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1H NMR study on the conformation of bacitracin A in aqueous solution 

N a o h i r o  K o b a y a s h i " ,  T a k a t o  T a k e n o u e h P ,  S a t o s h i  E n d o  b a n d  E i s u k e  M u n e k a t #  

atnstitute of Applied Biochemistry, University of Tsukuba and b Tsukuba Research Laboratories, Takeda Chemical Industries Ltd., 
Tsukuba 303, Japan 

R~,¢ived 6 January 1992; revised version received 5 May 1992 

The conformation of bacitracin A, a widely used cyclic dodccalmptide antibiotic in aqueous solution, has been investigated using ~00 MHz ~H NMR 
and molecular modeling. Findings revealed that a region (residues 1-6) is folded over the c~,elic ring, resulting in metal coordination sites, a thiazoline 

ring, and Glu 4 and His ~° being proximate to each other. 
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1. I N T R O D U C T I O N  

Bacitracin A (Fig. l), a cyclic dodecapept ide  pro-  
dueed by Bacillus licheniformis, possesses potent  antibi- 
otic activity against Gram-pos i t ive  bacteria. This pep.  
tide has unusual amino acids, o-Glu ,  o-Orn,  o-Phe and 
o-Asp,  and a thiazoline moie ty ,  and the side chain o f  
L-Lys ~ is linked to  the carboxyl  terminus. Storm and 
Strominger  [1] have shown that  bacitracin A tightly 
binds C~s-isoprcnyl pyrophospha te ,  a precursor  unit o f  
me,,abrane-lipid biosynthesis,  in the presence of  bivalent 
m~tal cat ions such as Zn 2" and Mg 2÷ under  neutral pH 
condit ions.  Recently,  Scogin e ta l .  [2] demonst ra ted  that  
three groups in baci tracin A are involved in metal coor-  
dination;  the carboxyl  g r o u p  o f  glutamic acid, the thia- 
zoline ring and the histidine imidazol¢. T o  unders tand 
the detailed mechanisms under ly ing  bacitracin A's  bio- 
logical actions and the complex  format ion  between ba- 
ci tracin A and bivalent metal  cat ions or  isoprenyl pyre-  
phosphate ,  a precise con fo rma t ion  analysis o f  baci- 
tracin A is required. 
In this study, the confo rmat ion  o f  bacitracin A in aque- 
ous solut ion was investigated by p ro ton  2D N M R  tech- 
niques and molecular  modeling.  

2. M A T E R I A L S  A N D  M E T H O D S  

2.1. Preparatfon of bacitraein A soh~tton 
Baeitracin A was pureha~d from Wake Chorales.Is Co. and purified 

by reverse-phase HPLC. The lmptide was dissolved in H,O and the pH 
of the solution was adjusted to 7.0 and treated with Chelex 100 resin 
to remove polyvalent cadons. 

A bbreviatlons: NOE, nuclear Overhauser enhancement; NOESY, two- 
dimensional nuclear Overhau~r enhanc~mant spectroscopy; ROF.SY, 
rotating frame NOESY; RMSD, root mean square distance. 

Correspondence address: E. Munekata, Institute of Applied Biochem- 
istry, University of Tsukuba, Tsukuba 305, Japan. 

2.2. NA/R mea.~'urements and molecular modeling 
For NMR measurements, 0.03-20 mM solutions of pcptide in 90% 

'H:O/10% 2H=O, (pH 2.8, 3.2 and 3.5) and 2H~O, (pH 3.0, 3.2 and 3.7) 
were used. The given pH r¢fera to a direct reading without eorr~tion 
for the isotope effect. 

All tH NMR spectra (S00.137 MHz) were measured on a Braker 
AM 500 SlX'etrometer linked to an Aspect 3000 computer and a digital 
phase shifter at 998 and 303 K. Sodinm-3-trimethyl.silyl propionate<h 
(TSP) was as~ as a reference for all spectra. 

