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ABSTRACT: Carrier proteins, 86100 residues in length, serve as information-rich platforms to present
growing acyl and peptidyl chains as covalently tethered phosphopantethiiimgster intermediates during

the biosynthesis of fatty acid, polyketide, and nonribosomal natural products. Carrier proteins are recognized
both in cis and in trans by partner catalytic domains that effect chain-elongating condensations, redox
adjustments, other tailoring steps, and finally kinetically controlled disconnection and release of the mature
natural product. Dissection of regions of carrier proteins that are specifically recognized by upstream and
downstream catalytic partner proteins is deciphering the logic for multiprotein assembly line construction
of these large classes of natural products.

The fatty acyl chains in primary metabolites, and the subset of polyketide synthases [type Il PK8Y (ise acyl-
scaffolds of thousands of polyketide (Pnd nonribosomal  CoAs as activated monomers, all fatty acid synthases (FASSs),
peptide (NRP) secondary metabolites are assembled bytype | and Il PKSs, and nonribosomal peptide synthetases
elongation of a small number of carboxylic acid building (NRPSs) tether the acyl and aminoacyl monomer units on
blocks (L—5). These monomer units are all activated as acyl/ the terminal thiol of a phosphopantetheine prosthetic group
aminoacyl thioesters to drive condensation steps that resultthat is covalently attached to protein domaids-§, 7, 8).
in production of a peptide or ketide chain. While a small (Type | systems have catalytic and carrier protein domains
organized in functional modules with up to 12 modules per
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length factor. post-translational modification by a prosthetic group acting
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H H and ACPs have been found as free-standing carrier proteins
A O s or in incomplete modules, presumably reflecting natural
OH O assembly line shuffling in progres4§, 19). In assembly

lines that generate PKNRP hybrid scaffolds such as
yersiniabactin Z0), epothilones Z1), and rapamycin22),

o
-o—n::-zo ACPs and PCPs are interspersed. This staggering of ACP
or _OH COASH 3,5-ADP &

s _ $H and PCP domains reflects usage of an acyl CoA versus an
E Z — amino acid monomer at that specific stage in the hybrid
assembly line Z3). While ACPs and PCPs share many
o common features (including the general carrier protein fold,
B JU discussed below), one aspect of differentiation is their overall
HN™ NH charge: ACPs tend to be acidic while PCPs are neu2él (

An impressive example of the importance of carrier
s proteins in cell function is demonstrated 8treptomyces

NH; HN
Lys ATP  AMP, PPi 0 avermitilis. This bacterium contains at least 70 multimodular
FAS, PKS, and NRPS systems, which corresponds to more
N/ than 85 total carrier proteins that are involved in the
Biotin biosynthesis of conditional metabolites and fatty ackf).(
NH;
Lys :

In Mycobacterium tuberculosiphosphopantetheinylation of
carrier proteins in the organisms18 type | PKSs and
o NRPSs and two FASs is carried out by two functionally

c

HN)K/\/\I/> nonredundant PPTases. One PPTase is dedicated to primary
. (FAS) metabolism, and the other is dedicated to secondary
PPi \d metabolism 26). Both PPTases are essential for survival in
several species; thus, interference with their ability to activate
ACPs and PCPs by post-translational priming represents a
potentially novel target for development of antimicrobial
FiGure 1: Post-translational modification of carrier proteins (CPs). agents. The natural antibiotic platensimycin was recently
(A) Phosphopantetheinylation of serine in carrier proteins involved shown to exert its effects by occluding interactions between

in fatty acid, polyketide, and nonribosomal peptide biosynthesis. ;
(B) Biotinylation of lysine in biotin carrier protein, required for the type Il FAS ketosynthase and its cognate AQR).(

CO; fixation. (C) Attachment of lipoate to the lysine of enzymes 1h€S€ examples show that specific recognition between
involved in a-keto acid dehydrogenase complexes. carrier proteins and their associated catalytic domains can

be essential for many cellular functions.

