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The Crystal Structure of Hydrated Beauvericin 
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The structure of the ionophorous cyclic depsipeptide antibiotic beauvericin [-L-N-methyl-phenylalanyl- 
D-a-hydroxyisovaleryl-]3, C45H60N606, has been determined by direct methods from counter intensities 
and refined to an R of 0.096. The hydrated material crystallizes in the monoclinic space group P21 with 
a= 15.936 (4), b= 17.165 (2), c=8.337 (12) A, fl=92.14 (6) °, Z=2. The conformation is similar to that 
found in a Ba picrate complex and also to the conformation which has been proposed to exist in polar 
solvents from spectroscopic studies and conformational analyses. 

Introduction 

Beauvericin (Bv) is a cyclic hexadepsipeptide of alter- 
nating L-N-methyl-phenylalanyl and D-e-hydroxyiso- 
valeryl residues (Hamill, Higgins, Boaz & Gorman, 
1969). It is a member of the enniatin group of anti- 
biotics known to be active against gram positive and 
mycobacteria. The enniatins have the general formula 
(L-MeX-o-Hylv)3 where X is lie, Val, Leu or Phe in 
enniatins A, B and C, and Bv respectively. The anti- 
microbial activity of Bv closely resembles that of 
enniatin A (Ovchinnikov, Ivanov & Mikhaleva, 1971) 
and its antibiotic action results from its ability to affect 
the transport of metal ions across biological mem- 
branes (Dorschner & Lardy, 1968). It was proposed 
earlier that the enniatins and other macrocyclic anti- 
biotics could affect translocation by forming stable 
complexes with the metal cation (Mueller & Rudin, 
1967) and it is now known that such complexes are 
lipid soluble and these antibiotics act as mobile carriers 
which ferry cations across cell membranes. 

In contrast to valinomycin, which is perhaps the most 
widely known of these antibiotics, Bv is effective with 
alkaline earth as well as alkali metal ions (Roeske, 
Isaac, King & Steinrauf, 1974; Prince, Crofts & Stein- 
rauf, 1974). While not having the very considerable 
cation specificity exhibited by valinomycin, Bv is 
unusual in showing an anion-dependent cation speci- 
ficity (Estrada-O, Gomez-Louero & Montal, 1972). 
Ivanov et al. (1973) have reported enniatin complexes 
with 2: 1 and 3 : 2 macrocycle: cation ratios. 

Spectroscopic studies carried out at the Shemyakin 
Institute indicate two spatial forms of the enniatins, 
an asymmetric 'N '  form in non-polar solvents and a 
symmetric 'P '  form in polar solvents, and a recent 
crystallographic study of a Bv Ba picrate complex 
(Hamilton, Steinrauf & Braden, 1975) shows 
(Bv. Ba. Pi%. Ba. Bv) ÷ Pic- as the unit of structure. 

Structure determination and refinement* 

The Bv was synthesized by Dr Roeske (Roeske et al., 
1974) and crystals were grown in the laboratory of Dr 

* With technical assistance from D. Akrigg. 

Steinrauf by cooling overnight from a hot solution of 
n-heptane. 

Intensities were collected on an Enraf-Nonius 
CAD-4 diffractometer. 3678 reflexions were measured 
by the moving-crystal moving-counter technique in 
the range 3 ° _< 0_< 68 ° with graphite-monochromatized 
Cu K~ radiation, 2=1.54051 /~. A control reflexion 
measured every 50 reflexions showed a gradual decline 
in intensity to about 93 % of its initial value, but no 
correction was made for this nor for absorption. 

The space group was determined as P21 with a =  
15.936 (4), b=17-165 (2), e=8.337 (12) A and t =  
92.14 (6) °, the standard deviations being calculated 
from 15 observations. Another crystal form frequently 
crystallized with the above conditions and this had the 
space group P222 with a=15.13, b=15.65 and c= 
19-04 A. These crystals were always split and intensities 
have not yet been collected. 

The structure was solved with MULTAN (Germain, 
Main & Woolfson, 1971). We used a recent version of 
M U L T A N  written by Drs J. P. Declercq, G. Germain, 
P. Main, L. Lessinger and Professor M. M. Woolfson. 
The normalized structure factors (E's) were analysed 
as follows: 

Theoretical 
Experi- Non-centro- Centro- 
mental symmetric symmetric 

(IE z -  11) 0.7114 0.7360 0-9680 
(IEI) 0.8948 0-8860 0.7980. 

There were 276 reflexions with E>  1.60 and these were 
used for phase generation. The reflexions used in the 
starting set are given in Table 1. 

h k l  E 

2 0 -~ 2"32 

1 3 T 3.07 
9 2 ~ 2"98 
3 1 2 2.54 
6 0 2 2.76 
4 5 7 2-47 

12 4 1 2.40 
13 11 0 2.33 

Table 1. Starting set of reflexions 

Phase 
180 A ~1 reflexion; probability 

that phase is correct is 0-927 
+45 

45 Fixes enantiomorph Origin-fixing 
360 reflexions 
360, 180 

Multiple 
45, 135, 225, 315 assignment 
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256 sets o f  phases were generated.  Nine  of  these had  
combined  figures of  meri t  ( C F O M )  of  2.6 to 2.7 while 
none  o f  the r emain ing  sets had  a C F O M  greater  than  x 

c(23) 30460 
2.2. The  peak-search ing  rout ine  was appl ied to the c(24) 39263 
electron densi ty  d is t r ibut ions  calculated f rom the nine c(25) 44560 
different sets o f  phases. In each case the projected c(26) 52728 
pos i t ions  o f  the 87 highest  peaks were ou tpu t  graphi-  C(27) 55712 

C(28) 50335 
cally on the l ine-printer .  Fo r  one o f  these nine sets an C(29) 42087 
a lmos t  comple ted  ring s t ructure  was appa ren t  and  it c(30) 21572 
was cons idered  l ikely tha t  this co r responded  to the 0(31) 18759 
backbone  of  the cyclic depsipept ide.  33 a toms were 0(32) 16979 

c(33) 842 I 
selected on the basis o f  the known  chemical  s t ructure  c(34) 4152 
o f  Bv. A Four ie r  synthesis  was c o m p u t e d  with phases C(35) -4545 
specified by these 33 a toms  and f rom the resul tant  c(36) 3883 
electron densi ty map  a fur ther  19 a toms were selected c(37) 8897 

