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ABSTRACT. Bleomycin (Bm), a 1.4 kDa glycopeptide excreted Styeptomyceserticillus, is a natural
antibacterial compound used in therapy as antineoplastic drug. To counteract its biological activity, cells
have developed several resistance mechanisms, one of these based on proteins able to tightly bind Bm.
In this paper, the interaction of Zn—Bm with the Streptoalloteichus hindustansn resistance protein
(ShBle) has been investigated by solution state NMR. Sequential nOe and chemical shift index have
shown that the fold of the protein (in absence or presence of Bm) is identical to the previously published
X-ray structure. The dimeric nature of ShBle is confirmed by the diffusion tensor as determined by NMR
relaxation data. Using isotope filtered nOe experiment, intermolecular nOes between Bm and ShBle have
been observed as used for modeling. While the interaction of the Bm metal binding site with ShBle
appears to be uniquely defined, several conformations of the bithiazole moieties are compatible with the
NMR data. Binding of Bm also induces changes of the local dynamics (stretch N85-G91), as shown by
15N relaxation data. These results are discussed in the context of several Bm analogues able to interact
with ShBle and of the recently published X-rays structures.

Bleomycin (Bm} is a glycopeptide of molecular weight 8). The geometry of the Bmmetal ion complex has been
close to 1.4 kDa produced and excreted by a filamentousshown to be octohedral, either penta- or hexa-coordinated,
bacterium belonging to the actinomycetes famfjrepto- with six Bm ligands or five Bm and one water molecule
mycesverticillus (1). Whereas Bm is naturally used as an ligands (Figure 1). A number of related molecules, differing
antibiotic in its native organism, it has excited interest since from Bm by chemical modifications, have been reported,
its discovery due to its potential chemotherapeutic application such as tallysomycin and phleomycif) (Figure 1, Sup-

(2, 3). Bleomycin is a potent antineoplastic drug which has porting Information).

been used for the past 30 years against testicular carcinoma, prior to its use as an anticancer drug, Bm and analogues
malignant lymphomas, and some squamous cell carcinomasyere identified as potent antibacterial compounds produced
without significant bone marrow toxicity. Unfortunately, Bm  py actinomycetes to kill various types of organisms (prokary-
produces lung intersticial fibrosis and parenchymal injury. otic as well as eukaryotic cells). Various Bm resistance
This dose-dependent, cumulative and irreversible side effectyeterminants have been identified and characterized in
seriously hinders its clinical use. Bm anaerobically ligates a prokaryots and eukariots. To counteract this antibiotic
ferrous ion in a readily oxidizable form and, in the presence activity, attacked cells have designed several mechanisms
of molecular oxygen, cleaves double stranded DMAS).  of resistance, of which the most common involves the
In addition to Fe(ll), Bm can bind to a number of other chemical modification of the Bm molecule, which can be
metals, e.g., Co(ll), Co(lll), Zn(ll), Cu(ll), and Cd(IIB-  N-acetylated 10) or deaminated by Bm hydrolaseklj: in

. i either case, the resulting compound lacks any antineoplasic
' C.v. acknowledges the receipt of a Ph.D, fellowship from the activity. The producin t?acterig also require ?/otection fprom
French ministry of research and technology. C.M.-G. was supported Y p 9 quire pre Ir
by an EMBO postdoctoral fellowship. the lethal effects of Bm but cannot use irreversible modifica-
* To whom correspondence should be addressed. F88 438 78 tion to prevent function. Resistance determinant developed
54*%5:5&?32' S?;g‘é?e@s'zﬁgmal . by bacteria involves a 14kDa Bm binding protein as isolated
§Institut de Pharmacologie et de Biologie Structurale. in Streptoalloteichus hindustanus$hBle), Streptomyces
nstitut National des Sciences Applicese verticillus (BLMA), and E. colitransposon 5 (BLMT) 12—

* Abbreviations: Bm, bleomycin; MeBm, metal-bound bleomycin;  14) The structures of these three Bm resistance proteins
ShBle, Streptoalloteichus hindustanism resistance protein; BLMT, ) P

E. coli transposon 5 Bm resistance protein; BLM&treptomyces (BRP) as free form have been solved using X-rays crystal-
verticillus Bm resistance protein; f-ShBle, free ShBle-ZBm—ShBle, lography (5—17) and are nearly superimposable. These
Zn(ll)—Bm—bound ShBle; FeBm—ShBle, Fe(ll)-Bm—bound ShBle; proteins involved in the resistance mechanism by temporary

BRP, Bm resistance protein; CSA, chemical shift anisotropy; MES, ; ; i
morpholinoethansulfonic acid; nOe, nuclear Overhauser effect; NMR, drug sequestering are coded either by plasmid genesi¢Sa

nuclear magnetic resonand®;, Ry,, longitudinal and rotating frame Of S. aureug(18)) or by chromosomal genes ($ie of S.
relaxation rates; ESI-MS, electrospray ionization mass spectroscopy. hindustanu}
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Ficure 1: Chemical structure of bleomycins. The atoms numbering correspond to the used nomenclature. The metal ligand are notified
with a star according to the Co(HBm structure 42). Nitrogen P10,

H1, H9, and A5 are the planar metal ligands.

These small proteins (containing about 124 residues) bindlead to the development of other pharmaceutical products

reversibly to Bm 19), thus preventing DNA cleavage. Intact

designed to enhance the chemotherapeutic efficiency of Bm

Bm is then available to be released into the external mediumanalogues by decreasing their deleterious side effects. We
when needed, although the mechanism of this release remainkave therefore initiated a detailed study of the structure and

unknown. This drug sequestering, for efficient excretion to

the environment, represents an optimized strategy for self-

dynamics of the ZrBm—ShBle complex in solution.
The Zrt* ligated form of Bm was chosen for the NMR

preservation of the drug-producing organism. In the case of study because of the diamagnetic properties of thfe &m.

another antitumor agent, mitomycin, fro@treptomyces

Complete resonance assignment of ShBle in the complex

lavendulag the gene corresponding to a membrane carrier has been obtained as reported elsewtte 4s well a partial

transport proteinZ0), has been recently identified next to
the locus corresponding to a drug binding protein.

