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Insights into docking in megasynthases from the
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The fidelity of biosynthesis by modular polyketide synthases (PKSs) depends on specific moderate affinity
interactions between successive polypeptide subunits mediated by docking domains (DDs). These
sequence elements are notably portable, allowing their transplantation into alternative biosynthetic and
metabolic contexts. Herein, we use integrative structural biology to characterize a pair of DDs from the
toblerol trans-AT PKS. Both are intrinsically disordered regions (IDRs) that fold into a 3 a-helix docking
complex of unprecedented topology. The C-terminal docking domain (“DD) resembles the 4 a-helix
type (4HB) “DDs, which shows that the same type of DD can be redeployed to form complexes of

Received 27th March 2024, distinct geometry. By carefully re-examining known DD structures, we further extend this observation to

Accepted 16th May 2024 type 2 docking domains, establishing previously unsuspected structural relations between DD types.
DOI: 10.1039/d4cb00075g Taken together, these data illustrate the plasticity of a-helical DDs, which allow the formation of a
diverse topological spectrum of docked complexes. The newly identified DDs should also find utility in

rsc.li/rsc-chembio modular PKS genetic engineering.
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Introduction

The megaenzyme polyketide synthases (PKSs) of bacteria are
biosynthetic assembly lines whose products are heavily
exploited in the clinical application, notably as anti-cancer
and anti-microbial agents."” These extraordinarily complex
types of machinery incorporate repeated sets of functional
domains called modules, which act consecutively to elongate
and chemically modify acyl-CoA-derived building blocks.>*
Chain extension requires a minimum of three domains (acyl
transferase (AT), ketosynthase (KS) and acyl carrier protein
(ACP)) while those involved in tailoring (e.g. ketoreductase
(KR), dehydratase (DH) and enoylreductase (ER)) vary between
modules (Fig. 1). Two distinct classes of modular PKSs
have been identified, which appear to have evolved both
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independently and convergently.”® Among the multiple differ-
ences between the two systems, the cis-AT PKS multienzymes
possess integrated acyl transferase domains responsible for
monomer selection, while the trans-AT PKSs interact in trans
with discrete ATs.>'® The modules of trans-AT PKSs also boast
much greater functional diversity and organizational hetero-
geneity (Fig. 1), including duplicated domains and non-
canonical domain ordering.®

A feature common to both cis-AT and trans-AT PKSs is the
distribution of modules among multiple polypeptide subunits
(Fig. 1). Although this arrangement likely mitigates problems
arising from the misfolding, proteolysis or mutational inactiva-
tion of even more massive proteins,” it necessitates that recog-
nition elements be present allowing for the faithful transfer of
growing acyl chains across the inter-subunit interfaces. Work
over many years in our laboratory’®>™ and others'®?* has
demonstrated that such non-covalent interactions are mediated
by sequences present at the extreme C- and N-termini of the
polypeptides called ‘docking domains (DDs)’ (°DD indicates a
C-terminal docking domain, and DD, an N-terminal docking
domain). Notably, these portable protein-protein interaction
elements have demonstrated utility for splitting PKS multi-
enzymes into smaller units,>® creating novel interprotein
interfaces,?*° and facilitating interactions between non-PKS
proteins.>”*® However, the effective use of DDs requires that
two criteria be satisfied: (i) knowledge of the boundaries of the
functional domains to allow for their transplantation; and
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Fig. 1 Hypothetical organization of the toblerol trans-AT PKS.} The names of the proteins are indicated, and each domain is symbolized as a sphere.
TobC “DD and TobE DD investigated in this study/work are highlighted in bold. Key: AL, acyl-ligase; OXY, FAD-dependent oxygenase; KS, ketosynthase;
AT, acyl (malonyl) transferase; ER, enoylreductase; KR, ketoreductase; ACP, acyl carrier protein; C, condensation; PX, pyridoxal phosphate-dependent
enzyme; HY, hydrolase; TE, thioesterase. X indicates a domain of unknown function. Compounds 1-8 represent the characterized toblerols A—H.

(ii) information as to DD compatibility, so that biosynthetic
fidelity can be maintained within a specific PKS/metabolic
pathway context. The latter depends on determining the struc-
tural (sub)type to which a DD complex belongs, as these various
categories are intrinsically orthogonal.

Multiple DD types have been identified from cis-AT PKSs and
their hybrids with nonribosomal peptide synthetases (NRPSs).
These include 1a (originally derived from the erythromycin
(DEBS) PKS'?), 1b (pikromycin'’), 2 (curacin'®), and 3 (or
SLiM-BhD, derived from both tubulysin'® and enacyloxin®
PKS-NRPS systems and the rhabdopeptide NRPS") (Fig. 2).
More recently, we structurally characterized ‘type 1-related’
and ‘type 2-related’ DDs'! (Fig. 2) from the hybrid cis-AT/
trans-AT hybrid system responsible for enacyloxin biosynthesis.
These designations reflect the fact that although the individual
DDs globally resemble classical type 1 and type 2 elements, the
detailed overall topologies of the complexes differ. In terms of
the molecular basis for docking, complex formation by type 1a,
1b, 1-related, and 2(-related) domains involves interactions
between a-helices, while for type 3, the “DD includes a short
linear motif (SLiM) that is inserted as a p-strand into a
B-hairpin formed by the “DD,'®* and in certain cases, an
additional N-terminal a-helix'® (Fig. 2).

Trans-AT PKSs incorporate additional types of DDs, includ-
ing the heterodimeric 4 o-helix bundle (4HB) class charac-
terized from the virginiamycin'® and macrolactin®® systems.
This type operates at both classical and so-called ‘split module’
junctions, in which the domains comprising a chain extension
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module are located on separate subunits. Notably, the “DDs of
this class show convincing characteristics of intrinsically dis-
ordered regions (IDRs), demonstrating that such motifs operate
in bacterial specialized metabolism." An extended IDR region
called a dehydratase docking domain (DHD) was also found to
mediate communication between KS and DH domains consti-
tuting a split module interface.>” Finally, two distinct types
of a-helix-mediated docking have also been reported for the
purely NRPS peptide-antimicrobial-Xenorhabdus (PAX) system,
involving three (PaxB “DD/PaxC DD, referred to as type 3HBa
(vide infra)) or four o-helices (PaxA T1-°DD/PaxB “DD),
respectively’>>" (Fig. 2). Despite the heterogeneity of charac-
terized docking complexes, measured affinities all lie within the
low-mid pM range, indicating that this is a sweet spot for such
interactions.'*">'82°

While putative DD-containing regions at the extreme C- and
N-terminal ends of PKS subunits can readily be discerned, it
remains challenging to predict the precise length and archi-
tecture of many DDs from the primary sequence alone.'* This
situation reflects characteristics of the DDs themselves, includ-
ing strong residue heterogeneity even within the same nominal
structural types,'* as well as a high proportion of IDRs,"***??
but also the inability of AlphaFold2*° to make confident pre-
dictions for short (<100 residues) sequences.’’ AlphaFold2
readily predicts a-helices even in so-called ‘spurious proteins’
(i.e. sequences predicted from non-protein coding regions).*!
This situation is particularly problematic for analyzing PKS
multienzymes, as the majority of DDs are o-helical. In this

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Structures of docking domain complexes (DDs) from PKS and NRPS systems (the corresponding PDB codes are indicated in parentheses). The C-
terminal DDs (“DDs) are colored in red, and the NDDs in blue, with a-helices represented as cylinders and B-sheets as arrows. Nc indicates the N-
terminus of a DD, and Cc, the C-terminus of a “DD, while Ny indicates the N-terminus of an NDD, and Cy, the C-terminus. (a) Type 1a DDs from the cis-
AT DEBS PKS and type 1b from the cis-AT pikromycin PKS. (b) Type 2 DDs (left) represented by CurG/CurH (top) and CurK/CurL (bottom) from the cis-AT
curacin PKS, and type 2-related (right) Bam_5925/Bam_5924 from the hybrid cis-AT/trans-AT PKS-NRPS enacyloxin pathway. (c) Type 3, as found in the
rhabdopeptide NRPS. (d) 4 a-helix bundle-type DDs, as described from the VirA/VirFG interface in the virginiamycin trans-AT hybrid PKS-NRPS. (e) Three
a-helix bundle represented by PaxB/PaxC (now designated 3HBa), and (f) PCP/4 a-helix bundle-type complex represented by PaxA/PaxB, from the PAX

NRPS (the first three a-helices of the PaxA peptidyl carrier protein (PCP) are colored light red and are labeled).

context, the best way forward is to directly characterize addi-
tional DD pairs to improve our understanding of their struc-
ture-function relationships, and the attributes that define the
various (sub-)types.

