =
10-936 (1), b = 13-146 (2), ¢ = 18-028 Q) A, B =
99.62 (1)° (alumichrome A). The structures were
refined by least-squares methods. The final R values are
0-071 for 6184 reflections (ferrichrome A) and 0-059
for 5503 reflections (alumichrome A). The only
significant differences between the two structures are
observed in the immediate environments of the metal
ions. It also appears that in both compounds the metal
ion is not in the center of the distorted octahedral
coordination sphere.

Introduction

The availability of Fe to aerobic organisms is limited by
the extreme insolubility of ferric hydroxide. This
problem has been solved by these organisms through
the production of siderophores, specific Fe’* chelating
agents, which solubilize ferric iron and transport or
facilitate the transport of iron into bacteria and fungi
(Neilands, 1973; Emery, 1978). The ferrichromes are
one family of siderophores; they are cyclic hexa-
peptides, the backbones of which contain three adja-
cent residues of N®hydroxy-L-ornithine which are
N?-acylated and form the trivalent iron-ligating hydrox-
amate groups. Both desferriferrichrome and desferri-
ferrichrome A are produced by Ustilago sphaerogena
(Neilands, 1952), but only the iron chelate of the first is
actively transported into the cell (Emery, 1971). The
chemical structures were proven by degradation experi-
ments (Emery & Neilands, 1960, 1961; Rogers,
Warren & Neilands, 1963; Rogers & Neilands, 1964),
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and later confirmed by the complete chemical syn-
thesis of ferrichrome (Keller-Schierlein & Maurer,
1969; Isowa, Ohmori & Kurita, 1974). The molecular
structures were also confirmed by the single-crystal
X-ray diffraction structure determination of ferri-
chrome A (Zalkin, Forrester & Templeton, 1966).
More recently, the structures of ferrichrysin (Nor-
restam, Stensland & Bréndén, 1975) and ferrichrome
(van_ der Helm, Baker, Eng-Wilmot, Hossain &
Loghry, 1980) were determined. Several parts of the
ferrichrome A structure reported were disordered, and
we hoped to resolve this problem by redetermining the
structure at low temperature. The present redeter-
mination, however, shows the same disorder as
appeared in the earlier investigation. An extensive study
has been made of the solution conformation of
aluminum desferriferrichrome (alumichrome), alu-
minum desferriferrichrome A (alumichrome A), and
desferriferrichrome using H, D, *C, and *N NMR
experiments (Llinas, Klein & Neilands, 1970, 1972,
1973a,b; Llinas & Klein, 1975; Llinas, Wilson, Klein &
Neilands, 1976; Llinas, Horsley & Klein, 1976; Llinas,
Wilson & Neilands, 1977; Llinas, Wilson & Klein,
1977; Llinas & Wiithrich, 1978; Llinas & DeMarco,
1980). In the interpretation of these studies, two
reasonable assumptions were made: (a) the confor-
mations of ferrichrome and ferrichrome A are similar,
and (b) the conformations of the Al"'! and Fe'" chelates
are similar or the same. The first assumption was
addressed in an earlier publication (van der Helm et al.,
1980), while the second is investigated in the present
work.

Experimental

A starter culture of U. sphaerogena was obtained from
Dr Thomas Emery, Department of Chemistry and
Biochemistry, Utah State University, Logan, Utah. The
production and preparation of ferrichrome A were
performed according to established procedures
(Garibaldi & Neilands, 1955). Alumichrome A was a
gift from Dr Emery. Single crystals of both com-
pounds were grown by slow evaporation from a
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CH,0H/H,0 solution. A colorless, plate-like crystal of
alumichrome A with dimensions 0-43 x 0-38 x 0-09
mm was found to be suitable for diffraction experi-
ments, while a dark-red, plate-like crystal of ferri-
chrome A (0-57 x 0-24 x 0-09 mm) was selected.

