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Structure of Balhimycin and its Complex with Solvent Molecules 
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Abstract 

Balhimycin is a naturally occurring glycopeptide anti- 
biotic, related to vancomycin which acts by binding 
nascent bacterial cell-wall peptide ending in the sequence 
D-AIa-D-Ala. Crystals of balhimycin are monoclinic, 
space group P21, a = 20.48 (10), b = 43.93 (21), c = 
27.76(14) A, /~ = 100.5(5) with four independent 
antibiotic molecules, three molecules of 2-methyl-2,4- 
pentanediol, two citrate ions, three acetate ions and 127.5 
water molecules in the asymmetric unit. With an 
asymmetric unit larger than those of the smallest proteins 
and a solvent content of about 32%, the crystals have 
similar diffraction properties to those of small proteins. 
27 387 unique reflections were collected using synchro- 
tron radiation. The structure was solved by a standard 
protein technique, the molecular-replacement method, 
using ureido-balhimycin as search model. The aniso- 
tropic refinement against all F 2 data between 0.96 and 
45 A converged to a conventional R value of 11.27% 
with R1 = ~ II1=,,I - I F ~ l ] / ~  [F,,I for the 24 623 data 
with I > 2or(/) and 12.58% for all 27 387 data. The four 
monomers possess fairly similar conformations (r.m.s. 
deviation 0.7 A). Two antibiotic molecules form a tight 
dimer with antiparallel hydrogen bonds between the 
peptide backbone as well as between the vancosamine 
residues and the peptide backbone. In each of the two 
dimers, one binding pocket is occupied by a citrate ion 
and the other by an acetate ion. The dimer units are 
linked in the crystal by hydrogen bonds to form infinite 
chains. 

1. Introduction 

Balhimycin is a member of the vancomycin group of 
glycopeptide antibiotics (Nadkarni et al., 1994; Chatter- 
jee et al., 1994). The best known glycopeptide antibiotic 
is vancomycin, isolated from Nocardia orientalis, first 
reported in 1956 (Levine, 1987; Cunha, 1995; Barna & 
Williams, 1984; Reynolds, 1989). Since then vancomycin 
has played an important role in the treatment of C. 
diJficile diarrhoea or Gram-positive coccal infections in 
hemodialysis patients. Because of various side effects 
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like the 'red man syndrome' and the necessity of 
intravenous administration of vancomycin, it was only 
used as a last resort (Polk et al., 1993). Since the 1980's, 
when methicillin-resistant S. aureus (MRSA) became a 
major problem worldwide, the use of vancomycin has 
increased. 

Vancomycin and other glycopeptide antibiotics have a 
common mode of action. They complex the C-terminal 
D-AIa-D-AIa peptides of the bacteria cell wall, preventing 
their cross linking. Many NMR studies, in particular by 
Williams and coworkers, showed that vancomycin and 
almost all other glycopeptide antibiotics form dimers in 
solution. They also deduced the hydrogen-bonding 
pattern for the interaction with the L-Lys-D-AIa-D-AIa 
peptide sequence (Waitho & Williams, 1989; Gerhard et 
al., 1993; Groves et al., 1994; MacKay et al., 1994; 
Pearce & Williams, 1995; Pearce et al., 1995; Beauregard 
et al., 1995; Prowse et al., 1995). Nevertheless, more 
crystallographic structural details of the antibiotic 
molecules themselves and their complexes with analo- 
gues of cell-wall peptides are urgently needed. This could 
provide ideas for modifying the antibiotic molecules to 
gain time in the struggle against bacterial resistance 
(Brant et al., 1994; Neu, 1992; Arthur & Courvalin, 
1993; Walsh, 1993; Walsh et al., 1996). 

