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A number of plant-associated proteobacteria have LuxR family
transcription factors that we refer to as PipR subfamily members.
PipR proteins play roles in interactions between bacteria and their
plant hosts, and some are important for bacterial virulence of
plants. We identified an ethanolamine derivative, N-(2-hydrox-
yethyl)-2-(2-hydroxyethylamino) acetamide (HEHEAA), as a potent
effector of PipR-mediated gene regulation in the plant endophyte
Pseudomonas GM79. HEHEAA-dependent PipR activity requires an
ATP-binding cassette-type active transport system, and the peri-
plasmic substrate-binding protein (SBP) of that system binds
HEHEAA. To begin to understand the molecular basis of PipR system
responses to plant factors we crystallized a HEHEAA-responsive SBP
in the free- and HEHEAA-bound forms. The SBP, which is similar to
peptide-binding SBPs, was in a closed conformation. A narrow cav-
ity at the interface of its two lobes is wide enough to bind HEHEAA,
but it cannot accommodate peptides with side chains. The polar
atoms of HEHEAA are recognized by hydrogen-bonding interac-
tions, and additional SBP residues contribute to the binding site.
This binding mode was confirmed by a structure-based mutational
analysis. We also show that a closely related SBP from the plant
pathogen Pseudomonas syringae pv tomato DC3000 does not rec-
ognize HEHEAA. However, a single amino acid substitution in the
presumed effector-binding pocket of the P. syringae SBP converted
it to a weak HEHEAA-binding protein. The P. syringae PipR depends
on a plant effector for activity, and our findings imply that different
PipR-associated SBPs bind different effectors.

Populus | Pseudomonas signaling | substrate-binding protein

M any plant-associated proteobacteria, including several plant
pathogens, possess LuxR-type transcription factors (1-7),
which we refer to as PipR transcriptional regulators. These wide-
spread but understudied regulators are similar to acyl-homoserine
lactone (AHL)-responsive quorum-sensing regulators (8), but
PipR family members do not respond to AHLs and instead re-
spond to effector chemicals that exist in plant tissues. Genes coding
for PipR family members are located upstream of pipA, a gene
coding for a proline iminopeptidase (Pip) (3). PipRs generally
activate the expression of pipA and other genes in response to plant
tissue or plant-derived chemicals (1, 3, 4, 7, 9). In several species,
the pipR-type gene (1, 5, 7) is adjacent to and divergently tran-
scribed from an operon encoding an ATP-binding cassette (ABC)-
type transporter (10, 11). This is the case for the cottonwood tree
(Populus) endophyte Pseudomonas sp. GM79 (Fig. 14), and we
have shown that the aapBCDEF transporter operon is required for
the PipR response to plant effectors and activation of pipA
expression.

We recently identified N-(2-hydroxyethyl)-2-(2-hydroxyethylamino)
acetamide (HEHEAA), an ethanolamine derivative, as a potent
PipR effector (Fig. 1B). Strain GM79 responds to picomolar
concentrations of HEHEAA to activate expression of pip4 (12).
The first step in the response to HEHEAA is believed to be
binding of this effector to the AapF periplasmic substrate binding
protein (SBP). The current model for HEHEAA-dependent PipR
activation of pip4 expression is that the AapF protein binds
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HEHEAA and delivers it to the AapBCDE membrane trans-
porter, and PipR then binds intracellular HEHEAA to activate
pipA expression (4, 12).

To begin to understand the recognition of plant chemical ef-
fectors by PipR systems, we determined crystal structures of an
AapF SBP. We report structures of both HEHEAA-bound and
HEHEAA-free AapF and provide genetic evidence to support
our findings about the HEHEAA-binding pocket. We report that
the AapF homolog from the tomato pathogen Pseudomonas
syringae pv tomato DC3000 does not bind HEHEAA but can be
converted to a relatively inefficient HEHEAA-binding protein
by introducing a single amino acid substitution in its predicted
effector-binding pocket.