Both chelates crystallized in the monoclinic space
group P2, with Z = 2. The crystal data are reported in
Table 1. The cell parameters were determined from a
least-squares fit of the 26 values of 60 reflections for
alumichrome A and 58 for ferrichrome A. These reflec-
tions were evenly distributed throughout reciprocal
space. All data were taken on a Nonius CAD-4 auto-
matic diffractometer. For the alumichrome A crystal,
there were 5503 unique reflections with 26 between 2
and 150° (Cu Ka). The intensities of these reflections
were measured with the 6-28 scanning technique. The
scan angle was calculated with the formula 8= (0-80 +
0-08 tan #)°. The receiving aperture was at a constant
distance of 173 mm from the crystal, and had a fixed
height of 6 mm, while the width varied as (5-5 + 0-86
tan §) mm. The maximum scanning time spent on a
reflection was 120 s, with two thirds of the time spent
on the peak (P) and the remaining one third divided
equally between the high- and low- backgrounds (RH
and LH). For ferrichrome A, 6184 unique reflections
comprising all reflections with 26 < 56° (Mo Ka) were
measured, using 6-20 scans. The angle of the scan
varied as (0-60 + 0-06 tan €)°, while the values of the
aperture distance and height were the same as reported
above. The aperture width was calculated for each
reflection as (5-0 + 0-86 tan ) mm. The maximum
scan time was 60 s, divided between P, RH and LH in
the same manner as described for alumichrome A. For
both compounds, the intensity of a standard reflection
was monitored every 25 reflections, and these were
used to bring all reflections to a common scale. The
crystal orientation was checked every 100 reflections.
Reflections were considered indistinguishable from the
background if I < 20(I). This was the case for 99
measurements for alumichrome A and 629 for ferri-
chrome A. These reflections were assigned intensities of
TY2 [T = P + 4RH + LH)] and included in the
refinement calculations. Both data sets were corrected
for Lorentz and polarization factors, and for absorp-
tion effects (4 = 1-165 mm~! for alumichrome A and
4 = 0-400 mm~' for ferrichrome A). The absorption
corrections were calculated with the program of
Coppens, Leiserowitz & Rabinovich (1965), em-
ploying a Gaussian method and a 6 x 6 x 6 grid. Each
structure factor was assigned a weight (van der Helm
& Poling, 1976).

The parameters reported by Zalkin, Forrester &
Templeton (1966), without those for the solvent
molecules and disordered atoms, were used as a
starting set for the refinement of both compounds. The
remaining atoms were located from subsequent differ-
ence Fourier syntheses. It was our hope that the
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Table 1. Crystallographic data

Alumichrome A
CaHgAIN Oy
(0]

Ferrichrome A

Molecular formula C, HFeNgO,,.

2
Molecular weight 1124-9-1142.9 1096-0-1114-0
Cell dimensions
at 128 (2) K
a 10:939 (DA 10-936 (D A
b 13:190 (1) 13-146 (2)
c 18-118 (2) 18-028 (2)
99-37 (1)° 99-62 (1)°
at 298 (1)K
a 11.023 (1) A 10-976 (3) A
b 13-266 (1) 13-266 (3)
c 18-248 (1) 18-162 (8)
B 99.38 (1)° 99.57 (2)°
V 2632-5 A3 2607-7 A3
Pe 1.419-1.442 1.396-1.419
Mg m™3 Mg m~3
2 1.464 1.404
(aq. ZnCly) (CHCL/CH,,)
A(26 data) 0-7093 A 1-5405 A
A(intensity data) 0-7121 1-5418

low-temperature data would eliminate the disorder
problem; however, this was not the case. The disorder
observed in the present structures was of the same type
as reported earlier, although the occupations were
different.

The solvent molecules were included in their ob-
served positions and refined. All non-hydrogen atoms
were refined anisotropically. Occupancies were esti-
mated from the peak heights in a difference Fourier
map and were not refined. All H atoms, except those on
methyl groups and those belonging to disordered
groups, were also included in the structure factor
calculations, but not refined. Anomalous dispersion of
the metal atoms was taken into account in the
refinement of both structures. The refinement was both
by block-diagonal and by two blocks of full-matrix
least-squares methods. The results of the two refine-
ment methods showed no significant differences. The
results obtained using the latter procedure are pre-
sented in this communication (Table 1).* The refine-
ments were terminated when all shifts were less than
50% of the corresponding standard deviations. The
final R value (R = 2 |IkF,| — IF.l|/2 kF,)) was 0-071
for all 6184 reflections in ferrichrome A and 0-059 for
all reflections of alumichrome A. Scattering factors for
Fe’t, C, N and O atoms were taken from Inter-
national Tables for X-ray Crystallography (1962), real
and imaginary dispersion corrections for Al (Cu Ka)
and Fe (Mo Ka) were from International Tables for

* Lists of structure factors and anisotropic thermal parameters
for both compounds have been deposited with the British Library
Lending Division as Supplementary Publication No. SUP 35681
(63 pp.). Copies may be obtained through The Executive Secretary,
International Union of Crystallography, 5 Abbey Square, Chester
CH1 2HU, England.
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X-ray Crystallography (1974) and those for H atoms
from Stewart, Davidson & Simpson (19635).