The first crystal structure of a close relative of 
vancomycin was that of its degradation product CDP-1 
(Sheldrick et al., 1978). Subsequent NMR studies (Harris 
et al., 1983) showed that the amide hydrolysis also 
caused an unexpected ring rearrangement which may 
have prevented dimerization; at the time a stroke of luck 
because otherwise the structure would have been too 
large to have been solved using conventional 'small- 
molecule' direct methods. Many years passed before the 
next X-ray structures of naturally occurring glycopeptide 
antibiotics were determined (Sheldrick et al., 1995; 
Sch~ifer, Pohl et al., 1996; Sch~ifer, Schneider et al., 
1996; Loll et al., 1997). It was difficult to obtain suitable 
single crystals which diffract to atomic resolution (say 
better than 1.2 A) and conventional direct methods were 
not capable of solving structures of such unsymmetrical 
dimers with more than 200 non-H atoms in the 
asymmetric unit. With the advent of powerful synchro- 
tron radiation sources, the wide acceptance of cryogenic 
techniques, and the enormous increases in available 
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computer power, new developments in ab initio structure 
solution became possible. The first published crystal 
structure of a true glycopeptide antibiotic, ureido- 
balhimycin (Sheldrick et al., 1995) was solved using a 
new automated Patterson interpretation technique. The 
second one, an aglycone of ristocetin, was solved by an 
iterative combination of tangent formula phase expansion 
in reciprocal space and 'peaklist optimization' in real 
space (Sch~ifer, Pohl et al., 1996; Sheldrick & Gould, 
1995). Last but not least, the crystal structure of 
vancomycin itself was recently solved by two indepen- 
dent groups (Sch~ifer, Schneider et al., 1996; Loll et al., 
1997) using new real/reciprocal-space recycling techni- 
ques (Miller et al., 1993, 1994; Sheldrick & Gould, 
1995). In the vancomycin structure, one postulated 
binding pocket of the dimer is occupied by an acetate 
ion, whereas the remaining one is closed by the 
asparagine side chain. It is believed that in vivo the 
vancomycin dimer inserts itself between the different 
glycopetide strands as shown schematically in Fig. 1. 

Balhimycin was isolated from the fermentation broth 
of an Amycolatopis sp. Y-86,21022 (Nadkarni et al., 
1994; Chatterjee et al., 1994). It belongs to the 
vancomycin class of the glycopeptides and contains a 
dehydrovancosamine sugar (Fig. 2). The in vitro and in 
vivo activity of balhimycin against MRSA strains is 
comparable to vancomycin; against anaerobes, particu- 
larly Clostridium strains, balhimycin showed superior 
bactericidal activity to that of vancomycin. Balhimycin 
possesses a hydrated ketosugar (Nadkarni et al., 1994; 
V6rtesy et aL, 1996) that makes it readily amenable to 
stTuctural modification. The toxicity of balhimycin is 
comparable to that of vancomycin. 

Crystals were obtained in the monoclinic space group 
P2~ and a high-resolution data set was collected using 
synchrotron radiation. With unit-cell dimensions larger 
than those of small proteins like rubredoxin or crambin, 
around 400 peptide atoms and 32% solvent content this 
structure seemed to be a good candidate to test new ab 
initio methods. Alternatively molecular replacement 
could be employed using the ureido-balhimycin structure 
(Sheldrick et al., 1995) as search model. The region of 
the postulated binding pocket, which was filled with 
water in the ureido derivate, was also of considerable 
interest. 

2.  E x p e r i m e n t a l  

2.1. Crystallization o f  balhimycin 

Preliminary crystallization attempts showed that the 
presence of citrate reduced the solubility of the antibiotic 
and appeared to favour crystal growth. Single crystals of 
balhimycin (Fig. 3) were obtained at 277 K by vapour 
diffusion using either the hanging-drop or sitting-drop 
method. Balhimycin drops were equilibrated against 
reservoir solution containing 10 mM HEPES buffer at 
pH 7.0, 10 mM sodium citrate and 25%(v/v) 2-methyl- 
2,4-pentanediol. The drops consisted of balhimycin- 
acetate at a concentration of 40 mg ml -l in 10 mM 
HEPES buffer at pH 7.0 diluted with an equal volume of 
reservoir solution. Thin plates appeared after 2 d. 

2.2. X-ray data collection 

To avoid radiation damage, data were collected from a 
single crystal at 100 K. Therefore, the crystal (0.2 × 0.2 
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Fig. 1. Proposed insertion of vanco- 
mycin molecule between two dif- 
ferent peptidoglycan strands. The 
two halves of the box represent the 
two monomers. 
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x 0.05mm) was mounted in a loop (Garman & 
Schneider, 1997; Rogers, 1994; Teng, 1990) made from 
unwound dental floss, and immediately flash cooled, 
without the addition of further cryoprotectant. Data were 
collected on beamline Xl l  at EMBL c/o DESY in 
Hamburg, using a wavelength of 0.927 A. Data were 
collected in two passes with the same crystal at high and 
low resolution with different exposure times. High- 
resolution data were collected with a MAR Research 
image-plate scanner (300 mm) at a crystal-to-detector 
distance of 90 mm with a ¢p range of 178 ° and a ¢p 
increment of 1 °. Low-resolution data were collected 
using the same MAR Research image-plate scanner 
(180mm) at a crystal-to-detector distance of 230 mm 
with the same ~0 range as above but with a 3 ° ¢p 
increment. Data integration and merging were performed 
using the program system HKL (Otwinowski & Minor, 
1996). No absorption or decay corrections were applied. 
Reflection data statistics are summarized in Table 1, 
crystal data are given in Table 2. 