Results

Preparation and Structure Elucidation of an AapF in the Free and
HEHEAA-Bound Forms. Purified AapF from Pseudomonas GM79
binds HEHEAA, and an aagpF-null mutant is impaired in
HEHEAA-dependent activation of a pipA-gfp reporter (12) (Fig.
1C), presumably because HEHEAA is unable to enter cells. We
wanted to determine the structure of the GM79 AapF in com-
plex with HEHEAA to identify residues important for its bind-
ing. We purified a His-tagged cytoplasmic version of GM79
AapF, AapFsmy9, from Escherichia coli by our previously de-
scribed procedure (12) but were unable to obtain crystals. Thus,
we examined two other Pseudomonas strains that had similar
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sense plant-released chemicals. We recently identified an ef-
fector of one member of a plant-responsive PipR family of
transcription factors present in many plant-associated bacteria.
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The Pseudomonas GM79 pipR genomic region, HEHEAA chemical structure, AapF activity analysis, and structure of SBPppcgs-HEHEAA complex. (A) The

pipR (green) genomic region. Genes coding for the predicted ABC-type transporter are in red, and genes coding for peptidases are in blue. (B) Chemical
structure of HEHEAA with the ethanolamine (EA) and glycine (Gly) substructures indicated. (C) SBPppcgs, but not SBPpc3o00, Can substitute for SBPgy79. Data
are pipA-gfp fluorescence in a GM79 aapF mutant harboring plasmids with the indicated aapF gene and a pipA-gfp reporter. Cells were grown with (black
bars) or without (white bars) 100 nM HEHEAA. The pipA-gfp expression is in relative fluorescence units (RFU) per optical density (ODggo) of four biological
replicates, and the error bars represent the SDs of the mean. (D) Ribbon diagram of the overall structure of SBPppcgs-HEHEAA complex. The three domains I,
I, and Il are labeled and colored in sky blue, gray blue, and green, respectively. f-strands and a-helices are labeled with numbers and letters, respectively. The
ligand HEHEAA is shown as ball-and-stick model in magenta. (E) Surface representation of SBPppcgs With the same color scheme as in D. The HEHEAA ligand is

completely buried inside the structure. The structure figures were produced with PyMOL (www.pymol.org).

PiPR, pipA, and ABC transporter (aapB-F) genes; Pseudomonas
sp. PDC86, isolated from Populus roots (13), and the plant
pathogen P. syringae pv tomato DC3000 (14). The AapF homo-
logs of PDC86 and DC3000 have extensive amino acid sequence
identity (PDC86, 81%; DC3000, 76%) and similarity (PDC86,
95%; DC3000, 93%) to GM79 AapF (SI Appendix, Fig. S1). The
PDC86 aapF gene complemented the GM79 aapF mutant phe-
notype and activated pipA-gfp expression (Fig. 1C). From this, we
conclude that the AapF from PDC86 can bind HEHEAA and
deliver it to the GM79 AapBCDE active transport machinery.
Interestingly, aapF from the plant pathogen DC3000 did not
complement the GM79 aapF mutant phenotype (Fig. 1C), sug-
gesting that the DC3000 PipR system may not respond to
HEHEAA, or that the DC3000 AapF cannot interact properly
with the GM79 Aap membrane transporter.

We expressed and purified a His-tagged cytoplasmic version of
the Pseudomonas PDC86 AapF, also referred to as AapFppcse
or SBPppcss. In contrast to AapFgmrp, the AapFppcss protein
yielded high-resolution crystals (2.2 A), from which we deter-
mined an HEHEAA-free structure. To obtain HEHEAA-bound
AapFppcgg, We cocrystallized the purified protein with 25 mM
chemically synthesized HEHEAA and successfully determined
the structure of the complex at 1.9 A resolution. The crystallographic
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information is summarized in SI Appendix, Table S1. Both structures
have excellent agreement with the crystallographic data and the
expected geometric parameters. We found 97% of the residues in
the favored region of the Ramachandran plot, with no residues in the
disallowed region.

Overall Structure of the HEHEAA-AapFppcgs Complex and the Binding
Mode of HEHEAA. SBP family members bind a wide variety of li-
gands, including amino acids, peptides, saccharides, and inorganic
and organic ions (15), all of which share a common three-
dimensional structure. The superclass of SBPs has been divided
into six clusters based on known ligand specificities and crystal
structure data (16). Structurally, AapFppcss falls into cluster C.
Like other cluster C SBPs (reviewed in refs. 10, 11), the AapFppcss
HEHEAA-bound structure consists of two lobes connected by two
loops and is in a closed conformation (Fig. 1 D and E). Lobe II has
one o/p-type domain composed of a six-stranded p-sheet and eight
a-helices flanking its two faces. Lobe I can be divided into two
o/p-type domains, I, and I, with the latter present only in C-type
SBPs. Domain I, is composed of a seven-stranded f-sheet sur-
rounded by two a-helices on one face and one helix on the other
face (11). Both the N and C termini of SBPppcgs are located in this
domain. Domain I;, contains a four-stranded p-sheet and is located
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at the periphery of the structure. Four a-helices and a -hairpin are
on one of its faces and have intimate contacts with domain I, and
lobe II (Fig. 1D). The other face of this p-sheet is exposed to the
solvent. Residues on the surface of domain I,,, especially those in
this B-sheet, have weaker electron density and higher B-factors
based on the crystallographic analysis, suggesting some flexibility
for this region.