The structure ofS. hindustanuBm resistance protein
solved by X-rays crystallography %) shows a homo-dimeric
organization stabilized by an exchangBdstrand and a

assignment of the BrfH resonances. In this study chemical
shift mapping and changes in hydrogeteuterium exchange
rates were used to identify the binding interfacéN
relaxation measurements have been used to monitor changes
in intramolecular dynamics on a pico- to millisecond time

hydrophobic interface. Each monomer comprises a structurescale. The dimeric architecture of ShBle in the complex was

in two halves with remarkable similarity of foldu3) despite

also analyzed using the hydrodynamic properties of the

negligible sequence similarity. In their study the authors also molecule derived from'N relaxation data. Finally, an

propose a structural model of the CuHBm—ShBle
complex, in which one ShBle dimer binds two Bm mol-

ecules, based on the individual crystal structures of the
interacting molecules, and electrostatic and steric consider-

ations. The proposed modes of binding of the Bm to DNA

experimental model of the Z/Bm—ShBle complex has been
calculated on the basis of a set of intermolectitatH nOes.

MATERIALS AND METHODS
ShBle Expression and Purificatiofbe Sh blegene coding

and to ShBle were compared and important interaction for ShBle was cloned from the plasmid pUT 50 (generous
mechanisms identified. In particular, the authors suggest thatgift of Pr. Tiraby) between the Nco | and Hind Ill restriction

the geometry of the antibiotic could be refined to allow
differential DNA/protein binding. During our study, the
crystal structures of the metal free BfBLMT (17) and the

Co(I)-Bm—BLMA (21) complexes have been published.

sites of the pET-26bf) (Novagen), by PCR using the
respective oligonucleotides Sh1 CCATGGCCAAGTTGAC-
CAGTGCCGTTGGGGTGCTCACC and Sh2 AAGCTTAT-
CAGTCCTGCTCCTCGGCCAC as primers. The obtained

These structures confirm the interaction mode proposed inplasmid will be referred as pSh, where the underlined

the previous modelslg, 16).

sequences are the target of the restriction enzyme.Elhe

It has been shown on animal models that transgenic coli expression strain HMS 174 (DE3) is transformed with

expression of BRP in mice2R) or adenovirus-mediated

pSh. This system leads to the periplasmic expression of the

transfer of the BRP gene prevents bleomycin-induced ShBle, according to the sequence referenced as P17493 in

pulmonary fibrosis Z3). Characterization of the precise
modes of protein/antibiotic binding is thus important for a
better understanding of the basis of BRP activity that could

the Swiss-Prot database and shown in Figure 3. Uniformly

15N and**C/**N-labeled ShBle was obtained by growikg
coli in minimal M9 media 25) containing 1 g/L**NH,CI
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Ficure 2: 1H-15N HSQC correlation spectra of (A, B) f-ShBle, (C) FeBm-bound, and (D) ZrBm—ShBle. For better comparison,
only a small part of the spectrum is plotted in inserts-(B.

and 2 g/L [BCg]-glucose, and 5Qig/mL kanamycin.*>N Bleomycin CharacterizatiorBm was obtained as a gift
labeled NHCI and*3C labeled glucose were purchased from from Rhtne Poulenc (Paris, France). The ES mass spec-
Martek and Cambridge Isotopes, respectively. The cells weretrometry reveals a mixture of three compounds (1351.6/
grown in a shaker at 30C until the O3 reached about  1413.4/1424.6 Da) with a 1:1:1 ratib@). Bm was previously
0.6, and then the protein expression was induced by addingreported as a mixture of two components Bm A2 (1413.4
0.1 mM IPTG. The cells were harvested 16 h later. Da) and B2 (1424.6 Da) in 2:1 rati@§), which differ at
ShBle purification begins by the periplasmic protein the terminal amideR; in Figure 1). The 1351.6 Da form
recovery, obtained by applying an osmotic shock to the pellet, (Bm X) probably arises from Bm A2 through an undeter-
as described in the Novagen's pET system manual. Themined chemical modification and could correspond to a linear
periplasmic extract was adjusted at pH 5 with 0.5M pipera- aliphatic chain: CH,CH,CHs). The Bm mixture was used
zine buffer and loaded on a 2610 cm Q Sepharose Fast for our study without any further purification as no evidence
Flow column equilibrated with a 20 mM piperazine buffer was found for differential binding of the three forms (see
pH 5 (buffer A) at 5.3 mL/min flow rate. Elution was below).
performed with a NaCl step gradient. The fractions (0.3M  NMR Sample PreparatiodMR samples (45@L) were
NaCl) containing ShBle were combined. The solution was prepared in 20 mM deuterated MES (from A. R. C. Isotopes)
dialyzed against buffer A and loaded into a MonoQ HR 5/5 pH 6.5 buffer in 10% RO or 99% DO, supplemented with
equilibrated with buffer A. The protein was then eluted with 100 mM NaCl, and 0.02% sodium azide. The complex
20 mL linear gradient of 0.150.5M NacCl in buffer A at formation between ShBle and metdlleomycin was moni-
0.5 mL/min. Each fraction was analyzed by gel filtration on tored using a!*N labeled protein sample at 200M
Superose 12HR (10/30). The fractions containing ShBle were concentration. Two ternary complexes were studied:-Zn
pooled and concentrated. All chromatographic media were Bm—ShBle and FeBm—ShBle. Both metals were intro-
purchased from Pharmacia Biotech. This leads to ShBle atduced as sulfate salts (Fluka). Bm was first mixed with
high homogeneity, as measured from PAGE-SDS gel, ZnSQ, (FeSQ receptively) in a 1:1.2 ratio to form a Bm
whereas the ESI-MS molecular weight measurement revealsmetal complex, which was then added to the native ShBle
two species in a 0.7:0.3 raticc@). The major species ina 1:1 ShBle:Bm ratio to form the ternary ZBm—ShBle
corresponds to the expected sequence. The minor specieFe—Bm—ShBle) complex. Due to the extreme sensitivity
fits with a misprocessing of the periplasmic addressing of Fe(ll)-Bm to oxidation, the FeBm—ShBle complex was
peptide, leading to an extraAVI—A sequence. This feature  prepared in gloves box under strict oxygen-free conditions.
may explain the two correlation peaks detected for the Ala-2 For this reason, 5 mM dithionite is added to the Fe(ll)
and Lys-3 residues in th#H-15N HSQC spectrum, with a  samples. An easy way to track the reductive state of the
similar intensity. This ShBle was used without further Fe(ll)-Bm complex is its specific pink color due to its
purification. absorbance maxima at 480 and 370 din Eor both f-ShBle
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Ficure 3: 1H-H nOe and CSI data observed for (A) f-ShBle and (B)-Bm—ShBle. The identified secondary structural elements for
both forms are indicated by arrows-étrand) and helicesxthelix). A filled triangle on an arrow stands for an irregularity of the canonical
B-strand structurex indicates not-assigned HSQC peaks, and # corresponds to residues with overtapINGHSQC correlation peaks.
Slowly exchanging amide proton are indicated by bold italic case.

