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Evaluation of new acyl carrier protein hydrolase (AcpH, EC 3.1.4.14) homologs from
proteobacteria and cyanobacteria reveals significant variation in substrate selectivity and
kinetic parameters for phosphopantetheine hydrolysis from carrier proteins. Evaluation with

carrier proteins from both primary and secondary metabolic pathways reveals an overall

www.rsc.org/

preference for acyl carrier protein (ACP) substrates from type II fatty acid synthases, as well as

variable activity for polyketide synthase ACPs and peptidyl carrier proteins (PCP) from non-
ribosomal peptide synthases. We also demonstrate the kinetic parameters of these homologs
for AcpP and the 11-mer peptide substrate YbbR. These findings enable the fully reversible
labeling of all three classes of natural product synthase carrier proteins as well as full and
minimal fusion protein constructs

Introduction

Post-translational protein modification allows engineering of
extra utility into biochemical systems for a variety of medically
and scientifically useful purposes.'™ A particularly useful post-
translational modification of the carrier proteins (CP) from fatty
acid synthase (FAS), polyketide synthase (PKS) and non-
ribosomal peptide synthase (NRPS) pathways entails the
addition of 4’-phosphopantetheine (PPant) analogs, turning
unmodified apo-CP into modified crypto-CP.>'® The Walsh
laboratory identified a minimal peptide (YbbR) that can be
modified alone or as a fusion protein.'"!'> We have recently
shown the ability to selectively remove functional labels from
the Escherichia coli type 11 FAS ACP, AcpP, using the
recombinant Pseudomonas aeruginosa acyl carrier protein
hydrolase (PaAcpH), which offers the ability to iteratively label
and un-label ACPs and ACP fusions with a wide variety of
functionalities."> Here we expand these tools in the evaluation
of AcpH homologs from proteobacteria and cyanobacteria that
not only display superior kinetics for PPant removal from E.
coli AcpP, but also depict the first known specific PPant
hydrolase activity against short peptide substrates.

Since the first identification and characterization of E. coli
AcpH (EcAcpH),'"*" we have searched for ways to broadly
incorporate a specific biocompatible hydrolase activity into the
tool set of phosphopantetheine labeling first introduced using
the phosphopantetheinyl-transferase (PPTase) Sfp from
Bacillus subtilis.>'"'*'® Despite an otherwise unknown natural
role for the AcpH, an enzyme not consistently present in all
bacteria, the identification of a more stable AcpH homolog
from P. aeruginosa'’ and its subsequent characterization using
free and fusion-ACPs with phosphopantetheine analogs'
offered the potential of a promiscuous AcpH with which to
establish a robust reversible labeling strategy. However, while
this PaAcpH has primarily demonstrated promiscuity for a
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broad range of modified phosphopantetheines appended to the
E. coli type 11 FAS ACP, we were unable to constitute activity
on many carrier proteins in our library. These results
highlighted the need for a broader AcpH homolog activity
analysis.

Here we present a thorough substrate evaluation and kinetic
analysis of four AcpH homologs identified in proteobacteria
and cyanobacteria: P. aeruginosa PAO1 (PaAcpH,
NP_253043.1), Cyanothece sp. PCC 7822 (CyAcpH,
YP_003888700.1), Shewanella oneidensis MR-1 (SoAcpH,
NP_718678.1), and Pseudomoans fluorescens NCIMB 10586
(PfAcpH). We chose these organismic sources to represent a
snapshot of currently annotated PaAcpH relatives (Figure 1),
comparing proximal phylogenetic relations (P. fluorescens) and
more distal relationships (Cyanothece, S. oneidensis) using
calculations from protein sequences.18 In addition, we selected
AcpH homologs with broad sequence variation to provide
additional support of active site residue predictions.'” Finally,
to bolster Sfp/AcpH methodology as a site-specific reversible
labeling tool, we evaluated function of these homologs with
YbbR and S6 peptides discovered for PPant labeling,
containing 11 and 12 amino acids respectively.'"'?
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Figure 1. Phylogenetic analysis of AcpH sources. AcpH homologs
are currently predicted for a diverse set of bacterial phyla, including
proteobacteria,  cyanobacteria, bacteriodetes, planctomycetes,
spirochetes, and verrumicrobia. We analyze the activity for two
closely-related AcpH homologs (P. aeruginosa & P. fluorescens) as
well as two distantly-related AcpH homologs (Cyanothece PCC 7822
& S. oneidensis). Phylogenetic map calculatings are derived from
protein sequences using Phylogeny.fr web utility.'