Strong electron density was observed for the HEHEAA ligand
based on the crystallographic analysis at 1.9 A resolution
(Fig. 24). The HEHEAA-binding site is in the protein center, at
the interface between the two lobes, and the compound contacts
all three domains (Fig. 1D). The ligand is buried deep in the
structure and is inaccessible to the solvent (Fig. 1E). HEHEAA
has extensive interactions with SBPppcge, including hydrogen-
bonding, n-stacking, and van der Waals interactions (Fig. 2 B
and C). All the polar atoms of HEHEAA are hydrogen-bonded
to SBPppcss, including the central glycine moiety (Fig. 1B), which
has an anti-parallel f interaction with the main chain of T405,
while the amide nitrogen of HEHEAA is hydrogen-bonded to the
main chain carbonyl of A47. The hydroxyl at one end of
HEHEAA is hydrogen-bonded to the main chain amide of N49.
Three water molecules mediate hydrogen-bonding interactions
between the SBP and the hydroxyls at both ends of HEHEAA
(Fig. 2C). The amide group of HEHEAA is n-stacked with the
side chain of W404 on one side, while its other side is positioned
against the N49 side chain (Fig. 2B). The side chains of several
other amino acid residues, including W124, W389, Y403, D407,
and Q413, are located near the HEHEAA ligand and exhibit polar
and van der Waals interactions. All the HEHEAA-interacting
residues are conserved between AapFppcss and AapFgmze (ST
Appendix, Fig. S2).

The structure of free SBPppcgs is also in a closed conforma-
tion, with only a few side chains exhibiting conformational dif-
ferences compared with the HEHEAA-bound complex, including
D407, Q413, W124, and W404 (SI Appendix, Fig. S3). Although a
closed-unliganded form of an SBP is somewhat unusual (10, 11,
17), there are reports of ligand-free closed forms for other SBPs,
including glucose/galactose-binding protein (GGBP) (18), glutamine-
binding protein (GInBP) (17), and choline-binding protein (ChoX)
(19), none of which, however, are members of cluster C (10, 11).

Comparison of SBPppcgs With a Peptide-Binding SBP, OppA. The
SBPppcsgs structure shows extensive similarity to the cluster C
SBPs that bind peptides, likely a reflection of the peptidomimetic
nature of the HEHEAA chemical structure (Fig. 1B). A Dali
search (20) of the Protein Data Bank identified >40 similar
structures (Z-scores >20; average rms distance, 2.5 A; sequence
identity ~22% for aligned Co atoms). For a more detailed com-
parison with AapFppcss, We selected the oligopeptide-binding
protein OppA from Yersinia pestis (21), which has a Z-score of
42.7 and an rms distance of 2.2 A to AppFppcss, although OppA
has a few extra helices in domain Iy, (Fig. 34). The binding mode
for the tripeptide ligand (Lys-Lys-Lys) in OppA is similar to that
of HEHEAA in SBPppcss, especially in terms of the hydrogen-
bonding interactions with the backbone carbonyls and amides
(Fig. 3B). The glycine substructure in HEHEAA (Fig. 1B) over-
laps the first residue of the Lys-Lys-Lys tripeptide (Fig. 3B). Al-
though the W404 residue is conserved between SBPppcgs and
OppA, there are substantial differences between ligand-binding
pocket residues (SBPppcss vs. OppA): N49 vs. V34; W389 vs.
LA01; M402 vs. A414; and Y403 vs. A415 (Fig. 3B). Each differ-
ence results in a comparatively smaller binding cavity for
SBPppcss, which allows for only small ligands lacking side chains
(like HEHEAA) to fit. This is in contrast to the tripeptide-binding
cavity in OppA, which is much wider (SI Appendix, Fig. S4).
SBPppcgs has a relatively long cavity, extending from either end of
the HEHEAA ligand, suggesting that SBPppcgs might be able to
accommodate additional, similar ligands (Fig. 3C).
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Fig. 2. Binding mode of HEHEAA in SBPppcgs. (A) Simulated-annealing omit
Fo—Fc electron density map for the HEHEAA ligand at 1.9 A resolution,
contoured at 2.5 c. (B) Schematic drawing of the HEHEAA ligand-binding site
showing detailed interactions with SBPppcgs. Residues in contact with
HEHEAA are shown in sticks and labeled. Hydrogen bonds are indicated as
red dashed lines. (C) Schematic drawing of the interactions between
HEHEAA and SBPppcge. Van der Waals and n-stacking interactions are indi-
cated with black hatched lines. Three water molecules (O1 to O3) bridge the
interactions between HEHEAA and SBPppcgs.

