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Evidence for a Monomeric Structure
of Nonribosomal Peptide Synthetases

Each module within a NRPS enzyme is outfitted with
the necessary catalytic units for incorporation of an
amino acid into the product. The total number of mod-
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and Mohamed A. Marahiel1,3 ules corresponds to the number of incorporated resi-
dues, and the peptide synthesis takes place colinear to1Biochemie/Fachbereich Chemie

Philipps-Universität Marburg the enzymatic template [7, 8]. Each module consists of
several distinct domains performing the various cata-Hans-Meerwein-Straße

35032 Marburg lytic activities. The substrate is first specifically recog-
nized and activated by an adenylation domain (A do-Germany

2 Department of Biological Chemistry main) through the hydrolysis of ATP [9]. Subsequently,
the resulting aminoacyl adenylate is tethered onto theand Molecular Pharmacology

Harvard Medical School 4�-phosphopantetheine cofactor of the peptidyl carrier
protein (PCP) by the formation of a thioester bond [10].Boston, Massachusetts 02115
In this tethered state, the substrate can be modified by
epimerization (E domain) [11], N-methylation (M domain)
[12], and heterocyclization (Cy domain) [13] domains.Summary
These reactions significantly contribute to the structural
diversity of the products [2]. Peptide bond formation isNonribosomal peptide synthetases (NRPS) are multi-

modular biocatalysts that bacteria and fungi use to catalyzed by the condensation domain (C domain) or
Cy domain. The C domain catalyzes the acyl transferassemble many complex peptides with broad biologi-

cal activities. The same modular enzymatic assembly by the nucleophilic attack of the amino acid bound on
the C-terminal PCP on the activated thioester bond ofline principles are found in fatty acid synthases (FAS),

polyketide synthases (PKS), and most recently in hy- the N-terminal PCP bearing the growing chain [14, 15].
The result of this elongation reaction is a regeneratedbrid NRPS/PKS multienzymes. FAS as well as PKS are

known to function as homodimeric enzyme complexes, cofactor of the N-terminal PCP and an extended peptide
chain bound to the C-terminal PCP. In many NRPS, theraising the question of whether NRPS may also act

as homodimers. To test this hypothesis, biophysical final product is released through hydrolysis or cycliza-
tion by a C-terminal thioesterase domain (Te domain)methods (size exclusion chromatography, analytical

equilibrium ultracentrifugation, and chemical cross- of the termination module, resulting in linear, branched-
cyclic, or cyclic peptides and regenerating the enzymelinking) and biochemical methods (two-affinity-tag-

system and complementation studies with enzymes for a new catalytic cycle [16].
Fatty acid synthases (FAS) and polyketide synthasesbeing inactivated in different catalytic domains) were

applied to NRPS subunits from the gramicidin S (GrsA- use an equivalent assembly-line strategy with multido-
main modules for monomeric acyl-CoA incorporatedATE), tyrocidine (TycB1-CAT and TycB2-3-AT.CATE),

and enterobactin (EntF-CATTe) biosynthetic systems. and elongated. The acyl chains in each module are teth-
ered as thioesters to phosphopantetheinylated carrierThese methods had revealed the dimeric structure of

FAS and PKS previously, but all three NRPS systems protein domains. This is the same logic of a cascade
of elongating acyl-S-pant-carrier protein intermediatesinvestigated are functionally active as monomers.
utilized by the NRPS enzymatic machinery [17].

Many enzymes catalyzing sequential metabolic reac-Introduction
tions aggregate by noncovalent linking of identical or
nonidentical subunits to form multienzyme complexes.Multimodular nonribosomal peptide synthetases

(NRPS) from bacteria and fungi are involved in the The fatty acid synthases of eucaryotes are examples of
an enzyme complex composed of two identical subunitssynthesis of many biologically active peptides. These
(Figure 1) [18]. Various investigations have unequivocallycompounds display antibiotic, cytostatic, or immuno-
revealed the dimeric organization of multimodular poly-suppressive characteristics (e.g., tyrocidine, penicillin,
ketide synthases [19, 20]. The existence of NRPS-PKScephalosporin, vancomycin, and cyclosporin) and fea-
hybrid enzymes in nature is well known [21–23], and itture a great chemical and structural diversity [1–3]. An-
would be useful to know if NRPS modules that interfaceother important class of diverse natural-product-gener-
with dimeric PKS modules are themselves monomericating enzymes are polyketide synthases (PKS), which
or oligomeric. The oligomeric state of NRPS enzymatichave a multimodular architecture similar to NRPS.
machinery is unknown. Knowledge of the quaternaryNRPS-PKS hybrid enzymes are also well known in na-
structure of NRPS, defined as the spatial geometry ofture. Because of their potential to produce pharmaceuti-
two identical neighboring subunits, is not only importantcally interesting agents like epothilone, a potent antican-
for understanding reactions occurring on or betweencer agent, these hybrid enzymes are of outstanding
enzymes, but may also be useful for engineering newinterest [4–6].
hybrid enzymes by swapping modules or domains.