HocHH'O~o---7Xj.OH 
HO / ~ \ 

HO x~u  O C1 
I \ ' ' ~ A  | / 

HO--"~L ._ I I II II I II I 
C H 3 0 , , , , . . ~ C 1  ~ J  O r ~ ~  OH 

o L .... 

/ [ / I  / NH ~ O .tCH2 O ~ ~qH 
HOOC'~ IF ~'~ H2NOC 01"7 . . . .  CH3 

H O ~  H3C C~H3 

Fig. 2. Chemical formula for balhimycin. 

2.3. Structure solution 

The unit-cell volume of 24 542 A 3 was consistent with 
four antibiotic molecules (each consists of 102 non-H 
atoms) in the asymmetric unit and a solvent content of 
about 32%. We expected to find two dimers related by 
non-crystallographic symmetry. Our first attempts to 
solve the structure using conventional direct methods 
failed, as did automated Patterson interpretation (Shel- 
drick, 1990; Sheldrick et al., 1993) to locate the C1 
atoms. Also with new real/reciprocal-space recycling 
techniques a structure solution has not been achieved yet. 
We were able to solve this structure using the molecular 
replacement method with the known ureido-balhimycin 
structure as search fragment and the program AMoRe 
(Navaza, 1994). Although we expected relatively high 
thermal motion for the glucose and vancosamine residues 
in balhimycin the whole ureido-balhimycin dimer was 
employed as search model. After the structure has been 
solved, the r.m.s, deviation of the ureido-balhimycin 
dimer to one balhimycin dimer was found to be 0.9 A, 
which is higher than we had anticipated in view of their 
chemical similarity. 

The rectangular P1 cell of 36 x 36 x 30/~, used to 
calculate the Fourier transform of the model, was chosen 
approximately equal to the smallest box containing the 
model, plus the maximal distance of an atom from the 
center of mass, plus the resolution of the data (Navaza, 
1994). The cross-rotation function was calculated within 
the resolution range 7-3.5 A to find an initial orientation 
of the model. With correlation coefficients (Fujinaga & 
Read, 1987) of 0.299 and 0.296, respectively, the first two 
solutions were clearly separated from the next best 
solution with a correlation coefficient of 0.252. For the 
best ten rotation solutions the fast translation function 
was calculated for the resolution range of 7-3.5/~. The 
first rotation solution again gave the highest correlation 

Fig. 3. Picture of  a single crystal of  balhimycin. This crystal was grown 
by Dr Bob Cudney under similar conditions to those employed for 
the crystal used for data collection; we are grateful to him for 
providing this photograph. 
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Fig. 4. Three-dimensional structure of  one monomer of  balhimycin with 
the numbering scheme. All other monomers have a similar 
numbering scheme. 
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coefficient of  0.25 and lowest R value of 62.3%, 
nevertheless this solution was not well seperated from 
the remaining noise peaks. We fixed this solution and 
calculated the fast translation function again with the 
remaining best rotation solutions to find the displacement 

of the expected second dimer. If the fixed solution for the 
first dimer has been assigned correctly, the improvement 
of the calculated phases should indicate clearly the 
position of the second dimer by a much higher 
correlation coefficient than for the other solutions. In 

(a) 

C 

(h) 

(a) 

(c) 

Fig. 5. (a)-(d) Stereoview of the 50% 
probability atomic displacement 
ellipsoids of the four independent 
monomers. 
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statistics Jbr balhimycin Table 1. Reflection data 

% % with R.~ym(/) R(I > 2~) 
Range (A) Unique complete I> 2~ (%)+ R (%) (%) 

,-x~-2.65 1421 98.6 93.4 4.6 21.5 17.0 
2.65-1.80 3006 96.6 95.9 4.5 12.0 11.9 
1.80-1.45 3921 96.0 93.3 4.9 10.3 10.1 
1.45-1.25 4529 94.2 89.4 6.1 10.1 9.7 
1.25-1.10 5751 92.3 85.0 7.1 9.4 8.7 
1.10-1.00 5809 90.0 74.8 10.4 10.7 8.8 
1.00-0.96 2950 80.8 56.1 14.6 15.5 10.5 
All data 27387 91.92 82.61 5.1 12.6 11.2 