Discussion

The numbering of the residues is shown in Fig. 1. This
scheme has been used previously for the ferrichrome-
type siderophores. The atom numbering is shown in
Fig. 2. Final coordinates, bond distances and bond
angles for ferrichrome A and alumichrome A are given
in Tables 2, 3 and 4 respectively. The coordinates given
are with respect to the same origin as those published
by Zalkin, Forrester & Templeton (1966). The present
coordinates are for one molecule only, which was not
the case in the previously published coordinates. The
disorder observed in the two compounds is similar and
involves two orientations of the carboxylate group of
the trans-f-methylglutaconic acid moiety acylated to
ornithine (1), two conformations for C(7) and C(9) of
ornithine (3), which can be visualized by a rotation
around the line C(6)—C(10) of that group, and two
orientations of the hydroxyl group of serine (2). Only
those dimensions involving the atoms with the highest
occupancy are included in Tables 3 and 4. It is
interesting to note that all the disordered groups are
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Fig. 1. The numbering of residues in the ferrichromes.
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Fig. 2. Atom numbering in ferrichrome A and alumichrome A.
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involved in intermolecular contacts with one another,
some of which are shorter than van der Waals contacts.
Therefore, a domain structure is indicated, for instance
O(51) (Orn 1) with C(92) (Orn 3) 2-80 (2-46) and
O(52) (Orn 1) with O(21) (Ser 2) 2-22 (2-14) A (the
alumichrome A distances are in parentheses). The
nature of this disorder is thus a characteristic during
crystallization, and one would, therefore, not expect to
solve this problem with low-temperature data.

Zalkin, Forrester & Templeton (1966) determined
the absolute configuration which indicated that the
molecule is derived from L amino acids and that the
coordination of the Fe is A-cis. This configuration has
been adopted in the present communication.

Although our standard deviations are two to four
times better, all of the conclusions advanced by Zalkin,
Forrester & Templeton (1966) are correct, and we will
therefore concentrate our discussion on the differences
between alumichrome A and ferrichrome A, and on the
metal coordination.

From an inspection of the bond distances and angles
it can be seen that, with the exception of the metal
coordination sphere, alumichrome A and ferrichrome
A are closely similar, if not identical. This is also true
for the disorder in the molecule and the water molecules
of solvation, and can be seen in Fig. 3, which shows a
least-squares fit of the two molecules after a 0-5 A
translation of the alumichrome A molecule to the right.
The average distance between similar atoms in the two
molecules after the least-squares fit of the positional
coordinates is 0-08 A, while for the least-squares fit of
ferrichrome and ferrichrome A this value is 0-34 A
(van der Helm et al., 1980). The same conclusion can
be drawn from an inspection of the conformational
angles (Fig. 4). Differences of up to 7° are observed,
while in a comparison of ferrichrome A and ferri-
chrome, these differences were as large as 18° (van der
Helm et al., 1980).

There are several interesting observations to be made
about the metal cooordination. Upon inspection of the
individual metal—oxygen distances (Table 3), one

Fig. 3. A stereodrawing (Johnson, 1965) of both ferrichrome A and
alumichrome A, with a translation of 0-5 A to the right for the
latter compound, after a least-squares fit to the positional par-
ameters of the two molecules.
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Table 2. Atomic coordinates for ferrichrome A and alumichrome A (x 10%)

Standard deviations for the least significant figure are given in parentheses. For each atom, upper values pertain to ferrichrome A and lower
values to alumichrome A..U,, = (1/67?) 3.2, B,

Ueq ch
x y z (x103Ay)  nt x ¥ z (x 103 A?) nt
Fe 434.4(7) —96(9) 126594 195(3) 1.0 ) —10(6) —1612(5)  —2491(3) 3103) 1.0
Al 485-3(9) —2:7(9)  1279:2(5) 147(4) 52(4) —1528(3)  —2461(2) 23(2)