Although structures are now known for individual do-3 Correspondence: marahiel@chemie.uni-marburg.de
4 These authors contributed equally to this work. mains [9, 10, 24, 25], no high-resolution structure is
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Figure 1. Structure Models of Modular FAS,
PKS, and NRPS

Unlike FAS and PKS, where models of the
overall structure were proposed, the struc-
ture of NRPS has not been solved. ACP, acyl
carrier protein; KS, ketoacyl-ACP synthase;
AT, acyltransferase; KR, ketoreductase; DH,
dehydratase; ER, enoylreductase; MAT, mal-
onyltransacylase; Te, thioesterase; C, con-
densation domain; A, adenylation domain;
PCP, peptidyl carrier protein; E, epimerization
domain.

available for a multidomain NRPS or PKS. Therefore, to-head and folded in an interwound helical manner. KS,
ACP, and AT domains are building the core, which isPKS and FAS enzymes were previously characterized

by gel filtration, ultracentrifugation, and chemical cross- necessary for the observed interaction between KS and
ACP domains from different strands (Figure 1). Optionallinking experiments to ascertain oligomerization state

of functional enzymes [20, 26, 27]. domains like the KR domain are accommodated in out-
side loops. The model for FAS enzymes considers alsoThe topology of FAS and PKS enzymes has been

additionally investigated by an in vitro complementation functional interactions within each of the two subunits
that have been observed by crosslinking studies [30, 31].strategy. Site-directed mutagenesis was applied to pro-

duce genetically modified enzymes specifically inacti- Despite many analogies in the organization and reac-
tion mechanism, in contrast to FAS and PKS little isvated in one domain. On inactivation of the ketosynthase

(KS, carbon-carbon bond forming activity) or acyl carrier known about the quaternary structure of NRPS. Mainly
gel filtration experiments are mentioned in literature,protein (ACP, homologous to NRPS PCP domains), all

homodimeric enzymes lost their ability for product syn- e.g., the molecular weight of the enzymes EntB, EntE,
and EntF of the enterobactin synthetase were deter-thesis. An exchange of subunits from two differently

mutated homodimeric enzymes generated a hetero- mined to be monomeric for EntE and EntF and trimeric
for EntB [32]. Other NRPS enzymes, like the �-(L-dimer carrying both (KS and ACP) mutations in opposite

subunits. This heterodimer retains catalytic activity by �-aminoadipyl)-L-cysteinyl-D-valine synthetase as well
as the pipecolate-incorporating enzyme for the biosyn-cooperation of the remaining active KS and ACP do-

mains across both subunits. The functional interaction thesis of rapamycin, also showed a monomeric behavior
on gel filtration [33, 34]. The objective of our researchbetween KS and ACP from opposite subunits in a dimer

has also been supported by crosslinking. This postu- efforts was therefore to explore the quaternary structure
of NRPS with similar strategies to those which havelated mechanism has been shown for both PKS and

FAS through product formation catalyzed by a hetero- been successfully applied to discover the structure of
PKS and FAS. Investigations were carried out with sev-dimer [18, 19, 28, 29].

Based on these results, a double-helical structure eral representative NRPS systems different in size and
assembly-line organization: GrsA (domains ATE) [14],model for modular PKS was proposed [20]. According

to this model, the enzyme subunits are orientated head- TycB1 (domains CAT) [35], the dimodular enzyme TycB2-3
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electrophoretic mobilities of GrsA and TycB1 proteinsTable 1. Results of Size Exclusion Chromatography
decreased marginally, resulting in a shift to higher mo-

Theoretical Mass Obtained Mass Quotient lecular weights (from �120 kDa to �140–160 kDa) on
Enzyme mt (kDa) mo (kDa) mo/mt SDS gels, whereas in the case of DBP no change of
GrsA 127 167 1,31 migration was observed (Figure 2). On the basis of these
ProCAT 119 162 1,36 results, there is no indication for the existence of a dimer,
TycB2–3 237 364 1,53 since the electrophoretic mobilities of the new bands
HMWP1 350 721; 424 2.06; 1.21

(�140–160 kDa) are in between the monomeric (�120
The table shows the theoretical (mt) and obtained (mo) molecular kDa) and dimeric weight (�240 kDa) of GrsA and TycB1.
weights of all four applied proteins gained under the conditions Similar results were obtained for the larger dimodular
as described in Experimental Procedures. The quotient m0/mt is a

enzyme TycB2-3 (237 kDa), which revealed one new pro-measure of how much the obtained weight exceeds the theoretical
tein band after reaction with both BMH and DBP, corre-monomeric weight of the proteins (a value of 1 is obtained for mono-
sponding to an electrophoretic mobility of a protein ofmers and a value of 2 for dimers).
�290 kDa (Figure 2). The determination of the electro-
phoretic mobility of the new protein band was carried
out in direct comparison with a parallel crosslinking of

(domains AT.CATE) [36], and EntF (domains CATTe) [32,
phosphorylase b (97-582 kDa) [38]. Again, for the larger

37]. Our results indicate monomeric behavior of these
dimodular enzyme the electrophoretic mobility of the

NRPS enzyme subunits.
new protein band does not represent a dimer (474 kDa).
Analogous experiments were carried out with dimethyl

Results suberimidate (DMS), a crosslinker which connects pri-
mary amines in a distance of about 11 Å. None of these

The first part of the strategy focused on the chemical crosslinking reactions revealed altered protein patterns
and biophysical properties of the enzymes. Gel filtration, on SDS gels (data not shown). The crosslinking results
ultracentrifugation, and crosslinking are applicable were confirmed by application of MALDI-TOF mass
methods to gain general information about size and mo- spectrometry. Direct comparison of crosslinker treated
lecular weight of a protein. The second part investigated and untreated samples revealed neither peaks for GrsA
the functional complementation between subunits car- and TycB1 corresponding to the singly charged molecu-
rying inactivated domains, which would additionally give lar ions (�250 kDa) nor to odd multiply charged species
a biochemical proof of a dimeric structure. In order to (M3� �85 kDa and M5� �50 kDa) of the dimers (MALDI-
complete the biochemical part of the strategy, we con- TOF spectra of GrsA are shown in Figures 2D and 2E).
structed enzymes with two different affinity tags. Only The differences of the molecular masses of treated and
a putative heterodimer with two different tags should untreated samples observed were “only” �1500 Da for
be able to bind to two successive affinity columns. All TycB1 and �600 Da for GrsA larger than the monomer
enzymes were proven to be active by ATP-PPi exchange molecular weights, indicating the reaction of five and
and by aminoacylation studies prior to their use. two molecules of BMH (276 Da), respectively. TycB2-3