"I" Rsym(I ) = ~ II - ( I )1 /~  J(I)l, where (1) is the mean intensity of a 
set of equivalent reflections. R = ~ liFo]- IF,.[ ]/Y~ [F,,I The percen- 
tage of unique reflections measured and the percentage with I > 2c,(/) 
are both expressed in terms of the theoretical number of unique 
reflections. 

this step the correlation coefficient for the second dimer 
was 0.43 compared with the highest noise peak of  0.29. 
For the R factors the difference between the correct 
solution and the best noise peak was much smaller (55.8 
and 58.8%, respectively). As observed by Navaza & 
Vernoslova (1995) the correlation coefficient is a more 
sensitive indicator of  the correct solution. Finally, we 
performed a fast rigid-body refinement of  both dimers to 
minimize the errors in the positional parameters of  the 
model. The rigid-body refinement is also useful for 
verifying the solution; the correlation coefficient should 
rise and the R factor should decrease, otherwise the 
solution could be wrong. In this case the correlation 
coefficient rose from 0.43 to 0.56 and the R factor 
dropped from 55.8 to 46.3%. The remaining atoms were 
located by difference Fourier syntheses in the course of  
refinement. 

( ":~'~ ~ ';"":(;~";'k~:: 

" ) ' : " % - # : , = , . . - #  ..... ,,:k A> 

:i:>:.,;a r , ,  .~"-~" 2 .... / . £  

Fig. 6. Least-squares fit of all four monomers for all non-H atoms 
except all glucose residues. 

Table 2. C~stal data and structure refinement .for 
balhimycin 

Empirical formula C661tv7CI2NgO2s + ½C6HsOv + 
3C6H140 e 4- 3C2H402 + 31~H20 

Formula weight (g mol -t) 2288.7 
Temperature (K) 100 
Wavelength (A) 0.927 
Crystal system Monoclinic 
Space group P21 
Unit-cell dimensions (A,':) a = 20.48(10) 

h = 43.93 (21 ) 
c = 27.76 (14) 
r =  111.50(10) 

Volume (A 3) 24542 (212) 
Z 8 
Density (calculated) (Mg m -3) 1.239 
Absorption coefficient (mm- l) 0.15 
F(000) 9758 
Crystal size (mm) 0.2 × 0.2 × 0.05 
Reflections collected 103021 
Independent reflections 27387 (Rm, = 0.051) 
Refinement method Conjugate-gradient solution of 

least-squares normal equations 
Data/restraints/parameter 27387/7307/5545 
Goodness-of-tit S'I" 1.55 
gl, g2{. 0.2, 0.0 
Final R indices [I > 2cr(l)]+§ RI = 0.1127, wR2 = 0.2875 
R indices (all data)+§ RI = 0.1258, wR2 = 0.3049 
Absolute structure parameter 10 (10) 
Max. difference density (e A -s) 1.083 
Min. difference density (e A-~) -0.923 

+ s = {EIWIF?, - F~)"]/I,  - p ) } ' " : .  
{ ,~'R2 = {~[wtF,~ - F,~)"]/~[wiF~):]i '"e: 
+g2 P, where P = (F 2 + 2F,2.)/3. 

§ RI = ~ {IF,,] - IFcli /Z JF,,I. 

