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Summary

The molecular chaperone HSP90 facilitates the folding of several client proteins including innate
immune receptors and protein kinases. HSP90 is an essential component of plant and animal
immunity yet pathogenic strategies that directly target the chaperone have not been described.
Here we identify the HopBF1 family of bacterial effectors as eukaryotic-specific HSP90 protein
kinases. HopBF1 adopts a minimal protein kinase fold that is recognized by HSP90 as a host
client. As a result, HopBF1 phosphorylates HSP90 to completely inhibit the chaperone’s ATPase
activity. We demonstrate that phosphorylation of HSP90 prevents activation of immune receptors
that trigger the hypersensitive response in plants. Consequently, HopBF1-dependent
phosphorylation of HSP90 is sufficient to induce severe disease symptoms in plants infected with
the bacterial pathogen, Pseudomonas syringae. Collectively, our results uncover a family of
bacterial effector kinases with toxin-like properties and reveal a previously unrecognized betrayal
mechanism by which bacterial pathogens modulate host immunity.
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eTOCs

A bacterial effector operates through a “betrayal-like” mechanism by masquerading as an HSP90
client as a means to achieve specificity for its target. This minimal kinase then phosphorylates a
critical active site residue to inactive an essential chaperone required for host innate immunity.
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P. syringae Disease
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Introduction

The millions of predicted amino acid sequences acquired in the post-genomic era have
revealed remarkable diversity among protein families. This is especially noticeable in
bacterial pathogens where the evolutionary arms race between the pathogen and its host is
intense, and inter-kingdom horizontal gene transfer is common (Soucy et al., 2015). We have
taken a bioinformatic approach in search of remote members of the protein kinase
superfamily that are barely recognizable by their primary amino acid sequence, yet have
maintained the kinase fold, and possibly catalytic activity. Bioinformatic methods combined
with expert curation has enabled the identification of divergent kinase family members such
as the Fam20 secretory pathway kinases (Tagliabracci et al., 2012; Tagliabracci et al., 2015),
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the CotH spore coat protein kinases (Nguyen et al., 2016) and the AMPylating pseudokinase
SelO (Sreelatha et al., 2018). Using a similar approach, we identified the uncharacterized
HopBF1 family of bacterial Type 11 secretion system (T3SS) effectors as remote homologs
of classical protein kinases and of aminoglycoside phosphotransferases.

Several HopBF1 homologs are found in strains of the gram-negative plant pathogen
Pseudomonas syringae (Baltrus et al., 2011; O’Brien et al., 2012), but also in a collection of
phylogenetically scattered strains from gammaproteobacteria (e.g. genera Enterobacter,
Klebsiella, Ewingella, Serratia), betaproteobacteria (e.g. genera Burkholderia, Ralstonia) as
well as a handful of strains from alphaproteobacteria, Planctomycetes, Actinobacteria and
Cyanobacteria (Figure S1A). Notably, some of these strains are animal and plant pathogens
or symbionts, whereas others are free-living.

Evolution has provided bacterial pathogens with a diverse set of strategies to survive within
the harsh environment of its host. To combat or evade host immunity, many Gram-negative
pathogenic bacteria employ the T3SS, a needle like structure used to deliver virulence
factors into host cells (Deng et al., 2017; O’Brien et al., 2012; Wessling et al., 2014).
Bacterial effectors have evolved unique biochemical activities to disrupt the host immune
response. While critical to a pathogen’s survival, the molecular functions of most effector
proteins are unknown.

During an infection, the innate immune system of the host recognizes pathogen-derived
molecules to stimulate a robust defense response (Jones et al., 2016). As a first line of
protection, plants and animals use pattern recognition receptors to detect pathogen
associated molecular patterns (PAMPSs) and execute PAMP triggered immunity (PTI)
(Ronald and Beutler, 2010). Moreover, the host cell can also employ an intracellular
surveillance mechanism to detect PAMPs via a family of polymorphic intracellular
nucleotide binding domain, leucine rich repeat proteins (NB-LRR) (Jones et al., 2016).
These immune receptors require the molecular chaperone HSP90 to facilitate their activation
(Hubert et al., 2003; Schulze-Lefert, 2004). HSP90 and its cochaperones maintain NB-LRRs
in an inactive but signal competent form (Kadota and Shirasu, 2012). Despite the fact that
HSP90 is an indispensable component of both plant (Schulze-Lefert, 2004; Shirasu, 2009)
and animal (Mayor et al., 2007) immunity, pathogenic mechanisms that directly target
HSP90 have not been described.

Here we show that HopBF1 adopts a minimal and atypical protein kinase fold that appears
to be recognized by HSP90 as a host client. As a result, HopBF1 phosphorylates HSP90
resulting in the complete inactivation of the chaperone’s ATPase activity. Using the bacterial
plant pathogen P, syringae as a model system, we demonstrate that HopBF1-dependent
phosphorylation of HSP90 prevents activation of NB-LRRs. Accordingly, HopBF1 is
sufficient to induce strong disease symptoms in plants infected with £ syringae. Our results
uncover a novel betrayal mechanism of host-pathogen interaction.
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Results

HopBF1 adopts a minimal and atypical protein kinase fold

Sequence logo analyses using 161 HopBF1 homologs suggest conservation of residues
involved in protein kinase activity, including highly conserved glycine residues within the
predicted p1-B2 ATP binding loop, and active site residues corresponding to D166 and D184
of the prototypical protein kinase A (PKA) (Figure 1A). However, some features differ; for
example, there are no clear equivalents of the metal binding N171 and the predicted kinase
domain appears to be missing much of the C-lobe (Figures S1B and S1C). In fact, the
average length of the predicted kinase domain in the HopBF1 family is only ~183 amino
acids, whereas a typical kinase domain encompasses approximately 265 amino acids on
average.

To gain insight into the molecular function of HopBF1, we solved crystal structures of
HopBF1 from the opportunistic gram-negative human pathogen Ewingella americana
(Hassan et al., 2012) in the nucleotide free (apo) and bound to the ATP analog, AMP-PNP
forms (Figures 1B, 1C, and S1D; Table S1). £. americana HopBF1 exhibits a minimal
protein kinase-like fold and can be superimposed onto PKA with a root mean square
derivation (rmsd) of 3.2 A over 150 Ca atoms (Figures 1C and 1D). As found in all
members of the protein kinase superfamily, £. americana HopBF1 contains a B-strand rich
N-lobe (Figure 1C, lime) containing the regulatory a-C helix (Figure 1C, orange) packing
against the core N-lobe pB-sheet. The C-lobe in canonical kinases is rich in a-helices;
however, in £. americana HopBF1 there are more B-strands than a.-helices within the C-
lobe. The a-E and a-F helices (PKA equivalent) are present in the C-lobe, yet the GHI
helical subdomain, which is typically involved in substrate recognition and allosteric
regulation, is notably absent in £. americana HopBF1 (Figures 1C and 1D) (Taylor and
Kornev, 2011). The apo and nucleotide bound structures of £. americana HopBF1 are highly
similar with a rmsd of 0.86 A for the Ca atoms (Figure S1D). The p1-strand in the apo
structure is unfolded and forms a long loop that covers the ATP binding pocket (Figure 1E).
Thus, HopBF1 adopts a minimal and atypical protein kinase-like fold.