Functional Studies Support the Crystal Structure Data. To confirm
our crystal structure data, we evaluated the effect of specific
amino acid substitutions on HEHEAA binding in vivo. Because
we have an established genetic system in Pseudomonas sp. GM79
(4), and because all the residues contained in the HEHEAA-
binding pocket are conserved between SBPppcgs and SBPgum79
(SI Appendix, Fig. S2), we created the desired SBP mutations in
aapFGm79 and crossed the mutations into the GM79 aapF gene.
We determined whether the mutant strains could still respond to
HEHEAA using a pipA-gfp reporter plasmid (pJN-P,;,4.¢,). We
found that the substitutions N49P, W389A, W404A, and T405P
abolished the response to HEHEAA, and that substitutions
Y403A and D407A showed large reductions in the signal response
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Fig. 3. Comparison of SBPppcge With the structure of a peptide-binding SBP. (A) Superimposition of the SBPppcgs (in color) structure in complex with HEHEAA
(magenta) with the structure of Y. pestis OppA (gray) in complex with the Lys-Lys-Lys tripeptide (cyan; PDB ID code 2Z23). The I, domain has higher variability
than the other two domains. (B) Comparison of the binding mode of HEHEAA (magenta) in the complex with SBPppcgs (colored) with that of Lys-Lys-Lys
tripeptide (cyan) in the complex with OppA (gray). (C) Surface representation for the ligand-binding cavity in SBPppcge. The HEHEAA ligand is shown as sticks.

(Table 1 and SI Appendix, Fig. SS). Only the gene encoding the
T405A substitution remained capable of significant HEHEAA-
dependent pipA-gfp activation, albeit to a lesser degree than
w11d-type SBPGM79 (Table 1)

We also evaluated the ability of each variant polypeptide to
bind HEHEAA in vitro by using a fluorescence-based thermal
shift assay. In these experiments, the melting temperature (T,,)
of wild-type and variant polypeptides (His-tagged, cytoplasmic
versions; Materials and Methods) in the presence and absence of
HEHEAA were compared. HEHEAA increased the T, of wild-
type AapFgm7e by 14 °C (Table 1 and SI Appendix, Fig. S6),
consistent with the conclusion that AapFgm79 binds the ligand
and renders it more resistant to thermal denaturation. In con-
trast, the variant polypeptides showed little or no T, increase in
response to HEHEAA (Table 1 and SI Appendix, Fig. S6). The
two variants exhibiting moderate pipA-gfp reporter activity,
T405A and D407A, showed some AapF-stability in the thermal
shift assay, whereas the other four mutant proteins showed T,
shifts of 1 °C or less.

The P. syringae DC3000 AapF Homolog Does Not Bind HEHEAA,
Indicating There May Be Additional Effectors for Other Plant-
Responsive PipR Systems. As discussed earlier, the AapF homo-
log from the plant pathogen P. syringae DC3000 (abbreviated
as AapFpcsono or SBPpcsooo hereinafter) was unresponsive to
HEHEAA (Fig. 1C). We examined whether the 13 amino acid
residues that compose the HEHEAA-binding pocket (SI Appendix,
Fig. S1) were conserved and found two differences (SBPppcss/ammo
vs. SBPpc3nnn), RS0I and T161N, although neither of these residues
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interacts directly with HEHEAA in the SBPppcgs structure
(Fig. 2). To test their contribution to HEHEAA binding, we made
appropriate changes to the aapFpc3o00 gene so that amino acid
residues in SBPp 3000 corresponded to the SBPg79 residues. We
then tested whether the altered SBPpc3p0p proteins showed the
capacity to bind HEHEAA using two different approaches. We
first used the fluorescence-based thermal shift assay with purified
DC3000 wild-type SBP and with purified DC3000 SBPs with an
R501 substitution, a T161N substitution, or both substitutions (Fig.
44 and SI Appendix, Fig. S7). Over the range of HEHEAA con-
centrations tested (5 to 1,000 pM) the DC3000 wild-type protein
showed no significant T,,, change, and neither did the ISOR sub-
stitution mutant. HEHEAA was able to induce a T,, shift for both
the N161T and the ISOR N161T substitution mutant proteins.
These shifts were modest compared with that of purified GM79
AapF and required high concentrations of HEHEAA relative to
those required to induce a shift of the GM79 SBP.