0(38) 12929 
and three o f  the or iginal  a toms  discarded.  One fur ther  N(39) 4374 
synthesis  revealed the posi t ions  of  the r emain ing  eight C(40) 22 
n o n - H  a toms  in the Bv molecule.  One o f  the or iginal  c(41) 4948 
a toms  re ta iaed  t h r o u g h o u t  was only  80th in the list o f  c(42) -3764 

c(43) - 9268 
87 peaks in order  of  decreasing intensi ty,  c(44) -16184 

The  s t ructure  was refined by ful l -matr ix  least squares c(45) -20866 
with X - R A Y  72 (Stewart,  Kruger ,  A m m o n ,  Dick inson  c(46) -18838 
& Hall ,  1972) ini t ial ly with isot ropic  and  subsequent ly  c(47) -12056 

c(48) - 7206 
with an i so t rop ic  t empera tu re  factors  to an R o f  0.157. C(49) 10769 
At  this stage a difference synthesis revealed one s t rong 0(5o) 13408 
peak abou t  3 A f rom two o f  the amide  ca rbony l  O 0(51) 12805 
a toms  and  this was in te rpre ted  as the O a tom of  a c(52) 18686 

C(53) 18505 
molecule  o f  water.  Fu r the r  ref inement ,  inc luding this c(54) 9686 
a tom,  was s topped  when R reached 0.129, and  ano the r  c(55) 21289 
difference map  was computed .  Two add i t iona l  peaks c(56) 27299 
were present.  One of  these was qui te  distinct,  a l t hough  0(57) 28811 

O(HzO) 21259 
weak, and  abou t  3 A f rom the three ester ca rbony l  O O(H20') 20269 
a toms.  This  was in terpre ted  as the O a tom of  a water  O(H20") 78995 
molecule  with a popu l a t i on  pa rame te r  much  less than  
uni ty  (this pa rame te r  eventual ly  refined to 0.26). The  
o ther  peak  was weak and  diffuse and  was in terpre ted  

Tab le  2. Fractional atomic coordinates ( × 105) 

Standard deviations are in parentheses. 

x y z 
N(1) 33375 (37) 12660 (0) 112835 (70) 
C(2) 31405 (57) 10237 (72) 129075 (100) 
C(3) 41440 (42) 10468 (45) 106440 (79) 
C(4) 48651 (46) 10893 (52) 119216 (93) 
C(5) 57188 (53) 9331 (53) 112954 (103) 
C(6) 60848 (52) 14037 (58) 101878 (105) 
C(7) 68652 (59) 12348 (82) 95969 (128) 
C(8) 72775 (65) 5928 (94) 101271 (140) 
C(9) 69542 (65) 945 (71) 112202 (137) 
C(10) 61657 (59) 2600 (62) 118273 (105) 
C(I 1) 40811 (45) 2383 (47) 99232 (92) 
O(12) 35810 (40) -2468 (40) 102256 (90) 
O(13) 46715 (34) 1438 (33) 88491 (61) 
C(14) 47115 (53) -6393 (51) 80799 (96) 
C(15) 56150 (52) -7951 (55) 77239 (111) 
C(16) 59887 (64) -2226 (75) 65717 (145) 
C(17) 57141 (70) -16453 (70) 71707 (165) 
C(18) 41200 (55) -5813 (49) 65739 (103) 
O(19) 41597 (45) -363 (35) 56755 (80) 
N(20) 35948 (41) - 11861 (38) 62938 (77) 
C(21) 34575 (58) - 18527 (56) 73851 (116) 
C(22) 30389 (48) -11360 (47) 48425 (93) 

Table  2 (cont.) 

y Z 

(53) - 18857 (51) 38094 (110) 
(52) -21438 (50) 34796 (90) 
(68) - 16802 (61) 26617 (126) 
(76) - 18961 (85) 23712 (143) 
(72) -26240 (84) 29452 (157) 
(72) -30994 (67) 37219 (130) 
(60) -28791 (59) 40248 (107) 
(53) -9203 (49) 52940 (110) 
(40) -9356 (48) 66159 (72) 
(34) --7152 (37) 39698 (61) 
(45) -4927 (47) 42697 (89) 
(54) --3871 (56) 25929 (107) 
(61) --461 (84) 27124 (128) 
(84) -- 11820 (72) 17115 (132) 
(46) 2868 (51 ) 51677 (92) 
(37) 8178 (35) 46202 (67) 
(39) 3690 (39) 64866 (79) 
(58) - 2987 (64) 72252 (112) 
(49) 11064 (47) 73717 (92) 
(48) 14356 (61) 77901 (107) 
(47) 15275 (58) 62941 (106) 
(51) 10420 (75) 60768 (139) 
(63) 11254 (93) 46183 (186) 
(91) 16540 (103) 34969 (172) 
(92) 21329 (90) 37143 (149) 
(59) 20673 (63) 51454 (118) 
(46) 10071 (52) 88415 (94) 
(42) 3989 (37) 93771 (77) 
(31) 17151 (32) 94430 (61) 
(42) 17032 (49) i 08225 (93) 
(54) 25161 (53) 115513 (98) 
(68) 26650 (74) 122185 (137) 
(84) 31460 (63) 103954 (144) 
(50) 15003 (46) 101973 (94) 
(35) 15568 (46) 87770 (66) 
(57) 22027 (55) 59429 (95) 

- 13607 586 
- 12565 45910 

Fractional atomic coordinates of hydrogen atoms ( x 104) 

x y 
HC(2) 3587 852 
H'C(2) 2738 579 
H"C(2) 2852 1477 
HC(3) 4300 1436 
HC(4) 4753 688 
H'C(4) 4868 1634 
HC(6) 5774 1890 
HC(7) 7124 1591 
HC(8) 7854 474 
HC(9) 7280 - 389 
HC(10) 5914 -102  
HC(14) 4509-1061 
HC(15) 5983 -703  
HC(16) 5951 311 
H'C(16) 5649 -243 
H"C(16) 6589 -326  
HC(17) 6314 -1749 
H'C(17) 5354 -1735 
H"C(17) 5537 -2005 
HC(21) 3068 -2301 
H'C(21) 3270 -1613 

z x y z 
13705 HC(29) 3822-3241 4624 
12783 HC(33) 565 -905 4952 
13401 HC(34) 770 -21 1936 
9783 HC(35) -731 22 1627 

12787 H'C(35) -411 473 3255 
12410 H"C(35) -803 -405 3357 
9790 HC(36) 112-1114 626 
8773 H'C(36) 62-1565 2340 
9695 H"C(36) 973-1379 1599 

11588 HC(40) -333 -238 8203 
12649 H'C(40) 447 --693 7501 
8834 H"C(40) -392  -514  6375 
8732 HC(41) 726 1529 6653 
7043 HC(42) -299  1966 8329 
5541 H'C(42) -657  1062 8553 
6335 HC(44) -1779 647 6923 
6934 HC(45) -2595 775 4403 
6182 HC(46) -2246 1695 2467 
8036 HC(47) -1055 2528 2860 
7177 HC(48) -212  2421 5340 
8401 HC(52) 1691 1293 11625 