The AMP-PNP nucleotide in the HopBF1 structure resides in a pocket between the N and C-
lobes of the kinase (Figure 1F). As observed in all protein kinases, the Gly-rich loop (B1-p2
loop) extends over the nucleotide and stabilizes the phosphate groups (Figure 1F). The
formation of an ion pair between a Lys in 3 (PKA K72) and a Glu in the a-C helix (PKA
E91) is considered a hallmark of an activated protein kinase (Endicott et al., 2012). An
equivalent ion pair is present in £. americana HopBF1; however, the Lys has migrated to the
B1-p2 loop, analogous to the With No Lysine (WNK) kinases (Min et al., 2004). The
catalytic “HRD” (D155) and the metal binding “DFG” (D170) are present in the C-lobe and
positioned for catalysis. Although Mn2* was present in our crystallization conditions, there
is no clear electron density in the active site consistent with a divalent cation bound near the
AMP-PNP nucleotide.
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HopBFL1 induces severe disease symptoms in plants

Because most HopBF1 homologs are found in strains of £ syringae, we used plants as a
model host to investigate the role of HopBF1 during infection. To determine the impact of
HopBF1 expression /n planta, we generated mutants of £ syringae HopBF1 that we
predicted would inactivate the kinase based on their location in the active site (Figure 1F).
We transiently expressed wildtype (WT) or the predicted catalytically-inactive D154A and
D169A (E£. americana D155 and D170) £ syringae HopBF1 mutants by agroinfiltration in
Nicotiana benthamiana and Nicotiana tabacum plants and observed robust necrosis and
tissue collapse in leaves expressing WT but not the predicted inactive HopBF1 mutants
(Figures 2A, 2B, S2A, and S2B). To test whether HopBF1 causes cell death during an
infection, we expressed HopBF1 or the mutants in an effectorless derivative of £ syringae
pv. tomato DC3000 (DC3000D28E) (Cunnac et al., 2011) and infected Arabidopsis thaliana
and N. benthamiana leaves. Leaves inoculated with DC3000D28E expressing WT HopBF1
also displayed profound necrosis and tissue collapse that was not observed when the
HopBF1 mutants were expressed in this strain (Figures 2C, 2D, S2C, and S2D). Thus,
HopBF1 kinase activity is sufficient to cause severe disease symptoms in N. benthamiana,
N. tabacum and A. thaliana.

HopBF1 phosphorylates eukaryotic HSP90

Bacterial effectors typically target evolutionarily conserved signaling pathways in
eukaryotes (Alto and Orth, 2012). As such, Saccharomyces cerevisiae is commonly used as
a proxy to identify substrates and pathways targeted by effectors. We expressed WT and
predicted inactive P, syringae HopBF1 mutants under the control of a galactose inducible
promoter in S. cerevisiae and observed a potent growth defect only when WT HopBF1 was
expressed (Figure 3A and S3A). To identify potential HopBF1 substrates, we incubated
recombinant A2 syringae HopBF1 or the predicted inactive D154A mutant with a yeast
extract and [y32P]ATP. We observed a single 32P-labelled species that migrated during
electrophoresis at ~80-90 kDa in extracts that were incubated with WT HopBF1 but not the
predicted inactive mutant (Figure 3B).

Moreover, analysis of anti-Flag immunoprecipitates from yeast extracts expressing Flag-
tagged HopBF1 D169A revealed the presence of a single coimmunoprecipitating protein,
which also migrated as an ~80-90 kDa species during SDS PAGE (Figure 3C). Mass
spectrometry identified tryptic peptides corresponding to HSP82 and HSC82, the yeast
orthologs of human HSP90. Protein immunoblotting of Flag-immunoprecipitates confirmed
HSP82/HSC82 as HopBF1 interacting proteins (Figure 3D).

HSP9O0 is a ubiquitous molecular chaperone that binds and hydrolyzes ATP while facilitating
the maturation of a wide array of proteins referred to as clients. To test whether HSP90 is a
substrate of HopBF1, we purified recombinant yeast HSP90 (HSP82) and performed /n vitro
kinase assays. £ syringae HopBF1, but not the D154A or the D169A mutants
phosphorylated HSP82 /in vitro and incorporated ~1 mol of phosphate per mol HSP82
(Figure 3E). The apparent K, for HSP82 was ~3 uM (Figure S3B), which is in the range of
the ~17.5 uM concentration of HSP82 in yeast (Ghaemmaghami et al., 2003). HopBF1
homologs from £ syringae, E. americana, and Serratia rubidaea, but not from Burkholderia
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species phosphorylated HSP82 (Figures 3F and S3C). Moreover, £ syringae HopBF1 also
phosphorylated 7riticum aestivum (wheat) HSP90 and human HSP90B (Figure 3G).
Interestingly, the prokaryotic HSP90 orthologs, htpG from E. coliand P, syringae were not
phosphorylated by HopBF1 (Figure 3G). HopBF1 activity appeared to be highly specific for
HSP90 because generic protein kinase substrates such as casein and myelin basic protein, as
well as the yeast HSP70’s and Bip chaperones were not phosphorylated (Figure 3H).
HopBF1 phosphorylated an ATP-binding deficient mutant of HSP82 and geldanamycin, an
HSP90 inhibitor, did not inhibit the phosphorylation (Figure S3D). Thus, HopBF1 appears
to be a eukaryotic-specific HSP90 kinase.

HopBF1-dependent phosphorylation of HSP90 inactivates ATPase activity and chaperone

function

Mass spectrometry analysis of phosphorylated HSP82 revealed a phosphopeptide
corresponding to the lid segment of the chaperone, which suggested that either Ser99 or
Thr101 was phosphorylated (Figure 4A). Mutation of S99 to Ala or Glu completely
abolished HopBF1-dependent phosphorylation of HSP82 (Figure 4B). In contrast, mutation
of Thr101 to Ala had no effect on HSP82 phosphorylation by HopBF1. Ser99 is invariant in
the HSP90 family and supports nucleotide binding by interacting with the g-phosphate of
ATP (Figures 4C and 4D) (Ali et al., 2006; Verba et al., 2016) HopBF1 phosphorylation of
HSP82 or the presence of a phosphomimetic Glu (S99E) reduced the chaperone’s ATPase
activity to a similar extent as did geldanamycin, a potent HSP90 family inhibitor (Figure
4E).