A second way to test whether the DC3000 mutant proteins can
bind HEHEAA is to ask whether genes coding for the wild-type
or mutant DC3000 SBPs can complement a GM79 aapF mutation
using our pipA transcription reporter assay (Fig. 4B). Compared
with the melting temperature experiments, this approach involves
some additional specificity. A response requires that an SBP binds
HEHEAA and delivers it to the membrane-bound transporter.
The effector then must be delivered to the cytoplasm, where it has
to interact with and activate the GM79 PipR transcription factor.
Results were consistent with the in vitro T, shift results. The
DC3000 wild-type or I5S0R-substituted polypeptide cellular re-
sponses were indistinguishable from the results with a vector
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Table 1. Amino acid changes in the HEHEAA-binding pocket of
AapFgm79 affect HEHEAA binding and protein thermal stability

AapFgmye seq* Relative pipA-gfp" AT, +/— HEHEAA?

None 0.0 (0.4) NAS
Wild-type 100.0 14
N49P 0.7 (0.4) 0
W389A 1.4 (0.3) 1
Y403A 9.7 (3.7) 1
W404A 1.3(0.7) 1
T405A 64.0 (14.4) 5
T405P 2.5(1.4) NDY
D407A 16.3 (1.7) 4

*Amino acid sequence of the indicated Pseudomonas GM79 AapF polypep-
tides: wild-type, the aapF deletion mutant (none), or the indicated
point mutants.

THEHEAA activation of the plasmid-borne pipA-gfp reporter in GM79 with
the indicated AapF (aapF alleles and pipR are chromosomal). Data are nor-
malized to the wild-type and are means of four biological replicates with the
SDs in parentheses. Raw data and complementation data are presented in S/
Appendix, Fig. S5.

*Melting temperature changes (AT,,) (Materials and Methods) of the indi-
cated purified proteins in the presence (+) or absence (-) of 100 pM HEHEAA.
Representative thermal shift data are shown in S/ Appendix, Fig. S6.

SNot applicable.

INot determined, no variant protein was obtained.

control. The genes coding for the DC3000 N161T protein showed
partial complementation of the GM79 aapF mutation at relatively
high HEHEAA concentrations compared with cells with the na-
tive GM79 SBP.

Both the in vitro and in vivo experiments are consistent with
the idea that the presence of an asparagine at position 161 could
cause some steric hindrance in that area, which would be re-
lieved when substituted with a threonine. The SBPpc3g09 IS0R,
N161T mutant protein (SBPgoubie) did not show enhanced ac-
tivity over the single N161T variant protein (Fig. 4 A and B).
That the N161T SBPpc3000 showed a significantly reduced sen-
sitivity relative to SBPgm79 is consistent with the conclusion that
amino acid residues outside of the HEHEAA-binding pocket
affect the ability of these proteins to interact with their ligands.
We assume that the P. syringae DC3000 AapF binds an effector
other than, but possibly similar to, HEHEAA.

We identified aapF homologs in several sequenced genomes
and compared them with one another (3) (Fig. 4C and SI Ap-
pendix, Table S5). The plant pathogen Pseudomonas fuscovaginae
AapF shares all of the ligand-binding pocket residues identified in
PDC86 and GM79, and thus this bacterium might respond to
HEHEAA. However, AapF from the biocontrol strain Pseudo-
monas chlororaphis is like the DC3000 AapF protein and has an N
rather than a T at position 161. We imagine that P. chlororaphis
does not respond to HEHEAA. Beyond the genus Pseudomonas,
the pathogen Dickeya zeae (22) and symbiont Sinorhiozbium
meliloti (23) both possess PipR/PipA-type systems that influence
their interactions with plants. AapF homologs from both of these
strains have the N161T (relative to AapFgmyo) difference, and
thus we suspect that they do not respond to HEHEAA.

