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of  

'INIole cular Structure  

Allan Zalkin, J. D. Forrester, and David H. Tenqleton 

Contribution from the LaNrence Radiation Laboratory and 

Department of Chemistry, University of California, Eerkeley, 

California 94720. 

The crystal and molecular structure of ferrichrome-A tetrahydrate, 

has been determined with sing1ecrystal X-ray diffraction 

techniques including use of anomalous dispersion to establish absolute 

configuration. The crystals are moriclinic, space group P2i, with two 

molecules per unit cell with dimensions a = 11.02, b 13.26, and c 

18.22 ., and 	99.I80 .. The molecule contains a hexapeptide ring with 

the sequence of amino acid residues -0rn-0rn-0rn--- and with a 

trans conformation at each peptide link. The iron atom is bound by three 

hydroxamate rings in the configuration of a left-handed propeller. Two 

hydrogen bonds are fouxtd within the molecule. Disorder is present in some  

of the side chains and in one of the four water molecules. 
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Ferrichrome-A is a metabolic product of the smut fungus Estilago  

phaerogena, and it is related in structure to several substances which 

are growth factors for certain micro _organisms . 2 	The molecule (Fig. 1) 

contains .a ferric atom bound by three hydroxamate rings; it includes a 

hexàpeptide ring made up of one glycine, two serine, and three ornithine 

amino acid residues; and it has three trans (p-methyl) glutaconic acid 

residues. This molecular structure (except for the hydrogen bonding) has 

5-7 been established by chemical methods 	and is fully confirmed by the 

X-ray crystallogrphiC study described in thispaper. 

Ferrichrome-A.CryStalliZeS from water as the tetrahydrate. We 

studied these crystals to con.firm the chemical results, to determine 

tI'ose details of structure not obtainable by chemical methods, and to 

eek clues to the structures of proteins. We also made a preliminary 

study of ferrichrome, 8  a closely related substance which can be crystallized 

from methanol, but did not determine the structure 

Emerimental 

Many batches of ferrichrome-A crystals, grown from water, were provided 

us by Prof. J. B. Neilands. The diffraction data were obtained from a 

dark red and opaque crystal with dimensions approximately 0.1 X 0.1 X0.2 mm. 

The crystal was glued to a thin glass fiber and handled throughout the course 

of the experIment in air. After 20 to 30 hours of exposure to X-rays over 

a period of two months it showed no deterioration. 

The data were taken on a General Electric XRD-5.unit equipped with a 

goniostat, a pulse height discriminator, and a scintillation counter. 

Iron Ka radiation was used, and cell dimensions were based on 

1.93597, X(cL2) 1,93991 A. The tube was operated at 40 kv. and 20 ma. 
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The diffracted beam was filtered through a Mn metal film that absorbed 

75 of the KP and 25% of the Ka radiation. 

The background was plotted as a function of 0, the Bragg angle. 

Where the background was larger due to streaking along a central lattice 

row, a min!ur!i background was sought on the small-angle side of the 

reflection (20 scan); otherwise, background was taken from the plot. 

Above 20 = 500 the background was about 2 counts/sec. 

Each independent reflection with sin0/X <. 0.51 (26 < 1650 ) was 

measured. Of these 3115 reflections, 56 were recorded as zero, while 

the others ranged from 1 count/sec. to 17,000 counts/sec. Each reflection 

was counted for 10 sec. using a stationary counter and stationary crystal 

technique. 

• 	 The data were corrected for the effects of 0
1-a2  splitting on the 

basis of a curve derived from measurements of a set of strong reflections 

• 	with both Ka and unfiltered K0 radiation. No such correction was necessary 

up to 20 1000 . Correction for the Lorentz'.polarizatiofl factor was made 

by the standard formula. 9  

• 	 For copper Ka radiation (X 1.51 $.) the out-of-phase au1itude for 

• 	Fe is M ll  3.4 electrons. If Ic .0, the intensities of hk& and hi 

are different in general because of this phase shift. Our crystal was 

set with the b axis parallel to the phi axis, and the settings., phi 

and theta are the same for hk& and hKI& except that the sign of clii is 

negative. We found that our General Electric gonio stat could be operated 

as far as 	.200, even though the scale ectends only to 100, by counting 

revolutions of the setting wheel We measured intensities of 71 pairs 

of reflections with copper Ka radiation and found LLO wtth considerable 

inten8ity differences.' 	 . 	. 
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Huridity Effects. The cell dimensions were observed to expand in 

an anisotropic manner with changes in the humidity. Between 30% and 40 °% 

relative humidity the a, b and c axes expanded 0.087 (0.008 &.), 0.175 

(0.022 A.) and 0.03% (o.00 L ) rectivelY. The changes in dimensions 

occured rapidly and reversibly. The room was not controlled for humidity, 

and the changes were sulficient to cause the goniostat settings to be off. 

Three sets of gon.iostat settings were computed which covered a low, medium 

and high range of humidity. By using the appropriate set, the intensities 

could be accurately and rapidly measured. The relative humidity ranged 

from a low of 217o to a high of 17% during the measurements. 

Computations. The calculations were performed on an IBM-7044 conputer 

equipped with a 32K memory. Least-squares refinements were made with a 

modified version of the Sparks, Gantzell and Trueblood program (uzipublished). 

As modified to work under the Fortran IV-IBSYS system, this full-matrix 

program could only handle 12 parameters. Since over 300 parameters were 

being adjusted, the refinement was done piecemeal in blocks of .12k parameters 

or less at a .time,.each block requiring about 70 minutes per cycle. The 

function minimized was E ( I 	- I I )2/ wF 12. The weighting factors 

w were taken as unity. Programs of our own design (unpublished) were 

used for data processing, Fourier functions, and distances and angles. 