In this work, we aimed to extend our relatively limited
understanding of docking in trans-AT PKSs by studying inter-
subunit interactions in the toblerol PKS (Fig. 1) of the model
methylotroph Methylorubrum extorquens AM1.'" The toblerol
system incorporates 8 polypeptides, and thus a relatively high
number of potential docking interfaces compared to other
trans-AT PKSs.*” This fragmented, largely non-modular archi-
tecture stymied the automated analysis of the pathway.''
As a first step, we focused on the central junction between
TobC and TobkE since direct evidence for its functionality would
lend weight to the literature biosynthetic hypothesis.'* Herein,

© 2024 The Author(s). Published by the Royal Society of Chemistry

we describe a matched pair of DDs operating at this interface,
report the NMR solution structure of the non-covalent docked
complex, and identify key residues contributing to the interaction.
Although docking is again mediated by o-helices, the overall
topology of the DD complex is unprecedented. This result, which
we contextualize via comparison to other solved DD structures,
further highlights the versatility and plasticity of the a-helix as an
intersubunit recognition motif in assembly line systems.

Results and discussion
In silico analysis of docking in the toblerol trans-AT PKS

The starting point for this work was to determine suitable
boundaries for expressing candidate DDs from the TobC/TobE

RSC Chem. Biol., 2024, 5, 669-683 | 671
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interface as recombinant proteins in E. coli. For this, we first
identified the regions corresponding to the adjacent functional
domains (TobC (WP_003598535), KS; TobE (WP_003598535),
ACP (Fig. 1)) by comparison to solved structures of homologous
domains in the PDB.'>?**7*° Next, we analyzed the putative DD-
containing sequences at the C-terminus of TobC (L2225-R2278)
and the N-terminus of TobE (M1-D44), using several secondary
structure and disorder propensity prediction programs.*®?”
These analyses predicted a 10 residue o-helix at the end of
the TobC C-terminal region (Q2267-A2276), and a 10 residue
a-helix at the beginning of the TobE N-terminal region (ESL+
Fig. S1). Without further guidance (it must be noted that this
work was initiated before the availability of AlphaFold2®°), we
opted to clone and express the entire regions down- and
upstream of the functional domains.

Expression and purification of DD constructs

The TobE NDD and TobC °DD constructs were amplified from a
Methylorubrum extorquens AM1 cosmid (gift from J. Piel, ETH
Zurich, CH) and cloned into vector pBG102 (Center for Struc-
tural Biology, Vanderbilt University) for expression as Hisg-
SUMO-tagged proteins in E. coli Rosetta 2 (DE3) (ESL, Tables
S1 and S2). In the absence of aromatic residues in the native DD
sequences, a tyrosine residue was added to the N-terminus of
the constructs (Table S1, ESIt) to facilitate protein detection
and concentration measurement by UV-vis. As it has previously
been reported that certain docking interactions include the
adjacent carrier protein,”* we additionally cloned a version of
TobE DD incorporating the downstream ACP. Following Ni-
NTA chromatography, the Hise-SUMO tag was cleaved off using
human rhinovirus 3C protease, resulting in a non-native GPGSY
N-terminal sequence in the case of TobE "DD, GPGSPNSY for
TobC “DD, and GPGS for the di-domain TobE “DD-ACP con-
struct. In previous work, such additional short sequences did
not negatively impact the native docking interactions.'**®

Characterization of the interaction between TobC °DD and
TobE MDD using size-exclusion chromatography

To demonstrate that the docking domains interact, we carried
out analytical gel filtration in the presence of a 1:1 mixture of
TobC °DD and TobE DD (both at 400 uM) and compared the
results to the profiles of the individual DDs. TobC “DD and
TobE DD eluted at volumes of 12.9 and 13.7 mL, respectively,
whereas the mixture gave a single peak with a lower elution
volume of 12.3 mL, providing initial evidence for complex
formation (ESL, T Fig. S2).

Investigation of docking between TobC “DD and TobE VDD via
isothermal titration calorimetry

To confirm DD complex formation, we characterized their
interactions by ITC (Fig. 3). These experiments were carried
out in both possible configurations by titrating TobE DD in
the cell (60 uM) with TobC “DD (600 uM), and TobC “DD in the
cell (60 uM) with TobE YDD (600 uM). The determined Kps were
in strong agreement: 4 + 1 uM (n = 3) when TobE “DD was
titrated with TobC °DD, and 3.2 + 0.3 uM (n = 2) for the reverse

672 | RSC Chem. Biol., 2024, 5, 669-683
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Fig. 3 The characterization of TobC “DD and TobE NDD binding by
isothermal titration calorimetry (ITC) and circular dichroism. (a) Titration
of TobE NDD (in the cell) with TobC DD (in the syringe). (b) Titration of
TobC “DD (in the cell) with TobE NDD (in the syringe). (c) Titration of TobE
NDD-ACP (in the cell) with TobC DD (in the syringe). The stoichiometry
(N), Ko and error values represent the average of two or three measure-
ments (the number of experiments (n) is indicated). (d) Differential CD
analysis of the TobC “DD and TobE DD pair. The combined spectrum
(black) was obtained by simultaneously analyzing the two isolated DDs
(both at 100 puM). Comparison with the spectrum of a mixture of the two
docking domains (gray), again at an overall concentration of 100 uM, was
used to measure increased structuration.

situation. The values are also fully consistent with previous
measurements of DD affinities (2-90 pM'*'>'71%)_ In terms of
stoichiometry, we obtained values of N=1.0 + 0.2 and 0.8 £ 0.1
using TobE DD and TobC “DD, respectively, as the titrant,
indicative of 1:1 complex formation. The slight discrepancy
from 1 in the latter case can be explained either by small errors
in the concentration measurements due to the low molar
extinction coefficients of the constructs (1490 M™' cm™'), or
the intrinsic difficulty of measuring interactions involving IDRs
(vide infra).?® In any case, the decomposition of the ITC
thermodynamic profile revealed that the docking interaction
is mainly enthalpic, with an unfavorable (negative) entropic
contribution. These latter data suggested that complex for-
mation is accompanied by a loss of conformational freedom,
which would be consistent with the induced folding of an IDR.

To determine if residues of the flanking ACP contribute to
the docking interface,** we titrated Tob °DD with the TobE
“DD-ACP didomain. This experiment yielded essentially the
same interaction parameters (Kp = 5.7 = 0.6 uM (n = 2); N =
1.1 £+ 0.0) (Fig. 3), demonstrating that the ACP is not involved in
the interaction.

Analysis of docking between TobC DD and TobE “DD using
circular dichroism

Since the ITC experiments provided evidence for the IDR
character of the DDs, we next aimed to investigate their

© 2024 The Author(s). Published by the Royal Society of Chemistry
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d.**** Con-

secondary structure by CD, as previously describe
sistent with the in silico prediction, the CD spectrum of TobC
°DD revealed minima around 205 and 220 nm characteristic
of the presence of the a-helix (ESI,i Fig. S3). Deconvolution
of the spectrum (180-260 nm) with Pro-Data Viewer software
(Applied Photophysics) indicated an o-helical content of
25% (vs. 16% o-helix predicted using PSIPRED>°). In contrast
to the prediction, the CD spectrum of TobE DD showed
that it was substantially less structured in solution (ESL
Fig. S3), with only 17% a-helical content (vs. 20% predicted by
PSIPRED®?).

Next, we used CD to obtain more direct evidence for the
induced folding of the DDs upon complex formation. For this,
we acquired a combined spectrum of the two isolated DDs and
compared it to the spectrum of a 1:1 TobC “DD/TobE “DD
mixture (Fig. 3). The two spectra do not superimpose, consis-
tent with the induced folding of one or both of the DDs in the

View Article Online

Paper

presence of a partner. The overall secondary structure increased
from 17.5% to 19% o-helix content when the DDs were com-
bined. This increase is less substantial than that seen with
previous IDR-type DDs,'*'* but the folding is likely masked by
the extensive, fully-disordered regions present in the con-
structs. We interpreted this as evidence of the induced folding
of one or both of the domains.