was too large for MALDI-TOF investigations.
Gel Filtration, Chemical Crosslinking, and Analytical ultracentrifugation was applied to deter-
Equilibrium Analytical Ultracentrifugation mine the native molecular weight for the dimodular en-
First attempts to elucidate the quaternary structure of zyme fragment TycB2-3 and the monomodular enzyme
NRPS modules were carried out utilizing gel filtration EntF.
experiments (Table 1; for experimental details see Ex- To establish the association properties of TycB2-3, sed-
perimental Procedures). Each NRPS enzyme, GrsA (127 imentation equilibrium experiments were conducted at
kDa), TycB1 (119 kDa), and TycB2-3 (237 kDa), eluted with several protein concentrations (Figure 3). For the global
an apparent monomeric weight. No protein elution at a equilibrium analysis, eight scans (Figure 3A) of speeds
corresponding dimeric or higher mass was observed. ranging from 5,000 to 12,500 rpm and 0.39 and 0.57
In contrast, gel filtration of the mixed NRPS-PKS hybrid O.D. loading concentrations were fit to a monomer-
enzyme HMWP1 (350 kDa) carried out under the same dimer model. Monomer molecular weight and the asso-
conditions revealed significant formation of a monomer ciation constant were floated global parameters and
(424 kDa) and an additional elution peak of a protein were forced to be the same for all the included data sets.
with the approximate weight of a dimer (721 kDa). The system could be well described with this monomer-

Bifunctional crosslinking reagents such as 1,3-dibro- dimer model, which resulted in random residuals (Figure
mopropanone (DBP) and bismaleimidohexane (BMH) 3B) and a monomer molecular weight of 238.07 � 18.21
have been shown to crosslink PKS modules as homodi- kDa (Figure 3C), which is in agreement with the protein
mers [20, 38]. DBP and BMH covalently connect thiol sequence predicted molecular weight (237.69 kDa). The
groups within a distance of 5 Å and 16 Å, respectively. dissociation constant of 3.489 � 0.186 �M suggests the
We applied the same crosslinking experiments to these presence of dimer only at high concentrations, which
NRPS modules. The molecular weights of any cross- were required for ultracentrifugation experiments (Fig-
linked proteins were investigated using SDS-PAGE and ure 3D).
MALDI-TOF mass spectrometry. To avoid nonspecific Sedimentation equilibrium analysis of EntF was con-
linkages, the crosslinkers were used only up to a 3- to ducted at a single protein concentration (Figures 3E
10-fold molar excess according to the manufacturer’s and 3F). For the global equilibrium analysis, four scans

(Figure 3E) of speeds ranging from 8,000 to 17,000 rpmprotocol (ICN, Pierce). After incubation with BMH, the
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Figure 2. Results of Crosslinking Experiments

(A) Polyacrylamide gel (7.5%) of GrsA (lane 1) and GrsA after incubation with a 3-fold excess of BMH (lane 2). A new protein species after
incubation with BMH can be obtained corresponding to an electrophoretic mobility of �140–160 kDa.
(B) Polyacrylamide gel (7.5%) of TycB1 (lane 1) and TycB1 after incubation with a 3-fold excess of BMH. Also, in the case of TycB1 a similar
shift in electrophoretic mobility from �120 before to �140–160 kDa after incubation with crosslinker can be observed.
(C) Polyacrylamide gel (5%) of TycB2-3 (lane 1), TycB2-3 after incubation with a 30-fold excess of DBP (lane 2), and after incubation with a 6-fold
excess of BMH (lane 3). DBP as well as BMH lead to the formation of a new protein species corresponding to an electrophoretic mobility of
�290 kDa.
(D) MALDI-TOF mass spectra of GrsA without BMH treatment. The molecule ion peak was obtained at 127,608 Da.
(E) MALDI-TOF mass spectra of GrsA after treatment with BMH. The molecule ion peak is shifted toward a higher mass (128,214 Da) in
comparison with the spectra of the untreated sample. Peaks corresponding to the masses of a dimer were not observed.

and a 0.40 O.D. loading concentration were fit to a one- trifugation, nor crosslinking supported a strong dimeric
interaction of the investigated gramacidin, tyrocidine,component (monomer-only) model. Molecular weight

was a floated global parameter and was forced to be and enterobactin synthetase components.
the same for all the included data sets. The system could
be well described with this monomer-only model, which Dissociation and Reassociation of Subunits

of a Putative Dimer (Scrambling)resulted in random residuals (Figure 3F) and a molecular
weight of 137.17 � 8.17 kDa, which is in agreement In this study, we applied two different biochemical meth-

ods to address the quarternary structure of NRPS en-with the protein sequence predicted molecular weight
(142.97 kDa). The data fitting did not improve with a zymes. Similar experiments were carried out previously

to verify the dimeric structure of FAS and PKS [19, 28,monomer-dimer model for EntF, and the experimentally
fit dissociation constant (data not shown) was many 29, 31, 39]. Both methods were designed to detect het-

erodimeric enzymes and give negative results for mono-orders of magnitude larger than the loading concentra-
tion. Therefore, neither gel filtration, analytical ultracen- meric enzymes. The critical step that is necessary for
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Figure 3. Sedimentation Equilibrium Analysis of TycB2-3 and EntF

(A–D) Overlay of eight wavelength scans (A) and residuals (B) from the global fit of the data of TycB2-3 as described in Experimental Procedures.
The Monte Carlo distribution of the molecular weight (C) and the association constant (D) (ln KA) are shown to establish an experimental Mr �

238.07 � 18.21 kDa (the protein sequence predicted molecular weight is 237.69 kDa) for the monomer and a dissociation constant of Kd �

3.489 � 0.186 �M for the TycB2-3 enzyme.
(E and F) Overlay of four wavelength scans (E) and residuals (F) from the global fit of the data of EntF as described in Experimental Procedures.
The Monte Carlo distribution of the molecular weight (data not shown) establishes an experimental Mr � 137.17 � 8.17 kDa for the monomer
which is in agreement with the protein sequence predicted molecular weight (142.97 kDa).
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both methods is the dissociation and reassociation
(scrambling) of putative homodimers to form hetero-
dimers with different affinity tags or different domain-
inactivating point mutations.