The tunreliability 	referred to in this paper is defined as 

R 	ZIIFI - IFs  II/IF I. 
- 	

- 	 - 	 - 

Crystal Data for Ferrichrome. A tiny crystal of ferrichrome 8  about 

0.1 mm. long and a few hundredths mm. in diameter as studied by the 

Weissenberg technique with Cr Ka radiation (X 2.291 A.). The orthorhoinbic 

cell has dimensions a = 16,1, b 29.6 and c 8.95 A with four molecules 

per cell. Absent reflections correspond to space group P2 12121. The 



-5.- 
	 UCRL _i67L 

density is estited to be 1.0 ± 0.05 g./n. by flotation in a mixture 

of.ethylene dichioride and chloroform. This density with the above cell 

dimensions indicates a molecular weight of about 900, whereas the analysis 5  

indicates Thi. The discrepancy may result from methanol incorporated in 

the crystals, but removed by drying prior to analysis; if so it corresponds 

to five rzlecules of methanol per molecule of ferrlchrome. Because better 

crystals of ferrichrome-A became available, no further work was done on 

ferrichrome 

Unit Cell and Space 2r2uE of Ferrichome 	 The crystals 

are monoclinic with the cell dimensions (at 22 0  and 36 relative humidity): 

a a  11.02 ± 0.03 A., b 	13.26 ± 0,03 K., £ 18.22 * 0.01 A., 	99.48 

0e08. The precision of our measurements is considerably better than 

the errors indicated, which include the variations in cell dimensions 

due to the fluctuations in humidity during the datataklng period. 

The cell volue and measured density (l.S ± 0,06 g./m1.) 2  dictate 

two molecules per unit cell. The density calculated from the Xray data 

is 1.12 ± 0.01 g./mi. Reflections of the type OkO are observed only if 

k 2n. The space group P2 1  is the only one consistent with this extinction 

rule in the observed point group (2). it ,  lacks reflection and inversion 

symmetry as required for an optically active substance. The two-.roia 

general position (x, , z, -x, + Z, -z) accommodates one conpiete 

molecule in the asymmetric unit. Because this space group is .  polar, 

the origin must be defined with respct to the h direction; the yparameter 

of Fe was set at zero for this purpose. 

The structure was derived by Fourier methods combined with leastsquare 

calculations in which atoms were judged by the tehavior of their individual 
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• 	isotropic thermal parameters. A three-dimensiOnal Patterson function 

• 	ws calculated and studied. Three large peaks appeared: the origin 

peak and two peaks in the Harker section at z 1/2. The Harker peaks 

were about 1290 and ioZ of the height of the origin peak. We galed 

on the assuiption that the •largest of the two Harker peaks was the Fe-Fe 

vector, though it was too large to be a single peak. A least-squares 

calculation using all the data and the Fe atom alone yielded R 

Six oxygen atoms forming the anticipated octahedron about Fe were derived 

from the Patterson function and tested by least squares. The Fe and 

four of these oxygens refined to R 0.51. An electron density Fourier 

was calculated, and the next seven biggest peaks were included in the next 

series of refinements. About half of these did not refine and were removed. 

Another Fourier and least-squares procedure similar to the above one was 

tried. 

We were very uncertain of our progress and then calculated a Patterson 

superposition of the origin peak on the tFe_Feu peak. From this pattern 

the three hydroxamate rings at the iron atom and a scattering of other 

atoms were guessed at, and the procedure was continued. At this point 

we had 27 atoms in the refinement, but could not recognize any structure 

besides the hydroxaw.ate system. 

	

Dispers 	Effect with Copper Radiation. Slow progress stiilated 

us to make the measurements with copper radiation to getmore direct 

evidence of the iron coordinates. TnBpection of the results showed 

immediately that the large effects were associated with large values of 

h 	k 	& 	 . 
cos27t( 	+ 	+ .), corresponding to x - 0.0L, z -0.12 for Fe in agreement 

27 

• 

 

with our choice from the Patterson function. 

Because the refinement began to iiprove, we made no use of the 

phase information which can be extracted from these data, but we used 
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them to check the absolute configuration of the structure and as a 

• 	confirmation of the correctness of our structure determination. After 

• 	the entire structure is known, one can calculate the magnitude of the 

effect for any pair of reflections. In Table I we list the intensity 

difference as a percentage of the average of the two intensities for 

the 26 cases in which the absolute difference was largest. The agreement 

is good, and the sign of the effect is correct in each case, as it is 

also for the next iI pairs in order of decreasing effect For the remaining 

31 pairs, the effects are small or negligible, and the sign is wrong in 

12 cases If the absolute configuration were reversed, the numerical 

effects would be the same, but all the signs would be reversed. 

Final Solution Confident of the Fe position, we continued the 

• 	procedure of adding new peaks from the Fourinr, refining them by least 

squares, deleting those whose teerature factors became too large, 

calculating a new Fourier and repeating the procedure Occasionally 

• 	atOms were included where we thought they might be required to link up 

the developing molecule About half the atoms we added each time d.id 

not refine, but the list of acceptable atoms continued to grow. Finally 

the hexapeptide ring did resolve, and the process continued till the 

methyl glutaconic acid side chains developed, and the molecule was fully 

determined. 

Difficulties were encountered in resolving the structure of one 

seryl hydroxyl group, one terminal carboxyl group, the central portion 

• 	• 	of a mnethyl glutaconic acid side óhain, and one of the water molecules. 

Disorder was invoked to eqlain the difficulties0 The disordered atoms 

were split into fracfional atoms in separate 1ecation. Seven o1 the 

75 heavy atoms (hydroger excluded) were given two locations each and one 

• 	 water molecule was split into four quarter-atoms. This increased the 
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Table 1. 	Dispersion effect for hkt-hk pairs with CuKa radiation. 

Values of 200(IFH 2  - iF 	2 
+ 

hk Obsd. Calcd. hk Obsd. Calcd. 

210 ll -11 0.3.11 -38 -47 

01 +27 +32 01 +1 +1 

31 -Th -16 0.1.11 +18 +13 

311 -3 -1 0.1.14 +8 +7 

312 - - 20 -10 - 2 3 

016 -130 -121 62 -10 -11 

410 +36 +38 634 -7 -3 

027 -69 -81 028. -3 -2 

0.1.10 -34 _)1 019 +Li +37 

• 	510 • 	 +8 +19 	• 0.3.14 • 	 +75 +93 

610 -1 -8 93 50 -59 

• 	614 	• +55 • +60 0.2.11 -16 -64 

520 -8 -8 • 	 029 -10 -21 
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the ninnber of atomic positions_refined to 85. Atterpts to treat the 

Ilk- 

	

	

disordered atoms with anisotropic thermal parameters (rather than splitting 

them into fractional atoms) were not successful. It is interesting that 

a similar kind of disorder was encountered by Alden, stout, Kraut and 

High. 1°  

An electron-density difference function (all atoms except hydrogen 

subtracted out) gave peaks in approdmately the positions eected for 

2 of the 68 hydrogen atoms. These hydrogen peaks were found only for 

• parts of the molecule not invoved in disorder. None of the hydrogen 

atoms of water could be found even when arilsotropic thermal parameters. 

were used for oxygen. The difference function showed many other peaks 

similar in height to the hydrogen peaks, or s]raller, which may result 

from errors in the data or from anisotrop.c motion of other atoms. These. 