—200 (4) —2855(3) 2317(2) 20(2) 1-0

Or(1) N(D) _194(3) —2799(2)  2336(2)  15(1)
1872(6) —1027(4)  4562(3)  30(3) 1.0 260(4)  —1936(3) 589(2)  24(2) 1.0
cm 1945(3)  —970(3)  4573(2)  20(2) N(2) 000  _1858 2 250 1701
2563 (5) —1316 (4) 3921 (3) 27(2) 1-0 2334 (4) —3417(3) 3679 (2) 33(2) 1-0
c@ 214(3) —1272(3)  3924(2)  19(2) o(1) 762 _368() 3B 240
3149(6)  —396(5) 3611 (3) 29(2) 1-0 —80(4)  —1450(3) 1198 (2) 24(2) 1.0
c® 3224(3)  —360(3) 3614 (2) 19 (2) 0(2) 2332 -1362¢) 123200 17(D)
3955(6)  —686(5)  3034(3)  30(3) 1.0 790 (4)  —402(3) 2372 262 1.0
c@ 3990(3)  —661(3)  3016()  20(2) 00) 924(2)  -318(2) 27(1)  18(D)
4025 (5) 150(5)  2460(3)  30(2 10 _721(4)  -900(3) —2283(2) 40() 1.0
G 4025 (3) 159(3) 2421)  23(2) 0@ —680(3)  -829(2) -2246(2)  26(2)
2412(5) 1306 (4) 1756 (3) 26 (2) 1.0 —249(5)  —2027(4)  —3104(2) 49 (2) 1.0
ce® 2357(3) 13043 1742Q)  23(2) oG “171(3) -1935(3)  -3078()  35()
ca 3189(6)  2219(5  1908(3)  33(3) 1.0
™M 3122 (4) 2224 (3) 1887 (2) 18 (2) Orn(3)
c® N TS ed B3 o TRE I3We wse 1o
30323 s - -
o 2268(7) 3223 (6) 674 0@ 10 oy ~2396 (s; 72231 E4; 2221 (g; zg gz; 10
2160(4) 3210 (4) 2%43) 2202 ~2417(3) -2841(3 17 16 (1
cao) 3959(8)  3964(6)  1716(5)  ST@) 10 o, ~2596 8; ~1§§(5) 8; 2188 8; 26 g; 10
838(4)  3976(4)  1685(3)  35(2) _2567 -1 9
can 071(12)  38208)  2263(6)  B1(6) 10 (g ~2220 25) -104§ (;; %g(l)(z) g; 27 g; 10
5032(7)  3824(5)  2182(4)  69(4) Z2163(3)  —958(
NG 1744 () 18378 3301Q) 260 10 (g -2 83 2 Eg; gg(z)g g; 31 8; 10
1795 (3)  -1779(2)  3308(2)  18(1) - 1
ND) 2795 (4) Q1@ 20000  24Q) 10 4 ~2010(6) S0 1259 (g; 38 (;g 1.0
2769 (3) 423(3) 2041(Q2)  18(1) —1883 (4) 561(4)  1231( 5(
o) 3@ SITQ) 094Q)  34Q) 10 e —3270()  1050()  1064(5)  32(4) 07
2506 (3)  —450(2)  5102(1)  26(1) -3112(5)  1076(5)  1034(3)  27(3)
0 2021(9)  -34()  I81Q) 25Q) 10 gy -MBAY 24102 89 20() 03
1984 (2)  -390(2)  1878(1)  18(I) Z3208(10)  252(10)  746(T)  19(5)
o) 1356(4)  1323()  1344Q) 21Q) L0 g —4210(7) 682 (8) 641(3)  62(5) 1.0
1258(2)  1293(2)  1341(1)  18()) 4098 (4) 728 (5) 640(2)  41(3)
o4 1y* 5648 (12) 4411 (10) 2660 (7) 49 (7) 0-4 coOI* —4189 (12) —520(8) 463 (6g 59 26; 0.7
5506 (5) 4499 (4)  2612(3)  35(3) 06 —4148(8)  —505(6) 462 (4 a5 (4
o2 GOBB(ID BN 226 BE 06 gy 36 gg; %ggé Eig; ;3? 8451; 2; Em 03
5954 (10)  3990(10)  2222(6)  53(6) 0.4 -
o061 5840(12)  2078(13)  2097(12)  94(I) 04 ¢y _5§87 §7; 1g;g 25752 ggj 8; 22 E:; 10
5746 (5)  3075(6)  2023(6)  82(5) 06 ~5304 (5 1
. 4621 (1) 3993(8)  29%5(6)  11(D 06 _5679(6)  1381(6)  —451(4) 444 1.0
062 4540 (10) 4044 (8)  2965(5)  45(5) 04 ~5571(4)  1472(4)  —443(2)  35(2)
NG ~3052(4) —3190(4)  3034(2)  252) 10
—3080(3) -3089(3)  3031(2)  18(I)
—1662 (4) 246(3)  1950()  26() 1.0
Orn(2) N@ _1546 (3 305 (3 1928 (2 2101
1765(5) —2844(4)  3209(2)  22(2) 1.0 311 24; 3995 8 3098 52; %9 EZ; 10
cm 1765 (3)  —2808 (3) 3233(2) 15(D) om —871(Q2) —=3971(2) 3085 (1) 21 (1)
. 1064 (5) —3261(4)  2468(3) 21(2) 1.0 —418 (3) 65(4)  2157(Q)  26Q) 1.0
c@ 1062(3) —3220()  2491(2)  15(1) o) 2296 (2) 18(2) 2141 19())
1810 (5)  —3048 (4) 1835 (3) 25(3) 1-0 ~1227(4) 638 (3) 827(2) 29 (2) 1-0
ce) 1806 (3) —3023 (3) 1851 (2) 16 (2) 0Q) ~1061 (2) 571(2) 798 (2) 25 (1)
1307 (6) —3530 (4) 1083 (3) 27(3) 1-0 —6561 (6) 1902 (5) —670 (3) 67 (3) 1.0
c® 1269(4) -3502(3)  1092(2)  19() 0@) 6465(4)  1996(3)  —654(2)  49(2)
143(5) 3046 (4) 6273 252 1.0 —4940(5)  1061(5)  -876(3)  56(3) 10
ce) 145 () —2966 (3) 643 18(2) 0(s) Tass0®  11160) 895 4710
c® 672(5) —1342(3) 90(3)  24(2) 1.0
7713)  —1265 (3) 149(2)  18(2) Gly(1)
e e Tl CEG BO 10 oy 200G s waG) Be 1o
c® 23()  -1330() 12200 BG) 10 o —4785(5) —-3728(6)  3620(3) 398 1.0
1314(3) —1222(3) -—1154Q2)  20(2) _4832(4) —3585(4)  3617(2)  30(2)
c® 1740() 213 -l214Q) 9 L0 _3938(5) —3653(4)  4319(2)  30(2) 1.0
1787(4)  -160(3) -1167(Q2)  24(2) ~3973(3) -3548(3) 43162  22(2)
o) 1080(6) —1901() -1929()  33() 1O o _4898 (4) -3503(5)  2307(2) 51(3) 1.0
1179(4) —1803(3) —1893(2)  25(2) —4941(3) -3284(4)  2297(2)  S1(2