and Zn-Bm—ShBle, resonance assignment was achieved onand for the intermolecular NOESY experiments two 1 mM
a 1 mM BC/N labeled sample (24) an®N relaxation 3C/'*N labeled samples were used: one in 10%0D90%
studies were performechaa 1 mM®N labeled sample. For  H,O and another in 99% f®. For the latter, the 45@L
resonance assignment of Bm in the-Z8m—ShBle complex protein sample was extensively dialyzed against the final
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buffer in a 1 mLslide-Dyalyser (Pierce 5 kDa cutoff) and and Awy the frequency difference between tH&l carrier
lyophilized three times in BD. The Bm-metal complexwas  and the frequency of the observed nitrogen.
added before lyophilization. Determination of Molecular Tumbling Diffusion Tensor.
NMR Spectroscopy and Data Analystdl NMR experi- The relaxation data measured for individual aniti¢ have
ments were performed on Varian INOVA 600 or INOVA been analyzed in terms of a single spectral density function
800 spectrometers, both equipped with a triple-resonahige ( J(w), reflecting the random fluctuations of the-¥ vector.
15N, 13C) probe and shieldergradients. Unless otherwise In the model-free approach of Lipari-Szal&8) J(w) splits
stated, the sample temperature was set t0°@0 NMR into two terms taking into account the overall molecular
experiments used for ShBle backbone and side-chain resotumbling and intramolecular fluctuations, respectively. For
nance assignment have been described previoR4)yData the general case of anisotropic molecular tumbling the
processing and peak picking were performed using FELIX measured relaxation rates depend on the orientation of the
program version 97.0 (MSI Technologies). N—H vector with respect to the diffusion tensdd)(as
5N Relaxation MeasurementSN R, and Ry, relaxation described by WoessneB4). The orientation and principal
rate and{'H}-®°N nOe measurements were carried out on a axes values oD were obtained by selecting a subset of
15N labeled sample at 600 MHH frequency as described residues involved in regular secondary structural elements,
elsewhere Z7, 28). The {*H}->N nOe can be used as a and exhibiting only small-amplitude internal motion (as
measure of the amount of local motion in the picosecond measured from the heteronuclear nOe) and minimizing the
to nanosecond time range. TB#N transverse relaxation  target function
rates Ry,) contain a contribution from conformational

exchange on as to ms time scale, but they are also sensitive Ry ™ R'if}'c(D)
to fast time scale fluctuations. To discriminate the two xz = —
contributions, we have measured an additional relaxation rate m\|R"**  RA9D)
TimC?, which is due to a cross correlation effect between

the 15N-H dipolar interaction and thé&N chemical shift ~ whereo is the uncertainty in the experimental“*7Ry"***
anisotropy (CSA)I'y " is insensitive to conformational ~ ratio. The sum is performed over all-Ni groups in the
exchange, while having a similar dependence on rotational selected experimental data set. The fit of the diffusion tensor
diffusion and internal fast-time scale motionRg (29). The components and orientation is performed using the program
ratio p = Ry p/rCSA'DD is used to monitor local backbone TENSORZ2, a simulated annealing-based algorithm developed

motion on thmg"#g ms time scale. in our laboratory 85). TENSOR2 calculates the molecular

R, and Ry, values were obtained by fitting the measured diffusion tensor on the bases of a list of measuRednd

peak he|ghts to a two parameter function describet{'as Rlp rate constants and the coordinates of the molecular
= o exp(—RT), wherel(T) is the intensity after a delay time ~ structure. TENSOR2 also performs Monte Carlo simulations

T andl, is the intensity aff = 0. The steady-state hetero- t0 evaluate the uncertainty of the fitted diffusion parameters

nuclear nOe values were determined from the ratios of the and to test the statistical Significance of the resulting models.
measured peak intensities in the presengg 4nd absence Deuterium-Hydrogen Exchange Measuremerieute-

(Ie) Of *H saturation asNOE = Il Additional cross- ~ rium—hydrogen exchange rates depend on solvent acces-
correlated relaxation rate constaiifsy°° were measured  Sibility of the exchangeable protons, and thus the 3D structure
using a constant time (CT) TROSY-typid-15N correlation ~ and conformational flexibility of the protein (see, for

experiment 80, 31), where the twé*N doublet components ~ €xample, reB6). To probe the amide proton exchange rates

are separated in two spectra. THESAP® values are along the protein backbone, we have recorttéd®N HSQC

obtained from a one-parameter fit to the functiel)/I15(T) spectra on f-ShBle and the ZBm—ShBle complex after
one month of incubation in 99%J0 at 20°C.

= expCyui °T), where 14T) and I%(T) are the peak . ; L L
heights measured in the doublet-separated TROSY spectra Isotope-Edited/FilteredH-"H TOCSY andH-*H NOESY

) 1 : :
Special care was taken to ensure a constant sample tempenEXpe“memSFor H resonance assignment of Bm in the-Zn

— _di i 1
ature among the different relaxation experiments by applying ?Hr?lHSltllglgsc\(() rgpéi)t(éatvvvv%fér?:cf}'ggfﬁm 5 g(%cﬁ Ezagr?
off-resonance heat compensation RF pulses during the P -

the 13C/**N-labeled Zr-Bm—ShBle complex dissolved in
recycle delays32). The recycle delay was set to 2.5s for either 10% or 99% BD. The pulse sequences include double-