• 12 hydrogen atoms were included in the final calculations, but the resulting 

thermal parameters and bond lengths indicate that the resulting positions 

are not accurate enough to justify reporting them here. 

In the final calculations, with anisotropic thermal parameters only 

for iron, was 0.090 for the 3115 reflections. Shifts of coordinates of 

(non-'hydrogen) atoms not involved in disorder were less than the estimated 

standard deviations by factors that in most cases exceeded 10. Further 

refinement might lead to a slightly better fit, especially with a larger 

computer which could refine all the atoms sinn2.ltaneously. But our lack 

of progress in the later cycles convinced us that the structure iS refined 

as far as is justified for the present eerimsntal data. 

Re suits 

The atomic coordinates and isotropic thermal parameters are shown in 

Table II. As the full matrix was too large to f it into the computer 
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T1 	II. ab Atomic ParaterS in FerrichrOmeA Tetrahratea  

b  B(' 2 ) 

Fe 00014h)4 010 . 	 0,126 3,0 

-0,238 0,453 -0,507 )4 ,6 

o2oRa 0e204 o,)462 o,186 40 

NiGRN -0.171. 0,319 0,33O 3,6 

• N20R1a . 	0.230 003 0,204 . 	 37 

C1ORN1 -0,183 0,)402 -0.453 3,6 

C20RNJ -0249 0,372 -0,390 3,5 

•C30R -0.311. 0.461 . 	 0,36O . 	 3,8 	
: 

C)40R la 0393 0 434 -0,304 . 

000 0.014 0,246 41. 

0102 
- 

-02 
r 0,104 . 

020Ri2 0,008 09 -0,119 30 

N2.055',  N2 0.021 0214 0,230 303 

• 	
. 	 N2ORN2 -0.026 0.310 -0.059 3.2 

C1ORN2 -0.176 0,222 •. 	0,319 3,3 

• 	 C2ORN2 	• • 	 -0,106 0179 -0,2I7 3,2 

c30N2 0e180 0,199 0,183 3,1 

C)40.N2 	• 
. 	 -0127 0,149 -0,108 4. 

• 	 c5CRN2 • -o01)4 • 	 0,199 -0,063 • 	
• 	 3,8 

01ORN3 • 	 .0081. 0107 

• 

• 	 -0310 • 

02ORN3 0,009 00214 3,7 

IaORN3 • 	
• 	 0303 o188 -0,304 304 

i20N3 o164 0,026 019)4 3.9 	• 
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O,I0 

0,235 O.212 -02)2 3,3 

c' U 

0,221 - 0,393 -0,280 3,7 

0-009 002i 

U,4LO O,3O d  

0172 o397 
a 

0,315 .039 
 

0,136 0,30 4 OCi57 

0369 0230 O535 

0,280 0,228 063 3,8 

0 	55 O239 O397 

0,126 0,27 o36 

0,026 0 Q 6 

-0,063 0,370 -0),50 3,7 

1 .3 

0,006 0,87 0,i21 3,8 

0,u 

•O89 o15 -0,232 5,6 

0,388 0133 -0,32 

0,159 -3,294 

074 0,130 0 ,362 4,2 

( 	1' -. 

o163 O,LO)4 7,0 

-019 0,269 O,221 96 

C1O3 

C.3CN3 

0CN3 

3T0) 

02P1 

c1SPJ- 

C2SRi 

01SR2 

Ld
, 	_' __v)_ 	_ 

N SP.2 

C1SER2 

C2SR2 

C3SER2 

o GLY 

V 

32LY 

O20AJ) 

C2•iGAi' 
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o. 90  
C 

l it O04L7 

C 	
- 

C13A1 0.23 0.132 0.17 3. 

C23?i 0,321 0.221 0,150 

• 	 0.316 0,302  

CMGA1 0,C2 0.393 3.17-1 7.1 

oLj 
0. 22 9 

C) 

Al 0.231 0319 0,076 6,6 

0I3A2 - 	 -0.077 0.62 0,023 3,8 

02r2 0,0:0 0,LJ O.2) 

03A2 0.0: 7 

C1A2 -0Co c,66  

G2 -c-,082 025 0,063 

C3-A2 -0,119 0,0 0,119 4.0 

0.313 u,192 

c1--A2 0,002 C36 027 4.8 

c60A2 -0.17 8 0,72 0117 6,0 

OLC3 -0.121 o,o66 c,oCl 4.3 

O2 MGPt3 C,91 0,210 0.093 7,7  

o,L9 o,169 -0.067 9.8 

C1i0A3 0,19 0.09 0,12 5.2 

-0,321 o,11 0,108 4.4 

-0,36 0.L29 0481 !.7 

C3uA3 -0,i13 o,o61 o,ou3  

o.1o6 0,056 •3-4 
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c3A3' 	 c.3 	o,o8 	
0 	 e2 .030  

cNGA3" 	
0,130  o,O0 	

3,1 

cGA3 	 o.43 	0011 	
o,o6 	 6. 

C6NGA3' 	 0.03 	0.9 	
0,01 	 8.2 

c6GA3!t 	 O,380 	0,21 	
0.074 	 7*9 

• 	0.29 	o.L67 	0.334
6.2 

7.4 

W2 	 0,030 	o.10 	
0,3 2  

W3 	
-0,2 27 	 0,32 	 6.3 

•0.163 	
g

440 
-0.312   

WI 	
o,l6 	c,L1 	

10,0 g 

	

0.399 	o497 	002 

	

0,370 	0,023 	O.1 	 ,2 g 

• 	a Not jnciuding hydogefl atoms, b Idcntjcatb0fl is by a 
siX letter code. 