All phas,~-s¢nsitive 2D NMR spectra were recorded in the pur¢- 
p 'hose absorption mode using the tim¢-proportion',d phase incrementa- 
tion method [3]. They include DQF-COSY [4], HOHAHA spectra [5] 
with mixing times of 47 ms and 81 ms, NOF_~Y spectra [6] and ROESY 
sp~'ctra 17]. NOES"/and ROESY spectra were recorded at mixing 
times of 100-600 ms, and 100-250 ms respectively, to confirm the 
linearity of the NeE and ROE buildup. 

Solvent suppression was achieved by irradiating the Hue peak dur- 
ing the relaxation delay (1.5-2.0 s) in ~H=O and in NOESY experi- 
ments daring the mixing time as well. 

Data was accumulated from 32 scans and 4 dummy scans into 4 K 
data points in the DQF.COSY and HOHAHA exl~riments, and into 
2 K data points in the other 2D experiments. In most ~ .  256-512 
fr~ induction d~.~2¢5 (FIDs) were recorded and zero-filled into 1 K 
data points in the tl direction. Sp~tral widths of FI and F2 directions 
were set at i0 ppln for :H,O and at 14 ppm for tHee. Prior to Fourier 
transformation, the FIDs were multiplied by a ~tua,'~l cosine-bell 
weighting function in the tl and t2 directions. 

Energy minimization [8] and molecular dynamics calculation [9], 
and graphics were performed on a TITAN 750 workstation using the 
NMRGRAF program with Dreiding force field [10]. 

3. R E S U L T S  

F o r  all 2D spectra,  10 m M  sample o f  bacitracin A 
was used. 1D spectrum o f  the 0.03 m M  sample showed 
substantially the same spectral pat tern ms that o f  the 10 
m M  sample, conf i rming the absence o f  any significant 
aggregation in this concent ra t ion  range. 

The  assignments o f  the proton resonances o f  the  pep- 
tides were carried out  th rough  the analysis o f  DQF-  
COSY, H O H A H A ,  N O E S Y  and ROESY spectra. 
Since Leu ~, Olu 4, Lys 6, and Orn  7 residues and the thia- 
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Fig, 1, Structure of bacitraein A, 

zoline moiety possess characteristic spin systems, the 
proton resonances of these residues were easily as- 
signed. Sequential assignments [11] were achieved by 
the NOESY and ROESY spectra in tH:O and aH20. 
Fig. 2 shows the NOESY spectrum of bacitracin A 
measured at a mixing time of 400 ms in tH20/:H~.O 
(9:1), pH 3.2 and 303 K. Chemical shifts of assigned 
proton resonances are listed in Table I and a summary 
of the observed NOE connectivities are shown in Fig. 
3. 

H- D  exchange rates of amide protons are closely 
related to hydrogen bonding or shielding from the sol- 
vent. The peptide previously lyophilized from tH~O so- 
lution was dissolved in "~HaO at pH 3.0 and the amide 
proton signals were measured immediately. Most of  the 
amide proton signals disappeared within 2 min, while 
the half-lives of Lys ~ e. NH were 16 rain. 

In the NOESY and ROESY experiments, NOE and 
ROE intensities increased linearly up to a mixing time 
of 400 and 150 ms, respectively. Thus, the NOE and 
ROE obtained at these mixing times were converted 
into proton-proton distance in angstroms, accurate to 

one decimal place [12]. The known distance between the 
geminal protons of Cys 2 CflHz was taken to be 1.8 A. 

The proton-proton distances obtained were classified 
into three groups, 2.2 A:~ d ~_ 3.5 A, 3.6 ,~g d g  3.9 ,~ 
and 4 0  A g  d ~  4.5 A, and the upper and lower limits 
for the groups were set to -0.3 ,/( and +0.3 A, -0 .4 /~  
and +0.4 A, -0.6 A and +0.8 A, respectively [13]. The 
lower limits assigned shorter than 2.0 A were commonly 
set to 2.0 A. In total 32 intra-residual, 22 sequential and 
8 long-range NOE-redived distance constraints were 
used for energy minimization and molecular dynamics 
calculations. 