HC(53) 2296 2556 12458 
HC(54) 957 3199 12697 
H'C(54) 852 2269 13058 
H"C(54) 532 2626 11330 
HC(55) 2117 3680 10874 
H'C(55) 1745  3137 9421 
H"C(55) 2715 3029 10084 

H"C(21) 4024 -2093 7574 
HC(22) 3262 -721 4096 
HC(23) 2731 -1779 2746 
H'C(23) 2751 -2321 4401 
HC(25) 4242 -1154 2248 
HC(26) 5653 -1536 1753 
HC(27) 6176 -2791 2782 
HC(28) 5240 -3634 4095 
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as a water  molecule  wi th in  an  in te rmolecu la r  cavi ty  
and  hav ing  cons iderable  f reedom of  movement .  
A l t h o u g h  the solvent  may  have been c o n t a m i n a t e d  with 
water  it seems more  l ikely tha t  water  molecules  were 
absorbed  by the crystal  dur ing  the per iod  it was left 
s t and ing  in the l a b o r a t o r y  pr ior  to examina t ion .  

Fu r the r  ref inement  inc lud ing  the O a toms  of  these wate r  
molecules  (the first hav ing  been assigned a low popula -  
t ion pa rame te r  bu t  a no rma l  i sot ropic  t empera tu re  fac- 
tor,  and  the second given a popu la t i on  pa rame te r  of  
uni ty  but  an isotropic  t empera tu re  factor  three to four  
t imes the average)  reduced R to 0.111. A final differ- 

Table  3. Anisotropic thermal parameters  ( ×  104) 

Standard deviations are in parentheses. The temperature factor is of the form: 

exp [ -  2rcz(U1ta*2h 2 + U22b*Zk 2 + U3ac*212 + 2U12a*b*hk + 2Ulsa*c*hl+ 2U23b*c*kl)]. 

Uu U22 Uss Ul2 Uls 
N(I) 360 (33) 471 (40) 332 (33) 25 (31) - 16 (26) 
C(2) 552 (52) 1069 (84) 366 (46) 210 (58) 76 (38) 
C(3) 322 (36) 400 (41) 287 (35) 68 (33) - 3 9  (28) 
C(4) 349 (40) 566 (53) 455 (46) 47 (39) -71  (33) 
C(5) 510 (49) 509 (51) 519 (52) - 5 6  (43) -243 (40) 
C(6) 427 (46) 607 (59) 551 (52) 3 (44) - 156 (40) 
C(7) 417 (51) 1140 (100) 723 (72) 4 (61) 28 (48) 
C(8) 471 (58) 1379 (128) 643 (73) - 1 2  (73) - 5 9  (52) 
C(9) 562 (61) 801 (81) 809 (73) 259 (58) -276  (54) 
C(10) 596 (58) 686 (66) 480 (50) - 5 7  (53) -210  (43) 
C(11) 291 (36.) 411 (43) 454 (43) - 16 (34) - 9 (32) 
O(12) 569 (40) 534 (40) 986 (54) - 131 (35) 236 (37) 
O(13) 476 (32) 420 (33) 429 (30) - 141 (27) 46 (25) 
C(14) 533 (49) 452 (48) 411 (44) 94 (41) - 182 (37) 
C(15) 396 (45) 556 (53) 630 (56) 62 (41) - 114 (40) 
C(16) 557 (63) 867 (83) 907 (84) - 5 8  (61) 163 (58) 
C(17) 659 (71) 694 (76) 1227 (109) 224 (61) - 188 (71) 
C(18) 567 (52) 342 (43) 510 (50) 30 (39) - 104 (40) 
O(19) 944 (51) 312 (32) 701 (43) - 192 (33) -382  (38) 
N(20) 466 (37) 325 (34) 435 (37) 19 (29) - 135 (29) 
C(21) 592 (55) 480 (55) 715 (62) -236  (46) - 151 (48) 
C(22) 375 (40) 404 (43) 443 (44) 101 (34) - 6 5  (33) 
C(23) 470 (48) 400 (47) 690 (58) 164 (40) - 108 (42) 
C(24) 512 (47) 462 (48) 357 (42) 152 (41) -157  (36) 
C(25) 752 (69) 560 (59) 684 (65) 115 (53) 78 (54) 
C(26) 766 (80) 918 (94) 825 (79) -249  (72) 244 (63) 
C(27) 580 (67) 949 (103) 909 (87) - 17 (67) 68 (61) 
C(28) 798 (73) 734 (76) 680 (66) 356 (63) -265 (57) 
C(29) 628 (58) 586 (56) 488 (52) 100 (48) - 129 (44) 
C(30) 491 (49) 346 (45) 609 (57) 66 (38) - 4 4  (43) 
O(31) 600 (39) 991 (57) 425 (35) 248 (39) - 2 5  (30) 
0(32) 492 (32) 642 (38) 313 (27) 180 (30) - 136 (24) 
C(33) 310 (37) 452 (47) 388 (42) 132 (34) - 12 (31) 
C(34) 458 (49) 549 (55) 555 (54) 14 (43) - 17 (40) 
C(35) 464 (56) 1344 (118) 678 (68) 246 (66) -224  (48) 
C(36) 1244 (102) 752 (79) 618 (67) 208 (75) -418 (68) 
C(37) 306 (36) 501 (48) 408 (41) 89 (37) - 2 7  (32) 
0(38) 598 (36) 454 (35) 461 (32) - 137 (30) 212 (27) 
N(39) 369 (33) 386 (36) 510 (39) - 3 6  (30) - 8  (29) 
C(40) 553 (55) 707 (65) 544 (56) - 176 (51) 189 (44) 
C(41) 486 (46) 381 (44) 396 (42) - 4  (37) - 4 4  (35) 
C(42) 316 (41) 763 (67) 593 (55) 163 (44) 60 (38) 
C(43) 301 (39) 654 (61) 578 (53) 128 (40) - 2 5  (36) 
C(44) 260 (42) 1042 (91) 1066 (84) 124 (53) - 7 3  (47) 
C(45) 372 (54) 1126 (116) 1330 (116) 69 (67) -274  (67) 
C(46) 812 (91) 1172 (130) 996 (102) 499 (93) -362  (81) 
C(47) 1042 (100) 1114 (110) 774 (83) 581 (91) -270  (75) 
C(48) 565 (57) 699 (66) 624 (61) 110 (51) 19 (47) 
C(49) 320 (39) 492 (48) 463 (45) 80 (37) 100 (33) 
0(50) 794 (46) 419 (36) 649 (41) 79 (33) - 197 (34) 
O(51) 362 (27) 424 (30) 421 (30) 54 (25) - 5 4  (23) 
C(52) 217 (33) 491 (46) 454 (44) 59 (33) -61  (30) 
C(53) 509 (50) 517 (53) 417 (45) 92 (43) - I01 (38) 
C(54) 698 (68) 819 (80) 848 (79) 152 (64) - 11 (58) 
C(55) 1245 (101) 420 (58) 893 (83) - 121 (63) - 189 (74) 
C(56) 473 (46) 347 (42) 441 (45) - 7 3  (35) -31  (36) 
0(57) 441 (32) 1089 (58) 361 (32) 76 (36) 21 (25) 
O(HzO) 1154 (70) 1071 (67) 741 (52) -349  (57) -104  (48) 