* Disordered atoms.
+ Occupancy.
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Table 2 (cont.)

U,

tq
Ser(2) X y z (x10% A?) nt
cw) —3713 (5) —2748 (5) 4647 (3) 28 (3) 1-0
—-3664 (3) —2654 (3) 4656 (2) 20 (2)
c@) —~2857 (6) —2783 (5) 5390 (3) 32(3) 1-0
—2760 (4) —-2731(3) 5392 (2) 23(2)
c3) -3605 (9) —2613(8) 6023 (4) 66 (5) 1-0
—3431(5) ~2663 (5) 6057 (2) 42 (3)
o) —4171 (4) —1953 (4) 4379 (2) 41 (2) 1-0
—4079 (3) —1836 (3) 4390 (2) 32(2)
oQ1y* —4034 (12) —1865 (10) 6097 (7) 30 (6) 03
—4031 (4) —1815 (4) 6123 (3) 31(2)
0(Q22)* —4561 (8) —3299 (7) 6062 (5) 67 (5) 0-7
—4537(9) —3225(9) 6074 (6) 38 (5)
N(1) —1893 (5) —2000 (4) 5425 (2) 33(2) 1-0
—1817 (3) —1945 (3) 5440 (2) 22 (2)
Ser(3)
cq) —1119 (6) —1954 (4) 4930 (3) 29 (2) 1-0
—1048 (3) —1898 (3) 4937 (2) 25(2)
cQ@) —40 (5) —1211(5) 5112 (3) 28 (3) 1-0
43 (3) —1157(3) 5123 (2) 23(2)
cR) —452 (6) —104 (6) 5154 (3) 38 (3) 1-0
—373(4) —51(3) 5164 (2) 28 (2)
o) —1264 (4) -2479 (3) 4353 (2) 33(2) 1-0
—1201(2) —2413(2) 4359 (1) 23(D)
02 —1193 (4) 218 (3) 4470 (2) 45(2) 1-0
—1088 (3) 276 (3) 4477 (2) 36 (2)
N(1) 715 (4) —1354 (4) 4524 (2) 30(2) 1-0
794 (3) —1301(3) 4540 (2) 21 (1)
Solvent
o) —2482 (5) -394 (3) —3332(3) 46 (3) 1-0
—2449 (3) —348 (3) —3310(2) 36 (2) 1-0
0Q) 328 (4) 945 (5) 3539 (2) 43 (2) 1-0
415(3) 1015 (3) 3530(2) 31(2) 1.0
003) —2238(5) 4398 (4) 3399 (2) 45(2) 1.0
—2357(3) 4460 (3) 3379 (2) 29(2) 1-0
o4)* 5986 (12) 2219 (13) 3400 (9) 58(8) 0-3
() —3026 (12) 1641 (11) 4720 (6) 28 (7) 0-3
—2846 (11) 1706 (10) 4660 (5) 76 (6) 0.5
o(6)* —-3596 (30) 2228 (28) 4498 (17) 130 (24) 0.3
—3803 (10) 2318 (10) 4549 (7) 90 (6) 0-5
oy —4025 (31) —86 (21) 5043 (17) 135 (20) 0-3
—4203 (14) 72(11) 5127 (8) 96 (9) 0.5
o8y —3709 (19) 176 (15) 4495 (17) 78 (13) 0-3
—3618 (9) 260 (9) 4532 (16) 144 (12) 0-5