Ry, Ry, and Ty’ and to 7 s for the heteronuclear nOe o acpsy isotope filters 87) before and after the TOCSY
measurements. The exponentlal relaxation decay was sample r NOESY mixing to suppress correlation peaks originating
at Ejh%;c())llowmg .tlr‘ge fg'n?fZij'Blg‘Afg%oiA'o’ 3d9(:i,35240’ §90,d from ShBle and, in the case of NOESY, between ShBle and
aQSA,DD_ MsRy,: 8, 16, 32, 48, 64, » and Lo ms, and g,y No heteronuclear decoupling was applied durthg
I+ 20, 40, 60, 80, and 100 ms. The first time point of - ¢requency labeling irt, andt, to identify residual signals
each measurement series is repeated at the end to assess th§ 1, shBle not removed by the filter, which then appear as
time stat_JiIity of the measurement and e"‘?'“ate possiblea doublet. Experiments performed on a sample dissolved in
systematic errors. Fét, measurements, &N s_pm-loc!( f|eld_ H,O used an additional WATERGATE sequence prior to
was applied during the transverse relaxation period with a yatection for water suppressiodg). The NOESY mixing
strength offynBy|/2 = 2.5 kHz. The measurel, values  ime \as set to 100 ms. For TOCSY mixing, two spectra
were corrected for resonance offset effects using the equation, e e recorded using DIPSI-2 composite pulse trains with
Av overall duration of 20 and 60 ms, respectively. The total
Ri?” = (R'i"peas_ R, sin? ) with 6 = tan” 1( N) acquisition time for 300« 512 complex data points was 15
VnBy h per experiment.
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Intermolecular nOe between Bm and ShBle were observedatoms fixed. All nOe interactions were treated as ambiguous

in a three-dimensiondfC edited'H-'H NOESY spectrum
by inserting an additional double-tunétC half filter (39)

prior to the NOESY mixing (100 ms mixing time). To limit
the relaxation delays, né®N filter was applied as the
experiment was performed in,D, and only a few nOe’s

constraints between protons present in either subunit of the
dimer and the antibiotic. The initial position of the two
molecules was chosen to allow apparently direct access of
the antibiotic to the most probable interaction site as
determined from NMR chemical shift mapping, hydrogen

were expected between the slowly exchangeable amideexchange measurements, and the observed intermolédelar

protons of ShBle and Bm. 11%{) x 54(°C) x 512(H)

1H nOe. 31 and 13 structures were calculatedFoand S?,

complex data points were recorded for spectral widths of respectively, using the following protocol.

8000 Hz {H), 12500 Hz £C), and 10400 Hz'H) in an

The system was equilibrated at 500 K for 5 ps using direct

experimental time of 64 h. To enhance the sensitivity, a two- velocity scaling, followed # a 5 pssampling period during

dimensional experiment including the double-tuf#z half
filters without edition of thé3C frequency was also recorded.
Chemical Shift Mapping of Bm Bindingrotein-binding

which the structure of the ZnBm was free to sample
conformational space, thereby varying the initial relative
orientation of the interacting molecules. During this period

surfaces can be mapped by observing the changes in chemicahe ShBle was fixed to the crystallographic coordinates. The
shift between the free and the bound states of the proteinShBle was then released, and for the remainder of each

(40, 41). As mentioned previously, the BAShBle complex

calculation only the backbone atoms of the protein were

is in slow exchange, as compared to the NMR time scale. tethered to their initial positions by incorporating the
With assignment of both forms, the weighted chemical shift additional energy term

variation Ad was calculated according to
AS = 6.7Ad| + |A0y| + 1.YAO,| + 2.5A0c| —

V2(6.78 + 67 + L16%, + 2.52)

where Ady, Adn, Adcy, and Ade are thelHN, 15NH, 13Ce,
and®C' chemical shift differences between f-ShBle and-Zn
Bm—ShBle in parts per million, respectively, amg, ¢n,
¢co, and ¢ correspond to the digital resolution to which
the frequency can be measured in the 3D NMR speeiia (
= 0.1 ppm,pny = 0.1 ppm,ppcq = 0.4 ppm,¢pc = 0.1 ppm).
The weighting factors of the individual terms normalize the

Ereth = sz (% = X))?IN

into the potential energy functions’s are the Cartesian
coordinates of the atoms to be tethered afidl the target
coordinates. A force constant #fen = 500.0 kcal mott

A-1 was used to restrain th&l = 984 atoms to the
coordinates of the crystal structure and side chains were free
during the calculation. Simultaneously, the ambiguous
restraints representing experimentally determined intermo-

chemical shift range for each nucleus. The above equationlecular contacts were gradually introduced into the calcula-
amounts to considering only changes larger than a thresholdtion. Following minimization using steepest descent and
defined by the digital resolution. Should a nucleus not be conjugate gradient algorithms with a distance force constant
assigned in either of the two forms, then the corresponding Kdist Of 5.10° kcal mol* A~2 and 5 ps of equilibration at
term is dropped from the above expression. 500 K, the antibiotic was directed toward the active site
Restrained Molecular Dynamics of ZBm-ShBle Com-  during sampling periods of 2 ps. After each period the
plex. To characterize the proteirantibiotic interaction, we  distance force constant was multiplied by a factor 10 until
have performed restrained molecular dynamics simulations Kast = 50 kcal mot* A2, at which point the system was
using two different sets of constraints. Set&)(contains  allowed to evolve, still at 500 K during a further 10 ps. The
the experimentally observed distances between&#m and ~ System was then slowly cooled to 100 K over a period of 10
ShBle (30 constraints) as well as 23 intramolecular Bm Ps. This was followed by energy minimization in the same
distances derived from the three-dimensidial editedtH- force field. Nonbonded interactions were ignored beyond 10
H NOESY and two-dimensional double filteretH-H A and a switching function applied from 8.5 to 10 A. A
NOESY spectra, respectively (Tables 1 and 2 in Supporting time step of 1 fs was used for all molecular dynamics
Information). Set 2$%?) contains the distances presentin simulations. No electrostatic terms were used. The calculation
and additional nonexperimental distances between the bithia-Was repeated using different initial velocity distributions and
zole fragment and ShBle (Table 3 in Supporting Information). relative starting positions as described.
These additional distances between the bithiazole tail and Structures with the lowest experimental nOe violation
ShBle were obtained from the modeled Bi®hBle complex energy were selected for final analysis. The interaction
with the aim of testing the compatibility of our NMR data surface is measured on the basis of the accessible surface of
with the previously proposed model. the different partners implicated or not in the complex, using
Calculations were performed using the Discover Version the GRASP programé4Q).
2.98 molecular dynamics program (MSI Technologies), with RESULTS
the AMBER4 force field, modified to incorporate parameters
characterizing FeBmA,, used to mimic the ZarBm Evidence of Complex Formation between +v&m and
complex. The metal coordination sphere was derived from ShBle.The formation of the binary MeBm complex was
the Co(ll)-Bm NMR structure (PDB code 1DEY#D) using monitored by one-dimensional (1Bj1 NMR. The Zn(Il)}—
Insightll (MSI Technologies). The X-rays structure of and Fe(ll}>Bm spectra are similar to those obtained in
f-ShBle (@5) is used as template for the simulation (PDB previous NMR studies 7, 44). The Me-Bm complex
entry 1BYL). Protons were added to the coordinates, and formation was independently confirmed by ESI-MS under
the structure was then energy-minimized with the heavy nondenaturating condition&(@).
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The formation of the ternary MeBm—ShBle complex
was demonstrated by comparifig-®N HSQC spectra of
ShBle in the absence of Bm (Figure 2A,B) and in the
presence of Fe(IlyBm (Figure 2C) or Zn(l1}-Bm (Figure
2D). In both cases, a number of signals in the HSQC
spectrum exhibit significant shifts compared to the free form;
note that no shifts are observed (data not shown) when a
metal is added to ShBle without Bm, a result which suggests
a lack of direct interaction of these divalent ions with the
protein. The spectral changes induced by the complex
formation are however different for the two metals. In the Bl
case of Zn-Bm, all lines remain narrow and some of them 4 \/
move; the spectral changes for the Fe(ll) complex are more o
dramatic, inducing broader lines and larger shifts. These
differences can be mainly ascribed to the paramagnetic nature
of the Fe(ll) complex 44). As some valuable information
may be obscured for nuclei close to the paramagnetic ion,
we have decided to focus on the diamagnetie Bm—ShBle
complex in our study. This complex is also easier to handle,
without any special attention to oxygen in contrast to the
Fe(ll) complex where strict anaerobic conditions are manda-
tory.