ATP  AMP,

AN

Lipoate

as an extended arm also occurs when biotin and lipoatecarrier Proteins Inolved in Polyketide and

groups are attached to their respective apoproteins forNonribosomal Peptide Biosynthesis

carboxylation and decarboxylation metabolism, respectively

(panels B and C of Figure 1, respectivelg).(In all three In PK and NRP biosynthesis, the acyl or peptide backbone
cases, the prosthetic group is covalently attached to the foldeds built up from acyl-CoA or amino acid monomers that are
forms of small 8-10 kDa domains that act as acyl/peptidyl tethered to carrier proteins via stepwise condensation reac-
carrier proteins (phosphopantetheine), carboxyl carrier pro-tions 2—5). In PKSs, carborticarbon bonds are formed
teins (biotin), or lipoamide carrier proteins (lipoate). between an upstream acyl unit, presented on an ACP, and a

Historically, free-standing acyl carrier proteins (ACPs) downstream acyl unit, usually presented on a separate ACP,
were first detected in bacterial (e_@scherichia Cou type thrOUgh a Claisen-like condensation that is CataIyZEd by a
Il FASs and later as 10 kDa domains integrated into large ketosynthase (KS) domairg<€4). This coupling reaction
multidomain FAS proteinslQ, 11). ACPs can similarly exist ~ Proceeds through a KS-bound intermediate in which the
in such contexts in secondary metabolite biosynth&si8)( upstream acyl chain is transferred to the active site cysteine
The type | PKS assembly line of deoxyerythronolide B of the KS domain prior to formation of the carbeoarbon
synthase contains seven ACPs that are embedded in thre®ond with the malonate extender. In NPRS systems, the
multimodular synthases (DEBSB) (12, 13). In type Il PKS condensation (C) domain catalyzes formation of an amide
systems, the ACP and catalytic domains are separate protein§0ond between an upstream peptidyl or acyl thioester and the
(14, 15). Most of the NRPSs that have been characterized downstream amino acid group, each presented on separate
bioinformatically and biochemically are type | multimodular PCPs 2, 5). The monomers to be incorporated are selectively
megasynthases where the carrier proteins, known as peptidyfctivated by acyl transferase (AT) domains in PKS and amino
carrier proteins (PCPs), are embedded in modules along withacyl adenylation (A) domains in NRPS. Typical reaction
catalytic domainsg, 5, 10). Each PCP becomes loaded with cascades for elongation in NRPS and PKS biosynthesis are
an amino acid monomer prior to peptide chain elongation. Shown in Figure 2. In many cases, a variety of other domains
A third variant of the 8-10 kDa carrier proteins has been €an be found embedded at various positions relative to the
delineated in the synthetases of siderophores and other arylcarrier protein that can modify the newly incorporated
capped nonribosomal peptides, where aryl acids such agmonomer; these have been discussed in detail elsevd®@re (
salicylate and 2,3-dihydroxybenzoate are activated and Since the substrates for biosynthetic operations in every
tethered on aryl carrier proteins (ArCP&p(17). Some PCPs  elongation cycle are presented as covalently attached thioesters
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Ficure 2: Reaction scheme for NRPS and PKS biosynthesis. (A) During production of an NRP, an amino acid is activated as the amino
acyl-O-AMP ester by an adenylation (A) domain and subsequently thiolated onto the pantetheine arm of a peptidyl carrier protein (PCP).
The condensation (C) domain mediates formation of an amide bond between two thioesters (peptidyl or amino acyl) tethered to PCP
domains. (B) A similar strategy is employed in PKS biosynthesis, except that acyl-CoA monomers are incorporated onto the pantetheine
of the acyl carrier protein (ACP) by acyl transferase (AT)-mediated transthioesterification. The acyl chain is transferred to the active
site cysteine of the ketosynthase (KS) domain, where it is coupled with a malonate unit that is presented on a separate ACP via decarboxyla-
tion and Claisen-like condensation. (C) Typical type | domain arrangement giving rise to the coupling reactions shown in panels A
and B.