U23 
46 (30) 

1 3 7  ( 5 4 )  
81 (33) 

- 1 1 4  ( 4 2 )  
- 9 2  ( 4 4 )  

38 (48) 
121 (71) 

- 267 (78) 
282 (65) 

- 3 8  (51) 
124 (37) 

- 1 0 4  ( 3 8 )  
- 1 1 9  ( 2 6 )  
- 101  ( 3 9 )  
- 1 6 9  ( 4 6 )  

27 (70) 
- 309 (77) 
- 1 3 9  ( 4 1 )  

143 (32) 
- 5 0  ( 2 9 )  
142 (49) 

- 4 8  ( 3 7 )  

- 279 (44) 
- 1 0 4  ( 3 7 )  

- 12  ( 5 3 )  
- 1 6 5  ( 7 3 )  
- 376 (78) 
- 385 (60) 
- 1 3 6  ( 4 5 )  
- 1 4 4  ( 4 2 )  

39 (37) 
- 15  ( 2 7 )  
- 6 5  ( 3 6 )  

- 1 0 4  ( 4 5 )  
- 1 1 3  ( 7 4 )  
- 1 7 5  ( 6 1 )  
- 1 0 0  ( 4 0 )  

- 1 9  ( 2 7 )  
- 2 4  ( 3 2 )  
- 6 9  (51) 

- 4  (36) 
- 181  ( 5 2 )  
- 1 4 3  ( 4 8 )  
- 3 6 1  ( 7 6 )  

- 509 (99) 
- 4 1 3  ( 9 4 )  

- 3 0  ( 8 0 )  
- 4 5  (53) 

3 (41) 
72 (32) 
6 (25) 
4 (38) 

- 1 4 5  ( 4 0 )  
- 1 8 8  ( 6 8 )  

135 (60) 
51 (36) 

239 (36) 
270 (502) 
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C28 "c27 

c J4 "c2~ s 

C23 NL:~ 21 /C14 ! 
\ ~ -c,: \ I / 

c22 o~( &3 c6-c~ 

I \ C30 C11 I ^ ~  \ .o~ \ ~ c 4  
~,.:a O31 . . . . . . .  H20t~ C 3  ~ 

C35 / 

o38. : .o57... / " ~ c 2  / 
c~= c37 "-.. .-"... c56 

~9 "~° ~ ° I 

:,,~,~c,: -c!2 
Cc~5.1.c.Z.. c54 

(a) 

( 

°°!:; 

(b) 

o o 

(c) 

Fig. 1. (a) Beauvericin. The atom-numbering scheme. (b) A 
perspective view of the beauvericin molecule looking along 
the normal to the plane of best fit through the backbone 
atoms. (e) A schematic diagram of the beauvericin molecule 
viewed parallel to the plane of best fit through the backbone 
atoms. The side groups have been omitted since they obscure 
the backbone in this projection. 

ence map  revealed all 57 H atoms on the Bv molecule. 
These were included in a final cycle of  refinement but 
their positions were not refined. The final value of  R 
was 0-096.* 

Description of the structure 

The atomic coordinates,  thermal parameters ,  bond 
lengths, bond angles, and torsion angles are shown in 
Tables 2-6. The numbering of  the atoms is shown in 
Fig. l(a) and a perspective view normal to the least- 
squares plane through the backbone atoms is shown 
in Fig. l(b). 

Table 4. Bond lengths (•) 
Standard deviations are in parentheses. 

N(1)--C(2) 
N(I)--C(3) 
C(3)--C(4) 
C(3)--C(11) 
C(4)--C(5) 
C(5)--C(6) 
C(5)--C(10) 
C(6)--C(7) 
C(7)--C(8) 
C(8)--C(9) 
C(9)--C(10) 
C(11)-O(12) 
C(11)-O(13) 
O(13)-C(14) 
C(14)-C(15) 
C( 14)-C(18) 
C(I 5)-C(16) 
C(15)-C(17) 
C(18)-O(19) 
C(18)-N(20) 
N(20)-C(21) 
N(20)-C(22) 
C(22)-C(23) 
C(22)-C(30) 
C(23)-C(24) 
C(24)-C(25) 
C(24)-C(29) 
C(25)-C(26) 
C(26)-C(27) 
C(27)-C(28) 
C(28)-C(29) 
C(30)-O(31) 
C(30)-O(32) 

1"466 (11) 0(32) C(33) 1.448 (9) 
1.460 (9) C(33) C(34) 1.545 (11) 
1.540 (10) C(33)---C(37) 1.534 (12) 
1.514 (11) C(34) C(35) 1.512 (14) 
1.501 (11) C(34) C(36) 1.550 (15) 
1.375 (13) C(37)---O(38) 1.215 (10) 
1.419 (13) C(37) N(39) 1-348 (10) 
1"387 (13) N(39) C(40) 1.486 (12) 
1.349 (19) N(39)----C(41) 1"467 (10) 
1-367 (18) C(41)---C(42) 1.551 (12) 
1.403 (14) C(41)---C(49) 1.520 (11) 
1.186 (10) C(42) • C(43) 1-508 (12) 
1.336 (9) C(43) C(44) 1.388 (13) 
1.492 (10) C(43)----C(48) 1.383 (14) 
1-506 (12) C(44)----C(45) 1.412 (18) 
1.546 (12) C(45)---C(46) 1.353 (22) 
1.514 (15) C(46) C(47) 1.364 (22) 
1.540 (15) C(47)---C(48) 1.403 (16) 
1.203 (11) C(49)---O(50) 1.205 (11) 
1.348 (11) C(49) O(51) 1.349 (10) 
1.485 (12) O(51)----C(52) 1.458 (9) 
1.477 (10) C(52) C(53) 1.523 (12) 
1"550 (12) C(52) C(56) 1.528 (11) 
1"515 (12) C(53) C(54) 1.553 (14) 
1.507 (12) C(53)---C(55) 1.527 (15) 
1.363 (14) C(56) 0(57) 1-224 (10) 
1.409 (13) C(56)- - -N(I )  1.362 (10) 
1.384 (17) O(H20)--O(38) 2.918 (11) 
1.414 (20) O(H20)--O(57) 2.841 (10) 
1.366 (17) O(HzO') -O(12) 3.13 
1.400 (15) O(H20')-O(31) 2.97 
1.209 (11) O(H20') -0(50) 3.25 
1"350 (10) O(H20)--O(H20") 2"68 

The molecule is disc-shaped with the side groups 
projecting in pseudo-equatorial  fashion. The amide 
carbonyl  groups project to one side of  the disc and the 
ester carbonyl  atoms and amide N-methyl  groups to 
the other  (Fig. l c). 