At intermediate concentrations of ZBm (data not
shown), two'H-15N correlation peaks are observed for most
residues, indicating that the binding of ZBm to ShBle is
slow on the NMR time scale. No significant difference in
binding of the three forms of Bm present in the mixture (A2,
B2, and X) could be detected in our spectra. This implies
that the variable part (R) of Bm is not directly involved in
the interaction of Bm with ShBle.

Structural Characterization of f-ShBle and ZBm—
ShBle. Secondary Structural Elementss the exchange
between f-ShBle and ZnBm—ShBle is slow on the NMR FiGURE 4. Topology of secondary structural elements as identified
time scale, the NMR resonance frequencies had to befor f-ShBle and Zr-Bm—ShBle using long-rangéH-'H nOe

: : (correlation peak between! Hand H, in the 3D NOESY-HSQC
assigned independently for the two forms and could not be spectrum). The arrows indicate nOe detected for both forms (plain

simply inferred from exchange experiments. Almost complete black), f-ShBle only (grey), and the ZrBm—ShBle complex

A\

?ﬁ/*/ﬂ%

A A

backbone assignments for f-ShBle, as welttdsand*C of (empty).
nonaromatic side chains for the ZBm—ShBle complex
were obtainedZ4). well as thea-helix a;, whereas the second half includes

The NMR information on the secondary structure elements strandsfs, f5s, 37, andfs and helixas. These two moieties
in f-ShBle derived from sequential nO45) and the chemical  are linked together by a short helog (residues 5461).
shift index (CSI) ¢6) is summarized in Figure 3A. Eight The f-sheet topologies derived from the NMR data for
pB-strands and three-helices can be identified, in general f-ShBle and Zr-Bm—ShBle are in agreement with the
agreement with the crystal structutb). A minor exception crystal structure (Figure 4). As shown earlier on the basis
is the ¢ strand, which in the crystal structure begins at of the CSI, the pairing of strangi andf; is irregular and
residue 92, while NMR data support/strand terminus  forms a bulge.
already at residue 90. Furthermore, the missing negative CSI f-ShBle is dimeric as shown by crystallography and ultra-
values for residues 95 and 96 indicate a deviation from a centrifugation studies. Intra- and intersubyfistrand nOe’s
canonical structure at this position in testrand. A break  were differentiated by comparison with the crystal structure
of the hydrogen pairing with its partner strangh)(at this (15). The nOe observed in f-ShBle between residues 5 and
position has been observed in the crystal structures of ShBle8 (31) with residues 6669 (3s) apparently correspond to
(15) and BLMA (16). The same pattern in terms of secondary intersubunit contacts, as a result of an arm exchange (Figure
structure is seen for the ZBm—ShBle (cf. Figure 3B). The  4). These nOe remain unaffected in the B8hBle form,
interaction of ShBle with ZaBm does not induce any providing evidence of the conservation of the quaternary
significant changes in the secondary structure of ShBle, asstructure on binding. Ultracentrifugation data are also in favor
the same pattern @-strands andr-helices is identified. of a homodimer formation when Bm is bountj.

B-Sheet TopologyThe -sheet topology of ShBle was Validation of the Dimeric Model frortfN Relaxation Data.
established from a set of long-rangé&-HN nOe between  An independent confirmation of the dimeric nature of the
the differentf-strands detected in théN-edited NOESY protein is provided by the rotational diffusion tensor derived
spectrum. The crystal structure of the f-ShBle shows a from *N relaxation data. The model-free formalisi®3)
pseudosymmetry at the level of the monomeric secondary provides a convenient way of separating internal flexibility
structures. A first half contains stranflg f2, 33, andj4 as and overall tumbling, assuming that they are not correlated.



658 Biochemistry, Vol. 42, No. 3, 2003 Vanbelle et al.

Dz

FiGURE 5: Rotational diffusion tensomDy,) determined on the basis &N relaxation rate constants for (A) f-ShBle and (B)-ZBm—
ShBle. The different points on the ellipsoid are the results of a Monte Carlo simulatierbQ0). In panels C and D the principal axes of
the inertia (1, and diffusion tensors of f-ShBle are superimposed for monomeric and dimeric state, respectively.