By running a 20 ps molecular dynamics calculation 
which neglected the non-bonding energy terms in the 
Dreiding force field, 20 structures were extracted from 
the trajeetor7 at 1 ps intervals, and were subjected to 
energy minimization with regard to non-bonding energy 
terms. Then 17 structures were selected for simulating 
annealing as the initial structure, except for three struc- 
tures which revealed significantly high van der Waals 
energy, 

For the constrained energy minimization and molec- 
ular dynamics, electrostatic and hydcoBen bonding 
terms were eliminated from the Dreiding force field. 
The dihedral angles of peptide bond (all trans) and the 
chirality of asymmetric heavy atoms were commonly 
restrained by the harmonic potential throughout all cal- 
culations. Square-well effective potentials were included 
in the calculations as the constraints for the inter-proton 
distances determined by the NOESY and ROESY ex- 
periments. 

Er~oE 

t t  ~1 

K(xi-& )" 
= 0 

K(xi-xl) = 

.I 

if & < .x~ 

where xi is the calculated value of  inter-proton distances 
and xl and xr are the upper and lower limits of the target 

Table I 

Chemical shifts (ppm) of proton resonances of bacitracin A in 90% tH.O/10% :H:O at pH 3,2, 303 K 

Redid u¢ NH C0~H C,fll-I Other 

L-lie ~ a 4,35 2.09 CyH 1,31, 1.50; CT'Ha 1.07; Cd;H~ 0,97 
t,-Cys: - 5,28 3.59, 3,79 
L-Leu ~ 8,16 4,52 1.61, 1,61 C?'H 1,71; CAH~ 0,89, 0.94 
D - G I u  a 8.67 4.43 2.01, 2,i5 C?'H2 2.46, 2,46 
L-lie ~ 8,07 4,16 1.65 CTH, 1.14, 1.39; CyH3 0,85; C0"H a 0.83 
L-Lys ~ 8.29 4.31 1.82, 1.82 CZH., 1.33, 1.34; C~H 2 1.52, 1.52 Cell_, 3.20, 3.28; Nell  7.83 
~-Orn 7 8.11 4,48 1.70, 1.70 CzH: 1.77, 1.86; C~H= 3,04, 3.04; 1NdrH 7,58 
L-lie ~ 8,17 4.17 1.72 CzH.~ 0.99, 1.22; CTH~ 0,60; Cd;H~ 0,76 
l~-Phe 9 8,55 4,65 2.90, 3,19 C2, 6H 7.22; C3, 5H 7.31; C4H 7.26 
L-Hi~ j° 8.59 4.82 3.03, 3.30 C21-I 8.55; C4H 7.03 
D-Asp tl 8.75 4.73 2.79, 2,87 
L-Asn t= 8.61 4.70 2.83, 2.91 N~H 7.12, 7.59 

$tereo31~eific assigamonts of the dia~tereomerie proton signals have not been determined, The signal labeled 'a '  was not detectable under these 
experimental conditions. 
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Fig. 3. Summary of the obse~ed NOE eonn~etivities obtained from 
the 500 MHz NOESY spectrum shown in Fig. 2. Th0 intensity ofth~ 
observed NOEs are represented by the height of the bar. * indicates 
that NOE cross peaks could not be observed due to a strong water 

signal. 
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Fig. 2, CzzH-NH region of the NOESY spectrum of bacitra¢in A 
measured at a mixing time of 400 ms. The sequential conneetivities are 
indicated by the solid lines labeled with the residue number of NH 

r e s o n a n c e .  