to carrier proteins, the specific proteiprotein interactions  tone, and (iv) the downstream KS domain that incorporates
between carrier proteins and other PKS/NRPS catalytic the next monomer into the acyl chain during the next
domains are critical for conversion to the final produ2s, ( elongation cycle. Similarly, incorporation of an amino acid
29). Thus, efforts to reengineer assembly lines by domain in NRPS biosynthesis requires communication between the
or module swapping will require a detailed understanding PCP and the A domain, and between the PCP and the up-
of interdomain interactions80—35). Much progress has been stream and downstream C domains. Until recently, little was
made in deciphering the protein recognition determinants for known about the molecular details for how the small<80
phosphopantetheinylation of carrier protei@d, (35). How- 100-residue) carrier protein is able to coordinate with several
ever, many other key doma#tomain interactions involving ~ much larger domains in a series of well-timed events. For
carrier proteins are required during production of the PKS example, how much of a carrier protein’s surface is involved
or NRPS scaffold. For a typical cycle of PKS elongation, in each of these interdomain interactions? Does each domain
an ACP must form interdomain interactions with (i) the AT contact a separate face of the carrier domain? Is the swinging
domain that loads the monomer, (ii) the upstream KS domain of the pantetheine arm directed by the catalytic domains or
that incorporates the monomer into the acyl chain, (iii) any through the carrier protein? Several recent reports (discussed
other domain that performs tailoring of the resultifigce- below) have provided some insight into these questions.
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Ficure 3: Structural mobility in the PCP of the third module of tyrocidine synthetase (TycC3-PCP). (A) Initial four-helix structure of
TycC3-PCP reported by Weber et aB6j. (B) Conformational heterogeneity revealed upon reexamination of the TycC3-PCP structure
recently reported by Koglin et al4®). The PCP adopts three distinct conformations depending on the phosphopantetheinylation state. The
A and A/H states are accessed by apo-PCP; holo-PCP is able to adopt the A/H and H states. The A/H state is similar to the canonical
four-helix carrier protein fold (shown in panel A). The location of the conserved serine, which is phosphopantetheinylated in the holo form,
is denoted with an asterisk.

Conformational Plasticity in Carrier Proteins Modulates that were in slow exchange on the NMR time scale (Figure
Domain Interactions 3B). These multiple structural states were detected in the
form of two sets of'®N—!HN signals each for each form of
the protein 42). The apo and holo forms shared a common
structural state, termed the “A/H” state, that was similar to
the canonical four-helix carrier protein structure. The apo
form adopted another conformation, the “A” state, in which
helices | and Il were largely unraveled. The holo form’s

The prototypic structure of the carrier protein is a three-
or four-helix bundle such as that shown in Figure 3A for
TycC3-PCP, the carrier protein from the third module of the
tyrocidine synthetase @acillus subtilis(PDB entry 1DNY)
(36). This general fold motif is similar for a number of carrier
proteins from FAS, PKS, and NRPS systems, which together . . .
form a distinct superfamily of structurally well conserved altgrnatlve state, the "H state_, contained many eIeme_nts of
proteins 24, 36—39). The highly conserved serine residue, hellqas .I’ Il, and IV but with .”.““Ch different relative
onto which the 4phosphopantetheine prosthetic group is positioning of the helices. In addition, backbone rearrange-

attached, is located at the N-terminal end of the second helixMeNts in going from the A/H to H state resulted in the
(helix I1). unfolding of helix 1ll. When the conformational motions of

holo-PCP were considered in relation to the cofactor, the
%]ansition resulted in an approximately F0Ofiovement of
e phosphopantetheine arm across the face of the PCP. This

The role of the carrier protein in PKS and NRPS
biosynthesis is to shuttle substrates between upstream an

downstream domains throughout the cycles of activation andobservation provided the first atomic-detail insight into the

conde_nsatlon2(—5, 8, 9)' To do th'.s’ carrier proteins must | directed phosphopantethine arm movements required for
coordinate several adjacent domains that are much larger (in

: . Y- Ushuttling of the cofactor between upstream and downstream

NRPS, for example, typical condensation and activation d . 3
domains are~50 kDa each whereas carrier proteins are only omains 43).
8—10 kDa in size). A recently released high-resolution crystal ~ Pure A and H states for TycC3-PCP were obtained by
structure of a KS-AT fragment from the type | PKS DEBS ~ controlling the phosphopantetheinylation state or mutating
demonstrated that a high degree of rigidity can exist in the conserved serine to an alanine. Upon titratiort*bif
didomain fragments 40). The phosphopantetheine arm labeled apo-TycC3-PCP with the phosphopantetheinyl trans-
provides the carrier protein with a 20 A reach; however, this ferase Sfp 44), the residues that displayed chemical shift
distance is likely not sufficient to provide the full range of deviations formed a contiguous interaction surface in the A
motion required to shuttle substrates between domain&state but not the A/H state. Likewise, titration of hO|0-TyCC3-
especially if there is little inherent flexibility in the “linker” ~ PCP with the editing thioesterase, TEHY, revealed a
regions that connect the catalytic domains (such as betweerProtein interaction surface in the H state only. Together, these
the KS and AT in DEBS). Intrinsic conformational motions ~data indicated that the likely mode by which the PCP is able
were postulated over a decade ago forEEheoliacyl carrier ~ to control interaction with separate partners is through
protein @1). Such dynamic changes in the carrier protein adoption of several distinct conformational states, each of
structure could potentially be involved in directing the Which is competent for interaction with only one catalytic
movements of the phosphopantetheine arm and of adjacenpartner.
domains. However, no high-resolution information about  While the interactions with both Sfp and TEIl are
these structural changes was available until recently. biologically relevant for in vivo production of tyrocidine,