* Disordered atoms.
+ Occupancy.
1 Only for alumichrome A.

observes that both the M—0O(2) and M—O(3) distances
for Orn(3) are the longest, while those for Orn(1) are
the shortest [with the exception of the M—O(2)
distances for alumichrome A, where those for Orn(2)
and Orn(1) are approximately equal]. These differ-
ences are significant and indicate that the metal ion is
displaced from the threefold axis of the A-cis coordi-
nation sphere by approximately 0-01 A. The threefold
axis is perpendicular to the view shown in Fig. 5. These
are the first structures of metal-coordinated sidero-
phores which are sufficiently accurate for this obser-
vation to have been made. Even the original dimen-
sions for ferrichrome A (Zalkin, Forrester & Temple-
ton, 1966) show this same trend. The metal to carbonyl
O atom distances are always longer than the metal to
nitroso O atom distances, and this causes a second type
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Table 3. Bond distances (A)

Values for ferrichrome A are on the upper line and for alumichrome
A on the lower line in each case.

Orn(1) Orn(2) Oom(@3)
M-0(2) 1876 8; 1472 8; 1501 8;
M-0(3) 1863 19043  19p1(h
c-o( I ® L 1@
CO-NMG-D  [PaE 1308 13386)
C(-c) 16 e 1hse
C-N(1) 1653 14645 14566
co-cE) e e 1me
c-c@ Lt LG LG
C@-c) LG  LeE 157G
C(H-NQ) 100 Lab 14540
N@-C(©) AU S A UG
N@-0() L 1adm 138
C(6-00) ISt LG s
CE-Cm L4l 14118 1494 (f
cacoIRE LG ey
CO-CO e Lao@ s o
C®)-C(10) ire  L21s) 1418
cuo-cud a6 1504
C-0@) I2eer 13 Larn®
C11)-0(5) IR0 1020 1204(6)

Gly(1) Ser(2) Ser(3)
-0 @ 1936 1230w
co-vi-n 330 1R E e
c-ce U285 1s0() 1530
CO-N() L1 (3)  14le 14500
c@-CE) Z L9 (®) 153906
C(3-00) - L2 (2r 14175

* Bond distance involving a disordered atom.

of asymmetry of the metal coordination. This can also
be described by stating that the metal ion is closer to
the plane formed by the three O(2) atoms than to that
formed by the three O(3) atoms (Fig. 5). This is a
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general observation, however, for all metal-hydrox-
amate structures, and is caused by a difference in
negative charge on the O(2) and O(3) atoms. Another
disturbance from cubic symmetry appears in the
0(2)—M—0(3) angles, which are significantly smaller
than 90°. These angles are internally consistent for

Table 4. Bond angles (°)

Values for ferrichrome A are on the upper line and for alumichrome
A on the lower line in each case.

0(QMO(3)
MO@3)C(6)
O(3)C(6)N(2)
0B3)CEB)C()
NQ)C(6)C(T
C(6)N(2)0(2)
C(6N(Q)C(5)
O(2N(2)C(5)
NQ)OQQ)M
N(@2)C(5)C4)
C(5)C(4)C(3)
C(4)CB3)C(2)
C(3)C)C(1)
C(3)C(QN(1)
CC(DO()
CQCNYE—1)
O(MCHN()iE — 1)
CN(C()G + 1)
C(1)CN(D)
C(6)C(NC(®)
C(DC®)C(9)
C(NC(8)C(10)
C(9)C(8)C(10)
C(8)C(10)C(11)
C(10)C(11)0(4)
C(10)C(11O(5)
o@)C11)O(5)

Orn(1)

78-1(2)
82-7(1)
115:0 (4)
1139 (2)
117-0 (5)
116-0 (3)
122:5 (5)
123-8 (3)
120-5 (5)
120-2 (3)
116-3 (4)
115.9 (3)
128-4 (5)
1286 (3)
114-4 (4)
114-7 (3)
113:3(3)
111-5(2)
111-7 (5)
111.3 (3)
112:7(5)
113.3(3)
112:3 (5)
112-4 (3)
1117 (5)
111-8 (3)
109-1 (4)
109-3 (3)
118-4 (5)
119:3 (3)
117-6 (5)
116-9 (3)
124.0 (5)
123-8 (3)
122-2 (4)
122.0 (3)
112-1(4)
112.8 (3)
1265 (6)
126-3 (4)
125-9 (6)
125-8 (4)
121-8 (6)
121-6 (4)
112-3 (6)
112:6 (4)
118-7(8)
1183 (5)
133-3 (12)*
121-5 (6)*
102-2 (9)*
117-9 (6)*
119:3 (12)*
118-2 (7)*