To test whether HSP90 chaperone-function was affected by HopBF1 phosphorylation, we
co-expressed E£. americana HopBF1 with two HSP9O0 clients in mammalian cells: the
oncogenic tyrosine kinase, v-src (Xu and Lindquist, 1993), and the innate immune receptor,
NLRP3 (Mayor et al., 2007). HopBF1, but not the inactive mutant, markedly reduced the
levels of v-src, global phospho-tyrosine and NLRP3, but not GFP (Figures 4F, 4G, and
S4A). Additionally, a phosphomimetic mutant of human HSP90B (S108E) could still
interact with v-src, suggesting that the chaperone function but not the client interaction is
perturbed by HopBF1 phosphorylation (Figure S4B). Collectively, these results suggest that
the HopBF1 family of kinases phosphorylate and inactivate HSP90 ATPase activity and
chaperone function.

HopBF1 phosphorylates and inactivates HSP90 in yeast

We used structure-guided mutagenesis to generate mutants of HopBF1 that we predicted
would be involved in catalysis. Alanine substitutions of the ion pair Lys41, the catalytic
Aspl54, and the metal binding Asp169 in £, syringae HopBF1 prevented phosphorylation of
HSP82 in vitro (Figures S4C and S4D). However, mutation of the ion pair residue E74A
significantly reduced, but did not completely abolish, HopBF1 activity. Likewise, expression
of HopBF1 E74A in yeast produced a less severe growth defect than that of WT HopBF1
(Figures 4H and S4D).

Because HSP90 is essential for yeast viability (Borkovich et al., 1989), we hypothesized that
phosphorylation and inactivation of HSP90 was the mechanism by which HopBF1 induced a
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growth defect in yeast. Overexpression of HSP90 failed to suppress the growth defect caused
by HopBF1, most likely because HopBF1 acts catalytically (Figure 4H). However,
overexpression of HSP90 in yeast expressing the hypomorphic HopBF1 E74A mutant
partially rescued the growth defect. Importantly, we also rescued viability of an HSP90 null
yeast strain by expression of WT HSP90 but not an HSP90 S99E phosphomimetic mutant
(Figure 41, See methods). Collectively, these results suggest that the HopBF1-induced
growth defect in yeast is a result of phosphorylation and inactivation of HSP9O0.

HopBF1 phosphorylates HSP90 during infection.

We expressed £. americana HopBF1 or the inactive mutant in an effectorless derivative of
Yersinia pestis (YP37), a commonly used infection model system that delivers effectors into
host cells through the T3SS. Following infection of HelLa cells, endogenous HSP90 was
immunoprecipitated and analyzed by MS. We detected 14 modified phosphopeptides and 1
unmodified peptide corresponding to phosphorylated Ser108 of human HSP90pB (Yeast
Ser99 equivalent) when WT E. americana HopBF1 was translocated into HelLa cells (Figure
S5A). In contrast, we failed to detect any phosphorylated peptides when the D170A mutant
of HopBF1 was used in these experiments. By comparing the number of modified to
unmodified peptides, we can infer that the stoichiometry of phosphorylation during infection
is close to 93% (Figure S5A). Thus, HopBF1 phosphorylates HSP90 during bacterial
infection.

To determine whether HSP90 is phosphorylated by £ syringae HopBF1 in planta, we co-
expressed Myc-tagged HSP90 with £, syringae HopBF1 or the D169A mutant and analyzed
anti-Myc immunoprecipitates from N. benthamiana leaf extracts by MS. Approximately
40% of the detected peptides containing S100 were phosphorylated when coexpressed with
WT HopBF1; in contrast, only 7.7% were phosphorylated when coexpressed with the
D169A mutant (Figure S5A).

To determine the impact of HSP90 phosphorylation during 2. syringae infection, we
infiltrated N. benthamiana leaves with DC3000D28E expressing HopBF1 and agroinfiltrated
WT N. benthamiana HSP90 or the non-phosphorylatable S100F mutant (Figure S5B) and
monitored disease symptoms. Interestingly, the S100F mutation in HSP90, which has very
low ATPase activity (Hubert et al., 2009), was identified in a large-scale genetic screen for
A. thaliana mutants with impaired resistance triggered by RPM1 (Resistance to
Pseudomonas syringae pv maculicola 1) upon recognition of the 2 syringae effector
AvrRpm1 (Hubert et al., 2003). Leaves overexpressing HSP90 that were infiltrated with 2
syringae HopBF1, but not the D169A mutant, displayed signs of tissue collapse as early as
three-days post infiltration, which became more pronounced after 6 days (Figures 5A, S5C,
and S5D). In contrast, leaves transiently expressing HSP90 S100F or YFP had significantly
less disease symptoms after 3- and 6-days post-infection. The acceleration of disease
symptom formation by HopBFL1 in plants overexpressing HSP90 but not the Ser100 mutant
suggests that elevated levels of Ser100 phosphorylated HSP90 may be toxic to plants. Taken
together, our results suggest that HopBF1-dependent phosphorylation of HSP90 on Ser100
during infection causes tissue collapse and necrosis /n planta.
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Plants protect themselves against pathogens by PAMP-triggered immunity (PTI) (Dangl et
al., 2013; Dangl and McDowell, 2006). Bacterial plant pathogens utilize type 111 effectors to
promote virulence by disrupting or suppressing PTI (Xin and He, 2013). Consequently,
plants have evolved mechanisms to detect the presence of effectors, which results in the
activation of “effector-triggered” immunity (ETI), often resulting in a form of programmed
cell death termed the “hypersensitive response” (HR) (Cui et al., 2015). To test whether
HopBF1 induces the HR, we inoculated N. benthamiana leaves with the virulent 2. syringae
B728a strain, which does not induce HR unless a recognized effector, such as HopQL1, is
ectopically expressed in the strain (Giska et al., 2013). Bacteria expressing HopBF1 or the
mutants multiplied to similar extent as a control strain and caused disease symptoms (Figure
S5E). Thus, HopBF1 does not activate the HR in A. benthamiana.

In plants, HSP90 and its co-chaperones, SGT1 and RAR1 have well-documented roles in the
host defense response to pathogens (Kadota and Shirasu, 2012). The current model suggests
that many NB-LRR proteins, several of which are plant Resistance proteins (R-proteins),
such as RPM1, are clients of the HSP90 complex (Hubert et al., 2003; Takahashi et al.,
2003). Pathogen-induced activation of NB-LRR proteins leads to the HR and requires a
functional HSP90 (Kadota and Shirasu, 2012). An autoactive mutant of RPM1 (D505V)
recapitulates normal RPM1 activation and subsequent HR in the absence of pathogens (Gao
et al., 2011). Because RPM1 requires HSP9O0 for its function, we reasoned that HopBF1
would inactivate HSP90 and prevent the HR in leaves expressing the autoactive RPM1
mutant. As expected, transient expression via agroinfiltration of RPM1 D505V in N,
benthamiana resulted in widespread HR (Figure 5B, panel 1). However, co-expression of
RPM1 D505V with HopBF1, but not the inactive D154A and D169A mutants, delayed and
reduced HR development (Figure 5B, panels 2-4). Collectively, these results suggest that
HopBF1 interferes with the activation of RPM1 D505V by phosphorylation and inactivation
of HSP90. Because several R proteins require HSP90 for activation (Kadota and Shirasu,
2012), one consequence of HSP9O0 inhibition by HopBF1 is prevention of NB-LRR
activation and the HR (Figure 5C). However, inactivation of HSP90 by HopBF1 will likely
have pleiotropic effects across multiple signaling pathways, some of which may also
contribute to A2 syringae pathogenicity (See Discussion).