The molecular diffusion tensor can be derived for a protein tensor (Figure 5C). In the case of a symmetric homodimer,
of known structure from a set 88N R; and Ry, relaxation one of the axes of the diffusion tensor (as well as one of the
data measured for residues located in secondary structureaxes of the inertia tensor) should coincide with the symmetry
elements. For these residues it can be safely assumed thaixis of the dimer. In Figure 5D, the axes of the inertia tensor
spin relaxation is not affected by large-amplitude local of f-ShBle identifyl, as the symmetry axis. While our data
motions. According to this criterion, a set of 54 nonover- do not permit the full characterization of the orientation of
lapping *N-H cross-peaks was chosen for f-ShBle and a the diffusion tensor axis, it is of interest to note that the
set of 47 peaks for ZaBm—ShBle (Figure 1 in the falls in the plane defined by, and Dy, i.e., the plane
Supporting Information). The optimization was carried out orthogonal to the best defined akis, of the diffusion tensor.
on a single monomer of the X-rays structure, i.e., the dimeric The same comparison is performed for the-Bm—ShBle.
nature of ShBle is not provided as input information. The The dimer also leads to the best fit between the diffusion
precision of the angular characterization of the diffusion and the inertia tensor$, 0D, = 78.6"/41.2, 1,0D, = 73.7/
tensor is illustrated graphically for f-ShBle (Figure 5A) and 40.9, and I,OD, = 25.4/10.8 for the monomeric and
Zn—Bm—ShBle (Figure 5B): the dots surrounding the dimeric forms respectively considered).
ellipsoid depict the results of the Monte Carlo (MC) Resonance Assignment and Structural Characterization of
simulation 6 = 500). In both cases, the orientation of the Bm in the Complexldentification of intermolecular nOe
D,, component is rather well defined, but the two other between Bm and ShBle requires complete resonance assign-
components[,, andDyy) are scattered around the circumfer- ment of Bm when complexed to the protein (Figure 6A).
ence of an ellipse. This trend is more pronounced for the Two Zn(ll) complexes of Bmrelated derivatives have been
free form and is may be due to the lower quality of the assigned in the past under slightly acidic conditions:—Zn
experimental relaxation rates. Within the precision of our bleomycinic acid47) at pH 6.4 and Zn(I)-Bm—A2 (7) at
data, no significant difference is detected for the rotational pH 6.7. As our experimental pH (6.5) is very close to these
diffusion of f-ShBle and ZrBm—ShBle. studies, the overall spin system topology is expected to be
We have compared the orientation of the principal axes conserved. The assignments of free Bm were therefore used
of the diffusion tensor with the principal components of the as a starting point for the assignment of Bm in the—Zn
inertia tensorl(), assuming either a monomeric or a dimeric Bm—ShBle complex.
form for f-ShBle. We can conclude that it is unlikely that The assignment makes use '6f-'H correlation spectra
the ShBle molecule exists in solution as a monomer, as therecorded in RO, where the signals due to the doubly labeled
diffusion tensor does not correspond to the expected inertiaprotein are eliminated by isotope filtering. An illustration
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FiGure 6: Assignment of Bm in the complex. (A) Bm assignment list. Bm atoms are numbered according to Figure 1. Ambiguities are
indicated by “/". (B){*N,*2C}-1H-{1“N,12C}-H NOESY spectrum recorded on the ZBm—ShBle complex dissolved in 99%,D. (C)
Expansion of the spectral region corresponding to nOe correlations between the methyl-valerate groups and other protons.

of a 2D {¥N-12C}-H-{**N-12C}-'H NOESY is given in are assigned to intraresidue correlations with the\l, Vs,
Figure 6B. The fact that the cross-peaks and diagonal peaksand V, protons of Me-valerate. The two CHCH; frag-
have the same sign shows that the spectrum displays onlyments (A3-A4 and P1P2) were assigned from nOe with
signals originating from Bm bound to the protein. Three the NH (As). However it was not possible to discriminate
amide protons are still visible in this NOESY spectrum: the between the two sides. The frequencies of two nOe with the
amine proton between pyrimidinyl propionamide ghdmi- V, or V7 protons were assigned to either the B5/B9 protons
noalanine (A5), and the two amide protons of threonine (T1) of the bithiazole or the H6H8 of the S-hydroxyhistidine.
and Me-valerate (V1), indicating highly solvent protection Distance violations systematically observed during structure
from the solvent. The other NH and Nidrotons are solvent  calculation when the peaks were assigned to the B5/B9
exchanged and not visible in this spectrum. The square protons of the bithiazole allowed us to discriminate between
pattern in the centre of the NOESY spectrum (between 3.4 the two possibilities.

and 5.3 ppm) corresponds to thananose and-gulose spin According to interaction studies of Bm with several metals
systems. While these two spin systems occupy a narrow(Zn, Co, ...), the metal is reported to be generally hexaco-
spectral region, most of the resonances do no overlap andordinated. Whereas there is a general agreement for the four
can be unambiguously assigned. Only the protons labeledplanar ligands (amide protons of Ala and@&hydroxyhis-

in Figure 1 as M6 and M6and as G5 and G6 have tidine and aromatic nitrogens of pyridinylpropionamide and
degenerate resonance frequencies. Whereas the two methydf S-hydroxyhistidine), a number of candidates were pro-
groups 4 and V; of Me—valerate give rise to non overlap- posed for the axial ligands, either from the Bm molecule or
ping signals in free Bm, they cannot be distinguished in the from a water molecule. For this study we used the Ce(ll)
complex. The strongest nOe’s observed for these twg CH Bm structure recently proposed by Lehmann et&) @s a
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Ficure 8: Topology of the chemical shift variations on f-ShBle
structure. In inset A, the molecule is displayed in the same
orientation as in Figure 9, while it is rotated by 28&round an
horizontal axis for inset B. This horizontal axis overlaps with one
of the diffusion tensor axid,, cf Figure 5). A ribbon representation

10 20 30 40 50 60 70 8 90 100 110 120

Ficure 7: Variations of NMR spectral parameters observed upon
binding of Zn-Bm to ShBle: (A) chemical shift variationao is used for the left-hand monomeric unit and surface display for
(see text), (B) steady-state heteronuclear ”%2',{[;)15’\' nGe (f- the other. Area undergoing significant chemical shift variatic?n alpon
ShBle-Zn—Bm-—ShBle)] (AnOe), and (C)Ry,/I'y i~ (FShBle— — zn—pleomycin binding are color coded in yellow for either
Zn—Bm—ShBle)] (Ap). All parameters are displayed as a function  monomer, while the rest of the protein is shown in red (left-hand
of the ShBle sequence. unit) and blue (right-hand unit respectively). The loop which
becomes less flexible upon Bm binding (accordinéfd relaxation

starting point for our computation, where the axial ligands data) is highlighted by an ellipse (N85, F86, A89, and GO1).