Results and discussion

Cloning and expression produced soluble protein for all
constructs (Figure 2a & Supplementary Figure 1). The
nucleotide sequence for the obtained P. fluorescens NCIMB
10586 AcpH gene is uploaded to NCBI with accession number
KF667507, as the source strain’s genome is not sequenced.

Our initial goal was to establish the AcpH substrate
preference with regards to carrier proteins from FAS, PKS, and
NRPS pathways (Supplementary Table 1). We labeled all
carrier proteins with a coumarin-pantetheine analog using the
established one-pot labeling methodology (Figure 2b)'*® and
quantified AcpH activity as a significant reduction in protein
band fluorescence on SDS-PAGE. FAS ACPs were all derived
from bacterial protein targets with the exception of the
apicoplast ACP from P. falciparum. Evaluated FAS ACPs
included E. coli AcpP (EcAcpP, type II), P. aeruginosa AcpP
(PaAcpP, type II), S. oneidensis AcpP (SoAcpP, type II), P.
falciparum ACP (PfACP, Type II),*' M. tuberculosis AcpM
(Type 1I) and MAS (FAS/PKS hybrid). PaAcpH, PfAcpH, and
CyAcpH were active against all type II FAS ACPs (Table 1,
Supplementary Figures 2-9). No AcpH activity was observed
with the type I M. tuberculosis MAS, which resembles the
vertebrate FAS in size and domain organization. SoAcpH
showed inactivity with all crypfo-ACPs tested, so we
implemented holo-SoAcpP as a suitable model of its anticipated
natural substrate. This was performed in order to confirm
inactivity was not a result of incompatibility with a non-native
coumarin-PPant appendage on crypfo-ACPs. Interestingly, both
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Figure 2. AcpH homolog activity against crypro-CP. a) AcpH
homologs were cloned and expressed as soluble proteins. b) Crypto-
carrier proteins (CP) were generated by labeling apo-CP with Sfp and
modified coenzyme A (mCoA) generated in situ with CoaA, CoaD,
CoaE, ATP and coumarin-pantetheine. The most active substrates
were from FAS and PKS-type CP.

crypto-SoAcpP and holo-SoAcpP demonstrated spontaneous,
non-enzymatic PPant hydrolysis overnight (Supplementary
Figures 6 & 10a), requiring the subsequent /holo-SoAcpP
analysis be conducted on a shorter timescale (Supplementary
Figure 10b).

PKS-type ACPs were derived from a mixture of bacterial
and fungal targets. Evaluated PKS-ACPs included S. coelicolor
ActACP,”  A. parasiticus PksA,*> G. fujikuroi Pks4, = L.
majuscula JamC and JamF, **° and P. agglomerans AdmA.*¢
Activity in this category was less consistent (Table 1,
Supplementary Figures 2-3, 8-9, 11-12), with PfAcpH
demonstrating the only activity with crypro- ActACP and Pks4,
while all other AcpH except SoAcpH were capable of activity
with crypto- PksA and JamC.

NRPS-type peptidyl carrier proteins (PCP) were derived

Carrier Protein Enzyme
Organism Name PaAcpH PfAcpH CyAcpH SoAcpH
E. coli AcpP + + + -
P. aeruginosa AcpP + + + -
FAS S. oneidensis Acpf: + + + -
P. falciparum ACP* + + + -
M. tuberculosis AcpM + + + -
M. tuberculosis MAS - - - -
S. coelicolor ActACP - + - -
A. parasiticus PksA + + + -
PKS G. fuj'ikuroi Pks4 - + - -
L. majuscula JamC + + + -
L. majuscula JamF - - - -
P. agglomerans AdmA - - - -
P. agglomerans AdmlI - + - -
V. cholerae VibB - - - -
NRPS 4. orientalis CepK - - - -
P. protogens PItL + - - -
P. syringae SyrB1 - - - -