Structural insights into the conformational motions that the most interesting interactions with TycC3-PCP from the
mediate the timing of domain interactions involving a PCP standpoint of NRPS engineering are those that are in cis with
were provided by a recent reexamination of the TycC3-PCP the upstream A domain and the downstream C dom)in (
solution structure4?). Initially, the structure of TycC3-PCP  Recently, tle 5 A resolution crystal structure of the fungal
had been revealed to be the typical four-helix bundle shown fatty acid synthase was published, revealing the nature of
in Figure 3A 86). However, upon closer examination, Koglin - many in cis interdomain interactiondg, 47). However, the
et al. reported that in fact both the apo and holo forms of electron density corresponding to the ACP [and the C-
TycC3-PCP each adopted two distinct conformational statesterminal thioesterase (TE) domain] was not visible, likely
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Ficure 4: Scheme for enterobactin biosynthesis by EntBDEF. (A) The four-component synthetase consists of EntD, a phosphopantetheinyl
transferase (PPTase); EntE, a free-standing adenylation (A) domain that is specific for 2,3-dihydroxybenzoate (DHB) activation; EntB, a
dual-function isochorismate lyase (ICL)/aryl carrier protein (ArCP) didomain protein onto which DHB is thiolated; and EntF, a four-
domain nonribosomal peptide synthetase elongation/termination module. (B) Enterobactin biosynthetic reaction scheme. EntD phospho-
pantetheinylates the carrier proteins of EntB and EntF. These carrier proteins are then acylated with DHB or serine by the appropriate A
domains. The condensation (C) domain on EntF then catalyzes amide bond formation to produce th8eDhiblecule, which is
subsequently transferred to the active site serine of the EntF TE domain. The activation/condensation cycle is repeated, with the subsequent
DHB—Ser molecules coupled through the side chain hydroxyl. The TE domain of EntF then catalyzes lactonization and release of the
mature enterobactin molecule.

due to intrinsic carrier protein structural heterogeneity and/ munication both in cis and in tran§3—55). Enterobactin

or mobility (46). In fact, conformational heterogeneity has is an iron-chelating siderophore that is generated in response

been detected in several other carrier proteins (including to iron starvation 16, 56—58). The enterobactin synthetase

ACPs) @1, 48-50), although it is not clear all specific  (Figure 4) consists of four protein components, EntBDEF,

motions will be comparable to those of TycC3-PCP. None- that use three molecules each of serine and 2,3-dihydroxy-

theless, future structural studies aimed at gaining insight into penzoate (DHB) to form a trilactone that is able to capture

in cis interdomain interactions should focus on solution ferric iron with high affinity via hexadentate coordination

methods of carrier protein-containing didomain fragments with the catachols of the three DHB moieties6(57). E.

to chart the dynamics5(, 52). coli are dependent on production of enterobactin to grow
on iron-deficient media58), a feature we used to develop a

Combinatorial Mutagenesis Studies with EntB and EntF ggjection for functional synthetase components by plasmid-

Uncaver Common Recognition Elements

based complementation of EntB or EntF knockout cé&iis

Recent efforts in our laboratory have focused on using 59).

combinatorial mutagenesis coupled with selection for pro-
duction of the NRP enterobactin i&. coli to identify
important regions in carrier proteins for interdomain com-

The biosynthesis of enterobactin proceeds as shown in
Figure 4B. EntE is a free-standing adenylation domain that
activates DHB and then acylates the aryl carrier protein
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Ficure 5: Protein-protein interactions involving carrier proteins \

in enterobactin synthetase. (A) Protejprotein interactions that
must occur with EntB-ArCP during enterobactin biosynthesis. The
ArCP must interact with (i) EntD during phosphopantetheinylation, Ficure 6: Regions of EntB-ArCP and EntF-PCP that were found
(i) EntE during acylation with DHB, and (iii) EntF during  to be highly conserved by combinatorial mutagenesis and selection.
condensation. (B) Interdomain communication involving the PCP (A) Surface and ribbon representations of EntB-ArCP color-coded
domain of EntF. The in trans interaction with EntD (i) must occur  for the degree of conservation where red indicates high conservation,
as described above. However, the PCP must participate in in cisorange intermediate conservation, and green low conservation. The
communication with (i) the A domain during serine loading, (i)  phosphopantetheinylated serine is colored blue. By biochemical
the C domain during condensation, and (iv) the TE domain during characterization of point mutations, we were able to assign one
elongation/cyclotrimerization. cluster of residues as the interaction surface for PPTases such as
EntD and Sfp (G242 and D244) and another cluster as the