ranges of  inter-proton distances derived from observed 
NOE or ROE. The force constant is expressed as K. 
When x~ is longer than 8.0 A or shorter than 2.0 A, the 
E.~oE is switched to a linear potential. For the NOE 
distance constraint, including the pseudostructures in 
which the stereospecific assignments were not obtained, 
the correction factors established by Wtithrich et el. 
were applied [11]. The pseudostructures of the methyl 
protons were regarded as united atoms and distance 
contraints were set on the carbon atom using the above 
correction factor without any modification. Con- 
strained molecular dynamics calculations were per- 
formed at 1,000 K with a time step of 1 fs by using 
annealed NOE restrains, programmed protocol in 
N M R G R A F .  In each annealing routine, the force con- 
stant K was increased by 20 kcal.mol -I .A --~ every 0.1 
ps and continued until a maximum force constant of 100 
keel. mol -~ .A--' was reached. Thus the process was re- 
versed by continually decreasing the force constant, K, 
from 100 to 0 kcal reel A -. The petted of  each an- 

naeling routine was I ps and conformational data were 
similar stored to the trajectory at the end of the routine. 
This protocol is somewhat similar to standard simulat- 
ing annealing methods using increment or decrement of  
simulating temperatures [14]. Recently, some reports 
demonstrated molecular dynamics simulation with step- 
wise changing of the N M R  force constant in order to 
overcome local minimum of conformational energy 
[15,161. 

25 conformers with lower rms violation (root mean 
square difference between inter-proton distances of the 
calculated structures and experimental constraints) 
were extracted from 170 conformers of 17 trajectories. 
Finally, constrained energy minimizations followed, 
and six final structures derived from different initial 
structures were obtained. The criteria for selecting the 
six final structures were lower van der Weals energy, 
< 150 kcal. mol -t, maximum violation of  upper distance 
limits, <0.5 A, and lower rms violation, <0.2 A. The 
maximum violation of  upper distance limits and rms 
violation of the six structures are listed in Table 11. Root  
mean square distance (RMSD) values between all pairs 
of  the six structures, deleted of  all protons, and average 
R M S D  values of six final structures (1.62 A) are also 

Table lit 

Calculated empirical ¢nergy and its variations of the final six struc- 
tures 

Table II 

Average RMSD, rms violations and maximum violation of the final 
six structures 

A average (range) 

Average RMSD 1,62 
Number of residual distant constraint 5.1 (4-6) 
violation > 02 A 
Rms violation 0.09 (0.08-0.10) 
Maximum violation 0.48 (0.52-0.46) 

The average root mean square distance (RMSD) is calculated for all 
pairs o f  the final ~ix structures at the heavy atoms. Violation is the 
value of the difference between inter-proton distance of the final struc- 

ture and the upper or lower limit of experimental constraints. 

Energy term Average (ran80 (kcal,mo1-1) 

Bond 38.93 (37.80-40.27) 
Angle 232.70 (228.74-236.95) 
Torsion 30.44 (27.92-33.98) 
Inversion 2.17 (2.08-2.25) 
van der Weals 133.91 (136.08-132.38) 
Constraint 31.05 (21.45-.40.25) 

The value of the constraint comprises the gtuarg.well potential of 
NOE distance constraint, the harmonic potential of the torsion angle 
on the peptide bond and the harrnonie potential of the inversion at the 
asymmetric carbon atoms calculated with force constants of 100 
keel,reel- t,A -2, 20 kcal,mol-t.A--',rad "2. and 40 koal.mol-t.A-=.rad -z, 
respectively. The others ate calculated with default values of the force 

constant in tbe Dteiding force field. 
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Fig. 4. Stereoview of  the  super imposed  final six s t ructures ,  The  residues are  indicated in capital letters and arb i t ra ry  number s  as  in Fig. 1; D = 
Asp,  E -- Glu ,  F = Phe,  H = His,  I = lie, L = Leu ,  N = Ash ,  O = Orn  and  T h  = Thiazol ine  moiety.  

shown in Table II. The conformational energy values, 
bond, angle, torsion, inversion, van der Waals and con- 
straint, are shown in Table III. Fig. 4 shows the six final 
structures superimposed. 