Table 1. Qualitative AcpH substrate selectivity for carrier proteins.
AcpH homolog activity was determined through overnight reaction
with crypto-CP except in the case of holo-SoAcpP. A significant
reduction in fluorescence of AcpH-treated CP from controls
(Supplementary Figures 2-9, 11-14) or Urea-PAGE gel-shift
(Supplementary Figure 10) are labeled as active “+”.*P. falciparum
ACP is derived from the apicoplast FAS-ACP.
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Figure 3. AcpH accommodates YbbR modifications. a) Various YbbR
peptide substrate variations were evaluated for AcpH activity
qualitatively by SDS-PAGE (Supplementary Figures 8, 18-20), and b)
quantitatively using a FRET quench assay (Supplementary Figure 24).
PfAcpH was found to accommodate all YbbR appendages, and
generate useful kinetic data (Table 3).

from bacterial protein targets. Evaluated PCPs included P.
agglomerans Adml,*® V. cholerae VibB,”” A. orientalis CepK,
P. protogens PItL, P. syringae SyrB1.® The only detected
activities resulted from PfAcpH with Adml and PaAcpH with
PItL (Table 1, Supplementary Figures 4, 8-9, 12-14). It is
particularly interesting that an AcpH from P. aeruginosa
worked with a PCP from another Pseudomonas species while
the P. fluorescens AcpH did not. Without knowing the true
overall role of AcpH within each organism, it is difficult to
predict how AcpH activity is dictated. However, in analyzing
the sequence variation between P. fluorescens from which our
PfAcpH was derived, and P. protogens from which PItL was
derived, we find that the amino acid sequence identity of
PaAcpH to the P. protogens Pf-5 annotated AcpH (not studied)
is 70%, while the PfAcpH to P. protogens identity is closer at
82%.

In compiling our results, we noticed that even a modest
difference in sequence between PaAcpH and PfAcpH enzymes
(62% identity) results in a significant difference in substrate
specificity. This indicates that sequence homology alone may
not be used to predict substrate compatibility. Despite the
promising  results demonstrating improved  substrate
promiscuity of the PfAcpH and CyAcpH homologs compared
to the established PaAcpH, the inactivity of SoAcpH raised
more questions. We suspected some possibilities for this were
that the protein is not purified in its active form (despite high
yields and purity), is misannotated as an AcpH while
possessing alternate function, or underwent a loss of function
mutation in its genetic past that was not detrimental to the
survival of S. oneidensis. To further investigate a cause for its
inactivity, we evaluated the secondary structure of SoAcpH
compared to the known active CyAcpH. Circular dichroism
revealed strong alpha helical character (Supplementary Figure
15), indicating a consistent protein fold. Additionally, we
aligned the SoAcpH protein sequence to those of PaAcpH,
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Modification Enzyme
N-term  C-term  PaAcpH PfAcpH CyAcpH SoAcpH
N/A N/A - + + -
FITC N/A - + + N/A
YbbR
GFP 6xHis - + + -
6xHis GFP - + + -
S6 N/A N/A + + - -

Table 2. AcpH activity with modified YbbR. Various YbbR peptide
substrate variations were evaluated for AcpH activity qualitatively
(Supplementary Figures 12-14). AcpH from both P. fluorescens and
Cyanothece PCC7822 demonstrated detectable activity with qualitative
analysis.

PfAcpH, CyAcpH, and EcAcpH for comparison to the existing
EcAcpH analysis based off the phosphodiesterase SPoT.'® This
analysis reveals all predicted aspartate active site Mn*" binding
residues in the case of all AcpH except SoAcpH
(Supplementary Figure 16), lending additional support to our
results demonstrating the S. oneidensis protein is inactive as an
AcpH. SoAcpH lacks two out of three AcpH Mn?'-binding
aspartates predicted by the Cronan laboratory, whose mutation
of a single one of these residues in EcAcpH reduces measurable
activity to nearly undetectable levels. '