w 1 = se(F2,) + (g lp )2  

2.4. Structure refinement 

The structure was  refined against  all F 2 values using 
the p rogram SHELXL (Sheldr ick  & Schneider ,  1997). All 
non-H atoms were  refined anisotropically.  The H atoms 
were  inc luded  in calcula ted posi t ions wi th  ideal ized 
geome t ry  and refined using a r iding model .  Chemica l ly  
equivalent  1,2- and 1,3-distances in the four  m o n o m e r  
units were  restrained to be equal  (with e.s.d.'s o f  0.02 and 
0.04 ~ ,  respect ively)  but wi thout  impos ing  target values.  
Dis tance restraints (Engh & Huber ,  1991; Rademacher ,  
1987) were  appl ied to the citrate ions, the acetate ions 
and the 2-methyl -2 ,4-pen tanedio l  molecule .  Planari ty 
restraints were  appl ied to all aromat ic  sys tems and to all 
sp 2 hybr id ized  C a toms (e.s.d. = 0.05). For anisotropic  
re f inement  'hard '  r ig id-bond restraints (Rollet ,  1970; 
Hirshfeld,  1976; Trueb lood  & Dunitz,  1983) were  
appl ied to the differences in mean-square  d i sp lacement  
ampl i tudes  a long 1,2- and 1,3-distances (e.s.d. = 
0.005 A2), and similari ty restraints (e.s.d. 0.01 ~2,  or 
0 . 1 A  2 for terminal  a toms)  were  appl ied to the corre-  
sponding  U v componen t s  o f  a toms wi thin  1.7/~ o f  each 
other. The solvent  water  molecu les  were  restrained to be 
approximate ly  isotropic with e.s.d.'s, o f  0.1 A 2. 'Anti-  
b u m p i n g '  restraints were  genera ted  au tomat ica l ly  to 
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prevent close contacts between isolated solvent mole- 
cules. All water molecules were refined as either fully 
occupied or half occupied. The refinement converged 
to a final wR2 = 30.48% with wR2 = {}--~[w(F 2 - F ~ )  2] 
/ Y~[w(F2)2]} 1/2 and w -1 = 0-2(Fo2) + (glP) 2 -k- g2P, 
where P 2 2 ---(F; + 2 F ~ ) / 3 .  The conventional R1 value 
(R1 = ~ [Fo[- IFcll/)__£ IFol ) converged to 11.26% for 
the 24 623 data with 1>2o-(/) and to 12.57% for all 
27 387 data. The known absolute configuration was 
assumed throughout the refinement; the Flack x para- 
meter (Flack, 1983; Bernardinelli & Flack, 1984) refined 
to 10 (10); in view of the short synchrotron wavelength, it 
is not surprising that this value does not provide a 
satisfactory enantiomorph discrimination. 

The relatively high percentage of  weak reflections at 
low resolution is associated with a pseudo-A lattice 

caused by the non-crystallographic symmetry; the mean 
intensity of  the reflections with (k + / )  odd is about 50% 
of the overall mean intensity for oc > d > 5 A, but about 
90% for the full resolution range. The unusual variation 
of R1 (and Rsym) with resolution may arise from a 
sampling error introduced by the high scan speeds used 
for the low-resolution frames, even though we attenuated 
the direct beam for these frames. 

3. Results and discussion 

The structure of  balhimycin is shown in Fig. 2. 
Balhimycin crystallizes with four independent antibiotic 

2 88 

',,301 ~ , \ 

', ~ ,, ,.'2,87 ~ ., '269 

(a) 

30 t '~",, ,~ 2.86, )~ i: 

(b) 

Fig. 7. The dimer interface and binding pocket of monomer (a) dimer A 
(monomers 1 and 2) and (b) dimer B (monomers 3 and 4). The 
hydrogen bond between the glucose residues is omitted for clarity. 

(a) 

(b) 

Fig. 8. (a)-(b) Thermal space-filling model of one balhimycin dimer 
showing the complexed citrate and acetate ions. The most mobile 
atoms are shown in red, the least mobile in blue. 
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molecules, two citrate ions, three acetate ions, three 
2-methyl-2,4-pentanediol molecules and 127.5 water 
molecules in the asymmetric unit in the monoclinic 
space group P21. The three-dimensional structure with 
the numbering scheme of  monomer 1 is shown in Fig. 4. 
Stereoviews of  the four independent monomers with 50% 
probability atomic displacement ellipsoids are shown in 
Fig. 5. All bond lengths and angles are in the expected 
range (Engh & Huber, 1991). All four monomers have 
fairly similar conformations, which is shown by the least- 
squares fit in Fig. 6. The r.m.s, deviation of  the fitted 
atoms (all non-H atoms except the two glucose residues) 
was 0.7 A. 