4. DISCUSSION 

The precise structure of bacitracin A has not yet been 
reported. Recently, Pfeffer et al. [17] reported the X-ray 
structure o f  bacitracin A complexed to subtilisin pro- 
teinase, in which two bacitracin A molecules bind to two 
enzyme molecules. The conformation of  the two baci- 
tracins differs significantly in parts and has relatively 
high temperature factors indicating a certain amount of 
flexibility in their structures. The region of  residues 1-6 
is extended linearly in their structures. In our final struc- 
tures, however, the region folds compactly. The reason 
for this discrepancy lies in the fact that the structures 
they studied were derived frem a complex of baeitracin 
A with subtilisin, while our final structures were studied 
in aqueous solution. 

In the final six structures, the region from Leu ~ to 
Phe 9 is seen as a common compact fold. Indeed, in 
NOESY and ROESY experiments, some long-range 
NOEs were observed between Leu s, lie 8 and Phe 9, there- 
fore, these hydrophobic residues form a cluster. 

The slow exchange of Lys 6 ~ NH suggests that the 
NH proton forms a hydrogen bond. In the final six 
structures, the NH proton is directed to Aspll~ CO, 
apparently forming a weak hydrogen bond. 

Regarding the dihedral angles (¢ and ¥)  among the 
final six structures (Table IV), GIu 4, Lys ~ and His j° are 

quite variable, because little NOE was observed in these 
residues. On the other hand, residues Lea 3, lie ~ and Phe ~ 
are well converged due to many constraints, including 
long-range N e E .  

It is known that the antibiotic activity of baeitracin 
A requires bivalent metal cations such as Zn ~'÷ and 
M g - ,  and considerable evidence has demonstrated that 
bacitracin A and metal cations form 1:1 complexes sto- 
ichiometrically. Scogin et al. [2] proposed a model for 
a bacitracin A-Zn ~-* complex in which three metal coor- 
dination sites, the thiazoline ring, the carboxyl group of 
Glu 4, and His t° imidazole, are involved. In our study, 
all N e E  data of bacitracin A were recorded at pH 3.2, 

Tab le  IV 

Dihedral  angles  and  their var ia t ions  a m o n g  the final six s t ruc tures  
(degrees). 

Residue ¢ ¥ 

L'11¢ z - 151.7 :;k I0,I 

L-Cys" - 157.6 - 12.0 
L-Lcn ~ -130.8 + 8.1 40.6 + 5.7 
D-GIu 4 - 96.0 * 18.8 -111.1  _ 12.0 
L-lie s - 76.0 ± 28.2 - 10.9 .+ 32.1 
L-Lys ° - 1 0 4 , 6 _ . 4 0 . 3  - 1 5 , 5 ± 7 9 , 2  
b-Orn 7 179.3 ± 41.1 -143 .2  ± 19,3 
L-lie u - 1 0 0 . 4 _  23.5 132 .2 :1 :3 .9  
D-Phe 'J 90.9 _. 4.6 - 86.5 _ 89.5 
L-His '° 126.9:1:71.2 - 21.2 ± 6.0 
~-Asp z~ - 35.1 ± 1.8 - 66.8 ± 0.7 
L-Ash j~ - 64.5 ± 7.5 - 

For each angle, the range of values covered by the final six structures 
is represented by the  canter  o f  the range and  its size, 
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but  bacitracin A does not  bind bivalent metal cat ions 
under  these conditions. It is o f  intgrcst that the coordi-  
nat ion sites proposed by Scogin et al. are  proximate  in 
the final six structures. 

Hausmann  ct al, [18] repor ted that  partial  hydrolysis 
o f  bacitracin A gives the tctrapcptide,  Phc-  l le-Cys-Lcu, 
inaicating the presence of  a hydrogen bond  between the 
N-terminal  amino group o f  Ile I and the carbonyl  g roup  
o f  PhcL Our  results, however,  did not  indicate the pres- 
ence of  such a hydrogen bond ,  but  these amino and 
carbonyl  groups  are relatively close to each other  in all 
final six structures, 
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