Discussion

Our studies have revealed molecular details of how HEHEAA is
recognized by the AapF SBPs of Pseudomonas strains PDC86
and GM79. Our crystal structure analysis and associated func-
tional analyses (Table 1) demonstrate that the two SBPs bind
HEHEAA in a manner similar to how peptide-binding SBPs
bind their ligands.

Although it is closely related to AapFppcss and AapFgm7o,
the P. syringae AapFpcsoo does not bind HEHEAA (Figs. 1C
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and 4). Analysis of the AapFppcss HEHEAA binding-pocket
sequence revealed two residues that differed in AapFpcsoo0.
Although AapFpcso00 could not substitute for AapFgm79, an
AapFpcanoo variant with a single amino acid substitution (N161T)
could serve as a poor substitute for AapFgm79 in Pseudomonas
strain GM79, perhaps due to a relief of steric hindrance from the
N residue in the area. Not surprisingly, the AapFpcsoe0 N161T
mutant showed reduced activity relative to AapFgm79 in both
in vitro and in vivo experiments (Fig. 4). The inability of the P.
syringae DC3000 AapF to bind HEHEAA indicates that there is
an alternative plant-derived effector for the P. syringae PipR sys-
tem. Whether this effector can also bind the GM79/PDC86 AapFs
is an interesting question, as our results suggest that the SBPppcsgs
structure could accommodate additional similar, but longer, ligands
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Fig. 4. Not all AapF homologs bind HEHEAA. (A) Variant, but not wild-type,
AapFpcso00 polypeptides bind HEHEAA in thermal shift experiments. The
mean melting temperature changes (AT,,) of three technical replicates for
each of two biological replicates for each indicated AapF are shown and the
error bars represent the range of values. The stars indicate there was no
thermal shift. Thermal shift raw data are plotted in S/ Appendix, Fig. S7. (B)
Genes encoding a specific SBPpc3o00 Variant (N161T) can complement a
GM79 aapF deletion mutant. Data are GFP fluorescence in a GM79 aapF
mutant harboring the indicated plasmids. Plasmids used are pJN-Pppa.gfp
(vector), pJN-aapFemroPpipa-gfe (GM79), pIN-aapFpczoooPpipa-gfo (DC3000),
pJN-aapFoc_i50rPpipa-gre  (DC_ISO0R), pJN-aapFpc n1617Ppipa-grc (DC_N161T),
and pJN-aapFpc_doublePpipa-gfo (DC_double). Data are mean RFU per optical
density (ODggo) of four biological replicates, and the error bars represent the
SD of the mean. (C) The ligand-binding pocket residues in AapF homologs
from eight bacterial species. The AapF homologs used for comparisons are
provided in S/ Appendix, Table S5. Residue comparisons are relative to the
SBPppcss (Top), and a dash (-) indicates that the corresponding residue is the
same as in SBPppcse.
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(Fig. 3C). We found that the residue required for HEHEAA
binding (T161) is present only in a subset of pseudomonads, and
that most other AapF-containing bacteria possess N161. It may be
that other ethanolamine derivatives serve as PipR signals in different
bacteria, and because HEHEAA is a peptidomimic, there might even
be dipeptides serving as PipR ligands for some systems. We are in-
trigued by the idea that fatty acyl-ethanolamine derivatives might be
signals for some related systems. Such molecules are produced by
plants and function as growth and development hormones (24).

Recognition of HEHEAA by AapFppcse/om7e and subsequent
active transport by the AapBCDE transport apparatus is re-
quired for PipR-dependent plant-bacterial interactions (12), so
understanding the details of how the ligand is recognized pro-
vides insight into how bacteria perceive an underexplored plant-
derived compound. Our work indicates that there is specificity in
PipR systems, and that different effectors will be discovered for
different PipR systems. This specificity is at least in part de-
pendent on the SBPs in the ABC transport systems. It remains to
be determined if there are other layers of specificity to these
systems. We can ask whether P. syringae DC3000 with its own SBP
engineered to recognize HEHEAA can respond to HEHEAA. If
not, we can then ask whether such a strain can transport HEHEAA,
and whether the P. syringae PipR can recognizec HEHEAA. Our
identification of a diagnostic residue for HEHEAA binding (T161)
could also aid future work focused on bioinformatic predictions of
SBP ligands, an area of active interest (25-27). Building on this
work, we hope to identify other plant inducers of Pip systems in
other bacteria.