HopBF1 mimics an HSP9O0 client

Because HopBF1 and HSP90 appear to interact in near stoichiometric quantities (Figure
3C), we wondered whether HopBF1 was being recognized as a host HSP90 client.
Interestingly, the most prevalent HSP90 clientele are members of the protein kinase
superfamily (Taipale et al., 2010; Taipale et al., 2012). Therefore, to test whether HSP90
recognizes HopBF1 as a client, we expressed the catalytically inactive E. americana
HopBF1 D170A in HEK293A cells and treated the cells with the HSP90 inhibitor
geldanamycin. Inhibition of HSP90 decreased levels of HopBF1 D170A and the bona fide
HSP90 client v-src, but not GFP (Figure 6A). Likewise, levels of WT HopBF1 were
consistently lower than that of the D170A mutant, indicating that WT HopBF1 expression
phenocopies geldanamycin treatment of the D170A mutant (Figure S6A).
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In eukaryotes, HSP90 works together with the co-chaperone CDC37 to facilitate the
maturation of client kinases (Karnitz and Felts, 2007; Pearl, 2005). To test whether HopBF1
requires CDC37, we analyzed anti-Flag immunoprecipitates from HEK293A cell extracts
expressing Flag-tagged-GFP, v-src and HopBF1 D170A. As expected, protein
immunoblotting of anti-Flag immunoprecipitates revealed that HSP90 and CDC37 interact
with v-src; however, we failed to detect CDC37 in HopBF1 immunoprecipitates (Figure 6B).
Furthermore, deletion of CDC37 using small interfering RNA (siRNA) abolished v-src
interaction with HSP90, but had no effect on HopBF1/HSP90 binding (Figure 6C). Thus,
HopBF1 does not require CDC37 to interact with HSP9O0.

The a.C- B4 loop in client kinases is involved in kinase recognition by HSP90 via conserved
hydrophobic residues flanked by a proline (Citri et al., 2006; Xu et al., 2005). Several
HopBF1 homologs contain a G-F-P-V-V motif in the aC- p4 loop (Figure 6D). Therefore,
we generated acidic mutations in this region of HopBF1 to screen for mutants that lost the
ability to induce a growth defect in yeast. Expression of £. americana HopBF1 V89D
displayed a minor growth phenotype compared to WT HopBF1 (Figures 6D and S6B).

Steady state kinetic analysis of 2. syringae V88D (V89D in E. americana HopBF1) revealed
an ~10-fold increase in the K, and a ~150-fold decrease in Vi« for S. cerevisiae HSP82
(Figure S6C). Despite more than a 1000-fold decrease in catalytic efficiency (Keat/Km), P
syringae HopBF1 V88D appeared to be well-folded when heterologously expressed and
purified from E. coli. When expressed in mammalian cells, £. americana HopBF1 V89D
was undetectable by protein immunoblotting (Figure 6E; compare lanes 1 and 3).
Improperly folded clients of HSP9O0 are targeted to the proteasome for degradation (Connell
et al., 2001; Ehrlich et al., 2009; Murata et al., 2001; Neckers, 2002; Theodoraki and Caplan,
2012; Zhang et al., 2008). Indeed, proteasomal inhibition using MG132 restored £.
americana HopBF1 V89D protein levels, indicating that the V89D mutant is targeted to the
proteasome for degradation. Importantly, £. americana HopBF1 V89D was unable to
interact with HSP90 in co-immunoprecipitation experiments (Figure 6E; compare lanes 2
and 4). Thus, the aC-p4 loop of HopBF1 is necessary for HSP90 recognition.

To determine the impact of HopBF1 V88D expression /in planta, we transiently expressed A
syringae HopBF1 or mutants by agroinfiltration in A. benthamiana plants. We observed
robust necrosis and tissue collapse in leaves expressing WT HopBF1, but not the HSP90
interacting mutant V88D or the catalytic D169A mutant (Figures 6F and S6D). Collectively,
these data strongly suggest that HopBF1 is mimicking an HSP90 client.

Discussion

We have discovered that the uncharacterized HopBF1 family of T3SS effectors target HSP90
to dampen the host defense response. HopBF1 is specific for eukaryotic HSP90, despite the
fact that the target Ser is strictly conserved in prokaryotic homologs (Figure 5D & 6D). This
is a clever mechanism that appears to have evolved to prevent phosphorylation and
inactivation of the pathogen’s own HSP90.
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HSP90 lies at the hub of plant and animal immunity and our results describe the first
pathogenic mechanism to directly inactivate the chaperone. In animals, HSP90 binds the
cochaperone SGT1 and this complex is essential for the immune response initiated by the
NB-LRR immune sensors NODY2 and NLRP3 (da Silva Correia et al., 2007; Mayor et al.,
2007). Likewise, plant HSP90 and SGT1 are also required for proper activation of NB-LRR
proteins; however, unlike animal HSP90/SGT1, the plant complex also requires the CHORD
domain containing protein RARL (Azevedo et al., 2002; Hubert et al., 2003; Shirasu, 2009;
Takahashi et al., 2003). Plant HSP90 binds several NB-LRR proteins including RPM1
(Hubert et al., 2003), N (Liu et al., 2004), MLA1 and MLAG (Bieri et al., 2004), and is
required for NB-LRR function. For example, knockout or silencing of RAR1, SGT1, or
HSP90 compromises resistance against various pathogens (Austin et al., 2002; Azevedo et
al., 2002; Kadota and Shirasu, 2012; Shirasu et al., 1999; Takahashi et al., 2003).

In addition to dampening the host defense response by interfering with NB-LRR function,
HopBF1 may also contribute to the necrotic stage of the 2 syringae lifestyle. Unlike
biotrophic and necrotrophic pathogens, which obtain nutrients from living and dead tissue,
respectively, P syringae is hemibiotrophic (Xin and He, 2013). During a successful disease
cycle in a susceptible host, P syringae multiplies aggressively but does not cause host cell
death in the initial phase of infection. However, infected tissues show extensive necrosis
during the late stages of infection (Xin et al., 2018). Notably, both agroinfiltration and
natural delivery of HopBF1 during infection caused profound tissue collapse and necrosis in
N. benthamiana, N. tabacumand A. thaliana plants (Figure 2). Thus, HopBF1 may have at
least two roles during infection: 1) dampen ETI by interfering with NB-LRR activation and
2) inducing host cell death during the late stage of infection. Future work will be required to
understand the temporal regulation of HopBF1 expression during £ syringae infection.