Two different approaches to perform scrambling were
utilized in this work. Anion exchange chromatography
was applied in the same way as described previously
for PKS systems [38]. Dissociation is induced by a strong
interaction of putative dimer subunits with the matrix
material, and reassociation can occur by increasing the
salt concentration, resulting in the elution of the pro-
teins. The aminoacylation activity of the tested enzymes
did not drop after application on the anion exchange
column. The aminoacylation activities before and after
application to the anion exchange column of GrsA-ATE
and of TycB2-3-AT.CATE with [14C]phenylalanine in-
creased from 20% to 25% and from 60% to 65%, re-
spectively, and that of TycB1-CAT with [14C]proline de-
creased negligibly from 15% to 13%, with all differences
being in the margin of error (5%) of the method. A second
approach to perform dissociation and reassociation of
putative dimers was carried out with the zwitterionic
detergent CHAPS. One advantage of CHAPS is its non-
denaturating character which typically only directs the
inhibition of protein-protein interactions, leaving the ter-

Figure 4. Heterodimer Formation with Both Strep Tag and His6 Tagtiary structure intact. The attachment of CHAPS mole-
Scrambling of Strep-tag and His6-tag homodimers leads to the for-cules onto the unpolar protein residues leads to the
mation of heterodimers outfitted with two different affinity-tag-car-

dissociation of putative dimers and to the formation of rying subunits. In contrast to homodimers, these heterodimers pos-
monomers covered in micelles [40]. Subsequent dialysis ses the unique ability to bind to two different affinity columns, one
induces the destruction of micelles and allows the for- after the other. The detection of any protein after the second column

would therefore be an unequivocal proof for a dimeric behavior.mation of putative heterodimers. To demonstrate the
favored properties of CHAPS, some preliminary experi-
ments were implemented in this work. To allow micelle was used to test for heterodimer formation. In this exper-
formation, CHAPS was used at a concentration of 15 iment, two different affinity tags were utilized. Affinity
mM, which is well above the critical micellar concentra- chromatography on immobilized Ni ions allows the rapid
tion. The aminoacylation activities of GrsA and TycB1 purification of proteins with a fused hexahistidine-(His6-)
with their dedicated [14C]-marked amino acids did not tag. The Strep tag is a small peptide with a high affinity
change during and after incubation with 15 mM CHAPS, to genetically modified streptavidin. The dimeric charac-
indicating a functioning tertiary structure. The ami- ter of a protein can be demonstrated by scrambling of
noacylation activity of GrsA with [14C]phenylalanine two identical homodimers which only differ in their affin-
changed only negligibly from 15% to 17% after addition ity tag. The resulting heterodimer consists of two sub-
of 15 mM CHAPS and remained at 12% after dialysis. units with two different affinity tags. This heterodimeric
Aminoacylation activity of TycB1-CAT with 14C-labeled protein has the unique ability to bind with its hexahisti-
proline as substrate resulted in a minor decrease from dine tag first on a Ni-NTA column and subsequently with
21% to 16% after addition of 15 mM CHAPS and re- its Strep tag on a streptavidin column or the other way
mained at 20% after dialysis. around. The detection of a protein after the second col-

The interaction of GrsA-ATE with TycB1-CAT in trans umn would be a proof for a dimer (Figure 4). Similar
leads to the formation of a linear dipeptide which is experiments with two affinity tags were carried out with
cleaved by a noncatalyzed cyclization reaction, resulting dimeric FAS previously [39].
in the release of D-Phe-L-Pro-diketopiperazine (DKP In this work, we applied both scrambling methods to
assay) [14]. We applied this assay to demonstrate that conduct putative His6-tag/Strep-tag heterodimer forma-
in the presence of 15 mM CHAPS the D-Phe-L-Pro-DKP tion of GrsA and TycB1, respectively. The scrambled
(1,3-diketopiperazine) formation decreased by greater protein samples were loaded on both affinity columns
than 80% in comparison with the untreated sample. The successively under conditions optimized to prevent
in trans reaction between GrsA and TycB1 is conducted nonspecific binding, and all elution fractions were inves-
via protein-protein interactions and was effectively in- tigated with specific hexahistidine-tag and Strep-tag an-
hibited by CHAPS. These two experiments showed that tibodies. However, in all cases it was not possible to
CHAPS interrupts protein-protein interactions for Grs detect any protein in the elution fraction of the second
and Tyc proteins and therefore has the necessary pre- column (data not shown), indicating that no hetero-
requisite to perform scrambling. dimers existed in solution.