The monomer  units are linked together in two different 
ways. Firstly, the backbone of  molecules 1 and 2 form an 
antiparallel arrangement linked by four amide . . .carbonyl  
hydrogen bonds, flanked by antiparallel hydrogen bonds 
between the N atom in each vancosamine residue and a 
carbonyl O of  the peptide backbone (Fig. 7). One extra 
hydrogen bond is formed by two hydroxyl atoms of  the 
glucose residues, as proposed by Sheldrick et al. (1995). 
In the ureido-balhimycin dimer the N atom of  the 
vancosamine residue is unable to take part in such 
hydrogen bonds. Molecules 3 and 4 combine in the same 
way to constitute the second dimer. Each dimer unit 
possesses a pseudo-twofold axis, which is however 
strongly violated by the glucose residues. Secondly, the 
different dimer units are linked together by two 
antiparallel hydrogen bonds between two hydroxyl 
groups of  the glucose residues and the O atoms of  the 
keto-hydrate of  the vancosamine (molecules 2 and 3, 
molecule 4 and molecule 1 of  the next asymmetric unit) 
and a hydroxyl group of  the glucose residue and a 
carbonyl O atom of  the peptide backbone (molecules 1 
and 4, and molecules 3 and 2 of  the next asymmetric 
unit) leading to a chain of  connected dimer units. Thus, 
the aromatic ring systems containing C112 and C142 are 
in close contact with one another. The ring systems are 
fairly parallel to each other with an angle of  9.8 ~' between 
their best planes, and the two CI atoms are separated by 
only 3.63 A. The monomer units of  molecules 1 and 4, 
and molecules 2 and 3 are also related by pseudo-twofold 
axes, but these are again strongly violated by the mobile 
residues and the C1 atoms. All inter- and intramolecular 
hydrogen bonds involving atoms of  the antibiotic 
molecules are given in Table 3. 

All four binding pockets are occupied by solute 
molecules. In each dimer unit one binding pocket is 
occupied by a citrate ion, the other by an acetate ion. The 
carboxyl group of  the acetate ion and one carboxyl group 
of  the citrate ion form three strong hydrogen bonds (Fig. 
7) to the peptide backbone of  the antibiotic molecule. 
This mimics the binding of  the D-Ala-D-Ala terminus of  
cell-wall peptide. A citrate ion possesses three carboxyl 
groups that can form hydrogen bonds to the antibiotic 
peptide. In dimer unit A, the carboxyl group attached to a 
terminal C atom of  the citrate ion is bound to the 

Table 3. In ter-  a n d  i n t r a m o l e c u l a r  h y d r o g e n - b o n d  

g e o m e t r y  b e t w e e n  a n t i b i o t i c  m o l e c u l e s  

Hydrogen bonds with H.--A < r(A) + 1.800 A and ./ DHA > 115.0 °. 

D - H  d(H-..A) / (D~H...A) d(D...A) A 

N104~H10B 2.01 164.1 2.87 0208 
NI05--HI05 2.14 168.3 3.01 0206 
NI08--HIOG 2.45 125.8 3.05 NI02 
NI08--H10G 2.46 170.8 3.33 O105 
N109--H10H 2.04 146.0 2.84 O31T 
N109--HIOJ 2.02 156.3 2.87 0205 
O116--H11B 2.14 167.3 2.97 0405 
OII6--HllB 2.67 114.6 3.12 N309 
O117--HI IC 1.98 168.4 2.81 O103 
Ol18--Hl18 2.16 142.8 2.87 O215 
O122--H12A 2.20 117.6 2.69 O416' 
O123--H123 1.94 158.9 2.74 O417 i 
N204--H20B 1.98 163.3 2.84 O108 
N205--H205 2.18 160.6 3.02 O106 
N208--H20F 2.58 120.5 3.12 0424" 
N208--H20G 2.23 161.4 3.08 0410" 
N209--H20H 1.81 163.8 2.69 O105 
O215--H215 2.42 172.9 3.26 O114 
O216--H21B 2.00 158.6 2.80 0322 
O217--H21C 2.65 146.5 3.38 0322 
O223--H223 2.64 139.1 3.32 0415 
N304~H30B 2.01 162.3 2.86 0408 
N305--H305 2.17 163.1 3.02 0306 
N308--H30G 2.37 125.4 2.97 N302 
N308--H30G 2.43 171.6 3.30 0305 
N309--H30H 2.11 138.8 2.85 O117 
N309--H30J 2.02 162.7 2.90 0405 
O316--H31B 2.27 165.5 3.09 O 2 0 5  iii 

O316--H31B 2.60 117.1 3.07 N I 0 9  iii 

O317--H31C 1.95 171.6 2.79 0303 
O322--H32A 2.30 118.2 2.80 O216 
O323--H323 1.96 177.1 2.80 O217 
N404--H40B 2.00 161.4 2.85 0308 
N405-- H405 2.18 161.5 3.03 0306 
N408--H40G 2.24 157.8 3.08 0210 iv 
N409--H40H 1.83 150.1 2.66 0305 
O415--H415 2.06 138.0 2.74 O318 
O418--H418 1.90 163.2 2.71 0223 
O423--H423 1.95 152.2 2.72 0218'" 

Symmetry codes: (i) = x, y, z + 1; (ii) = -x, y + ~, -z; (iii) = x, y z - 1; 
(iv) = -x ,  )' - ~, - z .  

antibiotic, whereas in dimer unit B the carboxyl group of  
the central C atom of  the citrate ion forms the hydrogen 
bonds to the balhimycin molecule. The intermolecular 
hydrogen-bond geometry to solvent molecules in the 
binding pocket is given in Table 4. 