Recently, Harrison and coworkers (Hulin et al., 2018) studied a large set of 2. syringae
strains aiming to elucidate molecular features associated with pathogenicity on cherry
(Prunus avium). Interestingly, they concluded that HopBF1 is the effector most significantly
associated with pathogenicity on this host. Although only the HopBF1 proteins from £
syringae have been characterized to date as type 11 effectors, genomic neighborhoods of
more distant HopBF1 family members suggest these proteins are delivered to target cells by
diverse secretion systems. For example, the many Burkholderia HopBF1 genes are located in
clusters of T3SS genes. Some other gammaproteobacterial HopBF1 proteins are found
within clusters of Type VI secretion system genes while an actinobacterial HopBF1 homolog
is next to a Type VII secretion system gene cluster. These observations suggest that the
HopBF1 minimal kinase domain is a conserved and versatile molecular machine, delivered
in very different ways to target cells.

Some homologs of the HopBF1 kinase are found in a remarkably diverse set of proteins,
some of which contain multiple structural domains (Figure S1A). Several of these long
HopBF1 homologs contain a domain structure reminiscent of the polymorphic toxins used
by bacteria against hosts or during inter-bacterial conflicts (Zhang et al., 2012). Polymorphic
toxins contain several ordered functional segments including: structural repeats for adhesion
and/or presentation on target cells, a releasing protease domain, and a toxin domain.
Numerous HopBF1 homologs, contain filamentous hemagglutinin and RHS (Recombination
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Hot Spot) repeats, and cysteine- and metallo-protease domains. A few of these long HopBF1
homologs contain two or three HopBF1-type kinase domains. The similarity of HopBF1
homologs to polymorphic toxins suggests that the HopBF1 kinase domain may also function
as a toxin.

Structure homology searches using the DALI server (Holm and Rosenstrom, 2010), indicate
that £. americana HopBF1 is similar to the Shigella flexneri effector OspG (Pruneda et al.,
2014) and the Enterohemorrhagic Escherichia coli (EHEC) effector NleH1 (Grishin et al.,
2014). However, OspG and NleH1 are not recognized by standard BLAST sequence analysis
when using HopBF1 as a query in the search. Nevertheless, all three effectors adopt a similar
three-dimensional fold. OspG and NleH1 are capable of undergoing autophosphorylation
(Gao et al., 2009; Kim et al., 2005; Zhou et al., 2013); though their substrates have yet to be
identified. OspG binds ubiquitin and ubiquitin loaded E2 enzymes, attenuates host NF-x3
signaling and negatively regulates the host immune response stimulated by S. flexneri, the
causative agent of shigellosis in humans (Kim et al., 2005; Pruneda et al., 2014). Likewise,
NleH1 also regulates host NF-x signaling and promotes bacterial colonization and diarrhea
in piglets infected with the foodborne pathogen E. coli strain O157:H7 (Wan et al., 2011).
Despite sharing similar structural folds to HopBF1, OspG and NleH1 do not phosphorylate
HSP90 in vitro (not shown). Nonetheless, it appears as though these kinases diverged early
in the evolution of the protein kinase superfamily and may possess the minimal architecture
needed to catalyze kinase-dependent protein phosphorylation.

In canonical kinases, specificity is commonly achieved by the primary amino acid sequence
of the substrate and interactions that occur within the C-lobe of the kinase domain (Miller
and Turk, 2018). HopBF1 lacks the C-lobe GHI helical subdomain, yet is highly specific for
eukaryotic HSP90, suggesting a unique mode of recognition. In fact, we were unable to
phosphorylate peptides derived from the sequence surrounding the phospho-acceptor site of
HSP90. HSP90 is not considered to be a general chaperone like the HSP70 family. Instead,
HSP90 preferentially facilitates the folding of client proteins involved in signal transduction,
most notably protein kinases (Taipale et al., 2012). Because of HSP90’s unique role in
facilitating the maturation of protein kinases, HopBF1 appears to exploit the chaperone’s
affinity for kinases to achieve specificity.

The transient nature of kinase-substrate interactions (de Oliveira et al., 2016), often prevents
identification of protein kinase substrates by co-immunoprecipitation experiments. The ~1:1
stoichiometry of interaction between HopBF1 and HSP90 suggests that binding may not be
a typical kinase-substrate interaction, but rather a chaperone-client interaction, or a
combination of both. Notably, treatment of mammalian cells with geldanamycin
significantly reduced HopBF1 levels, suggesting that HopBF1 is an HSP90 client (Figure
6A). HSP90 generally works with the co-chaperone CDC37 to aid the maturation of client
kinases; (Hunter and Poon, 1997) (Verba and Agard, 2017); however, the HSP90 kinase
clients FLT4 and STK11 do not require, or only weakly require, CDC37 for HSP90
interaction (Taipale et al., 2012).

Likewise, HopBF1 does not require CDC37 for its interaction with HSP90 (Figure 6B and
6C). Cryo EM structures of the HSP90/CDC37/CDK4 ternary complex indicate that CDC37
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serves to help unwind client kinases, separating the N and C-lobes and stabilizing a partially
unfolded and inactive state (\erba and Agard, 2017; Verba et al., 2016). Therefore, it
appears that HopBF1 is not unfolded by HSP90 in a typical client:kinase interaction. This
would explain why upon HSP90 binding, HopBF1 is activated and capable of
phosphorylating HSP90.

HSP90 recognizes many client kinases via hydrophobic residues within the a-C-p-4 loop
region of the kinase domain. Sequence alignments of HopBF1 homologs revealed
conservation of aliphatic residues within the a-C-p—4 loop (Figure 6D). A single mutation
in this region drastically lowered HopBF1 activity and, importantly, prevented interaction
with HSP90 in cells. These results suggest that HSP90 recognizes HopBF1 via a
prototypical chaperone-kinase surface and that HopBF1 has evolved to mimic a host kinase
client to specifically target and inactivate HSP90.

In summary, we have identified a bacterial kinase family that catalytically targets and
inactivates eukaryotic HSP90 chaperones. HSP90 is an essential component of both plant
and animal immunity and facilitates the folding of innate immune receptors and many
protein kinases. Therefore, we propose that HopBF1 is mimicking an HSP90 client, or being
recognized as a “pseudoclient”, which results in the phosphorylation and inactivation of the
chaperone in a “betrayal” mechanism. Our results highlight a novel mechanism of host-
pathogen interaction and reiterate the importance of HSP90 in immunity.