(ArCP) of EntB 66, 57). EntB also contains an N-terminal  interaction surface for EntF (M249, F264, and A268). The side
isochorismate lyase (ICL) domain that is involved in diver- chains for these residues are shown in the ribbon representation.

. o (B) Surface and ribbon representations of EntF-PCP, color-coded
sion of the shikimate pathway to produce DHi(59, 60). as in panel A. L1007 was involved in recognition by EntD, while

However, our laboratory has shown in vitro that the ICL G1027 and M1030 are involved in interdomain communication with
domain is not functionally involved in the NRPS logic of the EntF TE domain.

the synthetases, 57). EntF is a serine-incorporating NRPS
module. The C domain of EntF catalyzes formation of the residue (a technique known as “shotgun alanine scanning”)
amide bond between DHB (presented on EntB) and serine(63—65). From sequence analysis of a representative number
(presented on the PCP domain of Ent®8,61). The nascent  of surviving colonies, the relative conservation of WT side
DHB—serine condensation product is then shuttled to the chain identity relative to Ala was determined and categorized
active site serine of the adjacent thioesterase (TE) domain.as high (WT preferred over Ala by more than 20-fold),
Three elongation cycles result in buildup of the linear intermediate (WT preferred over Ala between 6- and 20-
trilactone on the TE domain, which catalyzes ring closing fold), or low conservation (WT preferred over Ala ky6-
and release of the mature enterobactin molecb®&. ( fold) (Figure 6A). The majority of the EntB-ArCP surface
The aryl carrier protein of EntB (EntB-ArCP) and the PCP residues (36 of 44 examined) were tolerant to mutation while
of EntF (EntF-PCP) represent two different scenarios for supporting enterobactin production in vivo. However, two
interdomain interactions in NRPS biosynthesis (Figure 5). small clusters of conserved residues that surround the
EntB-ArCP must participate in proteirprotein interactions  phosphopantetheinylated serine (S245) became evident. By
(i.e., in trans interdomain interactions) with three different biochemical analysis of point mutations, one cluster was
proteins: (i) with EntD during phosphopantetheinylation, (i) assigned as the protein interaction face for EntF and the other
with EntE during acylation with DHB, and (iii) with EntF  cluster as the interface for PPTases such as EntD and Sfp
during condensation of DHB with serine. While EntF-PCP (53, 54). Two key conclusions emerged from this work. (a)
must also participate in the in trans interaction with EntD The functional protein interaction surfaces on the ArCP are
(point i above), the biosynthetic reaction cascade requires arelatively localized, meaning that there are only a few key
set of in cis interdomain communications: (ii) with the A residues that participate in the protein interaction surface for
domain during serine loading, (i) with the C domain during EntD/Sfp or EntF; (b) in the case of EntD/Sfp and EntF, the
condensation, and (iv) with the TE domain during formation most critical portions of the protein interaction surfaces are
of the trilactone and subsequent ring closure. distinct (i.e., nonoverlapping). Both conclusions may be good
Combinatorial mutagenesis was performed-~e80% of news to the biosynthetic engineer; designing noncognate
the EntB-ArCP surface (a total of 44 residues), and key interactions between a carrier protein and a catalytic domain
positions were identified by selection on iron-deficient media should be possible with only a few targeted mutations if these
(53, 54). The combinatorial mutagenesis scheme utilized results hold true in other cases. Furthermore, if all carrier
partial codon variation such that side chains were permitted proteins have distinct recognition regions for separate
to vary among WT, Ala, and sometimes a third or fourth catalytic domains, then altering specificity for one catalytic
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partner should be possible while leaving interactions with Differential Carrier Protein Recognition by PKS and
the others intact. NRPS Catalytic Domains in Nature