Torsion angles 
The molecule departs  from exact threefold symmetry,  

slightly in backbone conformat ion  and considerably 

* A list of structure factors has been deposited with the 
British Library Lending Division as Supplementary Publica- 
tion No. SUP 31913 (23 pp., 1 microfiche). Copies may be ob- 
tained through The Executive Secretary, International Union 
of Crystallography, 13 White Friars, Chester CH1 INZ, 
England. 
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in side-chain orientation. Thus two of the amino acid 
residues are almost identical in backbone conforma- 
tion with q~, V angles of  - 1 0 3 ,  167 and - 1 0 1 ,  166 ° 
[the convention used for torsion angles is that described 
by the I U P A C - I U B  Commission on Biochemical 
Nomenclature  (1970)]. The third is about 24 ° smaller 
in ~ and 10 ° smaller in ~,. For the three hydroxy acid 
residues there are similar departures of threefold sym- 
metry, the q~, V angles being 90, - 1 3 5  and 70, - 1 3 3  
and 73, - 164 °. Two of the MePh side chains have very 
similar conformations with C~-C ~ gauche to N - C  ~ and 
C~-C ~ gauche to C~-C ~. The third differs in that CB-C ~ 
is trans to N - C  ~. This difference would seem to result 
from intermolecular packing forces. The three Hylv  
side chains are all different, with Ca-H(C ~) trans 
to each of C~-C ', C~-H(C~), and C~-O(ether). There 
are no significant departures from planari ty of either 
the amide groups C ~ - C O - N - C  ~ (03= 177.6, -179 .7 ,  
- 177.4) or the ester groups C~-CO-O-C  (03= - 179.1, 

178.6, 177.7°). The H atoms of all the Hylv  methyl  
groups are staggered relative to the arrangement on the 
C B atoms. The H atoms of the N-methyl groups, while 
not so clearly defined on the electron density maps, 
seem to be arranged so that one C - H  bond in each N- 
methyl group is trans to the N - C '  bond, leaving the 
other two H atoms of each group bracketing the 
hydroxy acid H(C") atoms. 

Bond lengths and angles 
Most of the bond lengths and angles are close to 

normal but there are a few exceptions. Apparently,  
ring-closure has been achieved by the slight compres- 
sion of 6 of the 18 ring angles, viz the three C ' - C ' - O  
angles, which are 3 or 4 ° less than the normal tetra- 
hedral value, and the three C ' - N - C  ' angles, which are 
all 4 or 5 ° less than the average values found in linear 
peptides (Dickerson & Geis, 1969). Since Bv is com- 
posed of three chemically identical pairs of  residues, 

Table 5. Bond angles (o) 

Standard deviations are in parentheses. 

C(2)--N(1)--C(3) 119"3 (0"6) 
C(2)--N(1)--C(56) 12l'9 (0"7) 
C(3)--N(1)--C(56) 116.4 (0.6) 
N(1)--C(3)--C(4) 112-2 (0.6) 
N(I)--C(3)--C(I 1) 109.6 (0.5) 
C(4)--C(3)--C(11) 110.8 (0.6) 
C(3)--C(4)--C(5) 114.3 (0.6) 
C(4)--C(5)--C(6) 123.0 (0.8) 
C(4)--C(5)--C(10) 119.1 (0.8) 
C(6)--C(5)--C(10) 117.9 (0.8) 
C(5)--C(6)--C(7) 121.8 (0.9) 
C(6)--C(7)--C(8) 119.1 (1.1) 
C(7)--C(8)--C(9) 122.6 (1.0) 
C(8)--C(9)--C(10) 118.8 (1.1) 
C(9)--C(10)-C(5) 119.8 (0.9) 
C(3)--C(11)-0(12) 126.3 (0.7) 
C(3)~C(11)-0(13) 1 lO'O (0"6) 
O(12)-C(11)-O(13) 123-7 (0.8) 
C(I 1)-O(13)-C(14) 116.2 (0.6) 
O(13)-C(14)-C(15) 107.6 (0.7) 
O(13)-C(14)-C(18) 105.0 (0.6) 
C(15)-C(14)-C(18) 114.1 (0-7) 
C(14)-C(15)-C(16) 114.4 (0.8) 
C(14)-C(15)-C(17) 109.7 (0.8) 
C(16)-C(15)-C(17) 112.1 (0.9) 
C(14)-C(18)-O(19) 120.9 (0.8) 
C(14)-C(18)-N(20) 116.5 (0.7) 
O(19)-C(18)-N(20) 122.5 (0.8) 
C(18)-N(20)-C(21) 126.3 (0.7) 
C(18)-N(20)-C(22) 116.5 (0.7) 
C(21)-N(20)-C(22) 116.9 (0.6) 
N(20)-C(22)-C(23) 113' 1 (0'6) 
N(20)-C(22)-C(30) 110.0 (0.7) 
C(23)-C(22)-C(30) 111.6 (0.7) 
C(22)-C(23)-C(24) 111.9 (0.7) 
C(23)-C(24)-C(25) 121.3 (0.8) 
C(23)-C(24)-C(29) 119.5 (0.8) 
C(25)-C(24)-C(29) 119.2 (0.8) 
C(24)-C(25)-C(26) 122.5 (1.0) 
C(25)-C(26)-C(27) 118.9 (1.1) 
C(26)-C(27)-C(28) 118.7 (1-1) 
C(27)-C(28)-C(29) 122.4 (1.1) 
C(28)-C(29)-C(24) 118.3 (0.9) 
C(22)-C(30)-O(31) 127.1 (0.8) 
C(22)-C(30)-O(32) 109.7 (0.7) 