ORN standS 
for ornthYl, S for seryl, GLY for glycyl, IA for methyl 

glutaCOflic 

acid, N for water oigen, Fe for iron, 0 for ogen, N for 
r trOgefl, and C f or carbon. 

C The Fe teperature factor is an average value 
m 	

the following of 
anisOtrOPic set: 

BlI 	3.20, B22 = 3,67, B33 	
2.16, B12 = 0,11, B13 = -o.18, and B23 = o.oa 

d Disordered hydrorl in a seryl group. Each was refined as hai 
an ogefl ator. 

e Disordered orgeflS on the carbo)nl of a methyl g1utaCOnc acid 
	The singly 

primed atoms form oe 	
format10fl, 

the doth1y primed atoms for the second, Each 

was refined as ali an oyrgefl atom. 	
Dlsoruered central portion of a metnyl 

glutacOflic cid eh:cin, Singy primed atoms form one coiornati0fl and were each 

repined as 0,6 of an dtorn. Doubly primed atoms form the minor conformation a:i were 

ach refined as 0, of 	
atom. g Disordered at.er molecu]eo ach was remed 

a queTte oxygen atom. 
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rrrrry, standard deviations of the paranters could not be calculated 

Properly. From ca1culatioiS based on as ch of the matrix as could 

fit into the menry, the standard deviations of atomic coordinates are 

etimated to be 00001 for Fe and 00001 for C, N and 0 atoms which are 

not disordered. A projection of the rmlecule is shown in Fig. 2. 

Tables III, IV and V itemize the. distances and angles as designated 

in Fig. 3. The standard deviations of these distances are estimated 

to be about 0.02 k. and of the angles about 1
0

. 

There are two intraleculai' hydrogen bonds, indicated as dotted 

lins in Fig. 1 and 2. One is across the heapeptide ring between the 

carbonyl oxygei of a seryl group (01SER2) and the nitrogen of an ornithyl 

group (N1ORN3). The second hydrogen bond is between the two ends of an 

ornithyl group (N1ORN2) to (020RN2). The two hydrogenbOnd distances 

are 2.98 L and 2.80 . respectively. Several other oxygen atoms are 

hydrogen bonded to the four water molecules which in turn are hydrogen 

bonded to oxygens in adjacent ferrichrome-A molecules. There is disorder 

in these bonds, which involve atoms in alternate sites: 

The anomalous-disperSion experiment enabled us to determine the 

absolute configuration of the nlecuIe. The five asymntric amino acid 

residues are all found to have the expected L configuration. The three 

rings at the iron atom have the shape of a lefthanded propeller asshowrm 

• 	inFig.. 

At the suggestion of Dr0 J. Kraut we calculated the angular twists 

of adjacent peptidesin the hexapeptide ring, in order to comare some  

actual values of these angles with those postulated by Ramachandran, 

Ramakrishnan and Sasickharan.
11  These authors calculated the range 

of twisting allowed in terms of two angles and 	which represent 
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Table IlL Distances and Aiigles in the Three Hydroxarrte Rings about 

Fe in FerrichrotrA 

RII:G 1 iIi'C 	2 3 

a 197f 1 0 96A .2CD; 

b 2 0 02 2O3 2C6 

1.39 

u. 

132i 

26 279 

C) 0 
1 

( O 
71 a 

- 

.__o LL J. 
JJ) 

117°  126°  
• 	/ 

€ 	• 

.1 

116°  18°  

1 0 

2 0 C!A 

1 - 

126 

i32 

23O -. 

28c 

78°  

113°  

,-0 
Jl° 

118° 



UcRL-1673 

Table IV 	Distances ad Angles in the Six Amino Acids in Ferrichroii-A 

GLY CRi1 0J2 

i21 133 i3o A i33 A 1 32 A 13)4 
:C1 h 

I 1.)47 A A 117 A A 1i6 A i)47 A i6 A 

152 A 1? A 12 A i. A 12 A 1S3 A 1.52 A 
01-02 j 

k 1025 A i22 A 1G23 A 1q27 A 12 A 122 A 12)4 A 

147 i o76 

02-03 

() 1)42 A 
03-02 

1O5 A i A $0 A 1 	2  A 
03-0)4 ii  

1 I 1 	53 
¼J4 

A A :)46 A i)47 A 

12S°  126°  121°  123° 122 °  121°  123°  
N -Cl-Cl 

0 
117 

0 
113 

C 
116 

0 
117 

0 
119 

0 
117 

0 
117 

N -01-02 

117 °  121° 
l23 120°  119°  122 120° . 

01-01-02 

11° 11)40  10 °  113' 1° 1060  111 
C1-02- I 

i1 °  1210  12)4°  12)4° 0  120 ° 122 ° 121 
C2-1-C 

'1 
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° 1Z2 1170  112 0   
1-O2- 1C 

1110  11 111 ° 11i 111°  
1-C2-03 / 

0 

0 JL 
0 

1 1-0 
 

--, 	0 

113°  113 °  11
0 

 113 °  
C-N2-O2 

1300  131°  130°  130°  
C -N2-05 

Diso se1ne orge TfiC corrcsnondj 	t0 dLstaS a and v) are 

2q12 	A, :LL2 , 117° , and 11° 
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Table V. Distances and Angles in the Three Glutaconic Acid Side Chains 

in Ferriôrom'-A 

TC C0D ICJ. C3 AVE 

?c-01 b 202 A 20 A 206 A 2 Q03 A 

01-C1 d 1030A 1,23 A 1.27 A 1.28 A 

Cl-N2(0RT) e 1q32 A 1.31 A 1.33 A 132 A 

C1-C2 q 1147 A iL 	A (y) 1117 A 

C2-C3 r l30 A 130 A (y) 1Q30 A 

C3-C14 s 1514 A 1q51 A (y) 1.53 A 

C3-C6 t 1.51A io A () ii A 

c11-cS U. (xx) 1050 A r) 150 A 

C5-02 v (xx) 129 A 1.26 A 128 A 

C503 w (xx' 1q25 A 122 A. 1Q211 A 

Fe-01C1 y 115°  113° 1130 1111°. 