The interaction surface on EntB-ArCP for EntF consisted 4t e tilizes orthogonal carrier protein recognition as a

of one residue on helix Il (M249) and two residl_Jes on helix strategy to separate primary metabolism from secondary
Il (F264 and A268). Together, these side chains formed a yyatabolism. For example, the phosphopantetheinyl trans-

contiguous hydrophobic surface adjacent to S245. Theferase (PPTase) for lipid biosynthesis Bn subtilis (ACP
discovery that helix Il in EntB-ArCP contained important synthase, ACPS) is not able to post-translationally modify
recognition residues is significant in light of other findings. Tycc3-PCP 84—36). Likewise, our laboratory reported that
This portion of TycC3-PCP had the most dramatic structural ACPS fromE. coli and EntD are largely specific to their
changes during interconversion of the A/H and H stad@s ( cognate carrier proteins (ACPS recognizes the fatty acid
Furthermore, residues in this region of holo-TycC3-PCP had ACP, and EntD recognizes EntB and EntF with virtually no
significant chemical shift perturbations upon titration with cross-talk) 67, 68). Lee et al. 69) described a fundamental
TEIl, indicating that this region likely also plays a role in  incompatibility between ACPs involved in spore pigment and
recognition for that system. Furthermore, in the structural PK production. Very recently, two nonredundant but essential
analysis of the ACP from frenolicin biosynthesis (FrN), Li PPTases have been characterizedviintuberculosis(26):
et al. found that the helix Il region of this ACP also one for fatty acid synthase priming and the other for
equilibrated between two conformations, although they were production of PK and NRP virulence factors. These orthogo-
only able to assign the major conformet8). Helix Il nal recognition events are beneficial to the organism. Since
conformational mobility has also been recently described in expression of the biosynthetic machinery for secondary
the holo-acyl carrier protein oPlasmodium falciparum  metabolites is upregulated in response to stress or starvation,
(PfACP) 60). The flexibility observed for helix 11l of FrnN it makes good biological sense to separate these systems from
and PfACP suggests that it also may play a role in the primary metabolism that is required in the moment-to-
interactions in PKS assemblies. Johnson et al. recentlymoment life cycle.
described the solution structure of an acyl carrier protein from  In several cases, bacteria have evolved orthogonal carrier
Anabaenan which the helix Il region adopts a;@helix protein recognition within a single biosynthetic gene cluster
rather than ama-helix (66). Comparison of the 3-helix in (70—72). An example of this strategy is found in the type Il
the AnabaenaACP with helix Il from other carrier proteins ~ PKS systems of frenolicin and the R1128 substan@@s (
led these authors to postulate that thetglix was important ~ 71). The type Il PKSs produce aromatic polyketides from a
for interactions in this system, too. However, no structural poly-3-ketone precursor that is built up by iterative conden-
mobility was detected in the;ghelical region. sations of malonyl-CoA extender units4). However, unlike
The putative helix Il and helix 11l regions of EntF-PCP the assembly line enzymes discussed so far (the type |
were analogously targeted (a structure of EntF-PCP is notsynthases and synthetases), type |l l.DK.SS contain a smgle,
. . - - .~ .. central ACP, and a heterodimer consisting of a KS domain
yet available) for combinatorial mutagenesis to examine if :
" .~ . _and a chain length factor (CLF) that alone orchestrate the
common recognition elements were observed for the in cis

. . . synthesis of the entire poj§-ketone. Tailoring enzymes such
and in trans _scen_a}nogslﬁ). TWO residues (61027. ar_nd as aromatases and cyclases convert the ketide into the mature
M1030) were identified to be important for communication

) ._product. This set of enzymes, required for production of the
between the PCP domain and the downstream TE OIOmaInaromatic scaffold, together are known as the minimal PKS.

(Figure 6B). On a structural model of EntF-PCP (based on gjnce )1 domains are free-standing (i.e., “dissociative” in
the A/H state of TycC3-PCP), these residues are located ofy,g yne || scenario, biosynthetic production requires a set

surface-exposed portions of the helix Il region (again, qf yery well timed proteir-protein interactions between the
proximal to the phosphopantetheinylated serine). The com- jifrerent catalytic subunits and the ACP.