STAR Methods Text
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Vincent S. Tagliabracci
(vincent.tagliabracci@utsouthwestern.edu). Plasmids, primers, recombinant protein,
experimental strains and any other research reagents generated by the authors will be
distributed upon request to other research investigators under a Material Transfer
Agreement.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

DH5a chemically competent cells were used for molecular cloning. Rosetta (DE3)
chemically competent cells were used for protein expression. Both of them were grown in
LB medium cultured at 37°C. After induction, Ros etta (DE3) cells were transferred to room
temperature. S. cerevisiae (BY4741) were grown in YPD or synthetic media. Y. pestis
(YP37) was grown in LB medium cultured at room temperature. YP37 cells were transferred
to 37°C for induction of the secretion system. HeLa and HEK293A cells were grown on
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% Fetal Bovine Serum
and 1% Penicillin/Streptomycin in a 37°C incubator under 5% CO 5, unless otherwise
stated. Agrobacterium tumefaciens GV3101 used for transient Agrobacterium-mediated
gene expression were grown in YEP medium cultured at 28°C . Pseudomonas syringae pv.
tomato DC3000D28E or Pseudomonas syringae pv. syringae B728a were grown in LB
medium cultured at 28°C. Nicotiana benthamiana or Nicotiana tabacum cv. Xanthi-nc were
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grown in soil under controlled environmental conditions (21°C, 16 hours of light, 8 hours of
dar K). Arabidopsis thaliana (Col-0) plants were grown in Jiffy7 pots in controlled-
environment chambers (Percival Scientific, lowa, USA) at 22°C, 40% humidity, under 8
hours of light, 16 hours of dark conditions.

METHOD DETAILS

Identification of HopBF1 by bioinformatics—Similarity of HopBF1 to kinases was
recognized by analysing a collection of gammaproteobacterial effector protein sequences
using the FFAS system for remote sequence similarity recognition (Xu et al., 2014) and
verified using HHpred and Phyre2 servers for protein structure prediction (Kelley et al.,
2015; Zimmermann et al., 2018). Significance of similarity was assessed using standard
significance thresholds specific for each method.

An exhaustive search for homologues of the HopBF1-like kinase domain was performed
using Jackhmmer (Finn et al., 2015). Sequences were aligned by MAFFT (Katoh and
Standley, 2013) and the alignment curated manually. Sequence logos were created with
Weblogo (Crooks et al., 2004).

Phylogenetic trees were built for selected HopBF1-like kinase domains after removing
redundancy at the 95% sequence identity level, using the PhyML Maximum Likelihood
method (Dereeper et al., 2008) with an Approximate Likelihood Ratio Test for branch
support, and visualized with iToL (Letunic and Bork, 2016).

Genomic neighborhoods were investigated using the Integrated Microbial Genomes system
(Chenetal., 2017).

Generation of plasmids and strains—The £ syringae HopBF1 and hipg coding
sequences were amplified by PCR using £ syringae pv. syringae FF5 genomic DNA

(0DNA) as a template. The Ewingella americana, and Serratia rubidaea, Burkholderia sp.
B26, and Burkholderia sp. MSMB1072 coding sequences were synthesized as gBlocks
(Integrative DNA Technologies) and used as a template in PCR reactions. Coding sequences
for E. colihtpg (BL21), S. cerevisiae (BY4741) hsc82and hsp82, ssal, ssa2. ssa3, sscl and
kar2, were all amplified from gDNA. The human HSP90p coding sequence was amplified
from the Ultimate™ ORF Lite human cDNA collection (Life Technologies). N. benthamiana
and T7riticum aestivum HSP90 coding sequences were amplified from cDNA.

HopBF1 coding sequences were cloned into a modified pET28a bacterial expression
plasmid containing an N-terminal 6XHis-Sumo tag (ppSumo) or pMMBG67HE (a gift from
the Orth Lab). Single amino acid mutations were introduced via Quick Change site directed
mutagenesis. E. coli hitpg, S. cerevisiae hsc82, hsp82, ssal, ssa2, ssa3, sscl, karZ, N.
benthamiana HSP90and T. aestivum HSP90were cloned into pET28a bacterial expression
vector. HopBF1 coding sequences were also cloned into a galactose-driven yeast expression
vector pESC-Leu (Agilent Technologies) to generate Myc and Flag-tagged HopBF1.
Similarly, the S. cerevisiae hsp82 coding sequence was amplified with an N-terminal Flag-
tag and was cloned into the p423-GPD vector (Mumberg et al., 1995) for overexpression in
yeast. Yeast expression plasmids were introduced into BY4741 via lithium acetate-mediated
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transformation and were selected on agar plates with the appropriate auxotrophic medium.
Single colonies were picked and expression was verified by SDS PAGE and immunoblotting
of yeast protein lysates.

To test the viability of HSP90 mutations of Ser 99, we generated plasmid shuffling strains
following a previously described strategy (Nathan and Lindquist, 1995). We obtained an
Hsc82 knockout yeast strain (AHSC82::KANMX) derived from BY4741 (MATa his3A1
let2NO metl5A0 ura3A0), and the pRS315 and pRS316 yeast vectors as kind gifts from
Amanda Casey and Kim Orth. The Hsp82 coding sequence (including 1000 bp upstream of
the initiator ATG) was cloned into pRS316 and pRS315 from yeast genomic DNA. Further,
an S99E mutant was generated from the WT Hsp82 pRS315 vector using site-directed
mutagenesis. The Hsp82 pRS316 plasmid was then introduced into the AHSC82::KANMX
strain via lithium acetate-mediated transformation and single colonies were selected using
SD agar without uracil. Subsequently, the S. cerevisiae HSP82 gene was replaced with a
hygromycin cassette using a PCR based modification (Longtine et al., 1998). Briefly, a
hygromycin resistance cassette with homologous sequences flanking the C-terminus of the
HSP82 gene was amplified by PCR. The product of the reaction was then introduced by
lithium acetate-mediated transformation and recovered overnight in 2 mL of SD media
without uracil. Recombinants were selected by plating 100 uL of the transformation on SD
agar without uracil supplemented with 200 ug/mL hygromycin. Successful recombination
was verified by colony PCR using primers flanking the endogenous locus and the inserted
cassette. Lastly, the pRS315 empty vector, WT Hsp82 pRS315, and S99E Hsp82 pRS315
were introduced to the double knockout strain by lithium acetate mediated transformation
and single colonies were selected using SD agar without uracil and leucine.

For mammalian cell expression, the WT and mutant HopBF1 coding sequences were cloned
into the pFLAG-CMV vector with N-terminal Flag tags. The Rous sarcoma virus v-src
coding sequence was amplified from vectors received as a generous gift from Jenna Jewell
and cloned into a pcDNA based vector (pCCF) with an N-terminal Flag tag. The EGFP
coding sequence was amplified from pEGFP-CL1 and cloned into the pFLAG-CMV vector
with an N-terminal Flag tag. A vector coding for Flag-NLRP3 was received as a kind gift
from Dr. James Chen. The Hsp90p coding sequence was amplified and cloned into the
pCDNA 4.0 vector with an N-terminal V5 tag. All amino acid mutations were generated via
site-directed mutagenesis.