Two-Affinity-Tag System Complementation
The specific and reversible binding of proteins with two Heterodimers of fatty acid synthases and polyketide

synthases carrying mutations in distinct domains aredifferent affinity tags to corresponding affinity columns
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Figure 5. Complementation Systems

For the complementation assays, three differ-
ent mutants of TycB2-3 were used with muta-
tions in the first PCP (S560A, resulting in the
loss of the ability to covalently bind sub-
strates to module one), the C domain (H741R,
resulting in the breakdown of condensation
activity of the enzyme), and in the second
PCP (S1593A, resulting in the loss of the abil-
ity to covalently bind substrates to module
two), leading to two complementation sys-
tems. The putative heterodimeric systems
would either allow the interaction of the up-
stream PCP with the C domain or the interac-
tion of the C domain with the downstream
PCP (indicated by gray lines). In case of real
heterodimers, product formation should be
observed, although all three mutated en-
zymes show no activity by themselves.

able to balance their loss of activity by mutual comple- the proteins differing from the ideal globular shape [41].
The results obtained from gel filtration therefore indicatementation of the remaining active domains [19, 28, 29,
a monomeric structure of NRPS which is predominantly31]. The success of the mutual complementation was
consistent with the literature [10, 25, 32, 33, 42]. A controlvisualized by the ability to form product, which was a
experiment with NRPS-PKS hybrid HMWP1 subunit ofdirect proof of a dimeric behavior. In this work, we
yersiniabactin synthetase revealed dimers and mono-tried to apply the same complementation strategy for
mers during gel filtration, indicating an association. ThisNRPS and investigated the cooperation of PCP and C
shows that the method is robust enough to detect di-domains from TycB2-3 after scrambling (Figure 5). Both
mers and that the PKS/NRPS hybrid enzyme HMWP1scrambling methods were applied to conduct the
seems to be dimeric.formation of the putative heterodimers TycB2-3(PCP)

Analytical equilibrium ultracentrifugation is a reliable(S560A)/TycB2-3(C-domain)(H741R) and TycB2-3(PCP)(S1593A)/
method to determine the molecular weight and detectTycB2-3(C-domain)(H741R). The phenotypes of the single mu-
oligomerization of solutes in the native state. Unlike geltants are the following: S560A, inactivation of the first
filtration, this method is independent of calibration orPCP by mutation of the cofactor binding invariant serine
shape assumptions and is therefore a good supplementresidue, resulting in the loss of the ability to covalently
to the gel filtration results.bind substrates to module one; H741R, inactivation of

Ultracentrifugation experiments with the PKS enzymethe C domain, resulting in the breakdown of condensa-
6-deoxyerythronolide B synthetase 1 (DEBS1) have sub-tion activity; and S1593A, inactivation of the second
stantially contributed to the finding of an overall dimericPCP by mutation of the cofactor binding invariant serine
structure for PKS [20]. Analytical ultracentrifugation ex-residue, resulting in the loss of the ability to covalently
periments carried out to obtain the quaternary structurebind substrates to module two.
of NRPS are very rare in the literature. In a sedimentationSubsequently, their ability for product formation was
velocity analysis experiment with cyclosporin synthe-investigated via a tripeptide assay described previously
tase (1.4 MDa), a sedimentation coefficient of 26.3 S[36]. Control reactions under the same conditions were
was observed, which led to a reasonable structural inter-carried out using the wild-type enzyme without muta-
pretation only in the case of a monomer with an oblatetions, the mutants alone, and a mixture of both mutants
overall shape [42]. Here, we applied analytical equilib-without the process of scrambling. As shown in Figure
rium ultracentrifugation to TycB2-3 and EntF, peptide6, no product formation was observed in all experiments
synthetases involved in the production of a cyclic deca-except in the case of the wild-type enzyme, indicating
peptide and a siderophore, one from a gram-positivethat there was no functional complementation between
Bacillus brevis, one from a gram-negative E. coli. Resultsthe enzymes inactivated in distinct domains.
for EntF clearly indicate a monomeric structure and no
aggregation at even high concentrations, which is in

Discussion agreement with results from gel filtration carried out
previously [32]. The dissociation constant of TycB2-3 (3.5

This study addressed the question of whether NRPS �M) calculated from the ultracentrifugation data indi-
need a higher-order quaternary structure to function or cates oligomerization at higher nonphysiological con-
if they work as monomers. We used several strategies centrations. Assays described here were carried out at
that had been successfully applied to FAS and PKS concentrations of about 0.17 �M, which would corre-
systems previously and which elucidated several inde- spond to 92% monomer. Unlike dimeric PKS, these re-
pendent aspects of protein-protein interactions. sults from ultracentrifugation suggest a predominantly

Results gained from gel chromatography showed a monomeric structure of the two investigated NRPS mod-
monomeric behavior of each of the NRPS enzymes. The ules at assay and physiological concentrations.
experimental masses were slightly higher than the theo- The crosslinkers BMH and DBP differ in the length of

their spacer and therefore in specificity. All three enzymeretical masses, which is likely due to the structure of
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Figure 6. HPLC Trace of the Tripeptide Prod-
uct-Formation Assay on the Example of
the S560A/H741R TycB2-3 Complementation
System

Only the wild-type enzyme is able to produce
the tripeptide. The mutated enzymes S560A
and H741R did not show any detectable ac-
tivity alone. Also, the mixture of S560A/H741R
as well as a mixture of S1593A/H741R with
and without Source Q scrambling did not ex-
hibit any activity above background. The
same results were gained for the other com-
plementation system and scrambling method.

modules (GrsA, TycB1, and TycB2-3) reacted with BMH containing both the Strep tag and hexahistidine tag and
thereby the capacity to bind on both affinity columnsat low molar excess, and one new protein species with

an electrophoretic mobility in between monomeric and successively. The specificity of the columns and of the
applied antibodies were investigated and confirmed bydimeric molecular weights appeared on the SDS gel.