mon thread among the helix III-mediatgd interactions in The default starting unit for the poj§-ketone in most type
TycC3-PCP, EntB-ArCP, and EntF-PCP is that in all three | b\ g4 g an acetyl moiety that is derived from decarboxy-
cases, it is the acylated form of the pantetheine that is utilized .00 of an initial malonyl-CoA unit (somewhat akin to

by the interacting catalytic domaiml, 53, 59). These |, 4ing in type Il FAS) (, 14). However, several aromatic
observations support a model in which the downstream pxs (such as frenolicin and R1128) contain non-acetate
recognition (be it condensation in EntF or trans_fer o aTE garter units 70, 71, 73). The clusters for these PKSs contain
domain in TycC3-PCP and EntF-PCP) is mediated by the 5 aqditional ACP and an additional KS domain that are
helix 11l region which may act as a conformational switch.  gedicated to the initiation condensing reaction (A@Rd

It remains to be determined if in cis PER domain kg, respectively) 70, 71, 73, 74). The KSIII displays
interactions (and analogous ACRS interactions in PKS)  sybstrate preference for an alternate acyl-CoA over malonate
are also mediated by a dynamic helix Ill. Furthermore, (for example, proprionyl-CoA in R1128) and condenses this
studies aimed at determining how the EntB-ArCP and EntF- starter unit with a malonate that is specifically presented on
PCP mutations result in communication defects will provide the ACP (Figure 7A). Khosla and co-workerg@ demon-
insight into the mechanism of interdomain interactions. For strated that KSIII is not able to perform the condensation
example, does mutation of the “hot spot” residues result in with the malonyl unit presented on the ACP from the
a defect in proteirrprotein interactions? Or does it slow the minimal PKS (here, we term this the elongation ACP or
conformational dynamics such that one of the states (e.g.,ACP.). This orthogonality in ACP recognition is striking in
the H state) is no longer accessible? Studies toward this endight of the relatively high degree of homology between the
are currently underway. initiation and elongation ACPs (37% in the frenolicin system
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Ficure 7: Orthogonal carrier protein recognition in natural systems. (A) During the biosynthesis of the R1128 substances fwhere R
CH,CH3z and R= CH(CH), are the most abundant], initiation and elongation of a gbketone chain take place on two separate ACPs

with orthogonal recognition properties. Initiation is catalyzed by ZhuH, a KSIII homologue, with malonate presented on ZhuG (the initiation
ACP, or ACR). Malonate that is presented on ZhuN, the elongation ACP \@¥not utilized as a substrate by ZhuH. This newly formed
diketide undergoes tailoring to give an alkyl butyryl group that acts as the priming unit for elongation by the tandem action of ZhuH
(KS-CLF) and ZhuN. Subsequent tailoring steps yield the final aromatic product. (B) In coronatine biosynthesis, allo-isoleucine is loaded
onto CmaA, an A-PCP didomain. The allo-isoleucine is then transferred to the free-standing PCP CmaD by CmakE, an aminoacyl transferase.
The allo-isoleucine presented on CmaD (but not CmaA) is chlorinated by the non-heme halogenase CmaB. Subsequent action of CmaC
gives rise to the cyclopropyl group that ultimately is incorporated into the final product.

and 44% in the R1128 system). Interestingly, one residue modification takes place on a carrier protein-bound substrate;
on the ACPs of the R1128 system that was found to be however, the halogenase CmaB is specific in its recognition
important for determining the KS recognition specificity properties 72). The allo-isoleucine is activated and thiolated
aligns with M249 (on helix Il) of EntB-ArCP. This observa- by an A-PCP didomain protein, CmaA, but it is not until
tion further suggests that downstream catalysts in PKS andthe allo-isoleucine is transferred to a free-standing PCP,
NRPS may share the same interfaces on their respectiveCmaD, that the halogenation reaction takes place. Thus,
carrier proteins. halogenase CmaB specifically recognizes CmaD but not the
When different initiation KS/ACP pairs were matched with  PCP of CmaA. The transfer of the allo-isoleucine between
different minimal PKSs in vivo, the result was production CmaA and CmabD is mediated by an aminoacyl shuttle
of aromatic PKs that had been loaded with non-acetate starteenzyme, CmaE. The structural rationale for the differential
units (71). This strategy was used to generate new, regio- recognition of PCP scaffolds by the CmaB halogenase is not
selectively modified aromatic PKSs, some of which exhibited yet clear, but the shuttle enzyme CmaE may gain general
anti-glucose-6-phosphatase activity. In most cases, it ap-utility for moving aminoacyl moieties between holo-PCP
peared that the first condensation product, presented on ACP domains.
could be recognized by many different minimal PKS systems.  The examples listed here demonstrate instances of specific
Further studies will be required to determine if engineering carrier protein recognition by catalytic domains in nature.
of ACP or PCP interactions from completely exogenous Specific recognition among two or more carrier proteins may
systems will allow for incorporation of different starter units have evolved for functional reasons such as control of
and consequent natural product scaffold diversificatiéh) (  substrate identity or reactivity, or it may simply be a result
76). of gene duplication. Other PKS or NRPS clusters contain
Another example of orthogonal carrier protein recognition an excess of carrier proteins the function of which is not
occurs in the biosynthesis of the phytotoxin coronatine. A known. For example, in the mixed type I/ll assembly lines
cyclopropyl-containing precursor (coronamic acid) is pro- of jamaicamide 79), mupirocin 80), and curacin §1),
duced via a cryptic chlorination strategy (Figure 7BR,( multiple carrier protein domains exist in tandem. The purpose
77, 78). Allo-isoleucine is halogenated at tlreposition by of these tandem carrier proteins is not known. Perhaps carrier
a non-heme halogenase, CmaB. Then, CmaC, a zinc-proteins in tandem may be a natural strategy for exerting
dependent enzyme, catalyzes deprotonation at-tpesition multivalency effects, or perhaps they serve as a “waiting
and subsequent SNike displacement of the newly installed room” where builtup intermediates are held before subse-
chlorine, yielding the cyclopropyl group. This unusual quent modification.
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Recently, our group and other8-86) have exploited