Sequences encoding HopBF1 (KEZ70135.1) from Pseudomonas syringae pv. syringae FF5
or full-length complementary DNA (cDNA) encoding . benthamiana Hsp90 (AY 368905)
were PCR amplified and cloned into pENTR/D-TOPO vector. £, syringae HopBF1 and M.
benthamiana Hsp90 variants were generated by site-directed mutagenesis. To create
constructs expressing HopBF1 variants fused to 2xSTREP-FLAG or Hsp90 protein variants
N-terminally tagged with 10xMyc, the entry clones were LR recombined with appropriate
Gateway destination vectors from the pGWB series (Golisz et al., 2013; Nakagawa et al.,
2007).

To express HopBF1 variants in 2 syringae, the sequences were PCR amplified with primers
adding Bglll and Xhol restriction sites to the opposite ends of the products and cloned into
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pJET 1.2 (Thermo Fisher Scientific). Next, the sequences were cut with the restriction
enzymes and cloned under the control of Tac promoter in pBBR1MCS2-pTac, the modified
broad-host-range vector pBBR1MCS-2 (Giska et al., 2013). The constructs were
electroporated into P, syringae pv. tomato DC3000D28E or Pseudomonas syringae pv.
syringae B728a.

To generate the Yersinia YP37 strains expressing HopBF1, triparental matings were
performed between an E. coli strain (DH5a.) harboring pMMBG67HE vectors, an £. coli
strain (DH5a) containing the pRK2013 plasmid (a kind gift from Dr. Kim Orth), and YP37
at room temperature overnight on LB agar. Transconjugants were selected on LB agar
supplemented with chloramphenicol, kanamycin and ampicillin.

Protein purification—Rosetta (BL21 derivative) cells were transformed with ppSumo-
HopBF1 plasmid and grown at 37°C in LB media under kanamycin selection until the
ODgqg reached approximately 0.6 — 1.0 absorbance units. Cultures were induced with final
concentrations of 0.4uM IPTG and incubated with shaking overnight at room temperature.

The following buffers were used for Ni-NTA purification of HopBF1: Resuspension Buffer.
50mM Tris-HCI (pH 7.5), 300mM NaCl, 1mM DTT, 1mM PMSF. Wash Buffer. 50mM
Tris-HCI (pH 7.5), 300mM NaCl, 1mM DTT, 20mM Imidazole (pH 8). Elution Buffer.
50mM Tris-HCI (pH 7.5), 300mM NaCl, 1mM DTT, 300mM Imidazole (pH 8). For
purification of HSP90 and homologs, 1mM EDTA was added to all buffers.

Overnight cultures were pelleted by centrifugation at 5000 x g for 15 minutes at 4°C. Cells
were re-suspended in 50mL of the appropriate resuspension buffer. The solution was split
into two 25mL fractions and sonicated individually on ice. The sonication protocol uses 15
second pulses with 30 second rest times for a total “on” process time of 2 minutes and 30
seconds. The resulting lysate was spun at 20,000 x g for 30 minutes at 4°C. The supernatant
was collected and incubated with 1mL of packed Ni-NTA resin (Bio-Rad His-Pur 88222)
(washed with 1x TBS) at 4°C with nutating for 30 min — 1lhour. The beads were then washed
with 25mL of the appropriate wash buffer. Finally, proteins were eluted using 10mL of
corresponding elution buffer.

A-phosphatase and ULP treatment—The elution was warmed to room temperature
and treated with 1 pL of A-phosphatase (400,000 Units/mL New England Biolabs P0753S)
and 1mM MnCls, for 1-2 hours at room temperature. In some cases, the elution’s were
treated with 20uL of 2mg/mL 6X His ULP-protease (purified as above) at 4°C overnight to
remove the 6x-His-Sumo tag.

MonoQ anion exchange—Ni-NTA purified proteins were buffer exchanged to an anion
exchange buffer containing 50mM Tris-HCI (pH 7.5), 50mM NaCl, and 1mM DTT. The
protein was then subjected to anion exchange chromatography on a MonoQ column.
Initially, the column was equilibrated with Buffer Al containing 50mM Tris-HCI (pH 7.5)
and 1mM DTT. Finally, the protein was eluted using Buffer B1 containing 50mM Tris-HCI
(pH 7.5), 1M NaCl, and 1mM DTT. The gradient target concentration was 50% Buffer B1
and fraction sizes were set to 500 L for optimal separation. Fractions corresponding to
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HopBF1 were collected and concentrated to 2 mL for use in the Superdex 200 gel filtration
column.

Gel filtration—The concentrated proteins were loaded onto a Superdex 200 gel filtration
column. The column was pre-equilibrated with a buffer containing 50mM Tris-HCI (pH
7.5), 150mM NaCl, and 1mM DTT. Fraction sizes were 1.5mL. Fractions containing the
protein were concentrated to 2mg/mL and frozen in liquid N, to be used in enzyme assays.
For structural studies, £. americana HopBF1 was buffer exchanged and concentrated to
11mg/mL (see below).

Production of E. americana HopBF1 anti-sera—E£. americana HopBF1 was purified
as a 6X-His-Sumo fusion protein as above. The protein was used to inoculate rabbits for
generation of rabbit anti-£. americana HopBF1 anti-serum (Cocalico Biologicals).

In vitro kinase assays—Kinase reactions were carried out in a buffer solution containing
50mM Tris-HCI (pH 7.5), ImM DTT, 5mM MnCly, 100uM [y—32P]ATP, specific activity
~1000cpm/pmol. For standard reactions, 4ug of substrate was included with 26.7ng of
HopBF1 in a final volume of 20uL. Reactions were incubated at room temperature for 5-15
minutes and stopped with 3uL of 500mM EDTA followed by the addition of 6uL of 5x
SDS-loading dye containing 5% B-mercaptoethanol. Reaction products were loaded onto a
poly-acrylamide gel for electrophoresis and visualized by Coomassie staining and
autoradiography. Assays were typically performed a minimum of three times.

Kinase assays in yeast extracts were carried out in a similar manner with 40pug total yeast
extract and 1uM staurosporine included. Proteins were resolved by SDS-PAGE and either
stained with Coomassie or transferred to a nitrocellulose membrane and analyzed for
HopBF1 by protein immunoblotting using anti-HopBF1 anti serum.