are the primary amine in beta-aminoalanine and the carbam-
oyl group of the mannose (Figure 1). also solvent protected in the ZBm—ShBle complex.
Structure Calculation of the ZnBm—ShBle Complex.  Twenty-one other amide protons show a sharp reduction of
Determination of the Putate Bm Binding Site of ShBle. the exchange rate upon Bm binding. Although solvent
Some valuable information on the Brbinding surface of protection can involve many different mechanis#8)(the
ShBle is easily obtained from NMR chemical shift mapping increasing number of solvent protected amides suggests a
and deuteriunrhydrogen exchange measurements. more rigid structure of the ZnRBm—ShBle complex com-
The weighted chemical shift variations are reported along pared to f-ShBle. Most of the residues, which become more
the protein sequence in Figure 7A. A total of 69 out of the solvent-protected after Bm binding, also exhibit significant
124 residues (i.e., 56.5%) exhibit significant chemical shift chemical shift variations upon binding.
changes upon Bm binding. These residues can be divided The good correlation between these two complementary
into six amino acids stretches highlighted in yellow in Figure NMR probes allows us to define a putative binding site of
8: V8—R14, R31-V42, F49-V57, D60-W65, N85-A107, Bm on the f-ShBIle structure.
and G113-E121. A first cluster of frequency shifted residues  Structural Models from!H-'H Distance Constraints.
are located at the dimer interface involving both monomeric Inspection of the NMR restraint list shows that the inter-
units, whereas two others involve only a single monomer: molecular contacts are not at all evenly distributed over the
residues in the ShBle pocket as well as a groove formed by antibiotic. All detected nOe’s involve the metal binding site
the side chains of residues Q54, D36, and D37. or the V and T fragments of Bm. It should be noted that the
Only 6 cross-peaks are visible in thi-N correlation sensitivity of the experiment only allowed detection of
spectrum of f-ShBle recorded 1 month after dissolving the interproton contacts involving at least one methyl group. No
protein in 99% DO, whereas the amide protons of 26 nOe was detected between the protein and the variable part
residues are still not completely exchanged for the-Bm— (Ry) of Bm. In addition, no structural information for the
ShBle complex. As expected, the six slowly exchangeable bithiazole tail was available due to the lack of resonance
amide protons of f-ShBle are all involved in hydrogen assignment for this part of Bm. The set of intramolecular
bonding according to the X-rays structure of f-ShBle. Except Bm constraints can be classified in two categories: (1) nOe
for Sy, all slowly exchangeable protons of the free form are interactions inside the metal binding site, confirming the fold
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Ficure 9: Model structure: (A) I (B), R, (C) K5, and (D) R. The two monomers surfaces are displayed in red and blue. The Bm related
molecule is figured in CPK mode, and the bithizole part is colored in yellow.

around the metal, and (2) constraints between the V and theexhibits the same conformation as that found in the two
carbohydrates part of T and A, which define the orientation crystal structuresi.e., the gulose is facing the protein flexible
of the arm with respect to the metal-binding site. loop—but a 180 rotation along the axial metal ligandsaxis
The average experimental target function for Se(31 is needed to superimpose our orientation on the-£hBle
structures) is 1.69 kcal mol with a standard deviation, with model. The conformation of the bithiazole tail in both NMR
respect to the mean, of 0.50 kcal mblThe best structure  families of structures (Fand k) differs from the two crystal
exhibits an experimental target function close to 0.7 kcal structures where the arm is buried in a crevice at the dimer
mol~. We have analyzed these structures with respect tointerface, apparently stabilized by hydrophobic interactions
two parts of the Bm molecule: the metal binding site and between aromatic side chains of the protein and the bithiazole
the bithiazole tail. If we focus on the relative orientation and rings of Bm. A similar conformation has also been proposed
position of the metal binding site with respect to the protein, for the Bm—-ShBle model. In the NMR structures, the
a major group (14 structures) emerges with a rather well bithiazole tail conformation is not determined by experi-
conserved conformation. The remaining structures (17 struc-mental distance restraints, but only by the primitive force
tures), which show much greater heterogeneity associatedield of the molecular dynamics calculation. The absence of
with a slightly higher experimental energy, differ from the experimental constraints between the bithiazole tail and the
main group by slight reorientation of the metal binding site protein may be due to missing assignments for the bithiazole
in the pocket. On the basis of the experimental target protons and the limited sensitivity of the isotope filtered
function, we will restrict our discussion to the major group NOESY experiments. We cannot exclude that the bithiazole
of structures. tail is in a conformation similar to the one found in the
Whereas the conformation of the metal binding site is well previous X-rays studies but that this conformation is not
preserved in these 14 structures (rmss@.5 A), two families found in the limited conformational ensemble, due to steric
F, and F, can be identified for the conformation of the hindrance from side-chains in the dimer interface. To
bithiazole tail. In the I family, the two bithiazole cycles evaluate if the insertion of the bithiazole rings in the crevice
are folded back toward the metal binding site and the at the dimer interface is compatible with our NMR data, we
bithiazole moiety is located on the left-hand side of Q54. In have added some distances between the bithiazole rings and
the F, family, the two thiazole cycles are far away from the the protein derived from the StBle model to our experi-
metal binding site and are inserted in the above-mentionedmental constraint list (se#?). Despite the added distances
groove. The two structures with the lowest distance violation the residual distance violation for the 13 structures (family
for each of the two families are shown in Figure 9A,B and F;) is still small (lowest-energy conformer 4.5 kcal mot™?)
will be discussed with respect to the structure of f-ShBle (Figure 9).
(15) and the recently published X-rays structures of the-Bm In summary, three structural models were computed using
BLMT (17) and Co(ll)Bm—BLMA (21) (PDB entries two different distance restraint sets. While the conformation
1ECS and 1EWJ, respectively). The metal binding site of the bithiazole arm differs among these structures, the metal
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binding site appears well defined. The metal-binding part crystallography 15). The variation of the HSQC spectrum

of Bm is in contact with a single monomeric unit of ShBle upon titration of Bm corresponds to slow exchange and the
and interacts with a concave area that is already carved outdetection of a single set of peaks for the bound protein is in
in the free protein. In all three structures, a substantial surfacefavor of a homogeneous population. This last point is

(between 47% and 53%) is involved in the proteligand
interaction.!®>N relaxation data recorded for the free ShBle
protein and the ZrBm—ShBle complex show that the
molecular tumbling is not significantly affected by the
binding of the antibiotic, which increases the overall mo-
lecular weight by nearly 10%. This finding is in agreement
with the insertion of the Bm metal-binding part inside a
pocket of ShBle.

Variation in Local Dynamics due to Bm BindingPN

confirmed by the detection of slow exchangeable protons
for Bm in the Bm-ShBle complex, protons which have never
been observed in the ZBm free form ().