As seen in Fig. 5 most parts o f  the molecule are rigid, 
whereas the glucose and vancosamine residues, and 
especially the region around the binding pocket, are more 
flexible. This is also shown in the space-filling model 
(Fig. 8) where the binding pockets are occupied by either 
a citrate ion or an acetate ion. This observation supports 
the idea that the asparagine side chain acts as a 'flap' o f  
the binding pocket as observed in the vancomycin 
structure (Sch/ifer, Schneider et  al . ,  1996; Loll et  al . ,  
1997), and would move to let the substrate molecules in 



182 BALHIMYCIN 

Table 4. Hydrogen-bond geometry between antibiotic 
molecules and solvent molecules in the binding pocket 

Hydrogen bonds with H-. .A < r(A) + 1.800 A and / DHA > 115.0 °. 

Table 5. Hydrogen bonds between antibiotic molecules 
and solvent molecules 

Hydrogen bonds with H. . .A < r(A) + 1.800/~, and / DHA > 115.0 °. 

D - - H  d(H. . .A)  / ( D - - H . . . A )  d(D...A) A 

Molecule 1 
N I 0 1 - - H I 0 1  1.97 164.0 2.82 O22C 
N I 0 2 - - H I 0 2  1.98 151.0 2.78 O21C 
N 1 0 3 - - H 1 0 A  1.96 165.2 2.82 O21C 
Molecule 2 
N201--H201 2.04 161.5 2.87 O12X 
N202- -H202  2.03 153.3 2.84 O l 1X 
N 2 0 3 - - H 2 0 A  2.02 166.9 2.88 O11X 
Molecule 3 
N301--H301 1.93 164.0 2.79 O15C 
N302- -H302  1.98 148.8 2.77 O16C 
N303- -H30A 1.99 163.9 2.84 O 16C 
Molecule 4 
N401--H401 2.03 162.0 2.88 O21X i 
N402- -H402  2.01 149.1 2.80 O22X i 
N 4 0 3 - - H 4 0 A  1.91 168.6 2.78 O22X i 

Syrmnetry code: (i) = x -  1,3; z 

and out. In vancomycin, only one binding pocket is 
occupied by an acetate ion whereas the remaining one is 
closed by the asparagine side chain, this second binding 
pocket is held in a suitable conformation for docking of 
other molecules or ions. 

All other atoms in balhimycin that could take part in 
hydrogen bonding are on the surface of the molecule and 
take part in interactions with the remaining solvent. Only 
one H atom of the protonated secondary amine (N107, 
N307 and N407) and one H atom of the asparagine side 
chain (N408) do not appear to form hydrogen bonds to 
solvent molecules. The hydrogen-bond distances and 
angles of antibiotic molecules to solvent molecules are 
given in Table 5. 

At a pH of about 7 all the carboxyl groups of the 
acetate  (pKa = 4.75) and citrate ions [pKal = 3.14, pKa2 = 
4 . 7 7 ,  pKa3 = 6.39 (Handbook of Chemistry and Physics, 
1987)] should be in the ionic form, leading to a net 
negative charge. Although some of the H atoms of the 
vancosamine and methylamine groups (pKa --~ 10.7 for 
the conjugated acids) in each antibiotic molecule do not 
form hydrogen bonds to solvent molecules, these amines 
were all refined in the protonated form that should 
predominate at neutral pH. Thus, each antibiotic 
molecule has a charge of +1. For overall electrical 
neutrality there must be five ammonium ions or 
protonated water molecules in the asymmetric unit. The 
final difference density did not suggest the presence of 
other cations such as Na +. 