01-C1- 2 (0) E 116°  118°  118°  117°  

01-C1-C2 123° 122 0  (y) 123 °  

C2-01-N2(0N) 1210  120 (y) 121 0  

C1-C2-C3 1270  129 (y) 1280  

C2-C3-C6 126°  125° (y) 1260  

C2-C3-CL 122°  :18°  () 120°  

c6-c3-c11 1120 117 0  (y) 115Q 

C3-C11-05 119°  113
0  y) 1160  

C1-c5-02 o) :20°  (j) 120
0 

 

C11-C- C3 (xx) 121°  (y) 121°  

02-C-03 (xx) 1200  1210  1210  

Disodered carbo:;1 groupQ 

Disordered C2, 03, c11, and c6 atorsQ 

•Labe11ed according to figure3 
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righthaflded rotations of the peptide NCO planes as viewed from the 

alpha carbon. The observed angles are listed in Table VI. The three 

Table VI. Peptide Twist Angles in FerrichrOTh2A 

Peptides 

GLY0RN30RN2 	 30 	
2000 a 

0RN30RN2-0RN1 	 1030 	 3110 . 

0RN20RN1-SER2 	 760 	 50  a 

0R-S2SER1 	 17
0 	 1740  

SER2S-GLY 	 123° 	 1310 

• 	
S1-GLY-0RN3 	 2620 	 380  a 

• aAngle s  outside the Itpermissib1e limits. 

• 	 values that lie outside the limits suggested by Ramachandran, et al. 

Involve either glycine or hydrogen bonding. These values are not very 

far outside the outer limits, and an extension of the 	
limits by about 

200  would include all of these values. 

A list of the observed and calculated strictUre factors is shown 

in Table VII. 
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Table VIL Observed and Ca1cu1atd Stxicture Factors 

(Table, inthre parts, to be reproduced photographCallY ) 



	

-19a - 	 ucRL-16743 

H.X 	0. 0 	12 	71 	90 	0 L24 	IO 	0 	1 347 	12 145 L47 - -6 	54 	71 	-8 23S 210- - -7 261 225 	O 250 •/4 	-1 2L- 234 

 166 

	

I FOI'S FCAL 	L3 118 IL? 	
10 	65 	50 	U 228 24 	-5 	3. 	49 	-1 498 '.5 	-6 II 	t07 	 21? 230 	-6 tIó 

	

1. 	76 	t4 162 160 	F4.k 	0, t3 	I 	176 L25 	'. 209 ~ 2 	-4 U4 	96 	-6 LO6 LO2 	
645 62R 	2 3?. 3.9 	- 	 9' 	114 

	

2 486 657 	15 	39 	26 	1 FOBS FCAL 	12 357 	fi 	15 	3 	23 	-3 25 212 	-5 146 119 
	-4 243 27e 	3 513 604 	-4 117 	II 

	

3 672 932 	16 	60 	46 	1 	6A 	74 	13 	10 	79 	16 	32 	29 	-2 104 	112 	-4 704 137 	3 432 482 	4 313 318 	
-3 2l) 255 

	

4 232 293 	1? 	55 	68 	2 108 111 	14 159 159 	• 	 -1 104 119 	-1 716 763 	2 426 	.47 	5 	40 	47 	-2 	'. 	 47 

	

5 557 620 	 3 	41 	59 	15 	77 	75 	 1, 4 	-0 162 181 	-2 556 526 	
-1 447 433 	6 309 261 	1 	76 	b4 

	

6 28 3 22 	H.K- 0. 6 	• 4 	27 	25 	16 	5'. 	91 	1 FOBS C4L 	1 232 211 	-1 864 	8 9 	-0 131 	 • 66 	I 240 240 	0 231 247 

	

1 547 576 	L FOBS FCAL 	5 	97 	82 	17 	7 	61 -16 151 145 	2 255 22B 	-0 523 516 	1 	5O 778 	fi 	 240 	I 	31 	36 

	

8 167 153 	-0 1082 1054 	 . 	
-35 211 208 	 54 	38 	1 815 eSI 	2 	9 1  752 	 230 203 	2 	69 	56 

	

9 745 760 	1 278 28'. 	H,K 	1, 0 	$l( 	1, 3 -14 126 104 	4 246 250 	2 359 300 	3 329 268 	
10 175 164 	3 213 245 

	

10 147 136 	2 251 275 • L FOBS FCAL 	L FOBS FCAL -1) 131 143 	5 	89 	69 	) 328 23 	4 389 315 	11 230 158 	4 178 214 

	

11 258 233 	3 503 492 -56 182 163 -58 
	64 	96 -12 146 158 	6 232 23 	4 257 179 	5 367 379 	12 310 308 	5 134 	85 

	

12 368 363 	4 416 358 -11 	26 	49 -17 Ill 	80 -11 	
194 183 	7 . 151 13'. 	5 671 631 	6 334 308 	13 	97 	88 	6 204 214 

13 	71 	87 	5 136 172 -16 492 444 - 16 126 120 -10 	54 	15 	8 125 126 	6 358 3 	1 191 209 	16 	58 	30 	•V 	90 	59 

14 	31 	18 	6 457 453 	15 	66 	89 -15 129 115 	-9 205 207 	
9 218 218 	1 	48 	73 	8 	88 	90 	15 154 149 	8 125 129 

15 	80 	76 	7 	29 	28 -14 	31 	20 -14 215 221 	-8 208 178 	
1(3 149 128 	8 573 598 	9 	41 	96 	 •) 	130 103 

	

16 431 • 423 	8 339 344 -13 	63 	38 -13 	89 	61 	-7 	29 	23 	II 	106 	94 	9 122 124 	10 544 493 	HK 	5 	1 	10 	81 	'.7 

	

17 199 156 	3 135 130 -12 134 352 -12 196 193 
	-6 163 209 	12 	42 	44 	10 352 348 	11 242 206 	1 FOBS FCAL 	11 	70 	75 

18 	40 	9 	10 114 101 -11 121 109 -11 143 106 
	5 587 601 	1) 	59 	68 	11 450 447 	12 251 26) -15 168 175 

	

11 217 206 	10 	55 	61 -10 148 14? 	-4 177 181 	
12 126 174 	13 	81 	95 -14 115 121 	1,k. 2, Il 