Witkowski and coworkers already observed a similar separate experiments. Provided that the two scrambling
methods were sufficient to allow dissociation and reas-phenomenon with crosslinked FAS [31]. They demon-

strated that the new band belongs to a monomer which sociation of putative dimers, the results clearly demon-
strate a monomeric character of the enzymes. Comple-is intramolecular crosslinked, where altered protein

shape explains the changed electrophoretic mobility of mentation experiments between C and PCP domains
were also adapted from previous investigations of anthe internally crosslinked product. In consideration of

the quantity of thiol groups available in the proteins analogous KS and ACP complementation in FAS and
PKS enzymes. The dimodular NRPS system TycB2-3 used(GrsA 8, TycB1 11, TycB2-3 13), multiple reactions with

the crosslinker seem to be reasonable and support the for these studies had the advantage to provide C-PCP
interactions in cis compared to in trans in a monomodu-assumption of an intramolecular linking. This finding is

strongly supported by the results of MALDI-TOF mass lar system. None of the complementation experiments
revealed any product formation, indicating that no func-spectrometry. The M� peaks of GrsA and TycB1 were

shifted to higher molecular masses, indicating the reac- tioning heterodimers were formed, presuming a suffi-
cient scrambling process. Based on the results fromtion of two molecules of BMH with GrsA and five mole-

cules with TycB1. Signals belonging to a dimer were not ultracentrifugation, a maximum population of 4% het-
erodimers would have been possible. Product formationobserved. In contrast to FAS and PKS, no reaction with

DBP occurred with GrsA and TycB1, which can be ex- catalyzed by them could have been detected within the
limit of the HPLC assay.plained by the short spacer of this crosslinker. In the

case of FAS, DBP was able to connect the active site The critical step to conduct the biochemical experi-
ments is the scrambling of homodimeric subunits tocysteine of the KS domain with the closely located thiol

group of the phosphopantetheine cofactor of the ACP form heterodimers. Positive results would have proved
unequivocally the dimeric nature of the investigated en-inter- and intramolecularly [20, 31]. Such an active site

cysteine does not exist in the C domain of NRPS [15], zymes. In contrast, the negative results obtained may
have two explanations: the enzymes are monomeric orwhich is consistent with lack of successful DBP cross-

linking in TycB1, while GrsA does not have a C domain. the scrambling procedure was not sufficient. The zwit-
terionic detergent CHAPS associates with nonpolar pro-However, the intramolecular reaction between DBP and

the dimodular enzyme TycB2-3 indicates that the flexibil- tein residues and therefore disrupts hydrophobic inter-
actions. The tertiary structure, at least of the A domain,ity of two modules may allow the approach of thiol

groups into close proximity. All results gained from is not influenced by this process, which was demon-
strated by an unchanged aminoacylation activity of thecrosslinking did not show any dimer formation but dem-

onstrated an intramolecular linking within a monomer. enzymes (GrsA, TycB1, and TycB2-3) in presence of
CHAPS and after dialysis. Furthermore, it was possibleA biochemical approach to test for oligomerization

utilized a two-affinity-tag system which was adopted to show that CHAPS is in position to interrupt functional
protein-protein interactions in trans between GrsA andfrom investigations with FAS [39]. Neither GrsA nor

TycB1 demonstrated the ability to build heterodimers TycB1. Whether CHAPS would also be able to interrupt
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protein-protein interactions in a putative NRPS dimer is Significance
speculative. The application of Source Q anion ex-
change chromatography was adapted from PKS experi- Products from PKS and NRPS as well as from NRPS-

PKS hybrids are biologically active compounds withments [38]. The principle of this method is the dissocia-
tion of proteins induced by the strong interaction with an outstanding potential for new drug discovery. A

prominent example is the mixed NRPS-PKS productthe matrix and the subsequent reassociation by an in-
creasing salt gradient (D. Cane, personal communica- epothilone, which is a promising candidate to combat

cancer [4–6]. One goal is to improve and alter natural-tion). Scrambling of dimeric PKS and FAS worked very
well with anion exchange chromatography. product-based drugs by rational protein engineering

of these enzymes (e.g., by module and domain swap-
ping). Therefore, understanding of any oligomeric

Do NRPS Have an Oligomeric structure of these enzymes might be crucial; from in-
Quaternary Structure? vestigations of PKS it is well known that the underlying
The related organization and chain elongation logic of reaction mechanism directly depends on the dimeric
PKS and NRPS as well as the existence of naturally structure. Two reaction channels are open for product
occurring PKS-NRPS hybrids led to the assumption of synthesis in a dimer. For NRPS, there was no compara-
a similar quaternary structure of both enzymes. ble dependency of structure and mechanism known

Enzymes of physiological oligomeric significance so far. The discovery of a monomeric structure of the
other than NRPS vary greatly in degree and strength of systems investigated here closes one gap in the over-
interaction. Examples for strongly interacting enzymes all knowledge of NRPS. In particular, the observed
are pyruvate dehydrogenase (PDH) systems with 24- difference in aggregation of PKS and NRPS systems
mer or 60-mer cores [43]. The complex oligomeric orga- is interesting with regard to the existence of hybrid
nization of these systems is important for the channeling enzymes. A possible structure for these hybrid en-
of intermediates, and stiff linkers between domains of zymes could be a dimeric PKS core with monomeric
each subunit allow motion without excessive degrees NRPS loops. This structure is similar to the postulated
of freedom [43]. In contrast to these strong interactions, PKS structure where optional domains are separated
FAS dimers are able to dissociate in monomers at low from the dimeric core in monomeric loops [17].
temperatures, whereas an equivalent behavior has
never been observed for related PKS. The observed Experimental Procedures
tendency of NRPS to dimerize at higher concentrations