Due to the observations of improved activity of PfAcpH and
CyAcpH from the original PaAcpH, our next goal was
characterization of activity against phosphopantetheine-labeled
YbbR and S6.''!2 We evaluated several variations of YbbR,
including free peptide (11AA) (Figure 3a & Supplementary
Figure 17a), fluoresceinisothiocyanate YbbR (FITC-YbbR)
conjugate (Supplementary Figure 17b),> and eGFP-YbbR
fusions.!" We conjugated coumarin-PPant to YbbR variations
and S6 (Supplementary Figure 17¢) with one-pot methodology
and analyzed with Urea-PAGE using all AcpH homologs,
demonstrating qualitative activity for all YbbR constructs with
PfAcpH and CyAcpH and no activity for PaAcpH or SoAcpH
(Table 2, Supplementary Figures 18-20). Additionally, PfAcpH
and PaAcpH demonstrated apparent activity with crypto-S6
peptide while CyAcpH and SoAcpH did not generate results
markedly different than negative controls (Supplementary
Figure 21). These observations enable a wide variety of bio-

conjugation applications using minimal peptides and
[ACPH], Vmax kcal kca&/KM
AcpH — CP N (minhy  Km M) iy (i M
PaAcpH 1 0.59+0.02 12+2 0.59+0.02 0.049
holo-ACP
PfAcpH (E. coli) 1 3.7+0.1 61+7 3.7+0.1 0.060
CyAcpH 0.005 1.1+0.1 58+9 211+11 36
PaAcpH | odogi; 17T TM 0(')0318 4705
crypto- : .
PfAcpH FITC- 1 0.17+0.01 48+5 0.17+0.01 0.003
YbbR (3) 0.004 + 0.004 =
CyAcpH 000 21E68 oo 2.0E-04

Table 3. AcpH homolog AcpP and YbbR kinetics. AcpH homolog
activity was determined at 37°C with holo- E. coli AcpP using HPLC
detection (Supplementary Figure 22), as well as crypto- FITC-YbbR in
a FRET-quench microwell plate assay (Supplementary Figure 24). Best
in-class kinetics for evaluated substrates are CyAcpH for holo-AcpP,
and PfAcpH for crypto- FITC-YbbR.
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phosphopantetheine analogs and provides potential advantages
for increased substrate variety and experimental flexibility.

Given the demonstrated variation in AcpH substrate
compatibility for both full carrier proteins, S6 peptide, and
variations of the 11-mer YbbR substrate, we sought to further
distinguish the new AcpH homologs with kinetic evaluation
using the representative E. coli AcpP and YbbR substrates.
Kinetic analysis of the AcpH homologs with holo- E. coli AcpP
at 37°C resulted in superior kinetic values for CyAcpH
compared to PaAcpH and PfAcpH (Table 3, Supplementary
Figure 22). K., values obtained were 211 min™ for CyAcpH,
3.7 min™ for PfAcpH, and 0.6 min™! for PaAcpH, with k.,/K,,
values of 3.6 min'*uM™ for CyAcpH, 0.06 min™'*uM™" for
PfAcpH, and 0.05 min"*uM™' for PaAcpH. Cronan previously
determined a k., of 13.1 min™! for EcAcpH, and k.,/K,, of 2.4
min"/pM,"® which compares favorably to the more soluble
PaAcpH and PfAcpH, but is still significantly lower than
CyAcpH. We were at first suspicious of the high apparent
turnover for CyAcpH, but these results were further confirmed
using EDTA quench to terminate hydrolysis, resulting in
enzyme arrest prior to HPLC analysis (Supplementary Figure
23).

These results indicate the significant finding that turnover of
E. coli holo- AcpP by CyAcpH surpasses the kinetic parameters
of Sfp for E. coli apo- AcpP (ke = 5.8 min”! and Keat/Kim = 1
min"'uM™).>° While the CyAcpH kinetic results are derived
from free E. coli AcpP, this result implies a significant
advantage for this newly characterized enzyme in designing
reversible labeling scenarios with AcpP as a protein handle.

Kinetics of AcpH homologs with the YbbR substrate were
determined using a FRET-reporter system with rhodamine WT
PPant-labeled FITC-YbbR, as previously utilized to monitor
Sfp activity (Figure 3b).>>*! Here FITC-YbbR was conjugated
with Rhodamine-CoA>®' to generate the crypto- FITC-YbbR
substrate (Supplementary Figure 17d). HPLC purification and
lyophilization of the crypto- FITC-YbbR supplied the substrate
necessary for AcpH kinetic analysis. SoAcpH was not analyzed
for kinetics, as it did not display activity in the qualitative
YDbbR activity analysis. Real-time analysis of AcpH homologs
at 37°C in 96-well format provided kinetic data favoring the
activity of PfAcpH for crypro- FITC-YbbR. K., values
obtained were 0.17 min™' for PfAcpH with k,/K,, of 0.003 min’
'uM™! (Supplementary Figure 24 and Table 3). Compared to the
Sfp for YbbR (ke = 11 min™', kep/Kyy of 0.091 min 'uM ™), the
PfAcpH demonstrated two orders of magnitude slower reaction
rates for label removal.