Characterization of docking between TobE “DD and TobC “DD
by NMR

To investigate the docking interaction in detail, we analyzed
complex formation by NMR. The '"H-">N HSQC spectra of the
isolated DDs revealed narrow proton chemical shift dispersion,
with values between 7.6 and 8.8 ppm, showing that the isolated
DDs are indeed highly disordered (Fig. 4). Chemical shift
assignment was performed using a standard series of double-
and triple-resonance experiments (reviewed in ref. 40). Overall,

b

105 105
-G2263
o _ ARG sidechains *
oy Gz
G3o
110 0-G6 110
G359 _Ga1
622550 0 02267 sidechain 0 ©G33 Q36 sidechain
ré\ corstg & N2z sidechain_ @ ,é\ S T34 o4
Q 145 Q Ta0e o T2
T22669 5.2 gT2252 115 .
o TZZA? 4 o sto @8R
S-5. T2269
z 12240 9, Z 37
= N3¢ 02233 GR227 Mg 57, M2277 ) D23.25'38,
i N222 1 Ll {énn I
N $224202264+/2336 Mg Q3606
120 E£2268, D 122740 80 12275 120 D43” £ 75,0307
Q22670 bR 0R24 8122730 o sz HogD %;?Rﬁ ARG sidechains *
£2230/ 2o sidechains
K2245f szwo&uss' ©6A2276 Shal f’ﬁz"o’ 2%, 5o
02231 L2230 W22 Y - I
D248 k724 Y A25S @pg 5
125 A2227 D2235§0@A2258 125 @A15
A227/ Daso
L2225 @R2278 =622
9 1 8 e 9 1 8 7
H (ppm) H (ppm)
> 1 > '
= =
2o 2o
[0] [0]
Qo Qo
S S
Q. o. Q. o.
= X
— 0. —
(] [
I . - =Alusl | 1 I
DL ONAZND> RN PP T NDTDONBNOTND T DO N QD Coon>< Qoor oo P PO NOYINONORO TN
S SRYRNRRRENSRRRSII33333383 3 SR IO TE > S h Ry IxX50LS0Ran IS8 223LEEBRER 3283
SENZUSRAYISSEITEHRASNYE
Sequen Sequence
1. 1.0
w3 L 53
O o O oe
Zo Z 02
a 0 S Dg
¥ 5 -
04 o3
Q% Do
O -0 Q08
=1 .'11‘ =~ -1.0-
54 £d
Y 16
o} o8
K L R S R T T o S S I B L b e e S PR SRR L LR
s RhEbHEaRRPRIERERD RN R BRSSP R R i RIS IR ——

Sequence

Sequence

Fig. 4 NMR studies of isolated TobC “DD and TobE "DD. (a) Assigned H, ®N HSQC spectrum of TobC DD alone, with the residues indicated.
(b) Assigned *H, >N HSQC spectrum of TobE NDD alone, with the residues indicated. (c) and (d) TALOS-N chemical shift based a-helix propensity of the

DDs. The identified secondary structures (defined by a-helix propensity >

0.6) are shown above the data. (e) and (f) {*H}-'°N heteronuclear NOEs

measured at 14.1 T on TobC DD and TobE NDD, respectively. All of the residues for which the heteronuclear NOEs fall in the grey zone are identified as
dynamic. Residues for which NOE data could not be calculated are indicated by a black dot. Unumbered residues were introduced during cloning.
A description of the value and error calculations is given in the Materials and methods section.
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the majority of Hy, Ny, C,, Cp, and Co chemical shifts were
assigned for residues M1-D44 of TobE “DD and L2225-R2278
of TobC DD, allowing for chemical shift-index-derived second-
ary structure identification using the TALOS-N software.*! The
exceptions in TobC “DD included the prolines (P2226, P2232,
P2244, P2249, and P2253) for which only C,, Cg, and Co were
available (the Cp chemical shifts are consistent with trans
configuration), and P2243, K2261, A2262, and M2265 for which
no assignments could be obtained. In accordance with the CD
results, isolated TobC “DD and TobE “DD both contain o-
helical regions (Fig. 4). In TobC °DD, these correspond to
residues 12257-V2260 and Q2267-A2276 (o-helix propensity >
0.6, with the second a-helix having higher formation
probability*?), for an overall o-helix content of 24%. We were
not able to assign chemical shifts to multiple residues within
the intervening loop, indicative of its dynamic character. Only
residues E24-S27 of TobE "DD exhibited chemical shifts con-
sistent with the o-helix (o-helix propensity > 0.6), and an
overall o-helix content (8%) that was lower than estimated by
both CD and PSIPRED. Overall, these results are consistent with
the idea that both DDs, while mostly disordered, contained pre-
structured motifs (PreSMos) which reduce the entropic penalty
of partner binding.**

We next investigated the dynamical properties of the two
DDs in the absence of their partners (Fig. 4). The obtained data
show that both DDs excised from their subunit context exhibit
flexibility on a ps—ns timescale, with heteronuclear NOE values
below 0.5 for all residues. Within TobC “DD, the dynamics are
not limited to the residues in the loop region (K2261-M2265)
as all residues exhibit low heteronuclear NOE values (<0.2),
except for those showing higher a-helical propensity (i.e. 12257-
A2276) with values between 0.2 and 0.5. The heteronuclear NOE
values of all amino acids within TobE NDD are <0.2, includ-
ing those within the predicted a-helical region. Overall, this
analysis revealed both excised and unbound DDs to be highly
dynamic in solution, consistent with the low content of
secondary structure.

We next analyzed the interaction between TobC “DD and
TobE DD by titrating both DDs in **C,'*N-labeled form with
different ratios of the unlabeled partner (Fig. 5). The hetero-
nuclear NOE spectra of the complexed DDs were also recorded
at the endpoint of each titration (Fig. 5). The first major
observation was that upon titration, many of the amide signals
of both DDs underwent large chemical shift changes. This
suggests that complex formation induces substantial structural
modification of both proteins (Fig. 5).

To interpret these results, chemical shift assignments of the
peptide backbone atoms were completed for residues L2225-
R2278 of TobC “DD and M1-D44 of TobE "DD in their
complexed forms (Fig. 5). This analysis revealed that residues
T2252-R2278 of TobC “DD and 120-G33 of TobE DD under-
went the largest chemical shift perturbations (CSP Z-score > 1)
(Fig. 5), and must therefore lie at the interface of the complex
and/or be situated in regions experiencing induced structura-
tion. Heteronuclear NOE coupled with NMR-based secondary
structure analysis (Fig. 5) showed that the first a-helix in TobC
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“DD in complex with TobE NDD was extended relative to the
isolated form (helix ol: P2253-A2262 (10 residues vs. 4 in
isolated TobC “DD)), whereas the extent of helix u2 (Q2267-
M2277) corresponds to the prediction. The dynamic behavior of
the TobC DD o-helices was also reduced, as the T2252-R2278
region exhibited heteronuclear NOE values above 0.5. In bound
form, TobE NDD similarly contains an extended a-helix com-
prising residues A22-132, with the overall region showing
heteronuclear NOE values above 0.4 and residues S21-D30
exhibiting values above 0.5. Consistent with this increase in
structuration, the % a-helix for TobC “DD and TobE DD was
calculated to be 39% and 23%, respectively. Thus, binding
with a partner induces the transient PreSMos identified in
the isolated DDs to fold into stable o-helical elements (so-
called molecular recognition features (MoRFs)*®). This result
confirms that TobC “DD and TobE “DD are IDRs as observed

14,1522 a1beit never for both members of a matched

previously,
DD pair.