Cloning of NRPS Fragments and Site-Directed Mutagenesiscan therefore be an evolutionary relic and does not ap-
The tyrocidine and gramicidin gene fragments corresponding topear to have functional significance.
tycB1 (ATTC 8185) and grsA (ATTC 9999) were amplified from chro-Crystallographic data from the PKS thioesterase do-
mosomal DNA by PCR using Taq and Pwo polymerase (Roche Bio-

main show a hydrophobic leucine-rich dimer interface chemicals, Germany) with the following oligonucleotides: TycB1, 5�-
and a 2-fold symmetry axis of the dimer [44]. Such an AAA ATA GGT CTC AAA TGA GTG TAT TT AGC AAA GAA CAA G-3�
interface has not been observed for NRPS domains and 5�-AAA AAA GGT CTC CGC GCT TTC CAC ATA CGC TGC

CAG-3�; GrsA, 5�-AAA CCG CGG GTT AAA CAG TTC TAA AAG TATbased on crystallographic data [9, 24, 25], indicating
ATT GAT TC-3� and 5�-AAT ACC ATG GGT TAA TGA ATC GGC CAAthat one necessary prerequisite to form dimers does not
ATC-3�. The PCR product tycB1 was cloned into the BsaI site of theexist for NRPS.
IBA3 vector, and the PCR product of grsA was cloned into the SacII/

In the case of FAS and PKS, the functional dimeric NcoI site of IBA3. The two IBA3 (IBA GmbH, Göttingen, Germany)
interaction takes place between the ketosynthase do- -based plasmids direct production of the protein fragments with
mains and the ACPs. Covalent intermediates can be C-terminal Strep tag (WSHPQFEK). The cloning of pQE60 plasmids

containing tycB1 (35), grsA [14], TycB2-3-AT.CATE [36], and TycC1-CAT/isolated where the substrates are bound to a conserved
Te [36] was already described. These plasmids were directly usedcysteine residue of the ketosynthases, and it is mecha-
to produce proteins with a C-terminal His6 tag.nistically necessary that this cysteine interacts with sub-

The gene fragments encoding for the TycB2-3 site-directed mu-
strates bound to the Ppant cofactors of ACPs of the tants S560A, H741R, and S1593A were constructed using the Quick-
second polypeptide chain of the dimer [19]. For C do- Change site-directed mutagenesis kit (Stratagene, Heidelberg, Ger-
mains of NRPS systems, recently a reaction mechanism many) according to the manufacturer’s protocol. All constructs were

obtained by PCR amplification of the tycB2-3 containing pQE70 plas-was suggested by the results of a mutational analysis
mid [36] with the following oligonucleotides (modified sequencesthat does not involve covalent acylenzyme intermedi-
are underlined): S560A, 5�-GCT GGG CGG TCA TGC CTT GAA AGCates [15]. There may be no such mechanistic need for
GAT GAC GG-3� and 5�-CCG TCA TCG CTT TCA AGG CAT GAC

NRPS to function as dimers. CGC CCA GC-3�; H741R, 5�-CCT GTA CGA CAT GCA CCG TAT
In conclusion, although there is no direct experimental TGC TGC CGA TGC CGC-3� and 5�-GCG GCA TCG GCA ATA CGG

proof for the efficacy of the two methods for scrambling TGC ATG TCG TAC AGG-3�; S1593A, 5�-GAA TTG GGC GG CGA
TGC GAT TAA AGC GAT CCA GG-3� and 5�-CCT GGA TCG CTTsubunits between possible NRPS oligomers, the results
TAA TCG CAT CGC CGC CCA ATT C-3�. E. coli XL1 Blue (Stratagene,from gel chromatography, analytical equilibrium ultra-
Heidelberg, Germany) was used for preparation of recombinantcentrifugation, and crosslinking demonstrate no indica-
plasmids.

tion of NRPS dimers for these NRPS subunits. A mono-
meric structure is also supported by recent studies of

Overexpression and Purificationcyclosporine synthetase with transmission electron mi-
Overproduction of recombinant hexahistidine-tagged proteins was

croscopy, which demonstrates that nearly all 11 mod- carried out in E. coli M15 using standard protocols [46]. Purification
ules of one synthetase are not interacting with a second of the hexahistidine-tagged proteins was carried out as described

previously [14].synthetase in a dimer [45].
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E. coli M15 cells containing the IBA3 vector were grown at 37�C removed before by dialysis. The reactions were quenched with 10
mM DTT after 30 min. Dimethyl suberimidate (DMS) was dissolvedbefore induction and at 30�C after the induction with 200 �g/l anhy-

drotetracycline at OD 0.6. Strep-tag-protein-containing cells were in HEPES buffer (pH 7.5 and 9.5) to give a final concentration of 90
�M in the enzyme solutions (60 �l volume). Reactions were stoppedharvested by centrifugation and resuspended in buffer W (100 mM

Tris-HCl [pH 8.0], 1 mM EDTA). The cells were lysed by a French after 1 hr by applying them to SDS-gel buffer. The protein samples
were denatured and electrophoretically separated by using 5% andpress, and proteins were purified from the lysate by Strep-Tactin

affinity columns (IBA GmbH, Göttingen, Germany). One milliliter of 7.5% polyacrylamide-SDS gels according to their size. The molecu-
lar masses of crosslinker-treated protein species were estimatedthe protein-containing lysate was applied to the column, and after

two washing steps with buffer W the proteins were eluted by applica- with crosslinked phosphorylase b as a marker and additionally by
MALDI-TOF mass spectrometry on a Bruker FLEX III. Protein sam-tion of 2.5 mM desthiobiotin as described by manufacturer’s pro-

tocols. ples for MALDI-TOF experiments were dialyzed against 0.1% TFA/
water (v/v) on membranes with 0.025 �m pore diameter (Millipore,After dialysis against standard assay buffer (50 mM HEPES [pH