Following the completion of our substrate panels and the
identification of our most promiscuous AcpH from P.
Sfluorescens, we lastly wished to identify any particularly
important consensus residues from active protein sequences to
guide future substrate prediction. The sequences from 10 amino
acids flanking the modified serine were aligned and used to
generate a consensus sequence from all carrier proteins active
with PfAcpH (Supplementary Figure 25). This procedure
generated a core consensus of “DLGXDSLDXVEL” with “X”
being a non-conserved amino acid, which displays a strong
homology with amino acids residing in type Il FAS ACP. This
absolute sequence is not required for activity, but our results
indicate that most carrier proteins with 5 or fewer matching
amino acids are inactive, the exceptions being Adml and
YbbR/S6 peptide substrates. The “DSL” portion appears to be
especially important, as only one PKS ACP, JamC, and one
NRPS PCP, Adml, are active with the variation “DSS” and
“DSV?” respectively. In comparison, none of the inactive NRPS

This journal is © The Royal Society of Chemistry 2014
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Scheme 1. Various peptide labeling techniques exist that allow the
conjugation of various functional groups (-R) to peptide scaffolds. (a)
Reversible phosphopantetheine labeling with Sfp and AcpH allow
directional application of probes to various modified YbbR peptide,
while (b) sortase reversibly exchanges peptide labels in an equilibrium-
driven manner. Other predominant irreversible peptide labeling can be
accomplished through (c) addition of farnesyl group with farnesyl
transferase, as (d) peptide coupling catalyzed by
transglutaminase.
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PCPs contain the “DSL” active site sequences or possess more
than 6 matching identical amino acids surrounding the active
site.

Site-specific PPant labeling may be compared to existing
techniques (Scheme 1) allowing peptide labeling, including
sortase  (5AA),****  famesyl-transferase  (4AA),* and
transglutaminase (5AA).*>*® PPant labeling provides various
advantages when compared to these other peptide labeling
systems, the first of which is label removal now enabled by
AcpH. The other reversible labeling system utilizes sortase,
which imposes experimental limitations due to its bi-directional
conjugation process. Compared to farnesyl-transferase, the Sfp
labeling step possesses a similar k., but allows flexible YbbR
placement at the amino/carboxy-terminus or internal to the
target protein.'' In comparison, the farnesyl prosthetic
attachment site must be at the protein C-terminus, and removal
of the label requires an irreversible carboxypetidase protease
cleavage within the target peptide sequence. A negative aspect
of farnesyl transferase labeling is that significant modifications
of the farnesyl-pyrophosphate substrate reduce Kkinetic
parameters by factors of 10-35 fold.>* Transglutaminase offers
perhaps the highest potential kinetics of irreversible peptide
conjugation systems with k., values approximately two orders
of magnitude higher than Sfp with YbbR,"''*” but the least site-
specificity due to reaction with many possible glutamine-
containing sequences.’> Thus, for bioconjugation applications
requiring short fusion sequences, easily reversible and site-
specific labeling can be implemented with variations of the 11
amino acid YbbR using combined Sfp/PfAcpH methodology.
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The incidental activity of PfAcpH with a peptide discovered
originally for Sfp'' implies that there is significant room for
AcpH activity improvement, either by modification of the
YbbR sequence, or pursuit of a new dual-purpose peptide that
possesses desirable kinetics for both Sfp and AcpH activity.
Although currently elusive, acquiring a high-resolution crystal
structure of an AcpH homolog would open the door to a better
understanding of enzyme activity, including substrate
interactions and mechanism. These characteristics may only
presently be hypothesized or modeled from distantly related
phosphodiesterases.'® Identification of residues involved for
carrier protein activity through structure studies or mutagenesis
could enable rational mutation to alter substrate specificity or
improve activity. Alternatively, design and successful
implementation of directed evolution for this enzyme class
could also provide significant improvement to the AcpH
activity profile.