Materials and Methods

Bacterial Strains and Growth Conditions. Bacterial strains and plasmids are
described in S/ Appendix, Tables S2 and S3. Pseudomonas sp. GM79 and its
derived strains were grown in Lennox broth (LB) (28) or M9 minimal medium
(29) with 10 mM succinate (succ-MM) at 30 °C with shaking unless indicated
otherwise. E. coli strains were grown in LB or M9 minimal medium with
20 mM glucose, 1 pg/mL biotin, and 1 pg/mL thiamine (gluc-MM) at 37 °C with
shaking. Antibiotics were used when appropriate at the following concen-
trations: 50 pg/mL (E. coli) or 25 pg/mL (Pseudomonas GM79) for kanamycin
and 20 pg/mL (E. coli) or 50 pg/mL (Pseudomonas GM79) for gentamicin.
Plating was done using media solidified with 1.5% (wt/vol) agar.

SBP Point Mutant Constructions, Activity Assays, and Complementation Assays.
Plasmids and primers are described in S/ Appendix, Tables S3 and S4. We
generated aapFgm79 point mutant plasmids by PCR sequence overlap ex-
tension (30). We assembled the construct on the suicide vector pEX19Gm by
E. coli DH5a-mediated assembly (31). The mutant aapFemze genes were
crossed into their native location on the GM79 chromosome as described
previously (32). We used pipA-gfp to monitor HEHEAA-dependent SBP ac-
tivity. Overnight cultures of GM79 wild-type or SBPgpm79 point mutant strains
harboring pJN-P,isa-gfo (SI Appendix, Tables 52 and S3) were used to inoc-
ulate succ-MM (5% vol/vol). Cultures were dispensed into 384-well microtiter
wells (70 L) containing either 100 nM final concentration HEHEAA (pur-
chased from Chiron AS) or water as indicated. After 8 h at room tempera-
ture, we measured GFP fluorescence (excitation, 485 nm; emission, 535 nm)
and growth (ODgq) using a Synergy H1 plate reader (BioTek). To test whether
the aapF homologs from other Pseudomonas strains could complement a
Pseudomonas GM79 AaapF mutation, the GM79 aapF gene encoded by the
pJN-AapFem7oPpipa-gfo Plasmid was replaced with the indicated aapF homolog
by E. coli DH5a-mediated assembly (31). To assess HEHEAA-dependent AapF
activity, we followed GFP fluorescence in GM79 containing the indicated pJN-
AapFP,ipagfo (SI Appendix, Table S3) as described previously (12) but modified
by adding 0.5% L-arabinose to the medium to induce AapF production for all
experiments except those shown in Fig. 4B. To evaluate the influence of amino
acid substitutions in AapFpcsoo, We generated the indicated point mu-
tants using sequence overlap extension PCR (30). Single mutations utilized
pJN-AapFpc3000Ppipa-gfe for the DNA template. For the double mutant
aapFpc_doubles We used pJN-AapFpc i50rPpipa-grp @s the DNA template. The
resulting PCR products were digested with Hindlll and Nhel and then ligated
to similarly digested pJN-AapFpc3o00Ppipa-gfo- All constructs were verified by
Sanger sequencing and used to transform E. coli $17-1, which was used for
conjugal transfer into strain GM79AaapF. Data are reported either as relative
fluorescence units per ODggo (Figs. 1C and 4B and S/ Appendix, Fig. S5) or
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normalized to the wild-type after subtraction of background GFP fluorescence
levels, as determined in the aapFgm79 Null mutant (Table 1).