Three families of structures were obtained, two based only
on NMR data (ff and F) and another by combination of
NMR data and distance constraints derived from previous
Bm—ShBle modeling (k). While the metal-binding site of
Bm is conserved, substantial differences among these three
families are observed for the location of the Bm arm, as no

relaxation measurements were carried out on f-ShBle andnOe was detected between the bithiazole arm and the protein.
Zn—Bm—ShBle to assess the changes in internal mobility We can conclude that the previously proposed metal-binding
upon binding. Panels B and C of Figure 7 show, respectively, site interacts with the protein in a similar way to that reported

the variation of thg *H}-*N nOe between f-ShBle and Zn
Bm—ShBle (nO&°¢ — nO&°u"d) and the variation of the
relaxation rate ratigp (o — pPou"9, This comparison is
restricted to residues with resolvéld-1°N correlation peaks
for both, the free and the Bsbound state (Figure 2,
Supporting Information). Only four residues exhibit a

for Bm—BLMT (17) and the Co(ll}>-Bm—BLMA (21) that
the conformation of the bithiazole arm can adopt the
predicted conformation without seriously violating our
measured distances.

Earlier NMR studies of Co(ll-Bm (42) have shown that
the presence of a metal ion induces the folding of not

significant variation of these two experimental probes upon only the metal binding site of Bm but also of the bithiazole-
Bm binding. These four residues are located between helix-tail moiety, whereas the free form remains totally un-

o and thefs strand. This region is not well structured in

structured. While the lack of any preexisting fold (in the

the X-rays structure of f-ShBle (Figure 8), where all residues absence of metal) may promote the insertion in the dimer
between Ser 83 and Gly 91 exhibit higher than average crevice, an alternative multistep mechanism can also be

B-factors (L5). TheB-factors of their € carbons are all above
40 A2 (with a maximum around residues 888), whereas
the average over the entire molecule is close to 25TAe
structural disorder in this region of the molecule is also
confirmed by the NMR conformational probés]-'H nOe
and CSI (Figure 3A,B). The reported variations {3f} -

15N nOe andp values clearly demonstrate that this loop,
inherently flexible in the free molecule, becomes more rigid
upon binding on both monitored time scales (picoseeond
nanosecond and microsecetwillisecond). The same be-
havior is also observed in the BABLMT structure, where
the B-factors of this loop are lower than in the free form
(17). Note that the amide proton of residuedm the second
turn of the helixe; (three turns) exhibits slow rate exchange.
The rigidity of the following loop may thus contribute to
stabilize the helix.

DISCUSSION
The specific interaction between ShBle and-M&m has

proposed: the ZaBm complex first interacts with the
protein as a folded state (as shown in &d  NMR
models); then the bithiazole-tail moiety unfolds when
interacting with the protein and ultimately inserts in the
crevice with a 30 rotation of the metal-binding site.
Such a scenario is in agreement with the need of preincu-
bating the Bm-BRP solution before initiating the crystal
growth.

The three families of structures should also be analyzed
in the broad context of antibiotic resistance for Bm analogues
such as phleomycin and tallysomycid4]. It has been
reported that these molecules can also bind to BLMT and
ShBle (2, 51) and thus carry antibiotic resistance. Their
chemical structures are reported in Supporting Information
Figure 3. Phleomycin (PIm) and Bm differ only at the level
in the first bithiazole ring, where B5B6 is single bond for
PIm instead of a double in Bm. In the case of tallysomycin
(TIm), two protons at position B2 and B3 are respectively
replaced by a 4-amino-4,6-deoxyidose and a hydroxyl

been confirmed by our NMR study using several experi- group. As the metal binding domain of TIm is chemically
mental probes. The metal-binding domain of Bm interacts identical to that of Bm 49), one can reasonably postulate
with a concave area observed on the surface of the freethat it should interact with the proteins in a rather similar
protein. The key role of this concavity has previously been way. In contrast, the presence of a bulky group instead of a
proposed by modeling based on the X-rays structure of single proton at position B2 may alter the interaction of this
f-ShBle (15) and more recently confirmed by two very recent fragment with the proteins. When the monosaccharide is

studies on similar systems, BABLMT (17) and the Co(Il}-
Bm—BLMA (21). In addition, we have shown that two other

manually added to thesFconformer, a steric clash occurs
with P101. In contrast, one can easily anchor the same bulky

regions of the protein (the dimer interface and the groove group on any member of the Family and accommodate it

between Q54 and D36D37) exhibit significant chemical

without any need for reorientation or steric hindrance. This

shift variations on binding. Whereas these variations provide is illustrated on Figure 9D, where a 4-amino-4,6-deaxy-
evidence that these two regions are involved in the interac-idose has been added to the Bm molecule starting from the

tion, this result requires further confirmation.
NMR data from Zr-Bm—ShBle provide clear evidence

conformation pictured in Figure 9B.
In conclusion, we have shown that our NMR data are in

that the conformation of the protein in the complex does general agreement with the model proposed by Dumas et al
not dramatically change from the free protein observed by (15) on the basis of the X-rays structure of the free ShBle,
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although the orientation of the metal binding site with respect 13
to the protein surface is different based on our data. Two
conformations with similar positions of the metal binding
site have been determined, and the bithiazole tail has been
located in a groove between Q54 and D3I®B37. The
previously proposed conformation with the bithiazole tail in
the dimer interface is however also in agreement with our
measured data. Heteronuclear relaxation measurements iden-
tify differential dynamics in the loop between Ser 83 and
Gly 91, which is inherently flexible in the free molecule and
becomes more rigid upon binding on both the ps-nsiasid
ms time scales.
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SUPPORTING INFORMATION AVAILABLE

Figure 1. Chemical structure of phleomycin and tallyso-
mycin. Figure 2: List of residues used as input for the
diffusion tensor calculation. Figure 3: Consensus set of data
used in the dynamic study. As the pattern of overlapping
peaks is different in théH-1>N HSQC of f-ShBle ans Zn
Bm—ShBle, only peaks which do not overlap in both
spectrum are taken into account for this analysis. Table 1:
Intermolecular NOESY interactions between ShBle and Bm.
Bm and ShBle position are numbering as in Figures 1 and
3, respectively. For Bm, A is for Aand A, and P for R
and B. A “/" notifies an ambiguity. Table 2: Observed
intramolecular NOESY interactions inside the Bm molecule.
Bm numbering according to the definition given in Figure
1. “=" indicates an interaction between two nuclei, while
ambiguously assigned nuclei are separated by a slash (/).
Table 3. Additional nonexperimental distances between the
bithiazole fragment and ShBle obtained from the modeled
Bm—ShBle complex (PDB entry 1BYL). These distances
were part of theS? data set used to check the compatibility
of the experimental NMR data with the previously proposed
model. This material is available free of charge via the
Internet at http://pubs.acs.org.
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