The remaining amino acids within the DDs remained highly
dynamic as evidenced by the low heteronuclear NOE values,
and thus do not contribute directly to the docking interface,
consistent with the chemical shift perturbation data (Fig. 5).
Nonetheless, we cannot exclude that the interaction incorpo-
rates ‘fuzzy’ elements, i.e., the flanking disordered regions also
kinetically promote docking.** Approximately one-third of the
residues within the unstructured portions are charged (ESIL, ¥
Fig. S1), and thus may restrict the conformational freedom in
the individual IDRs via long-range intramolecular contacts and/
or boost association rates via transient, non-specific electro-
static interactions.**

AlphaFold2-based modelling of the TobE “DD/TobC “DD
complex

AlphaFold2*° is highly accurate for predicting the 3D structures
of isolated proteins. However, its reliability for shorter
sequences (<100 residues), which include DDs, is lower.
Indeed, it can predict a-helical structure for hypothetical pro-
teins from non-coding genomic regions,*" and it has shown
limited success to date at modeling the structures of protein
complexes.*>*® Thus, it was of interest to evaluate its capacity
to predict the structures of the isolated DDs, as well as that of
the relatively simple complex between them. As anticipated, the
program converged to a near-native model of the folded region
within TobC °DD, incorporating two antiparallel o-helices
P2253-A2262 and Q2267-A2276 (pLDDT > 80) (ESL Fig. S4).
However, it was less accurate concerning the intrinsic flexibility
of the isolated “DD, as the “predicted aligned error” (PAE)
output suggested a rigid architecture in which the two a-helices
are situated close together (ESL Fig. S4). In the case of the
isolated TobE “DD, structure prediction resulted in three
distinct sets of models, one composed of two non-interacting
a-helices H3-D17 and A22-G35 (pLDDT >60), one comprising
two o-helices S11-A16 and A22-G33 (pLDDT > 60, except for
S11, D12, and R13, for which pLDDT > 57), and one including a
single a-helix A22-G33 (pLDDT >60) (ESLf Fig. S4). Overall,
the third model is most consistent with the TobE ¥DD structure

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 NMR studies of bound TobC DD and TobE NDD. (a) Assigned *H, **N HSQC spectrum of *H, »*N-TobC “DD in complex with unlabeled TobE
NDD. (b) Assigned *H, N HSQC spectrum of *H, *®N-TobE NDD in complex with unlabeled TobC “DD. Folded peaks are marked with an asterisk.
(c) Residue chemical shift perturbation Z-scores calculated for TobC “DD at the endpoint of the titration with TobE NDD. The gray zone represents
Z-scores below 1. (d) Residue chemical shift perturbation Z-scores calculated for TobE NDD at the endpoint of the titration with TobC “DD. (e) TALOS-N
chemical shift-based «-helix propensity of TobC “DD. Identified secondary structures (defined by a-helix propensity > 0.6) are shown above the data.
(f) TALOS-N chemical shift-based a-helix propensity of TobE NDD. (g) {*H}-'°N heteronuclear NOEs measured at 14.1 T on TobC “DD. The gray zone
corresponds to values below 0.5. (h) {*H}='°N heteronuclear NOEs measured at 14.1 T on TobE NDD. In (c), (d), (g), and (h), residues for which data could
not be calculated are indicated by a black dot. A description of the error calculation is given in the Materials and methods.

observed by NMR, even though the predicted a-helix is longer
than that identified by NMR based on the NMR chemical
shift data.

The prediction of the TobC “DD/TobE NDD complex struc-
ture yielded a model in which the single a-helix of TobE "DD
interacts with the two antiparallel o-helices of TobC “DD to
form a three-o-helix bundle comprising P2253-A2262 and
Q2267-A2276 of TobC “DD and A22-T34 of TobE "DD (pLDDT
> 60, except for T34 for which pLDDT >57) (ESI,T Fig. S4).

© 2024 The Author(s). Published by the Royal Society of Chemistry

However, as for the isolated DD, the single TobE "DD a-helix is
longer in the model than that identified by NMR.

Elucidation of the NMR solution structure of the TobC DD/
TobE NDD complex

We next aimed to provide biophysical proof for the novel DD
complex structure predicted by AlphaFold2. In contrast to our
earlier studies,"**> we were able to saturate the non-covalent
complex of the domains and solve the resulting structure, thus
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obviating the need to covalently fuse them to stabilize their
interaction, as previously described.'>'*1%17:18:20

Structural elucidation of the TobC “DD/TobE DD complex
was carried out by multidimensional heteronuclear NMR
spectroscopy using two samples in which either *N-'°C-
labeled TobC “DD or TobE “DD was analyzed in the presence
of a 2-fold excess of the unlabeled partner. Using standard
double- and triple-resonance experiments, *H, **C, and *N
resonance assignments were completed to 98.7% for the back-
bone atoms, 98.2% for sidechains, and 100% for aromatic
moieties (as calculated using the PSVS server'”). Structure
calculation was then performed using a two-stage procedure
consisting of initial structure generation using CYANA*® fol-
lowed by restrained molecular dynamics refinement within
Amber,*® as reported previously.'*'**® The 1349 nuclear Over-
hauser effect (NOE) distance restraints obtained from three-
dimensional NOESY-HSQC experiments including 171 inter-
molecular NOEs, were distributed mainly between residues
L2251-R2278 of Tob C °DD and 120-G33 of Tob E "DD, whose
residues exhibited the highest heteronuclear NOE values. Here,
68 backbone angle restraints derived from the chemical shifts
and stereospecific group assignments for 12 pairs of Leu and
Val methyl groups determined from the 'H-">C constant-time
HSQC (recorded on a 10% 'C-enriched sample),”* were
also used to calculate the NMR solution structure of the DD
complex.

The selected final ensemble of 20 conformers had no viola-
tion of NOE restraints greater than 0.2 A and no angle viola-
tions greater than 5°. The large number of restraints (> 12 per
residue on average and > 23 per residue when only considering
residues with heteronuclear NOE value > 0.4 (i.e., L2251 and
R2278 of Tob C “DD and 120-G33 of TobE NDD)) yielded a high-
precision ensemble with root-mean-square deviation (RMSD)
values of 0.6 + 0.1 A for the backbone and 1.1 & 0.1 A for
all heavy atoms calculated on ordered residues (TobC °DD

b
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L2251-R2278 and TobE “DD E19-G33). The input and refine-
ment statistics, as well as the structural statistics specified by
the NMR-validation task force,*” are shown in ESI, Table S3.
The quality of the structure was assessed using the PROCHECK-
NMR,> PSVS,"” and MolProbity®* servers. The coordinates of
the 20 structures defining the NMR structure ensemble and the
full list of NMR restraints used for calculation and refinement
were deposited in the Protein Data Bank under accession
number 8RA]J.

Within the docking complex, TobC °DD comprises two
consecutive short a-helices (P2253-K2261 and Q2267-M2277)
oriented at an angle of 176 + 4° with respect to each other,
while the upstream residues L2225-D2250 are unstructured
(Fig. 6). TobC “DD contains 6 prolines in the trans
configuration,®® and thus there is likely no change in geometry
relative to the unbound form. TobE “DD is composed of one
unique o-helix (A22-A31), while the flanking residues M1-E19
and T34-D44 are disordered (Fig. 6). Notably, TobE “DD
represents the first case, to our knowledge, in which a docking
domain follows a relatively extended unstructured region at the
subunit N-terminus (the extreme N-terminal sequence is
encoded by GC-rich codons, which argues that the start site
has been correctly assigned'). Docking of the TobE “DD
o-helix on top of the two TobC °DD o-helices results in an
overall parallel three-a-helix bundle. We thus propose to name
this type of complex 3HBD, relative to that reported for the PAX
NRPS (now designated 3HBa). Globally, the experimental struc-
ture of the DD complex is close to the model predicted by
AlphaFold2, with an RMSD of 0.51 & 0.05 A calculated for the
backbone of residues P2253-M2277 and A22-D30.

The total buried surface area at the docking interface mea-
sures approximately 1140 A% with more than 75% composed of
hydrophobic residues. These include P2253, 12256, 12257,
V2260, M2265, A2270, L2274, 12275 and M2277 of TobC °DD
and 120, A22, A25, 126, M28, 129 and 132 of TobE NDD (Fig. 6).