H.K 	0, 	1 	32 160 167 	9 789 774 	
-9 131 126 	-3 215 213 	H.K 	1. 10 	13 108 	79 	14 110 136 -53 748 214 	1 FOSS FCAL 

	

I_ FOBS ECAI. 	13 256 237 	8 463 513 
	-8 402 340 	-2 107 115 • I F083 C4L 	14 II? LIZ 	15 125 116 -12 133 124 -10 	29 	86 

	

1 580 659 	14 	88 	74 	-7 449 406 	-7 357 370 	
-1 632 600 -12 	57 135. 	IS. 28 	42 	

16 	24 	26 -11 27) 265 	-9 	24 	44 

	

2 948 1007 • 15 190 177 	-6 833 831 	-6 310 343 	-0 609 570 -11 234 211 	16 150 141 	17 	60 	71 -10 160 166 	-8 109 816 

	

3 745 681 	16 213 204 	-5 1179 1770 	
-5 264 211 	1 481 485 -tO 	37 	36 	17 -  124 	52 	 -9 	63 	65 	-7 108 	06 

	

4 77 7 766 	 -4 494 5 35 	-4 140 1 39 	2 356 34 	-9 	56 	86 	 K,lt 	2, 4 	-8 25 3 258 	-6 	56 	54 

	

S 631 570 	8.11' 0. 7 	-3 54 480 • -3 315 261 	3 605 603 	-8 	50 	42 	K,I3 	2. 1 	1 FOOS FCAL 	-7 323 292 	-5 	80 Ill 

	

6 168 153 	I. FOBS FCAL 	-2 152 116 	-2 637 735 	4 466 451 	-1 187 107 	L FOBS FCAL -17 	79 	70 	-6 302 330 	-4 	29 	18 

7 	78 	05 	1 431 432 	-1 725 735 
	-1 232 230 	S • 95 	52 	-6 152 150 -18 103 	83 -11. 	60 537 	-5 125 124 	3 176 202 

	

8 256 223 	2 382 361 	-O 1232 1487 	-O 931 078 	6 440 404 	
-5 111 	96 -17 	01 	64 -15 	16 	72 	-4 126 115 • -2 148 154 

	

9 160 170 	3 230 230 	1 310 2 3 0 	1 749 765 	7 242 232 	-4 128 140 -16 	64 	57 -14 	
91 	72 	-5 289 314 	1 151 162 

	

10 356 324 	4 235 249 	2 172 411 	
2 874 868 	8 295 285 	-3 	70 806 -15 203 181 -13 150 185 

	-2 370 356 	-0 	94 101 

	

11 382 330 	5 204 226 	3 909 974 
	3 611 657 	9 230 225 	-2 	

70 	56 -14 125 168 -12 817 329 	-1 171 189 
	1 	66 	45 

	

12 325 281 	6 381 380 	4 191 253 	
4 400 401 	10 130 	08 	-1 	71 	83 -13 100 	85 -11 	44 	46 	-0 615 608 

	2 134 137 

	

53 325 301 	7 137 107 	5 313 290 	
5 	15 	54 	11 	62 	37 	-0 156 730 -12 193 164 -10 

	0 	23 	5 323 320 	3 	87 	80 

	

14 246 256 	8 160 151 	6 	25 	20 	6 432 430 	12 187 214 
	1 	54 	38 -11 258 262 	-5 	05 	54 	2 347 355 	4 248 256 

	

15 159 166 	9 264 248 	7 152 159 	
7 339 374 	13 171 172 	

2 253 301 -10 540 508 	-9 355 365 	3 112 	98 	5 210 200 

	

16 269 246 	10 256 264 	8 270 295 	8 520 509 	14 	86 	65 	3 155 170 	- 9 022 324 	-7 375 384 	4 187 205 	6 	85 	84 

17 	77 	00 	11 119 100 	
5 377 377 	9 	94 	85 	15 190 195 	4 	92 113 	-8 275 280 	-6 344 334 	5 459 453 	7 	57 	50 

	

10 164 177 	12 136 134 	10 114 108 	
10 251 255 	16 121 141 	5 143 126 	

-7 402 381 	-5 616 603 	6 138 144 	8 	02 	93 

	

13 	40 	36 	11 362 368 	11 371 362 	 6 213 242 	-6 774 798 	-4 316 208 	7 	70 	69 	9 	56 	39 

	

8,8' 0. 2 	14 	78 	83 	12 210 213 	12 	0 	21 	9( 	5, 7 	7 128 151 	-5 303 312 	
-3 402 411 	8 	173 178 

	

I. FOBS FIlL 	15 137 115 	13 351 33S 	13 152 1 -71 	1 FOBS FIlL 	8 135 133 	-4 1036 1005 	-2 531 508 	9 242 247 	H.K. 2. 12 

	

-0 181 110 	 14 	44 	25 	14 	61 	89 -15 132 136 	9 	66 	65 	-3 1147 1107 	-1 707 762 	10 303 277 	FURS FCAL 

	

1 740 871 	ss.K. 0, 8 	15 360 362 	15 258 225 -14 	05 109 	10 	68 	35 	-2 652 623 	-O 705 730 	11 570 185 	-8 	55 	56 

	

2 220 235 	1 FOSS FCAL 	16 995 195 	16 945 122 -13 341 324 	11 116 138 	-1 918 1028 	I 510 505 	12 	85 	73 	-7 	48 	43 

	

3 505 473 	-0 160 128 	17 	92 	74 	17 103 105 -72 	30 	27 	12 	56 	53 	-O 9031 1167 	2 571 55'. 	13 179 160 	-6 	15 	73 

	

4 615 621 	5 108 172 	18 	26 	30 	 -11 228 250 	 1 159 163 	3 357 365 	14 103 136 	-5 134 122 

	

5 385 332 	2 187 189 	 H,8 ,  1, 4 -10 349 351 	8,8. 1, 11 	2 977 087 	4 750 750 	 -4 103 	82 

	

6 671 647 	3 442 422 	8,8' 1, 1 	1 FOSS FUlL 	-5 266 252 	1 FOSS FUlL 	3 995 980 	5 290 287 	94,8- 2, 8 	-3 151 175 

	

7 257 180 	4 287 295 	1 FOBS FCAL -17 	51 	60 	-B 	31 	37 -50 	70 	76 	4 377 438 	9 458 487 	1 1585 FCAL 	-2 	54 	67 

	