8.0], 200 mM NaCl, 1 mM EDTA, 10 mM MgCl2, 2 mM DTT), all Bedford, MA) and mixed with an equal volume of saturated matrix
solution (3,5-dimethoxy-4-cinnamic acid). Subsequently, 0.5 �l ofproteins were shock frozen in liquid nitrogen and could be stored

at 	80�C over several months without significant loss of activity. this mixture was applied to the sample target plate and allowed to
dry at room temperature.Concentrations of the purified proteins were determined photomet-

rically at 280 nm (mg/ml) using calculated extinction coefficients
(for GrsA Strep tag, 0.89; GrsA His6 tag, 0.93; TycB1 Strep tag, 1.21; Dissociation and Reassociation of a Potential
TycB1 His6 tag, 1.28; TycB2-3, 1.05; TycC1 CAT/Te, 0.97). Dimer (Scrambling)

Two methods were applied to dissociate and reassociate two differ-
Activity Test and Product-Formation Assay ent enzymes into potential hybrid dimers. The first method using
The A-domain activity of all enzymes (GrsA, TycB1, and TycB2-3) anion-exchange chromatography on a Source Q column (Phar-
was tested by ATP-PPi exchange as described previously [36]. The macia) has been already described elsewhere [19, 38]. Additionally
aminoacylation activity of these enzymes was assayed by applying the zwitterionic detergent CHAPS (Biomol Feinchemikalien, Darms-
well-known protocols [47]. The DKP product formation assay as tadt, Germany) was utilized to reversibly dissociate putative dimers
well as the tripeptide assay were carried out as described previously into monomers and let them reassociate after dialysis. Protein sam-
[36, 47]. ples with a final concentration of 15 mM CHAPS were incubated

for 2 hr at room temperature and afterwards the detergent was
Gel Filtration removed by a three times dialysis with standard assay buffer.
Gel filtration chromatography was performed with a Sephadex 200
16/60 column as recommended by the manufacturer (Amersham

Two-Affinity-Tag System and Antibody Detection
Biosciences, Freiburg, Germany). The column was calibrated with

of the Enzymes
apo-ferritin (443 kDa), �-mannosidase (220 kDa), lactate dehydroge-

Small amounts of scrambled protein mixtures containing the same
nase (140 kDa), malic dehydrogenase (67 kDa), carbonic anhydrase

proteins with His6 tag as well as Strep tag or, alternatively, the eluate
(29 kDa), and cytochrome C (13 kDa). Each standard protein (5–10

of a Strep-Tactin column (see below) were applied to Ni-NTA quick
mg) was dissolved in 1 ml standard assay buffer and loaded on the

spin columns (Qiagen, Hilden, Germany) according to the manufac-
column in a 500 �l volume at 1 ml/min and eluted with the same

turer’s instructions. Better yields of purified proteins were gained
buffer and flow rate. The detection of the proteins was carried out

by repeated application of the flowthrough on the column. To inhibit
at 220 nm (Pharmacia FPLC-Biotechnology System 200). 1.5–2 ml

nonspecific binding, 50 mM imidazole was applied together with
of GrsA (9.0 �M), TycB1 (8.5 �M), TycB2-3 (3 �M), and HMWP1 (0.5

the protein sample on the column. The Strep-Tactin columns were
�M) were applied to the column in the same way as the standard

handled as described above for protein purification. Instead of the
proteins. In case of GrsA and TycB2-3 in some experiments, the NaCl

cell lysate, the previously scrambled protein mixtures or, alterna-
concentration of the standard assay buffer was increased up to

tively, the eluate of a Ni-NTA column was applied.
500 mM.

The hexahistidine-tagged proteins were blotted on a nitrocellulose
membrane and incubated with buffer A (50 mM Tris-HCl [pH 7.5],

Analytical Ultracentrifugation 50 mM NaCl) containing 5% BSA overnight. The membrane was
Sedimentation equilibrium experiments were performed with a then transferred into the first monoclonal anti-His antibody (1:500)
Beckman Optima XL-A. Equilibrium and Monte Carlo analyses were solution (mouse, IgG1, Qiagen) for 1.5 hr. After three washing steps
performed with UltraScan version 5.0 [48]. Hydrodynamic correc- with buffer A, the membrane was incubated for 1 hr with alka-
tions for buffer conditions were made according to data published line phosphatase-conjugated goat anti-mouse solution (DAKO,
by Laue et al. [49] and as implemented in UltraScan. The partial Glostrup, Denmark) in a 1:500 dilution. After washing with buffer A,
specific volumes of TycB2-3 and EntF were estimated according to the proteins were stained with 5-bromo-4-chloro-3-indolyl-phos-
the method of Cohn and Edsall [50] and as implemented in Ul- phatate (BCIP, Promega, Madison, WI) according to the manufac-
traScan. TycB2-3 samples were analyzed in a buffer containing 25 turer’s protocol. Strep-tag proteins were detected with the ready-
mM HEPES (pH 7) and 50 mM NaCl. EntF samples were analyzed to-use Strep-Tag HRP Detection Kit (IBA, Göttingen, Germany)
in a buffer containing 25 mM TRIS (pH 8), 10 mM MgCl2, 5 mM DTT, according to the manufacturer’s protocol.
and 10% glycerol. Experiments were performed at 4�C at speeds
ranging between 5,000 and 12,500 rpm for TycB2-3 and between

Acknowledgments8,000 and 17,000 for EntF. Samples were spun in a 6-channel 12
mm external fill equilibrium centerpiece in an An-60 Ti rotor. Two-
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