SBPppcss Purification. We created an E. coli that produced cytoplasmic AapF
by cloning a version of the PDC86 aapF gene (locus tag Ga0115494_13757)
that omitted the 5 nucleotides coding for the AapF secretion signal (nu-
cleotides 1 to 78 of the aapF ORF) into the N-terminal hexahistidine-tagged
(Hisg) expression vector pET-28a (EMD Millipore) to create pETaapFppcgs. TO
obtain purified Hisg-AapFppcgs, E. coli BL21 Star (DE3) containing pETaapFepcss
was grown at 37 °C in gluc-MM. When cultures reached mid-logarithmic phase
(ODggo = 0.6), we added 0.4 mM isopropyl p-p-1-thiogalactopyranoside and
10 mM ethanolamine. Cells were then incubated overnight at 18 °C with
shaking and then harvested by centrifugation. The cell pellet was suspended
in buffer (50 mM NaH,PO,4 pH 7.6, 500 mM NacCl, 20 mM imidazole, and 5%
[volivol] glycerol), cells were lysed by sonication, and the lysate was centri-
fuged to remove cell debris. Lysate was incubated with Ni-nitrilotriacetic acid
beads, and the protein was eluted with 500 mM imidazole, followed by size-
exclusion chromatography on a HiLoad Superdex 200 16/600 (GE Healthcare) in a
buffer containing 10 mM Tris (pH 7.6) and 150 mM Nacl. Protein was followed
by UV absorbance (A = 280 nm), and peak fractions were collected and analyzed
by sodium dodecyl sulfate polyacrylamide gel electrophoresis to verify the mo-
lecular weight and purity. SBPppcgs-containing fractions were combined and
concentrated to ~100 mg/mL, flash-frozen in liquid nitrogen, and stored at -80 °C.

SBPppcss Crystallization and Structure Determination. Crystals were grown by
the sitting-drop vapor-diffusion method at 20 °C by mixing 20 mg/mL pro-
tein with crystallization buffer containing 0.1 M Bis-Tris (pH 6.5) and 2.6 M
ammonium sulfate. Crystals grew as thin-plate clusters typically appearing
within 2 d and were flash-frozen in liquid nitrogen in mother liquor sup-
plemented with 20 to 30% (vol/vol) glycerol. X-ray diffraction data were
collected at the National Synchrotron Light Source Il Frontier Microfocusing
Macromolecular Crystallography (NSLSII FMX) beamline and processed using
XDS software (33). The structure was solved by the molecular replacement
method with Phaser (34), using a homology model of SBP generated by
SwissModel using E. coli YIiB (Protein Data Bank ID code 1UQW). The initial
search using the entire model directly was not successful, and a solution was
found when the model was split into two parts. The structure was refined
with PHENIX (35).

We were concerned that there might be some ethanolamine-derived
HEHEAA in the purified SBP preparations from E. coli grown with ethanol-
amine. To estimate the HEHEAA occupancy, we boiled an aliquot of SBPppcge
to release any bound ligand, measured HEHEAA levels using the bioassay re-
porter GM79 pPpjpagrp (12), and calculated the HEHEAA occupancy to be
~3 mol HEHEAA per 100 mol AapFppcgs. To obtain HEHEAA-bound SBPppcss,
we incubated SBPppcgs (20 mg/mL) in the presence of 25 mM HEHEAA in the
protein buffer (10 mM Tris pH 7.6 and 150 mM Nacl) for 30 min before crys-
tallization. This sample crystallized in the same condition, but the space group
symmetry was reduced from P2, to P1, with similar unit cell parameters. The
crystallographic information is summarized in S/ Appendix, Table S1.

Fluorescence-Based Thermal Shift Assays. His-tagged, cytoplasmic versions of
each AapFgm7o variant were created in the vector pQE30, and aapFpcsooo
variants were created in pET-16b (S/ Appendix, Table S3). The variant poly-
peptides were purified in ligand-free form from E. coli grown in gluc-MM as
described previously (12), except AapFraosp, for which no soluble protein was
obtained. The purified proteins were used in thermal shift assays as de-
scribed elsewhere (36). In brief, the denaturation temperature of a given
polypeptide (10 pM) was determined in the presence or absence of HEHEAA
and 5X SYPRO orange (Thermo Fisher Scientific) with the Bio-Rad CFX96 real-
time PCR system. Temperatures were increased by 1 °C at each 1-min cycle over
a temperature range of 20 to 90 °C. All thermal shift reactions were performed
in triplicate in a 25-pL volume of 100 mM ammonium acetate buffer (pH 7.5),
and the reproducibility of the results was confirmed by performing two sep-
arate protein purifications for the AapFpcso0o Variants and AapFpcspeo Wild-
type polypeptides. Data were analyzed as the derivative of the fluorescence
signal as a function of temperature, and the T, was defined as the temper-
ature at which the derivative is the lowest (SI Appendix, Figs. S6 and S7).

Data Availability. Coordinates and structure factors have been deposited in
the Protein Data Bank, www.wwpdb.org (PDB ID codes 7KZ8 for HEHEAA-
free AapFppcgs and 7KZ9 for HEHEAA-bound AapFppcss)-
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