P2253
12256

L2274 ~ _ K1222§1
M2265 —<IS 7

L26 D23

Fig. 6 NMR structure of the TobC “DD/TobE DD complex. TobC “DD and TobE NDD are colored red and blue, respectively. (a) NMR ensemble of the
20 best conformers that represent the solution structure of the TobC “DD/TobE NDD complex. Except for the regions comprising the a-helices, the
residues are highly dynamic. TobE NDD is colored in blue, TobC “DD in red and the non-native sequence (tag) is shown in grey. (b) The representative
conformer of the complex in the NMR ensemble. The unstructured regions have been removed and symbolized as dashed lines. (c) The interface
between the two docking domains. Residues important for the interaction are colored according to their nature: hydrophobic in yellow, basic in blue,
acidic in red, non-polar in light green, and methionine in olive green.
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The structure also identifies two pairs of charged residues at
the interface, which may contribute to interaction specifi-
city:'>'*1%17 TobC “DD R2271/TobE "DD D30, and TobC “DD
R2278/TobE "DD D23.

Evaluation of charged residues potentially involved in TobC
“DD/TobE DD complex formation

We aimed to directly investigate the roles of the identified
charged residues in mediating the docking interaction.
However, this experiment was complicated by the IDR character
of both DD partners as the introduced mutations could impact
the ability of the DD domains to interact and to undergo
induced folding. We therefore focused our attention on the
more substantially structured TobC °DD, which we judged
would be more resistant to mutation-induced perturbation.
Nonetheless, mutation of R2278 to alanine (ESI,i Table S1)
resulted in a detectable alteration of the TobC “DD secondary
structure even in the absence of complex formation, with the
structural perturbation even more pronounced in an R2271A/
R2278A double mutant (ESL T Fig. S5). However, as the R2271A
single mutant exhibited no substantial structural difference
when compared to the wild type (ESI,} Fig. S5), we investigated
its binding to TobE NDD.

Analysis of the interaction by ITC yielded variable results,
with either no binding detected or very weak affinity (the K, was
estimated at 769 pM due to the absence of saturation of the
complex, and with forcing the stoichiometry to 1). While we
cannot exclude an effect of the mutation on TobC “DD-induced
structuration, the substantial decrease in affinity supports a
role for this residue in driving complex formation with TobE
DD (k,n,). Consistent with this proposal, no evident increase in
secondary structure was observed by CD when TobC “DD
R2271A and wild-type TobE NDD were combined (ESIL, Fig. S5).

TobC °DD resembles 4HB-type “DDs

To our knowledge, no 3 o-helix bundle docking interaction
analogous to the PAX 3HBa type®® has been described from a
PKS system. However, the detailed topology differs between the
Tob and PAX structures, as in the TobC °DD/TobE “DD
complex, the three o-helices are parallel, while in the PaxB
°DD/PaxC "DD case, the a-helical "DD binds to the center of
the V-shaped o-helices of the DD (Fig. 2). The TobC °DD fold
more closely resembles the individual docking domains giving
rise to the 4 ao-helix bundle (4HB)-type DDs described from
other trans-AT PKSs VirA °DD (PDB ID: 2N5D'’), VirFG "DD
(PDB ID: 2N5D"®) and MInE “DD (PDB ID: 5D2E'®) (ESLf
Fig. S6). In the 4HB family, the two parallel a-helices contrib-
uted by both the “DD and NDD interact perpendicularly to form
the 4 a-helix bundle (Fig. 2). The angles between the o-helices
(163 £ 4°, 172° + 3° and 166° respectively, for VirA DD, VirFG
DD, and MInE ¥DD) are close to that within folded TobC “DD
(i.e.,, 176 + 2°) (ESL,t Table S4). A comparison of the DD
backbones (TobC “DD (G2255-12274) vs. VirA °DD (A6941-
L6960), VirFG "DD (E5-L24) and MInE “DD (Q10-129)) yielded
RMSD values of 0.56 £+ 0.05 A, 0.74 £+ 0.06 A and 0.56 =+
0.07 A, respectively. Furthermore, the structural and sequence

© 2024 The Author(s). Published by the Royal Society of Chemistry
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alignment of VirA DD with TobC “DD show that hydrophobic
residues are well conserved at seven positions, and thus are
likely to play common roles in both “DD folding and inter-
action with the "DD partners. Three of the hydrophobic resi-
dues are located on helix a1, one is located in the loop between
helices a1 and o2, and the last three are located on helix a2
(ESL Fig. S6).

The strong similarity of the structures is reinforced by the
calculation of the TM-scores®®”” between TobC “DD (T2252-
L2275) and VirFG NDD (D2-A25), VirA DD (D6938-T6961) and
MInE "DD (Q7-K30), with values of 0.66 + 0.04 (min = 0.55,
max = 0.77), 0.62 £+ 0.04 (min = 0.49, max = 0.71) and 0.57 +
0.03 (min = 0.53, max = 0.63), respectively. (Note: TM scores vary
between 0 and 1, with scores <0.17 corresponding to random,
unrelated proteins, and scores >0.5 indicating the same fold*®).
By comparison, within the type 4HB DD family, the structural
similarity is lower (RMSD for MInE “DD vs. VirA “DD and VirFG
NDD = 0.88 4 0.06 A and 0.90 + 0.06 A, respectively, with TM-
scores of 0.49 + 0.01 (min = 0.47, max = 0.52) and 0.51 % 0.02
(min = 0.47, max = 0.54)). Globally, this analysis argues that
TobC “DD adopts a type 4HB °DD fold, despite interacting with
only a single a-helix from TobE DD to form an overall 3HBb
docking complex.

Evaluation of previously classified “DDs reveals unrecognized
similarities

The behavior of TobC “DD prompted us to try to identify
analogous situations in which individual DDs of shared struc-
ture are deployed to form docking complexes of divergent
architecture, and found this to also occur with type 2 “DDs.
In the prototypical type 2 docking complex, both the C- and N-
terminal DDs comprise 2 a-helices.'® The second a-helix of the
NDDs forms a coiled-coiled motif, and both it and the first
o-helix associate with the two a-helices of the “DD to form an
overall 8 a-helical bundle (Fig. 2)."® In contrast, while the two
a-helix PaxB DD (ESI, Fig. S7) adopts a type 2 °DD fold (RMSD
for PaxB “DD vs. CurG “DD = 0.70 + 0.10 A (ESI,t Table S5 for
TM scores)), it forms a type 3HBa complex with its partner (PDB
ID: 6TRP*'). The type 2 character of PaxB “DD is reinforced by
sequence comparison, which shows that L3304, L3307, L3312
and L3316 align with hydrophobic residues present in other
type 2(-related) “DDs, including 11562, $1565, L1570 and 11574
of CurG °DD, 12625, L2628, L2633 and L2637 of Bam_5925
DD, and 12209, L2212, L2217 and V2221 of CurK °DD. These
key amino acids are distributed similarly to those in 4HB-type
°DDs, with the first located on helix a1, the second in the
loop between helices a1 and o2, and the last two on helix o2
(ESL,t Fig. 57).

As for PaxB °DD, the type 2 CurK °DD interacts with only
one o-helix furnished by the partner CurL “DD (PDB ID:
4MYZ'®) and its structure resembles the PikAIIl “DD (PDB ID:
3F5H") from the pikromycin PKS, although the latter was
classified as a type 1b “DD (PDB ID: 4MYZ'®), as they are both
composed of a one-turn o-helix associated with a longer o-helix.
The measured angles between the a-helices are 125 + 1° and
128 + 5° for CurK °DD and PikAIll “DD, respectively, and
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structure superposition yielded a RMSD value of 0.53 + 0.14 A
and a TM-score of 0.58 + 0.03 (ESI, Table S5 for TM scores).
Furthermore, the structure and sequence comparisons show
that 12209, 12212, L2217, L2221 and L2222 of CurK °DD are
located at equivalent positions to those of 11544, L1547, L1552,
A1556 and L1557 of PikAIIl DD (ESL1 Fig. $7), a placement
they share with aliphatic residues in PaxB and CurG “DDs.

In another variation on a theme, paired DDs from the
enacyloxin hybrid cis-AT/trans-AT PKS (Bamb_5925 “DD/
Bamb_5924 "DD) adopt a type 2 fold but the structure of the
resulting docked complex differs from canonical type 2 archi-
tectures (and consequently was designated ‘type 2-related’).**
Globally, this analysis reveals that individual “DDs of equiva-
lent topology can be combined to yield multiple complexes of
distinctive structure, a phenomenon that must depend on
their structures and the interaction surface presented to the
partner NDDs.