O(31)-C(30)--O(32) 123.2 (0.8) 
C(30)-O(32)---C(33) 114-3 (0.6) 
O(32)-C(33)--C(34) 105.0 (0.6) 
O(32)-C(33)---C(37) 106.6 (0.6) 
C(34)-C(33)---C(37) 110.7 (0.7) 
C(33)-C(34)---C(35) 111.0 (0-7) 
C(33)-C(34)---C(36) 109.4 (0.8) 
C(35)-C(34)---C(36) 111.3 (0.9) 
C(33)-C(37)--O(38) 119-1 (0.7) 
C(33)-C(37)---N(39) 118.3 (0.7) 
C(38)-C(37)--N(39) 122-5 (0.8) 
C(37)-N(39)---C(40) 122.2 (0.7) 
C(37)-N(39)--C(41) 118.6 (0.7) 
C(40)-N(39)---C(41) 118.4 (0.7) 
N(39)-C(41)---C(42) 112.9 (0.7) 
N(39)-C(41)--C(49) 109.6 (0.7) 
C(42)-C(41)--C(49) 112.4 (0-7) 
C(41)-C(42)--C(43) 110-4 (0.7) 
C(42)-C(43)--C(44) 118.6 (0-9) 
C(42)-C(43)--C(48) 120.0 (0.8) 
CO4)-C(43)--C(48) 121.3 (0-9) 
C(43)-C(44)---C(45) 116.3 (1.1) 
C(44)-C(45)---C(46) 122.3 (1-2) 
C(45)-C(46)---C(47) 121.4 (1.3) 
C(46)-C(47)---C(48) 118.2 (1-3) 
C(47)-C(48)---C(43) 120.5 (1.0) 
C(41)-C(49)--O(50) 126-2 (0.8) 
C(41)-C(49)---O(51) 109-3 (0.7) 
O(50)-C(49)---O(51 ) 124-5 (0.7) 
C(49)-O(51)--C(52) 114.8 (0.6) 
O(51)-C(52)---C(53) 106.4 (0-6) 
O(51)-C(52)---C(56) 106.9 (0.6) 
C(53)-C(52)---C(56) 112.1 (0.6) 
C(52)-C(53)---C(54) 109.0 (0.7) 
C(52)-C(53)--C(55) 112-6 (0.7) 
C(54)-C(53)---C(55) 113.6 (0-9) 
C(52)-C(56)---O(57) 121.8 (0.7) 
C(52)-C(56)---N(1) 117"6 (0"7) 
O(57)-C(56)---N(1) 120"5 (0"7) 
O(38)-O(H20)-O(57) 99.8 (0.3) 
O(57)-O(HzO)-O(H20") 122 
O(12)-O(H20")-O(31) 86 
O(12)-O(H20")-O(50) 73 
O(31)-O(H20')-O(50) 66 
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and since all the atoms have been refined independent- 
ly, we can at tach more significance to small departures 
f rom normal  values of  bond lengths if these are re- 
peated in each of  the three pairs of  residues. Thus, the 
angular  distortion at the Hylv  C ~ a tom would seem to 
be associated with a slight lengthening of  the C~-C ' 
and C~-O bonds of  about  0-02 A, and a shortening of  
the C~-C a and one of  the Ca-C ~ bonds by the same 
amount .  

The planari ty of  the amide group in peptides is 
usually ascribed to electron delocalization such that  the 
carbonyl C=O bond lengthens from about  1.20 to 1.24 A 
and the C ' - N  bond shortens from about  1.44 to 1.33 A. 
In the present case all the C ' - N  and C ' -O(e ther )  bonds 
are shorter  than normal single-bond values (by about  
0.10 and 0.05 A respectively) and this partial  double- 
bond character  is sufficient to sustain the amide and 
ester groups in a planar  conformation.  However,  there 
is no corresponding observed lengthening of  the C=O 
double bonds. Perhaps these bonds may  be a little 
longer than the values quoted in the tables since the 
carbonyl  O atoms have a larger thermal vibration than 
the average for the backbone atoms and no correction 
has been made for the apparent  contraction.  However,  
the N-methyl C atoms would have to be treated similar- 
ly and the observed N - C ( M e )  lengths do not depart  
significantly from normal.  The partial  double-bond 
character  of  the C ' - N  bonds may be associated with the 
angular  distortion at the N atom and there could be a 
contr ibut ion from the neighbouring C~-C ' bonds which 
are longer than normal.  The partial double-bond 
character  of  the C ' -O(e ther )  bond may re3ult f rom a 
contr ibut ion from the lone pair of  electrons on the 
ether O a tom;  the C ' - O - C  ~ angles are a little large, but 
not abnormal ly  so. 

C(56)-N(1)--C(3)--C(11) - 77"8 
C(56)-N(1)--C(3)--C(4) 158"7 
C(2)--N(1)--C(3)--C(I 1) 85"2 
C(2)--N(1)--C(3)--C(4) -38"4 
N(I)--C(3)--C(I 1)-O(13) 157"2 
N(1)--C(3)--C(I 1)-O(12) -21-8 
C(4)--C(3)--C(11)-O(13) - 78.5 
C(4)--C(3)--C(11)-O(12) 102.6 
C(3)--C(11)-O(13)-C(14) 177.6 
O(12)-C(11)-O(13)-C(14) - 3.4 
C(I 1)-O(13)-C(14)-C(18) 90.2 
C(I 1)-O(13)-C(14)-C(15) - 148.0 
O(13)-C(14)-C(18)-N(20) - 135.5 
O(13)-C(14)-C(18)-O(19) 47.6 
C(I 5)-C(14)-C(18)-N(20) 107.0 
C(I 5)-C(14)-C(18)-O(19) -69.9 
C(14)-C(18)-N(20)-C(22) - 179.1 
C(14)-C(18)-N(20)-C(21) 7.9 
O(19)-C(18)-N(20)-C(22) - 2.2 
O(19)-C(18)-N(20)-C(21) - 175.2 
C(I 8)-N(20)-C(22)-C(30) - 103.2 
C(I 8)-N(20)-C(22)-C(23) 131.2 
C(21)-N(20)-C(22)-C(30) 70.5 
C(21)-N(20)-C(22)-C(23) - 55.1 
N(20)-C(22)-C(30)-O(32) 167.2 
N(20)-C(22)-C(30)-O(31) - 14.2 
C(23)-C(22)-C(30)-O(32) - 66.4 
C(23)-C(22)-C(30)-O(31 ) 112.2 

Non-bonded contacts 
There are no inter- or intramolecular  non-bonded 

contacts at distances closer than normal.  An examina- 
tion of  the complete list of  non-bonded contact  
distances shows a high proport ion of  interatomic sepa- 
rations at or a round values corresponding to the van 
der Waals  potential-energy minimum so that  the ob- 
served structure will have considerable stability. More- 
over, the atoms are so well locked together that any 
departure from the observed conformat ion of  the back- 
bone would involve a complex pattern of  linked syn- 
chronous rotations about  several torsion angles. 