Orn(2)

78-1(2)
82.6 (1)
114-4 (3)
113-1(2)
117-8 (5)
117:1(3)
123-9(5)
124.7(3)
118-0 (5)
117-9 (3)
115-8 (4)
114-8 (3)
131:3 (4)
131-1 (3)
112-8 (4)
114.0 (3)
112:6 (3)
111-7(2)
111-5(4)
112:6 (3)
117-0 (5)
1160 (3)
115-6 (5)
115-4 (3)
109-7 (4)
110-2 (3)
113-1(4)
112.9 (3)
120-7 (4)
122-2 (3)
116-6 (4)
116-1(4)
122.7(5)
121-6 (3)
118-1(4)
1188 (3)
110-7 (4)
110-6 (3)
127-1 (5)
127-4 (4)
1273 (6)
127-2(3)
117-1(6)
116-7 (3)
115-6 (5)
116-1(3)
115-1(5)
115-0 (3)
115-7(5)
115-8 (3)
122:3 (6)
121-9 (4)
122.0 (6)
122-3 (4)

Orn(3)

78-0 (2)
81-6 (1)
112-4 (4)
112:0 (3)
119-6 (5)
1186 (4)
121-0 (6)*
122.9 (4)*
118-1 (6)*
116-6 (4)*
115-8 (4)
1152 (4)
129.0 (5)
129-5 (4)
115-1 (4)
115-2 (3)
1112 3)
110-3 (2)
111-0 (5)
1112 (3)
111-6 (5)
111-6 (3)
114.9 (5)
115:2 (3)
117-2 (5)
116-7 (3)
112-0 (4)
112:2(3)
120-6 (5)
120-2 (3)
1173 (5)
1175 (3)
121.9 (5)
122-1 (3)
123-0 (5)
122-6 (4)
107-0 (4)
106-7 (3)
126-8 (8)*
127-9 (5)*
1172 (8)*
117-3 (S)*
136-0 (8)*
137-1 (5)*
106-1 (7)*
105-1 (5)*
119:5 (7)
118-7 (5)
121-5 (8)
120-7 (5)
115-4 (7)
115-7 (4)
123-0 (8)
123-3 (4)

Table 4 (cont.)

Gly(1) Ser(2) Ser(3)
wecn U6 e o
cocona-y LSS MG N
cocon B3 e B
ooy B30 S0 B0
canoc 118 EG RO
Meew o p6
cocace T e o
cocoom T R 19

* Bond angles involving disordered atoms.
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179
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Fig. 4. Conformational angles (°). The values are for ferrichrome
A (bottom) and alumichrome A (top). Standard deviations for
non-disordered atoms are in the ranges 0-5-1-0° (ferrichrome
A) and 0-3-0-6° (alumichrome A). Atoms with superscript &
are disordered.

alumichrome A and ferrichrome A and can be
correlated directly with the ionic radii of the metal ions.
Finally, there is a fourth perturbation from cubic
symmetry, which is described by the relative orien-
tation of the octahedral faces formed by the three O(2)
atoms and the three O(3) atoms. This twist angle,
which is 60° for an ideal octahedron and 0° for a
trigonal prism, is 41-5° for ferrichrome A and 47.0°
for alumichrome A. The last three disturbances from
cubic symmetry can be ascribed to the difference in
charge on the O(2) and O(3) atoms, the ionic radius in
conjunction with the bite of the ligand and the spherical
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Fig. 5. A schematic drawing of the metal coordination. The
distances (A) on top are for ferrichrome A, while the second

line is for alumichrome A (average e.s.d.’s are 0-007 A and
0-004 A respectively).

charge density of the Fe3* and AI** ions, respectively.
However, these properties do not explain the pertur-
bation of the threefold-axis symmetry. Llinas &
DeMarco (1980) recently used Al NMR as a
quadrupolar probe in a study of the ferrichrome
peptides. Comparing line widths of the Ser(2)-Ser(3)
alumichrome homologue, alumichrysin, with aluminum
tris(acetylnydroxamate) and taking into account
molecular-size effects, they observed a 0.5 kHz
discrepancy. This extra contribution to the ligand-field
anisotropy, which they ascribed to structural con-
straints imposed by the peptide conformation or entasis
of the chelated state, can probably be directly corre-
lated with the disturbance of threefold symmetry
observed in the present results. Additional strain is
also observed in the ornithyl side chains
[C(8)—C(3)—C(4)—C(5)—N(2)] (van de1 Helm et al.,
1980). The disturbance of the threefold symmetry may
also explain why a rhombic rather than a trigonal field
was observed by Modssbauer and ESR studies
(Oosterhuis & Spartalian, 1974).