8 702 648 	5 	98 103 -18 163 177 -16 	92 	15 	-7 282 311 	-9 	42 	64 	5 906 869 	7 .165 153 -15 	51 	33 	-1 	47 	62 

	

9 330 300 	6 205 209 -11 	58 	49 -15 125 113 	-6 123 	77 	-8 	64 	71 	6 318 264 	8 	95 103 -14 	33 	14 	-O 147 FYI 

	

10 246 197 	7 399 383 -16 	0 	23 -14 	30 	20 	-5 151 177 	-7 142 160 	7 369 365 	9 160 119 -13 176 153 	1 	60 	60 

	

51 590 160 	8 394 385 -15 135 121 -13 121 131 	- 4 263 272 	-6 923 	04 	8 553 487 	10 104 120 -12 138 930 	2 167 189 

	

12 165 166 	9 256 260 -14 	44 	14 -12 320 356 	-3 229 210 	-5 	SO 	34 	5 573 301 	11 340 024 -11 	50 	75 	3 112 104 

	

93 355 390 	10 	31 	30 -13 850 290 -11 	132 119 	-2 228 173 	- 4 	63 175 	10 320 338 	12 120 103 -10 114 	55 - 4 119 104 

14 119 	88 	11 	03 	74 -12 319- 323 -10 159 160 	-1 277 283 	-3 130 144 	13 	69 	53 	13 125 	55 	-9 385 386 	5 	58 	04 

	

15 107 121 	12 205 229 -II 305 295 	- q 	75 	69 	-0 359 345 	-2 	95 104 	12 	45 	80 	14 156 146 	'-0 255 241 - 6 	96 125 

16 	28 	66 	13 116 911 -10 226 233 	-8 243 203 	1 702 735 	-1 	43 	74 	13 247 743 	15 126 123 	-7 271 289 	7 111 	119 

57 	50 	42 	14 509 821 	-9 692- 172 	-7 220 173 	2 346 315 	-Q 195 230 	14 256 247 	16 109 	9 	-6 	99 	SB 

	

19 990 186 	 -8 180 105 	-6 156 148 	3 	40 	18 	1 	85 109 	15 750 756 	 -5 328 317 	H.51 	2, 13 

I1.8 	0, 9 	-7 368 357 	-5 250 200 	4 407 370 	2 123 130 	16 159 144 	8,51' 2, 5 	4 166 181 	1 FOBS FCA1. 

	

94,8' 0, 3 	L FOBS FCAL 	-6 665 633 	-4 330 . 328 	5 148 141 	3 727 237 	77 	72 	80 	L FOSS FUlL 	-3 	86 	58 	- 4 	53 	45 

	

1. 1085 FCAL 	1 247 230 	-5 531 532 	-3 480 452 	6 404 364 	4 120 120 	 -17 	62 	70 	-2 191 206 	-3 	50 	01 

	

1 1065 2017 	2 	08 	68 	-4 321 336 	-2 374 323 	7 321 318 	5- 358 362 	8,51- 2, 2 -16 129 118 	-1 147 150 	-2 	83 	90 

	

2 1020 981 	3 233 210 	-3 599 639 	-1 571 567 - 8 	44 	44 	6 100 	87 	1 FOBS FCAL -15 154 55) 	-0 409 456 	-1 	71 194 

	

3 518 461 	4 	44 	55 	-2 708 659 	-0 695 733 	9 173 910 	7 	65 	56 -lB 	64 	56 -14 	93 122 	1 181 183 	-0 	71. 100 

	

4 189 164 	5 	89 	52 	-1 640 696 	5 375 325 	10 325 325 	B 116 	92 -17 	51 	36 -13 	81 	82 	2 238 249 	1 	69 	97 

	

5 614 591 	6 166 145 	-0 611 181 	2 220 176 	II 	68 	82 	9 	51 	46 -16 398 365 -12 	83 	53 	3 417 420 	2 	62 	83 

	

6 314 318 	7 199 193 	1 698 646 	3 281 277 	12 	77 	50 	10 	50 	59 -15. 	95 	17 -11 260 257 	4 168 161 	3 	60 	40 

	

7 301 357 	B 	69 	82 	2 400 496 	4 661 636 	13 214 207 	 -14 203 197 -10 194 183 	5 	39 	26 

	

B 451 458 	9 196 181 	3 665 663 	5 607 009 	14 115 115 	44,8' 1, 12 -13 114 	86 	-9 	67 108 	6 354 328 	94,8' 3. 0 

	

9 132 150 	10 	0 	33 	4 759 687 	6 406 309 	15 	61 	53 	1 FOBS FOAL -12 597 221 	-B 236 229 	7 	65 	85 	L FOBS FOAL 

	

10 252 210 	11 	92 	67 	5 280 251. 	7 131 	111 	 -8 	27 	25 -11 	19 	52 	-7 317 286 	8 200 205 -18 119 126 

	

11 307 296 	12 551 152 	6 417 403 	B 447 422 	44,8' 1. 8 	-7 	98 110 -10 234 2,7 	-6 202 201 	9 122 124 -17 215 197 

	

12 144 126 	13 	91 120 	1 423 409 	9 310 293 	L FOBS FOAL 	-6 121 118, 	-9 434 374 	-s ZOO 220 	10 	20 	58 -16 	40 	28 

	

13 196 198 	 8 447 377 	10 106 102 -15 	45 	71 	-5 133 159 	-B 567 588 	-4 219 220 	11 202 105 -15 100 	72 

	

54 106 144 	H,8' 0, 10 	0 225 197 	11 286 285 -14 	66 	61 	-4 	46 	23 	-7 490 478 	-3 367 355 	12 164 955 '-14 	98 	98 

	

55 177 155 	1 FOBS FOAL 	10 387 406 	12 166 190 -13 118 103 	-3 	66 	66 	-6 425 370 	-2 378 408 	13 	56 	75 -13 209 282 

16 124 	96 	-0 276 262 	11 100 	94 	13 	69 900 -12 300 309 	-2 	86 	76 	-5 493 533 	-1 	96 102 	 -12 310 309 

	