Comparison with other structural studies 

Several papers have appeared from the Shemyakin 
Institute describing spectroscopic experiments on the 
enniatin antibiotics, including Bv. These have been 
summarized by Ovchinnikov et al. (1974) where refer- 
ences to the earlier publications can be found. 

O R D  spectra clearly show a conformat ional  change 
on passing from non-polar  solvents such as n-heptane 
to polar solvents such as tr if luoroethanol.  The con- 
format ion of  the macrocycle when complexed with the 
cation in a variety of  solvents seems to be the same as 
the conformat ion of  the uncomplexed form in polar  
solvents. 

N M R  studies of  enniatin B over a wide temperature  
range indicated that  the conformat ion in non-polar  
solvents is devoid of  symmetry but that in polar  solvents 
the molecule is (threefold) symmetrical.  In both forms 
of  all the enniatins the side chains are pseudo-equa- 
torial. In Bv the 3Jc~H-Cfl H constants of  the Hylv  
residues indicate mixed gauche and trans rotamers.  
The 3Jcc~c-Hflm.2 constants of  the MePh residues 

Table 6. Torsion angles (°) 
C(22)-C(30)-O(32)-C(33) - 179.7 
0(31)-C(30)-O(32)-C(33) 1.6 
C(30)-O(32)-C(33)-C(37) 69.5 
C(30)-O(32)-C(33)-C(34) - 173-I 
O(32)-C(33)-C(37)-N(39) - 132.6 
O(32)-C(33)-C(37)-O(38) 51.4 
C(34)-C(33)-C(37)-N(39) 113.8 
C(34)-C(33)-C(37)-O(38) - 62.2 
C(33)-C(37)-N(39)-C(41) 178.6 
C(33)-C(37)-N(39)-C(40) 0.2 
O(38)-C(37)-N(39)-C(41) - 5.5 
O(38)-C(37)-N(39)-C(40) - 174.9 
C(37)-N(39)-C(41)-C(49) - 101.2 
C(37)-N(39)-C(41 )-C(42) 132-7 
C(40)-N(39)-C(41)-C(49) 68.6 
C(40)-N(39)-C(41)-C(42) - 57.5 
N(39)-C(4 I)-C(49)-O(51 ) 166.1 
N(39)-C(41 )- C(49)-O(50) - 12-0 
C(42)-C(41 )-C(49)-O(51 ) - 67.5 
C(42)-C(41 )-C(49)-O(50) 114.4 
C(41)-C(49)-O(51 )-C(52) - 177.4 
O(50)-C(49)-O(5 I)-C(52) 0.7 
C(49)-O(51)-C(52)-C(56) 73.4 
C(49)-O(51)-C(52)-C(53) - 166-6 
O(51)-C(52)-C(56)-N(1) - 164.1 
0(51)-C(52)-C(56)-O(57) 17.1 
C(53)-C(52)-C(56)- N( 1 ) 79.7 
C(53)-C(52)-C(56)-O(57) - 99.1 

C(52)-C(56)-N (1)--C(3) 177.7 
C(52)-C(56)-N(1 )--C(2) 15.2 
O(57)-C(56)-N(1 )--C(3) - 3.5 
O(57)-C(56)-N(1)--C(2) - 166.0 
N(1)--C(3)--C(4)--C(5) - 175.2 
C(11)-C(3)--C(4)--C(5) 61.8 
C(3)--C(4)--C(5)--C(6) 63.7 
C(3)--C(4)--C(5)--C(10) - 114.5 
N(20)-C(22)-C(23)-C(24) - 50"2 
C(30)-C(22)-C(23)-C(24) - 174.9 
C(22)-C(23)-C(24)-C(25) - 61-3 
C(22)-C(23)-C(24)-C(29) ! 18.7 
N(39)-C(41)-C(42)-C(43) - 55.7 
C(49)-C(41 )-C(42)-C(43) 179.7 
C(41)-C(42)-C(43)-C(44) 111.3 
C(41)-C(42)-C(43)-C(48) - 66.4 
O(13)-C(14)-C(15)-C(16) -61.8 
O(13)-C(14)-C(15)-C(177 171.3 
C(18)-C(14)-C(15)-C(16) 54.2 
C(I 8)-C(14)-C(15)-C(17) -72.8 
O(32)-C(33)-C(34)-C(35) - 172.2 
O(32)-C(33)-C(34)-C(36) - 62-4 
C(37)-C(33)-C(34)-C(35) - 57.6 
C(37)-C(33)-C(34)-C(36) 52.3 
0(51 )-C(52)-C(53)-C(54) 65.7 
O(51 )-C(52)-C(53)-C(55) -61-3 
C(56)-C(52)-C(53)-C(54) - 177-7 
C(56)-C(52)-C(53)-C(557 55.3 
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indicate a gauche- trans  conformation [Z"  - 60 or 180 ° 
where 2' is defined as H(C~)-C~-C~-H(C~)]. 

Apart from minor details the structure of the un- 
complexed form of Bv has all the features required to 
account for the spectroscopic data from Bv in polar 
solvents. In the crystal the departure of the backbone 
from exact threefold symmetry is small, and only one 
of the MePh side chains has 2' at about + 60 instead of 
- 6 0  °. It is not expected that the small differences in 
backbone conformation between the crystallographic 
and spectroscopic models would account for the large 
differences in ORD spectra observed between Bv in 
polar and non-polar solvents. Moreover, the confor- 
mation (P) described by Ovchinnikov et al. (1974) as 
the most likely to occur in polar solvents, viz ~o,~u 
( M e P h ) = - 1 0 3 ,  171°; ~0,~u(HyIv)=74, -136  ° , is 
almost identical with the observed crystal struc- 
ture. 

The exact values of the torsion angles were derived 
by Popov, Pletnev, Evstratov, Ivanov & Ovchinnikov 
(1970) from semi-empirical potential-energy calcula- 
tions. A similar minimum-energy structure was de- 
duced independently in the author's laboratory (Mc- 
Caldon, unpublished) and it is interesting to compare 
the two procedures briefly. Whereas Popov et al. used 
Kitaigorodsky's (1965) function, included electro- 
static interactions, used a 'resilient spring' function for 
ring closure, and treated co and z as variables (as well 
as ¢p and ~u), we used a 6-exp function, took no account 
of electrostatic interactions, varied ~a and ~u only, and 
used an arbitrarily chosen 'end-to-end' distance criteri- 
on to decide whether the ring would close without 
a significant increase in energy. Although ours was a 
fairly crude calculation, the fact that both procedures 
gave a similar minimum-energy structure implies that 
this is indeed a stable conformation. 

Our calculations also indicate an alternative low- 
energy conformation involving cis MePh residues at 
about ¢p,~u(MePh)=60, 60°; ~0,~(Hylv)=160, 200 °, 
although the width of the potential well is not as great 
as in the structure discussed above. 