Even though there are significant differences in the
individual bond distances for the metal chelation, as
described above, the average chelate ring for ferri-
chrome A and alumichrome A is shown in Fig. 6. It is
interesting to note that the difference between the
M—0(2) and M—O(3) distances is larger in ferri-
chrome A (0-053A) than in alumichrome A
(0-024 A), indicating a more even charge distribution
over the O(2) and O(3) atoms in alumichrome A, and
this is properly correlated with a lengthening of the
C(6)—0(3) distances in the latter compound. The
M—O distances are smaller in alumichrome A, re-
flecting the decrease in ionic radius of AR+ (0-45 A)
with respect to Fe3* (0-53 A), and this results directly
in an opening of the O(2)—M—0(3) angles in alumi-
chrome A. The difference in ionic radii also causes all
the O.--O distances between different ligand groups in
the octahedron to be smaller in alumichrome A than in
ferrichrome A (Fig. 5). The only other significant
difference is that the bite of the ligand is smaller in
alumichrome A. The chelate rings are approximately
planar, but the metal ion is significantly out of the plane
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Fig. 6. Average chelate ring. The distances (A) and angles (°) are
for ferrichrome A (top) and alumichrome A (bottom).

of the three rings: Orn(1) 0-409 (0-339), Orn(2) 0-250
(0-162), and Orn(3) 0-109 (0-027) A, with the values
for alumichrome A in parentheses.

The average values of the N(1)—C(2), C(2)—C(1),
C(1)—0O(1) and C(1)—N(1)(i + 1) distances are 1-463
(1-455), 1-526 (1-529), 1-236 (1-234) and 1-333
(1-337) A, all of which are quite similar to those
observed in other linear and cyclic peptides. The details
of the conformation of the cyclic peptide in ferri-
chrome A have been described in comparison with
ferrichrome (van der Helm et al., 1980). The peptide
conformation in alumichrome A is identical to that in
ferrichrome A, and so are the intramolecular hydrogen
bonds: N(1)[Orn(3)]---O(1)[Ser(3)] 2.982 (3.016)
and N(D[Orn(2)]---0()[Orn(2)] 2-765 (2-771)A.
There are numerous hydrogen bonds involving the
water molecules of solvation in addition to three
relatively  weak  intermolecular ones:  N(1)-
[Ser(2)]:--OB)IOm)(x, y, z + 1) 2-964 (2.962),
N(D)[Gly(D)]---O(D[Orn(DI(x, y — 4, 1 — 2) 3.052
(3-061) and O(5)[Orn(D]-- - O(DIGly(DI(—x — 1,y +
4,2)2:632(2-621) A.

It is thus apparent, from the present results, that the
Al substitution in ferrichrome A does not change the
solid-state conformation, while it is likely that the same
holds true for the solution conformation.
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The Modulated Structure of the Layered Perovskite y-Bis(n-propylammonium)
Tetrachloromanganate(II): Refinement of the Average Structure, the Possible
Superspace Group and a Model for the Modulated Structure

By WULF DEPMEIER

Chimie Appliquée, Science 11, 30 quai Ernest Ansermet, CH Genéve 4, Switzerland

(Received 16 June 1980; accepted 16 September 1980)

Abstract

Between 344 K and 396 K, (C;H,NH,),MnCl,, M, =
316-98, forms a modulated structure as indicated by
satellite reflexions of two different kinds. The average
structure, with space group Abma, a = 7-39(1), b =
7-25(Q2), ¢ = 26:72(5)A, V = 1432 (8) A3, Z = 4,
D.=1-47 Mg m~3, F(000) = 652, has been determined
with Mo Ka radiation at T = 360 (10) K [A(Mo Ka) =
0-7107 A]. Refinement for 553 reflexions converged to

0567-7408/81/020330-10801.00

R = 0-072 with anisotropic temperature factors. The
perovskite-type layer is described with split Mn and Cl
atoms. The modulation consists mainly of transverse
distortion waves running along a with amplitudes
parallel to c. Some weak extra satellites in the AkO
reciprocal plane have been interpreted as arising from a
small additional longitudinal component of the modula-
tion. The Janner—Janssen—de Wolff (3 + 1)-dimensional
superspace-group symbol for the most important
satellites is a subgroup of N42™@ and a model of the
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