Materials and methods

General. Protein concentrations were determined using UV
absorbance at 280 nm, with extinction coefficients calculated using
ExPASy online tool for each protein.*®

Cloning. The P. aeruginosa PAO1 AcpH gene [genID: 881435]
identified previously'” was cloned as described previously."? All
primers used for cloning are located in supplemental information
(Supplementary Table 2) Cyanothece PCC 7822 AcpH gene [genlD:
9739974], and Shewanella oneidensis AcpH gene [genID: 1170805]
were cloned from genomic DNA using standard techniques. P.
fluorescens NCIMB 10586 AcpH [KF667507] was cloned using
homology primers designed from P. fluorescens SBW25 AcpH gene
[genID: 7817947]. Cyanothece PCC7822 AcpH PCR product was
generated from genomic DNA using forward primer “CyAcpH F1”
and reverse primer “CyAcpH R1” with Phusion polymerase.
Shewanella oneidensis MR-1 AcpH (SoAcpH) PCR product was
generated from genomic DNA using forward primer “SoAcpH F1”
and reverse primer “SoAcpH R1” with Phusion polymerase. P.
fluorescens NCIMB 10586 AcpH (PfAcpH) PCR product was first
generated from genomic DNA using forward primer “PfAcpH F1”
and reverse primer “PfAcpH R1” using Phusion polymerase,
generating low yields of ~600bp and ~1000bp products. Both
~600bp and ~1000bp products were submitted for sequencing using
“PfAcpH F1” and “PfAcpH R1”and the 1000bp product contained a
gene coding for a homologous AcpH. Reverse primer “PfAcpH R2”
containing the stop codon and “PfAcpH R3” without the stop codon
were designed from the derived PCR product sequence and used
with forward primer “PfAcpH F1 to generate a new ~600bp band
using nested PCR with Pfu polymerase, as Phusion did not generate
product with the new primers. All final PCR products and template
plasmid pET29b were treated with Ndel and Xhol restriction
endonucleases, gel-purified, ligated, transformed into E. coli DH5a,
and sequenced for confirmation.

Protein expression and purification. All AcpH expression and
purification procedures are previously described.”> E.  coli
thioesterase TesA>® was expressed and purified in the same manner
as AcpH. However, CyAcpH and PfAcpH purification and desalting
utilized an adjusted buffer containing 50 mM TrisCl pH 8.0, 250
mM NaCl, and 25% glycerol. The additional glycerol contributed
significantly to higher perceived protein recovery and stability. E.
coli AcpP, and P. aeruginosa MBP-AcpP were prepared as
previously described."* S. oneidensis AcpP was prepared in the same
manner as E. coli AcpP. MtbAcpM, ActACP, JamC, JamF, AdmA,

This journal is © The Royal Society of Chemistry 2014
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Adml, SyrB1-AT, PltL, CepK, VibB, and MAS containing cells
were grown in LB with appropriate antibiotic at 37°C until they
reached an optical density of 0.6. IPTG was added to 1 mM, and the
cells were incubated with shaking at 16°C overnight. Plasmodium
ACP was grown as previously described.?' All CP constructs were
grown in antibiotics appropriate for the contained plasmid. All cells
were centrifuged to obtain a pellet, which was re-dissolved in lysis
buffer. MtbAcpM expressed as an apo/holo/acyl mixture, and
required overnight treatment with Affigel-25 (Bio-Rad, Hercules,
CA) conjugates of TesA and PfAcpH prior to labeling. Plasmodium
ACP expressed as holo- and was treated with PaAcpH conjugated to
Affigel-25 prior to labeling. Spin concentration of all carrier proteins
with 3 kDa MWCO centrifugal filters (EMD Millipore, Billerica,
Massachusetts) resulted in concentrated protein stocks.

One-pot carrier protein coumarin-labeling strategy. Unless
otherwise noted, all coumarin-PPant labeling proceeded as follows:
apo- carrier protein or peptide at 50-200 uM were labeled in 50 mM
Na-HEPES pH 7.5, 10 mM MgCl,, 8 mM ATP, 0.1 uM MBP-
CoaA/D/E, 0.1 uM native Sfp, and 1.1 equivalents of coumarin-
pantetheine at 37°C overnight. Crypro- protein samples were re-
purified using standard IMAC techniques in pH 8.0 lysis buffer with
Ni-NTA resin, and spin-concentrated/buffer exchanged to remove
imidazole and concentrate with 0.5 mL 3 kDa MWCO cellulose
filters. Crypto- peptide samples were purified via HPLC,
lyophilized, and re-dissolved in 50 mM TrisCl pH 8.0 prior to
analysis. Peptide products were identified by coupled LC/ESI-MS
spectrometry (Supplementary Figures 26-29) and for reaction
confirmation by LC using the same method as LC/ESI-MS analysis
(Supplementary Figures 30, 31).