The structure of the Bv Ba picrate complex (Ham- 
ilton et al., 1975) is (Bv. Ba. Pic3.Ba. Bv)+Pic - .  
The complex anion involves two identical Bv molecules 
each coordinated to a Ba ion through the three HyIv 
carbonyl O atoms. The Ba ions are not in the central 
cavity of the Bv molecule but are displaced to that side 
of the disc opposite to which the N-methyl groups 
project. The two Ba ions are held 4.13 A apart by 
coordination with six O atoms contributed by three 
picrate ions. The backbone conformation of each Bv 
molecule in this Ba picrate complex is similar to the 
form (P) proposed by the Russian group from their 
spectroscopic studies and conformational analysis, and 
to the conformation of the uncomplexed Bv presented 
in this paper. There is a non-crystallographic threefold 
symmetry in side-group orientations which is not 
observed in the Bv molecules in another crystal form 
of the Ba picrate complex currently under investigation. 

A more detailed comparison of these two complexes 
will be presented later. 

Also under investigation are crystals of the Rb 
picrate complex. The space group is R3 and six Bv 
molecules and six Rb ions are stacked along the three- 
fold axis giving a cell dimension of 48 A along this 
unique axis. The positions of the peaks on the Patter- 
son map indicate that there is some similarity between 
this structure and the Ba picrate complexes. However, 
the unit difference in charge between Rb + and Ba 2+ 
means that only two (Bv. Rb. Pic3.Rb. Bv) groups 
would be allowed. The other two Rb ions must bear a 
different relation to the Bv molecules. Preliminary 
electron density maps do not show any Rb ions bound 
within the central cavity of Bv molecules but such an 
arrangement cannot be completely ruled out at this 
stage. 

Discussion 

A general feature of the naturally occurring ionophor- 
ous antibiotics is that they undergo a conformational 
change on binding the cation. In valinomycin, for 
example, there is a stepwise replacement by carbonyl 0 
atoms of the water molecules coordinated to the ion, 
and this involves the breakage and formation of hydro- 
gen bonds. In By (where there is no possibility of intra- 
molecular hydrogen-bond formation) the conforma- 
tions of the native molecule and the Ba picrate com- 
plex are apparently identical, apart from possible dif- 
ferences in rotation in the side chains. The complex is 
formed, not by adjusting the conformation to fit the 
ion, but by bringing two antibiotic molecules together 
to surround a cation-anion complex. Obviously the 
nature of the anion will affect the stability of the com- 
plex and this could explain the results of Estrada-O et 
al. (1972) who demonstrated an anion-dependent 
cation specificity of Bv in mitochondria. Hamilton et 
al, (1975) point out that their structure could also 
account for the observed second-order concentration 
dependence on Bv in lipid bilayer membranes (Yafuso, 
Freeman, Steinrauf & Roeske, 1974), and for the ap- 
parent charge of + 1 for Ca in the Bv mediated mem- 
brane transport of bacterial chromatophores (Prince 
et al., 1974). 

There is as yet no convincing crystallographic 
evidence that the enniatin antibiotics enclose a metal 
ion within the central cavity. As Hamilton et al. sug- 
gest, it is possible that the sixfold coordination pro- 
vided by the carbonyl O atoms is inadequate for Ba 
and probably Ca ions as well. A further argument 
against ions larger than K + being contained within the 
central cavity is the close approach (2.8-3.0 A) of 
carbonyl C atoms in the backbone to the centre of the 
molecule. Ions smaller than K + ( K + - O - 2 . 6 0  A mini- 
mum) could enter the central cavity without neces- 
sitating a conformational change in the antibiotic. 
However, the average distance from the centroid of 
the six carbonyl O atoms to these atoms is about 2.8 A 
so that the molecule would have to close in upon small 
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ions to provide reasonable coordinat ion distances. In 
view of the close-packed nature of the observed struc- 
ture this may not be an energetically favoured process, 
in which case the ion would probably prefer to lie 
closer to either the triad of  MePh carbonyl  O atoms or 
to the tr iad of Hylv  carbonyl  O atoms and there would 
then be no good reason for choosing the inside rather 
than the outside of the cavity. At the moment  there 
does not seem to be any experimental  evidence for a 
significant covalent contr ibut ion to the M + . . .  O bond 
which might  cause the ion to prefer to be outside the 
cavity. 

Finally, we note that the crystal structure conforma- 
tion of uncomplexed Bv crystallized from n-heptane 
is similar to that proposed by spectroscopic studies for 
Bv in polar solvents. The predominant  environment  of 
the molecule in the crystal is non-polar,  with only 1 to 
2 molecules of water for each Bv molecule. The struc- 
ture described would seem to be a likely candidate for the 
uncomplexed molecule within biological membranes.  

I thank Dr Larry Steinrauf for suggesting the prob- 
lem and providing the material,  the Indiana Univer- 
sity Medical Centre for support over the period during 
which the crystals were grown, the Leeds University 
Comput ing  Laboratory for facilities, Dr Bernard Shel- 
drick for help with data collection, and the M RC and 
SRC for supporting the crystallographic studies. 
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The Crystal and Molecular Structure of 2,4-Dinitrophenol 
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The crystal structure of 2,4-dinitrophenol has been determined from visually estimated Cu K0c X-ray 
data. The crystals are orthorhombic, space group P212121, with a =  6.106 (6), b = 23.24 (2), c= 5.168 (5)/~ 
and Z =  4. The structure was solved by the Patterson method and refined by block-diagonal least-squares 
calculations to R=0.076 for 768 non-zero reflexions. The molecules related by an a translation are 
stacked to form a column. The columns are held together by an interaction between the phenolic and 
nitro groups [O. • • H 2.23 ,~,] of the molecules related by a twofold screw axis along the c axis, to form 
a sheet parallel to (010). The sheets are stacked along the b axis by van der Waals interactions. The 
molecule is nearly planar and the o-quinonoid nature of the benzene ring is remarkable. The phenolic 
C-O bond length 1-331 (7) ,~, is appreciably shortened. The geometry of the intramolecular hydrogen 
bonding between the phenolic and o-nitro groups is similar to that of the other o-nitrophenols [O. • • O 
2-593 (7)/~, O - H . . . O  130 (6) °, H . . . O  1.89 (7) A]. 

Introduction Kashino & Haisa, 1976), the structure of 2,4-dinitro- 
phenol, the prototype of 'uncouplers '  of  oxidative 

As part of  a programme of studies on the crystal and phosphorylat ion (White, Handler  & Smith, 1973), has 
molecular  structures of substituted phenols (Kawai,  been studied by X-ray analysis. The main object of  