Towards understanding the basis for alternative type 2 "\DD
folding

To extend this analysis to the "DDs, we first compared the
sequences of "DDs that alternatively fold into one or two
o-helices. Two o-helices CurH (PDB ID: 4MYY'®), Bam_5924
(PDB ID: 6TDN'"), and PaxB "DDs (PDB ID: 7B2B*’) share
similar structural features (ESI,t Fig. S7 and Table S6). The
structure and sequence alignments of the domains identify
three conserved aliphatic residues (118, L21, and L29 for CurH
NDD; L18, L21, and L29 for Bam_5924 NDD; and L6, L9 and L17
for PaxB “DD), the first of which is located on helix a1, the
second on the turn in the interhelical region, and the third on
helix o2 (ESL Fig. S7). These residues are clustered together in
the structure of the “DDs, creating a hydrophobic core that
likely contributes to the overall V-shaped structure of the DDs,
as well as stabilizes the resulting DD complex (ESL Fig. S7).
In contrast, the "DDs of CurL (PDB ID: 4MYZ'®) and PaxC
(PDB ID: 6TRP?°) from the same two systems contain only one
o-helix, although the PaxC DD is long enough to accommodate
an additional, upstream o-helix. It is also notable that in the
absence of its partner, the CurL DD can fold into a longer
o-helix (PDB ID: 4MZ0'®) (ESL,t Fig. S7). The sequence align-
ment of one o-helix Curl, and PaxC “DDs with the “DDs
comprising two o-helices (CurH, Bam_5924 and PaxB “DDs),
shows that the aliphatic residues L13 and 121 of CurL and L8
and L16 of PaxC, align with L9 and L17 of PaxB, L21 and L29 of
Bam_5924, and 121 and 129 of CurH "DDs. Structural align-
ment confirms that L13 and 121 of CurL superimpose with L9
and L17 of PaxB, L21 and L29 of Bam_5924, and L21 and L29 of
CurH “DDs. However, only L16 of PaxC superimposes with L17
of PaxB, L29 of Bam_5924, and L29 of CurH “DDs, because L8
of PaxC is located within the continuity of the same o-helix, and
not on a loop as in the other complexes (ESL Fig. S7). None-
theless, L8 and L16 align structurally with L13 and L21 of the
alternative extended o-helical form adopted by isolated CurL
NDD'® (ESI, T Fig. S7). A potential additional explanation for the
absence of the first o-helix in CurL and PaxC “DDs is the
presence of a negatively charged residue (E10 in CurL and E5
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in PaxC (ESL Fig. S7)) in place of an aliphatic residue in the
extreme N-terminal region which may disrupt its folding and/or
destabilize it. Thus, although PaxC DD contains a single
a-helix, it closely resembles CurL DD and the second a-helix
of type 2 NDDs.

Key architectural and specificity features of type 2(-related)
complexes

To further explore the similarity between the type 3HBa PaxB
“DD/PaxC "DD?° pair and type 2 DDs, we calculated backbone
RMSDs for the complex structure (PDB ID: 6TRP*®) (V3300-
L3316/D9-120) vs. the complexes of type 2 CurG “DD/CurH "DD
(PDB ID: 4MYY'®) (L1558-11574/S22-K33) and type 2-related
Bam_5925 “DD/Bam_5924 “DD (PDB ID: 6TDN') (E2621-
1.2637/S22-1.33), yielding values of 1.13 + 0.07 A and 1.18 +
0.07 A, respectively (note, 1.13 represents an average for the two
distinct reported conformations of CurG “DD/CurH “DD) and
TM-score of 0.51 and 0.49 respectively. Therefore, despite PaxC
DD comprising a single a-helix, the docked PaxB “DD/PaxC
DD interaction is closely similar to these type 2(-related)
complexes. Notably, both PKS and purely NRPS systems employ
similar types of docking domains but the PaxB “DD/PaxC DD
complex is monomeric instead of dimeric, reflecting the likely
monomeric state of the NRPS subunits®® from which it derives.

Among the type 2 and type 2-related complexes, selectivity is
proposed to be promoted by an electrostatic interaction invol-
ving an acidic residue present in the first a-helix of the “DD and
one conserved basic residue in the second o-helix of the "DD
(e.g., CurG °DD E1561/CurH "DD K32 and Bam_5925 “DD
E2624/Bam_5924 “DD K32 (ESL Fig. $7))."*'® In the case of
CurK °DD, as the first o-helix of the °DD is shorter than in
typical type 2 “DDs, the acidic residue involved (E2224) is
located in the second helix of the DD, and interacts with CurL
NDD K24 and also R27.'® Similarly, within the PaxB “DD/PaxC
NDD complex, K19, which is located at a similar position in the
DD, forms a salt bridge with E3303 situated in helix a1 of the
“DD. This interaction in the PaxB “DD/PaxC “DD complex
complements a salt bridge formed by the couple R23/D3296
(ESL# Fig. S7). Thus, key charge:charge interactions are
conserved among all of these DD pairs, consistent with their
relatedness.

Concerning the alternative association modes of type 2 and
type 2-related DDs, the main difference lies in the way the
V-shaped DD monomers homodimerize and so contact their
“DD partners (Fig. 2). The presence of heptad repeats in
classical type 2 complexes results in coiled-coil formation by
the DD, and each “DD contacts both "DDs'® (Fig. 2, ESI, Fig.
S7). In contrast, in the type 2-related complexes which lack
heptad repeats, the “DDs interleave and each “DD contacts
principally one °DD' (Fig. 2, ESL, Fig. 7).

Interestingly, the PaxA-T1 °DD/PaxB "DD interaction seems
to be related to type 2(-related) complexes, even though the first
a-helix of the “DD is contributed by the upstream PCP domain
(T1). Moreover, PaxB "DD is monomeric, as the canonical
heptad repeat needed for coil-coil formation is not present
(ESL Fig. S7). Nonetheless, the lengths of the a-helices and the
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inter-o-helical angles are similar (RMSD between the backbones
of PaxA °DD (11064-Y1080) and Bam_5925 (E2621-1.2637), CurG
“DD (L1558-11574) and PaxB “DD (V3300-13316) = 1.41 = 0.09 A,
1.30 & 0.10 A and 1.40 + 0.10 A, respectively). As mentioned
earlier, the type 2(-related) Bam_5925 and PaxB “DDs share four
conserved hydrophobic residues that are implicated both in “DD
assembly and the docking interaction. CurG only incorporates
three of these residues (11562, L1570, and I1574), as it lacks the
hydrophobic residue within the loop region, and this amino acid
is not well-conserved among type 2 DDs.'® Notably, the corres-
ponding residues in PaxA T1-°DD are L1068, F1071, L1076, and
Y1080. Although the presence of aromatic residues at these 4
positions is uncommon, such substitutions have already been
observed in other PKS type 2 “DDs."® Thus, the type 2(-related) DD
folding and mode of association are tolerant to these sorts of
variations. Further arguing for the type 2(-related) character of the
PaxA-T1 “DD/PaxB “DD complex, it incorporates a polar inter-
action resembling the salt bridge implicated in docking specifi-
city. This involves Q1067 in the first o-helix of the DD and K22
in the second o-helix of the "DD, although other residue couples
are present in the complex, which also contribute to complex
formation®" (ESI,1 Fig. S7). Nonetheless, as the complex is unique
in incorporating an o-helix contributed by the PCP domain and
having perpendicularly interlaced DDs, it would be prudent to
hold off on its classification, pending the identification of addi-
tional, analogous interactions.

Having identified similarities between isolated type 2 CurK
°DD and type 1b PikAIll “°DD, we evaluated whether their
respective complexes with their DD partners were also related.
As noted earlier, in the absence of CurK °DD, CurL DD can
fold into a longer a-helix (PDB ID: 4MZ0'®), and the two
different conformations of the DD adopt a coiled-coil
configuration.'® This coiled-coil superimposes well with the
type 1b PikAIV DD coiled-coil within the PikAIIl “DD/PikAIV
DD complex (PDB ID: 3F5H) with a RMSD value 1.93 A and a
TM-score of 0.74 (ESL{ Fig. S7 and Table S5). While direct
comparison of the overall docked “DDs/"DDs complexes of
PikAIII/PikAIV and CurK/CurL yields a high RMSD (2.05 A)
(ESL ¥ Fig. S7 and Table S5), the TM-score is 0.58, showing that
the overall topologies are similar.