General AcpH gel-based activity. Specific procedures for AcpH
activity are described previously."® Briefly, qualitative analysis of
crypto- carrier protein or peptide samples proceeded at 37°C
overnight reaction with 1 uM AcpH homolog. Following AcpH
treatment, an equal volume of 2X SDS-PAGE loading dye was
added to crypto-carrier protein samples and heated 5 min at 90°C,
and run on 12% or 15% SDS-PAGE. Gels were fixed in 50/40/10%
water/methanol/acetic acid for 30 minutes, and washed with water
three times before UV imaging. Holo- carrier protein reactions were
analyzed with Urea-PAGE as previously described.”® All protein
gels were Coomassie stained for evaluating total protein. Crypto-
peptides were evaluated on Urea-PAGE, and were imaged
immediately after running with no gel fixing.

FITC-YbbR labeling & purification. Preparation of rhodamine-
labeled FITC-YbbR proceeded via reaction of 200 uM FITC-
YbbR with 200 puM rhodamine WT-CoA synthesized as
described previously®! with 1 uM Sfp in 50 mM HEPES pH 7.5
and 10 mM MgCl, for 2 hours at 37°C. Crypto- peptide
samples were purified with HPLC, lyophilized, and re-
dissolved in 50 mM TrisCl pH 8.0 at 4 mM prior to analysis.

HPLC AcpH Kkinetics. Holo- E. coli AcpP was prepared as a
serial dilution in 50 mM TrisCl, 250 mM NaCl, 30 mM MgCl,,
and 2 mM MnCl,. PaAcpH, and PfAcpH were prepared at 2
UM in similar buffer with 10% glycerol but lacking Mg/Mn.
CyAcpH was prepared at 10 nM in the same AcpH buffer.
Addition of AcpH into holo-AcpP samples provided final top
concentrations of 400, 200, 100, 50, 25, 12.5 uM for
PaAcpH/PfAcpH, and 450, 225, 112.5, 56.25, 28.1, 14 uM for
CyAcpH. Reactions were transferred to pre-warmed shaker at
37°C and were quenched with 100 mM EDTA pH 7.0 after 10
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minutes. Samples were centrifuged and evaluated at 210 nm
with HPLC using an acetonitrile gradient to determine apo-
AcpP product formation. Michaelis-Menten kinetics were
calculated using GraphPad Prism.

FRET AcpH kinetics. Rhodamine-labeled FITC-Ybbr as well as
standard 1:1 apo- FITC-YbbR:rhodamine-CoA was subjected
to an 11-point serial dilution in 50 mM TrisCl pH 8.0 to
achieve final concentrations of 400 — 0.4 puM. PfAcpH,
CyAcpH, PaAcpH and buffer blank were prepared to give a
final solution concentration of 1 or 0 pM AcpH, 50 mM TrisCl
pH 8.0, 15 mM MgCl,, 1 mM MnCl,, and 1 mg/mL BSA. Total
reaction volumes were 50 pL and utilized a 96-well Costar
3694 plate (Corning, Lowell, MA). Following mixing, reactions
were centrifuged for 2 minutes at 1500 rpm, and incubated at
37°C for 4 hours in a HTS 7000 plus Bioassay Reader (Perkin
Elmer, Waltham, MA) in kinetic mode. Comparison of activity
from 20-30 minutes to buffer blank and 1:1 apo-FITC-
YbbR:rhodamine-CoA standard allowed calculation of product
formation and determination of Michaelis-Menten kinetics
using GraphPad Prism.

AcpH holo-ACP Kkinetics sample preparation. £. coli holo-ACP
was diluted into 50 mM TrisCl pH 8.0, 250 mM NaCl, 10%
glycerol, 30 mM MgCl, and 2 mM MnCl, buffer to a
concentration of 800 uM. Serial dilution of 4olo-ACP resulted
in a final concentration range of 800-25 uM. AcpH was diluted
from lysis buffer into 50 mM TrisCl pH 8.0, 250 mM NacCl,
10% glycerol and added to an equal volume of the 4olo-ACP
serial dilution to initiate the reaction. Reaction tubes were
transferred to a pre-warmed rack at 37°C and shaken for the
duration of the experiment. Time points were collected at 10
minutes by addition of reaction contents to 100 mM EDTA (pH
8.0). All samples were frozen at -80°C until evaluated by
HPLC.