Biochemistry, Vol. 45, No. 50, 2006.4877

Logical analogies exist in protein-based signaling cascades

orthogonal carrier protein recognition for the development in eukaryotes, including the 8 kDa information-rich ubiquitin
of site-specific tags based on derivatized phosphopantetheindag that is recognized by dozens of different partner proteins
groups. This strategy has been employed for labeling proteinin controlling the fate of molecules attached to the ubiquitin
fusions containing a carrier protein domain in a variety of scaffold ©, 92).

applications §2—85) and could potentially be used for

shotgun sequencing of biosynthetic clusters in high- ACKNOWLEDGMENT

throughput work 86). This work shows that deciphering the

We thank previous and current co-workers Michael

rules of carrier protein recognition could prove useful not Fischbach, Zhe Zhou, and Eric Roche (Harvard Medical

only in biosynthetic engineering efforts but also in the ¢
development of site-specific labels based on the phospho-c

pantetheine post-translational modification.

Future Efforts for Engineering of Noncognate Carrier
Protein Interactions

The manipulation of PKS or NRPS systems for the
production of new natural product variants with a high
efficiency is a two-pronged challenge. First, the degree of
chemical substrate promiscuity by the domains that catalyze
the transformations on the growing substrate chains must
be deciphered?). Much headway has been made toward
this end, and in altering substrate selectivity of particular
domains 87—91). Second, a detailed understanding of the
protein-based interdomain interactions that occur during the
biosynthesis is required28—37, 91). Since almost every
intermediate for biosynthetic processing is presented on a
carrier protein, a major endeavor will be to uncover the
“rules” for recognition of carrier proteins by catalytic
domains to effect the orderly and intended growth of a given
PK, NRP, or PK-NRP scaffold.

The collective work presented here suggests that helix IlI
plays a large role in recognition, perhaps due to its inherent
structural flexibility and functional ability to act as a
conformational switch. Therefore, engineering of carrier
protein interactions should focus on such “hot spots”. Further
characterization will be required to determine (i) if all carrier
proteins share the same hot spots and (ii) if different
interacting domains recognize distinct hot spots. While
rational site-directed mutagenesis for this engineering is a
reasonable first-pass strategy for altering selectivity, the
power of combinatorial mutagenesis and selection will likely
be required to achieve the goal of nativelike recognition of
noncognate carrier proteins.

Conclusions

Carrier protein domains represent architectural scaffolds
with information-rich surfaces that can be distinguished by
distinct catalytic partner proteins. Presentation of both
activated monomers and the growing acyl/peptidyl chains
on the phosphopantetheinyl arms of carrier protein domains
represents a significant investment in machinery for natural
product assembly lines. The prosthetic group requires post-
translational installation on every ACP/PCP but brings a
reactive thiolate at the end of the phosphopantetheine arm.
Capture of the substrate acyl/aminoacyl groups as covalent
thioesters provides requisite activation for Claisen and amide
bond condensations, while the long arm, in conjunction with
interdomain movements, reaches into upstream and down-
stream active sites. Attachment of the aBypantetheinyl
arms to the 10 kDa ACP/PCP protein platform allows for
specificity between multiple possible catalytic partners.
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