5? 269 253 	1 	71 	69 	12 	99 	75 	.14 240 223 -II 	84 115 	-1 517 124 	- 4 409 405 	-0 189 236 	94,8' 2. 9 -11 100 	93 

	

2 150 157 	13 352 353 	15 	lB 	70 -10 	81 	82 	-0 	87 	lB 	-) 977 991 	1 902 841 	1 FOSS FCAI -10 530 490 

8,8 	0. 4 	3 190' 169 	14 160 153 	16 	44 	53 	-9 315 300 	1 	01 101 	-2 619 672 	2 447 426 -15 708 130 	- 9 534 500 

	

FOSS FOAL 	4 	76 	66 	15 	83 	68 	17 120 118 	-8 305 257 	2 	71 	96 	-1 357 331 	3 429 433 -12 159 132 	-8 534 515 

	

-O 54? 522 	5 163 169 	16 216 201 	 - 	 -1 365 352 	3 133 132 	-0 102 125 	4 118 184 -11 	97 lOB 	-7 718 734 

	

1 303 357 	6 	30 	31 	11 	84 111 	4I,8 	1, 5 	-6 	63 	60 	4 158 .172 	1 688 711 	5 235 190 -90 160 175 	-'8 355 	579 

	

2 S67 572 	7 111 113 	 1 FOBS FCAL 	-5 177 171 	5 	67 	52 	2 351 295 	6 612 oO'. 	-9 	52 	67 	-5 418 433 

	

3 721 732 	8 190 203 	H,8 	9, 2. -57 	94 	04 	'-4 247 201 	6 	47 	66 	3 559 510 	1 116 	83 	-B 126 153 	- 4 538 504 

	

4 404 397 	- 0 	62 	BO 	I FOBS FUlL -16 	71 	87 	-3 - 210 590 	1 137 169 	4 457 442 	8 268 229 	-7 218 230 	-3 54'. 326 

	

5 253 197 	10 	lB 	74 -18 105 	94 -15 121 118 	-2 29'. 370 	8 104 110 	5 448 405 	9 108 	89 	-6 	63 	69 	-2 613 559 

	

6 310 291 	11 131 138 -17 	96 - 79 -14 200 560 	-1 122 120 	 6 	13 124 	10 148 151 	-5 154 150 	-1 	135 	lB 

1 108 	72 	12 	53 	42 -16 205 156 -13 	75 	40 	-O 252 310 	H . 	1.13 	7 554 528 	11 	00 101 	4 200 198 	- 0  118 100 

	

B 365 333 	 - 	 -15 156 164 -12 144 122 	1 	42 	72 	1 FOBS FOAL 	8 197 239 	12 	92 .104 	-3 - 63 	50 	1 1851 181 

	

9 220 239 	44,8. 0. 11 -14 175 161  - 
1 
 1  300 323 	2 lOB 	78 	-5 	72 	87 	9 	64 	72 	63 230 221 	-2 248 235 	2 	89 	39 

10 	95 	40 	1 FOBS FCAL -1 	223 212 -10 258 293 	3 404 392 	-4 	33 	45 -  10 	67 	42 	14 155 137 	-I 208 240 	3 470 458 

	

11 159 154 	1 	74 	70 -12 344 340 	-9 244 243 	4 291 007 	-3 13_B 141 	11 140 182 	55 173 163 	-O 157 160 	4 298 264 

12 	77 	79 	2 	52 	52 -11 146 154 	-6 232 238 	5 	82 	72 	-2 	72 	74 	52 303 264 	16 	405 	22 	0 219 255 	5 227. 259 

	

13 142 137 	3 	67 	70 -50. 306 319. -7 	27 	53 	6 157 549 	-5 	55 	69 	53 115 131 	 2 229 217 	- 6 314 277 

14 104 	90 	4 114 133 	-9 343 323 	-6 	36 	10 	7 430 676 	-0 	0 	32 	14 203 175 	44,8. 2. 6 	3 134 125 	7 495 491 

	

15 249 256 	5 104 	96 	-B 342 357 	-5 412 '.31 	B 210 596 	I 	44 	89 	15 	20 	45 	1. FOBS FOAL 	4 363 344 	B 	56 	81 

06 104 	91 	9 567 131 	-7 307 800 	-4 176 352 	4 268 250 	2 500 125 	16 	44 	29 -76 	69 	70 	5 250 274 	9 614 569 

	

17 133 126 	7 112 121 	-6 476 465 	-3 175 143 	10 100 	99 	3 	44 	65 	17 138 107 -55 152 	84 	6 107 	96 	10 356 357 

	

8 107 122 	-5 430 463 	-2 621 602 	18 163 506- 	4 	BO 	04 	 -14 135 132 	7 	53 	59 	11 534 405 

H,X 	0, 5 	9 113 133 	4 766 025 	-1 555 580 	12 150 149 	 94,8' 2, 3 -15 146 162 	B 146 914 	12 	54 	62 

	

I FOSS FOAl 	10 148 177 	-3 1090 1060 	-0 429 443 	13 	81 	69 	44,8. 7, 0 	1 FOBS FOAl. -12 134 141 	9 125 1)7 	13 	15 	69 

	

1 703 760 	 -2 510 581 	1 432 445 	74 101 	93 	5 FOBS FOAL 	=19 	95 122 -19 	137 111 	10 280 277 	5'. 193 212 

	

2 329 315 	94,8' 0, 12 	-1 268 321 	2 	921 	136 	 -18 154 162 -57 210 190 -10 	197 586 	51 	85 101 	15 	38 	60 

	

3 170 150 	4, 10447 FOOL 	-0 942 315 	3 315 297 	HS' 9, 9 -11 791 093 -96 	29 	41 	-0 	44 	s 	92 	43 	66 	16 125 	07 
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-& 163 156 	-8 101 	79 
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-4 242 292 

	

15 140 120 -17 	83 	69 	1 120 120 -18 142 103 -12 105 
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Figuro Captions 

Figure 1. FerricbroreA 

Figure 2 Projection of ferrichroreA ioleculc down tne cryallographic b axis 

Figure 3 Scheratic rolecular forrlae of the subgroups in ferrichroA 

to be used in identifying the distaces and angles in Tables III I, and V0 

Figure 4. Absolute configuration about the iron aton in ferrichromeA 
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