Verification of EDTA quench with PfAcpH and CyAcpH.
PfAcpH and CyAcpH were prepared in the same buffer
conditions as the HPLC assay format in a 20 pL reaction
volume, with the following alterations. Holo- E. coli AcpP was
utilized at a final concentration of 150 uM. Each AcpH was
prepared in four different manners: with 0 mM Mg>"/Mn>*, 0
mM Mg?/Mn*" plus EDTA pre-quench, 15 mM Mg?'/1 mM
Mn**, and 15 mM Mg*/1 mM Mn*" plus EDTA pre-quench.
EDTA quench involved an equal volume addition of 100 mM
EDTA pH 7.5. Samples were incubated 10 minutes at 37°C and
then quenched with EDTA if not already pre-quenched.
Samples were then incubated overnight at room temperature to
simulate the conditions experienced by HPLC samples while
awaiting injection. One fourth volume of 5X Native-PAGE
loading dye was added to samples prior to running 10 pL of
that mixture on 20% Urea-PAGE for analysis.

HPLC detection method. Kinetics samples were mixed briefly
with finger flicking, and centrifuged at 13000 rpm for 10
minutes at room temperature prior to transferring contents into
HPLC vials. 20 pL of each reaction time point was injected on
an Agilent 1100 series HPLC with column (Burdick & Jackson
ODS # 9575, 25cm x 4.6 mm ID) using an acetonitrile/water
gradient. Both water and acetonitrile contained 0.05% TFA.
Method gradient for each injection: 0-5 min isocratic 10%
acetonitrile, 5-30 min gradient 10-100% acetonitrile, 30-35 min
isocratic 100% acetonitrile, 35-37 min gradient 100-10%
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acetonitrile, 37-40 min isocratic 10% acetonitrile. HPLC-grade
solvents were used exclusively. Apo- & holo-ACP protein
standards were used to validate the retention times identified
using 210 nm UV light at approximately 21 and 19 minutes,
respectively. Peak integration was performed for all samples,
and substrate turnover was calculated from the ratio of apo- to
holo- ACP present in the HPLC trace and the known
concentration of total ACP in reaction samples. Calculated rates
for AcpH versus substrate concentration were obtained through
Microsoft Excel data analysis and graphed in Prism GraphPad
using the “Michaelis-Menten” function for enzyme kinetics,
with a zero data point added for substrate concentration of 0
pM*min! and 0 uM substrate for AcpH graphs.

Circular dichroism analysis of select AcpH homologs. CyAcpH
and SoAcpH protein preparations in Tris lysis buffer were
desalted with PD-10 desalting columns into ice-cold 0.2 pum
filtered 50 mM K,HPO, pH 8.0, and subsequently diluted to 0.2
mg/mL. Samples were kept on ice until transfer to 2 mm width
quartz cuvette for analysis at 25°C. Scans were acquired in 0.5
nm increments averaged over 5 seconds from 260 nm to 200
nm. Sample data was subjected to smooth and raw ellipticity
was used in conjunction with specific protein residue number
and molecular weight to calculate molar ellipticity using
established procedures.

Conclusions

In conclusion, our analysis of three new AcpH gene products
and comparison to existing P. aeruginosa AcpH reveals a
remarkable array of information regarding substrate
compatibility. Despite the apparent inactivity of the annotated
hypothetical AcpH from S. oneidensis, the AcpH homologs
from P. fluorescens and Cyanothece sp. PCC 7822 present
superior  alternatives to the existing methods for
phosphopantetheine removal, with CyAcpH demonstrating
remarkable kinetic values for holo-AcpP hydrolysis, while
PfAcpH possesses the best available kinetics for crypfo-YbbR
hydrolysis, as well as the broadest apparent substrate
promiscuity with the evaluated carrier protein panel. These new
enzymes demonstrate substantial potential for further substrate
truncation and peptide sequence modification, as well as ready
implementation with established reversible ACP labeling
methods.
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