A systematic comparison of the structures of available type
2(-related) and type 1 “DD/NDD complexes gives RMSD values
between 1.71 and 2.54 A, with TM scores higher than 0.5.
Higher RMSD values (>4 A) for the type 2-related Bam_5925
“DD/Bam_5924 “DD complex relative to the other “DD/NDD
complexes (ESILi Table S5) are explained by the fact that its
NDDs are not folded as a coiled-coil, but are interleaved. As a
result, compared to the other “DDs, the binding of Bam_5925
°DD is offset (ESL,1 Fig. S7). Thus, overall, the conclusion that
emerges is that type 1 and type 2 DD complexes are structurally
closely related, even though their sequences have often been
differentiated in previous studies.">'*'” Such similarity rarely
provokes specificity issues in their native contexts, as type 1a/1b
DDs are typically found in actinomycetes, while type 2 DDs are
present principally in myxobacteria and cyanobacteria.>
In cases such as the unusual, hybrid cis-AT/trans-AT enacyloxin
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IIa PKS of Burkholderia ambifaria where both type 1- and type
2-related domains are present, they are intrinsically ortho-
gonal,"* demonstrating that the key interaction residues in
each case are sufficient to confer specificity.

Conclusions

We aimed to investigate potential DDs from the recently dis-
covered toblerol (Tob) trans-AT PKS system."" Both the origin of
the PKS from a methylotroph Methylorubrum extorquens AM1,
and its atypical organization, suggested that it might contain
DDs exhibiting novel characteristics. We have shown herein
that both DDs operating at the central TobC/TobE interface are
intrinsically disordered (IDRs) as discrete domains, only adopt-
ing stable a-helical structures in the presence of their partner.
Neither standard secondary structure prediction programs nor
AlphaFold2*° were able to confidently predict the number and
extent of the o-helices in TobE DD, thus illustrating the
importance of experimental investigations. The finding that
both DDs are IDRs further strengthens earlier observations'*
concerning the utility of such elements in modular PKS systems
for achieving both high specificity and low-to-medium affinity
interactions. Furthermore, while folded TobC “DD resembles
the so-called 4 a-helix bundle (4HB) “DDs from other trans-AT
PKSs," it induces its partner "DD to adopt only a single a-helix,
giving rise to a novel 3HBb docking complex with a measured
interaction strength (Kp = 4 uM) on par with other pairs of 4HB
domains.""'® Taken together with previous work, these data
show that even within ¢rans-AT PKSs, equivalent DD elements
can be deployed in several different ways (i.e. to form 4- or
3- a-helix bundles) to meet common affinity and specificity
imperatives.

The fact that individual 4HB fold DDs can interface produc-
tively with both mono- and bi-helical partners prompted us to
reexamine other known types of DD complexes for the re-use of
common elements. This analysis revealed that type 2 DDs also
participate in assemblies of several different configurations.
When the “DDs adopt the canonical type 2 fold, they form
8 a-helix bundles of varying topology (canonical type 2 and type
2-related), along with 3 a-helix bundles (type 3HBa) of geometry
distinct from that of the TobC “DD/TobE “DD complex (type
3HBbD). In each case, a limited set of conserved hydrophobic
and/or charged residues appears to play a decisive role in
defining the overall architecture of the complexes and the
specificity of the interactions, while ensuring similar binding
affinities.

Globally, these observations illustrate the high versatility
and adaptability of a-helical DDs as docking elements. How-
ever, the fact that individual DDs that exhibit the same folds
can form divergent complexes further complicates efforts to
reliably predict DD types. The classification of DDs into types
should thus not be based on the unpaired elements but on the
experimentally determined topologies of the native complexes.
We anticipate, however, that additional progress in elucidat-
ing DD structures coupled with ongoing improvements in
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AlphaFold*’-based structure prediction will ultimately allow for
DD characterization based on sequence analysis alone. In the
meantime, the results reported here further expand the toolbox
of DDs available for PKS synthetic biology.>*>®

Materials and methods
Sequence analysis

The sequences of the analyzed docking domains were retrieved
from UniProt.®® To identify putative docking domains at the
extremities of the toblerol PKS subunits, the boundaries of
their adjacent domains were determined by multiple sequence
alignments of known PKS domains using Clustal Omega®" and
HHpred.®* Secondary structure prediction of the putative dock-
ing domains was performed with PSIPRED,**** and disorder
and interaction propensity were predicted with IUPred3/
ANCHOR2.%” Since no confident secondary structure prediction
emerged, the regions directly down-/upstream of the flanking
domains were expressed as TobC “DD and TobE DD, respec-
tively. In terms of the TobE NDD-ACP construct, the C-terminal
boundary was set to two residues after the last a-helix of the
ACP domain (Table S1, ESI¥).

Materials, DNA manipulation, and sequencing

The toblerol PKS gene cluster from Methylorubrum extorquens
AM1 was provided by J. Piel’s laboratory (Institute of Micro-
biology, ETH Ziirich, CH) on a fosmid. Biochemicals and media
were purchased from ThermoFisher Scientific (Tris, EDTA),
Merck (NaPi), CARLO ERBA (NacCl), BD (peptone, yeast extract),
VWR (glycerol), Sigma-Aldrich (imidazole, IPTG) and Eurisotop
(**NH,CI, "Cq-glucose). The enzymes for genetic manipulation
were purchased from ThermoFisher Scientific. DNA isolation
and manipulation in Escherichia coli were carried out using
standard methods.?® The purification of PCR products and
digested plasmids and mini-preparation of plasmid DNA were
performed using the NucleoSpin® Gel and PCR Clean-up or
NucleoSpin® Plasmid DNA kits (Macherey Nagel). PCR ampli-
fications were carried out on a Mastercycler Pro (Eppendorf)
using Phusion Hot Start II High-Fidelity DNA polymerase.
Primers were purchased from Sigma-Aldrich (France), and DNA
sequencing was performed by Eurofins Genomics (Koln, DE).

Cloning, expression, and purification of recombinant proteins

Three constructs (TobC “DD, TobE DD, and TobE NDD-ACP)
were amplified from the fosmid encoding the toblerol PKS
cluster using forward and reverse primers incorporating EcoRI
and HindlIlI sites for TobC “DD and BamH1 and Nhel restriction
sites for TobE DD and TobE “DD-ACP (ESI,# Table S2).
Amplicons were ligated into the equivalent sites of vector
pBG102 (Center for Structural Biology, Vanderbilt University).
This vector allows the expression of proteins with an N-terminal
Hise-SUMO tag. Cleavage of the tag leaves a non-native
N-terminal Gly-Pro-Gly-Ser sequence when the BamHI site is
used and a Gly-Pro-Gly-Ser-Pro-Asn-Ser sequence when EcoRI
is used. The vectors were used to transform E. coli Rosetta 2
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(DE3) (Novagen) and constructs were expressed by growth in LB
medium at 37 °C to an Ao of 0.6, followed by induction with
IPTG (0.5 mM) and incubation at 20 °C for a further 15-18 h.
The E. coli cells were collected by centrifugation (8000 g) and
resuspended in buffer A (50 mM Tris, 500 mM NaCl, pH 8.5).
The cells were lysed by sonication and the cell debris was
removed by centrifugation (48000 g for 30 min). The super-
natant was filtered (0.22 pm) and loaded onto a HisTrap HP 5
mL column (GE Healthcare), equilibrated in buffer A. The
stationary phase was washed extensively with buffer A contain-
ing 50 mM imidazole, and His-tagged proteins were eluted
using a one-step elution with buffer A containing 300 mM
imidazole. The obtained fusion proteins were then incubated
with His-tagged human rhinovirus 3C protease (1 pM) for
14-18 h at 4 °C to cleave the Hiss-SUMO tag. The target proteins
were separated from the remaining His-tagged proteins by
loading onto a HisTrap HP 5 mL column (GE Healthcare),
followed by elution in buffer A containing 20 mM imidazole.
Flow-through containing the proteins was concentrated for a
final purification step by size-exclusion chromatography using
a HiLoad 16/600 Superdex 75 PG (GE Healthcare) equilibrated
with 100 mM sodium phosphate (pH 6.5). The purification
resulted in a homogeneous preparation of each protein. The
production of **N- and **C, **N-enriched TobC “DD and TobE
DD for NMR structure elucidation was carried out by growth
in M9 minimal medium. The minimal medium was supple-
mented with ">NH,CI (0.5 g L™ ") and “C-glucose (2 g L™ ') as the
sole sources of nitrogen and carbon. The isotopically labeled
constructs were purified to homogeneity using the same pro-
tocol as for the unlabeled proteins. For the stereospecific NMR
assignment of the methyl groups of valine and leucine,” TobC
°DD and TobE “DD were expressed in M9 minimal medium
containing 0.2 g of "*C-glucose and 1.8 g of >C-glucose as the
sole carbon sources to generate 10% *C-enriched samples.*