The authors thank Ludger H/iming, Isabel Us6n, 
Ehmke Pohl, Victor Lamzin, Zbigniew Dauter, Keith 
Wilson, Erich Paulus and Bob Cudney for discussion and 
encouragment, and to one of the referees for very 

D ~ H  d(H.--A) Z ( D - - H . . . A )  d(D...A) A 

N I O 6 - - H I O C  2.07 157.7 2.90 O20S 
N 107--H 10E 1.90 136.0 2.64 O74S i 
N108- -H10F  1.85 130.9 2.51 O73S 
N109--H101 1.98 159.7 2.86 O35S 
N I 0 9 - - H I O I  2.44 138.6 3.18 O11H ii 
O I 0 4 ~ H I O K  2.11 138.0 2.79 O46S 
Ol 10--H110 1.79 116.8 2.30 O29S 
Ol l f f - -H110 2.07 156.7 2.86 O7S 
O l l  I - - H l l A  1.81 163.3 2.62 O23S 
O112- -H112  1.91 149.6 2.67 O36S 
O l 1 5 - - H l 1 5  2.41 125.7 2.98 O18H 
O I 2 2 - - H I 2 A  2.40 157.6 3.20 O35S 
N206---H20C 2.40 142.7 3.14 031M 
N 2 0 7 - - H 2 0 D  2.08 148.2 2.91 O3H 
N207- -H20E  1.76 166.2 2.66 O79S 
N209--H20I 2.05 141.9 2.82 O28S 
N209- -H20J  1.98 158.3 2.85 O50S 
O204---H 20K 1.85 150.1 2.61 O62S 
O 2 1 0 ~ H 2 1 0  1.87 156.1 2.66 O8S 
O 2 1 1 - - H 2 1 A  1.82 163.6 2.64 O31S 
O212- -H212  1.91 157.0 2.70 0 9 8  iii 

O218- -H218  1.95 162.3 2.76 O5S 
O 2 2 2 - - H 2 2 A  1.93 139.7 2.63 O26S 
O223- -H223  2.37 134.8 3.02 O 18S 
N 3 0 6 ~ H 3 0 C  2.04 155.6 2.86 O 17S 
N 3 0 7 - - H 3 0 D  2.03 151.4 2.87 O37H i" 
N308- -H30F  2.09 141.5 2.86 O91S iv 
N 3 0 8 - - H 3 0 F  2.01 123.5 2.68 O26H 
N309- -H30I  1.99 154.5 2.84 041S 
O 3 0 4 - - H 3 0 K  2.21 135.4 2.87 O47S 
O310- -H310  1.86 155.2 2.65 O1S 
O 3 1 1 - - H 3 1 A  1.90 162.7 2.71 O9S 
O312- -H312  1.92 163.8 2.73 O84S 
O315- -H315  1.82 173.1 2.65 O8H 
O318- -H318  1.80 177.4 2.64 O39S 
O 3 2 2 - - H 3 2 A  2.35 160.8 3.16 O41S 
N 4 0 6 - - H 4 0 C  2.04 156.0 2.87 O30S 
N409- -H40I  2.04 139.8 2.76 O34S 
N409- -H40J  1.97 152.5 2.81 O80S 
O 4 0 4 - - H 4 0 K  2.22 146.4 2.95 O46S 
O 4 1 0 ~ H 4 1 0  2.01 156.7 2.80 O16S 
O 4 1 1 - - H 4 1 A  !.92 148.2 2.67 O36S v 
O412- -H412  1.95 165.6 2.77 O27S" 
O 4 1 6 ~ H 4 1 B  2.25 142.7 2.97 O35S vi 
O 4 1 7 - - H 4 1 C  1.85 176.3 2.69 O49S 
O 4 2 2 - - H 4 2 A  1.89 143.2 2.61 045  S 
O 2 1 M - - H 2 1 M  1.96 171.2 2.80 O321 
O 3 1 M - - H 3 1 M  2.45 140.3 3.14 N206 
O 1 7 C - - H 1 7 C  2.39 162.3 3.20 0307 

Symmetry codes: (i) = x -  1, y, z; (ii) = x + 1, y, z + 1 ; (iii) = - x  + 1, y + 
½, - z  (iv) = - x ,  y - ~ - z ;  (v) = - x  - 1, y - ~ - z ;  (vi) = x, y, z - 1. 

percipient comments. TRS thanks EMBL for a Pre- 
doctoral Fellowship. We thank the Fonds der Chemischen 
Industrie for support.'{" 

t Atomic coordinates and structure factors have been deposited with 
the IUCr. Free copies may be obtained through The Managing Editor, 
International Union of Crystallography, 5 Abbey Square, Chester CH1 
2HU, England (Reference: LI0249). 
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