Analytical gel filtration

The interaction between the DDs was assessed by size exclusion
chromatography using a Superdex 75 10/300 GL column
(GE Healthcare) equilibrated with 100 mM sodium phosphate
(pH 6.5) buffer. SEC was carried out on isolated TobC “DD and
TobE “DD (400 uM of each protein) and an equimolar mixture
of TobC °DD and TobE DD (both at 400 uM). Elution of the
proteins was followed via the absorbance at 280 nm.

DD analysis by circular dichroism

Circular dichroism (CD) was performed on a Chirascan CD
from Applied Photophysics (UMS2008/US40 Ingénierie Biologie
Santé en Lorraine (IBSLor), Université de Lorraine-CNRS-
INSERM). Data were collected using a 0.1 mm path-length
cuvette containing 30 pL of 100 mM protein sample, at
0.5 nm intervals in the wavelength range of 180-260 nm at
20 °C. Measurements were made in triplicate, and sample
spectra were corrected for buffer background by subtracting
the average spectrum of buffer alone. To estimate the protein
secondary structure and evaluate the extent of induced folding
when the two DDs were combined,'*"® TobC °DD (100 uM) was
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placed in one cuvette and TobE “DD (100 uM) into another
cuvette, and a combined spectrum of the two cuvettes was then
recorded. The two DD samples were subsequently combined,
and the mixture (100 uM of each DD) was placed into both
cuvettes and then the signal was recorded from both cuvettes
simultaneously. Deconvolution of the CD spectra was carried
out using the Pro-Data Viewer software (Applied Photophysics,
Ltd, Leatherhead, UK).

DD analysis by isothermal titration calorimetry

ITC was performed using a MicroCal ITC 200 (GE Healthcare) at
25 °C (UMS2008/US40 IBSLor, Université de Lorraine-CNRS-
INSERM). A 300 pL aliquot of TobC “DD or TobE “DD at 60 pM
was placed in the calorimeter cell, and TobE DD or TobC “DD
at 600 pM was added as follows: 0.5 pL over 1.0 s for the first
injection, followed by 19 injections of 2 pL over 4.0 s with 120 s
spacing time. The heat of reaction per injection (ucal s™') was
determined by integration of the peak areas using NITPIC®*
and the data were fitted with Origin software (MicroCal, LLC,
USA) to determine the heat of binding (AH), the stoichiometry
of binding (N) and the dissociation constant (Kp). The heats of
dilution were determined by injecting the DDs (initial concen-
tration of 600 uM) into the cell containing only the buffer, and
these data were subtracted from the titration data before curve
fitting. The thermodynamic parameters of the interaction were
determined using the relationship AG = AH — TAS, where AG =
—RT*In(Kp) and AH is experimentally determined.

NMR data acquisition

NMR data were acquired on four samples: (i) 0.6 mM **N/**C-
labeled TobC °DD; (ii) 0.5 mM "°N/**C-labeled TobE “DD;
(iii) 1 mM *N/**C-labeled TobC “DD and 2 mM unlabeled
TobE “DD; (iv) 1 mM *°N/**C-labeled TobE DD and 2 mM
unlabeled TobC °DD. To minimize the amount of protein
needed, 300 pL of protein solution was loaded into a 4 mm
NMR tube. All NMR spectra were recorded at 298 K on a Brucker
DRX600 spectrometer equipped with a cryoprobe (UMS2008/
US40 IBSLor, Université de Lorraine-CNRS-INSERM) using
standard NMR experiments (reviewed in ref. 40). Backbone
and sequential resonance assignments were obtained by the
combined use of 2D "’N-"H and *C-"H HSQC spectra and 3D
HNCA, HNCACB, HNCO, HN(CA)CO, HNHA, and CBCA(CO)NH
experiments. Sidechain atoms were assigned using 2D aromatic
BC-'H HSQC, 3D (H)CC(CO)NH, H(CC)(CO)NH, (H)CCH-
TOCSY, and H(C)CH-TOCSY experiments. Stereospecific assign-
ments of valine and leucine methyl groups were determined by
recording "H-"*C constant-time HSQCs on the 10% fractionally
3C-labeled samples.”" To collect NOE-based distance restraints
for the TobC °DD/TobE “DD structure calculation, 3D *N
NOESY-HSQC and *C NOESY-HSQC were recorded using a
120 ms mixing time. Intermolecular NOE were recorded using
a 3D "*C/"®N X-filtered NOESY experiment on the [**C,"*N]TobE
NDD/[**C,**N] TobC “DD sample.”® {'H}-'°N-heteronuclear
nuclear Overhauser effect experiments®® were carried out using
standard Bruker pulse sequences on ’N-labeled DD alone and
in complex with its unlabeled DD partner. Experiments were
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recorded twice in an interleaved fashion with and without
proton saturation using a 7 s recovery delay. {'H}-"°N-
heteronuclear NOE was defined as NOE = S,,/S, and errors
using signal-to-noise ratios (SNR) as SNOE = NOE*((SNRg,) > +
(SNRynsat) 2)2.*” Chemical shift perturbations were calculated
using the following formula: CSP = (Ad%yy + (Ad/6.5)23.% Z-
scores were calculated as (CSP-u)/oc with u and ¢ being the
average and the standard deviation of the titration CSPs,
respectively.

NMR data analysis

NMR data were processed using Topspin 3.1 (Bruker) and were
analyzed with CcpNMR 3.0.4°° and NMRFAM-Sparky.”® Second-
ary structure prediction and random coil index analysis”* were
carried out using TALOS-N.**

NMR structure calculation and analysis

Initial structures were generated using CYANA 3.0 software.*®
Starting from a set of manually assigned NOEs (Nuclear Over-
hauser Effect), the standard CYANA protocol of seven iterative
cycles of calculation was performed with NOE assignments by
the embedded CANDID routine combined with torsion angle
dynamics structure calculation.”” In each of the 7 cycles, 100
structures starting from random torsion angle values were
calculated using 15000 steps of torsion angle dynamics-
driven simulated annealing. A total of 1349 NOE-based dis-
tances and 68 backbone angle restraints were used for the final
calculations. The angle restraints were obtained from '*C,,
3Cg, *C’, and "N chemical shifts using TALOS-N*' with an
assigned minimum range of +£20°. No hydrogen-bond
restraints were used for structure calculation. The second stage
consisted of refinement of the 50 lowest CYANA target function
conformers by restrained MD simulations in Amber 22,** using
previously published procedures.'*'> The representative ensem-
ble corresponds to the 20 conformers with the lowest restraint
energy terms. The quality of the structure was assessed using the
Protein Structure Validation Software Suite (PSVS),"”” PROCHECK-
NMR,** and MolProbity®* servers. Complex analysis was per-
formed by visual inspection using PyMOL”® and PDBsumi.”*
Root-mean-square-deviation calculation, structure superimposi-
tion, analyses, and illustrations were carried out using PyMOL.”?
TM scores were computed using US-align.>®>” Solvent accessible
surface areas were calculated using Naccess V2.1.1.”> 3D docking
domain models were generated using AlphaFold2.>° 'H, »*C, and
>N chemical shift assignments for isolated TobC “DD and TobE
NDD, and the TobC “DD/TobE DD complex have been deposited
in the Biological Magnetic Resonance Data Bank under accession
numbers 52224, 52225 and 34886, respectively, and the structure
coordinates and NMR restraints for the TobC “DD/TobE “"DD
complex in the Protein Data Bank under accession number 8RA]J.
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