Kinetic analysis—For kinetic analysis, S. cerevisiae HSP82 concentrations were varied as
indicated and incubated with 60nM P, syringae HopBF1 in a final volume of 20uL in a
buffer containing 50mM Tris-HCI (pH 7.5), 1mM DTT, 5mM MnCl,, 100uM [y-32P]ATP,
specific activity ~5000cpm/pmol. Reactions were incubated at room temperature for 15
minutes and terminated with 3uL of 500mM EDTA followed by the addition of 6uL of 5x
SDS-loading buffer containing 5% B-mercaptoethanol. Reaction products were resolved by
SDS-PAGE and visualized by Coomassie staining. Radioactive gel bands corresponding to
HSP82 were excised and incorporated radioactivity was quantified by scintillation counting
(Budget-solve 111167; Beckmann scintillation counter). Assays were performed in technical
duplicates in three independent experiments.

Crystallization and X-ray data collection—Recombinant £. americana HopBF1 was
purified as described above and concentrated to 11 mg/mL in 10mM Tris-HCI pH = 7.5,
50mM NaCl, 1mM TCEP. Native apo crystals of HopBF1 were grown at 4°C by the hanging
drop vap or diffusion method using a 1:1 ratio of protein/reservoir solution containing 1.4M
ammonium sulfate, 100mM sodium citrate (pH 5.6) and 200mM sodium potassium tartrate,
and were flash-frozen in 1.4M ammonium sulfate, 100mM sodium citrate (pH 5.6), 200mM
sodium potassium tartrate, 50mM NaCl, and 25% ethylene glycol. Apo HopBF1 crystals
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exhibited the symmetry of space group R32 with cell dimensions of a=134.95 A, ¢ =
124.49 A, contained one molecule per asymmetric unit, and diffracted to a minimum Bragg
spacing (dmin) of 2.50 A when exposed to synchrotron radiation.

To obtain a heavy atom derivative, crystals were soaked in 1.4M ammonium sulfate, 100mM
sodium citrate (pH 5.6), 200mM sodium potassium tartrate, 50mM NaCl and 10mM 2-
chloromercuri-4-nitrophenol for 15 minutes, and were back-soaked by transferring to 1.4 M
ammonium sulfate, 100mM sodium citrate (pH 5.6), 200mM sodium potassium tartrate,
50mM NaCl and 25% ethylene glycol. Nucleotide bound crystals were obtained by
incubating the protein with ImM AMPNP and 5mM MnCl;, prior to crystallization
screening. Nucleotide bound crystals were grown at 4°C by the hanging drop vapor diffusion
method using a 1:1 ratio of protein/reservoir solution containing 200 mM sodium citrate (pH
5.6) and 19% (w/v) PEG3000. Crystals were flash frozen in 22% (w/v) PEG3000, 200mM
sodium citrate (pH 5.6) and 25% ethylene glycol. Nucleotide bound HopBF1 crystals
exhibited the symmetry of space group R32 with cell dimensions of a = 76.19 A, ¢ = 351.36
A, contained two molecules per asymmetric unit, and diffracted to a minimum Bragg
spacing (dmin) of 1.90 A when exposed to synchrotron radiation.

Diffraction data were collected at 100 K at the Advanced Photon Source beamline 19-1D.
Native data for the nucleotide bound HopBF1 were collected near the Se K-edge, and native
apo and mercury-derivative data were collected at the Hg K-edge. Data were indexed,
integrated, and scaled using the HKL-3000 program package (Minor et al., 2006). Analysis
of the self-Patterson function calculated with the nucleotide bound HopBF1 data revealed a
significant off-origin peak at approximately (1/3, 2/3, 1/6) and 55% the height of the origin
peak, indicating pseudo-translational symmetry. Data collection statistics are provided in
Table S1.

Phase determination and structure refinement—Phases for the apo HopBF1 were
obtained from a single-wavelength anomalous dispersion experiment using a mercury
derivatized protein crystal with data collected at the mercury K-edge to a dpn of 2.90 A.
Two mercury sites were located using the program SHELXD (Schneider and Sheldrick,
2002) and phases were refined with the program Miphare (Otwinowski, 1991), resulting in
an over-all figure-of-merit of 0.19 for data between 42.65 and 2.90 A. Phases were further
improved by density modification in the program Parrot (Cowtan, 2010) resulting in a
figure-of-merit of 0.61. An initial model containing 79% of all HopBF1 residues was
automatically generated in the program Buccaneer (Cowtan, 2006).

As the mercury derivatized and native apo crystals were isomorphous, all further
calculations for the apo structure were performed versus the native data. Additional residues
for HopBF1 were manually modeled in the program Coof (Emsley et al., 2010). Positional
and isotropic atomic displacement parameter (ADP) as well as TLS ADP refinement was
performed to a resolution of 2.47 A using the program Phenix (Afonine et al., 2010) with a
random 10% of all data set aside for an Rye calculation. The current model contains one
HopBF1 monomer; included are residues 25 — 200 and 25 water molecules. The Ryork IS
0.206, and the R¢e is 0.221. A Ramachandran plot generated with Molprobity (Chen et al.,
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2010) indicated that 95.4% of all protein residues are in the most favored regions and 0.6%
(one residue) in disallowed regions.

Phases for the nucleotide bound HopBF1 were obtained by the molecular replacement
method in the program Phaser (McCoy et al., 2007) using the coordinates for the native
HopBF1 monomer. Model building and refinement were performed to a resolution of 1.90 A
using a similar protocol to the native structure. Two HopBF1 molecules were located in the
asymmetric unit, two molecules of AMP-PNP and 232 waters. The Ry,ork is 0.208, and the
Riree is 0.240; the presence of pseudo-translational symmetry in this lattice is likely the
cause of the higher than expected Ryee for this model. A Ramachandran plot generated with
Molprobity (Chen et al., 2010) indicates that 98.6% of all protein residues are in the most
favored regions and none in disallowed regions. Phasing and model refinement statistics for
all structures are provided in Table S1.

Growth inhibition assays—Yeast cultures were grown overnight in the appropriate SD
dropout media supplemented with 2% glucose for plasmid maintenance. The following day,
cultures were normalized to 1 ODgy in sterile PBS and diluted serially to 1073 ODggg. Ten
pL of each dilution were then plated on the appropriate SD dropout agar using either 2%
glucose or 2% galactose and 1% raffinose. Spotted plates were then grown in a 30°C
incubator for 2-5 days.

To verify protein expression, yeast cultures were grown overnight in the appropriate SD
dropout media supplemented with 2% glucose. The overnight cultures were then diluted in
the appropriate SD dropout media with 2% galactose and 1% raffinose. The induced and
uninduced media (1 ODggg) were pelleted and resuspended in yeast lysis buffer (4% 5N
NaOH and 0.5% p-mercaptoethanol). The cells were incubated for 30 minutes on ice and
then neutralized with 5N HCI. SDS loading buffer containing 1% B-mercaptoethanol was
added to the samples, boiled, and resolved by SDS-PAGE. Proteins were then transferred to
a nitrocellulose membrane, and immunoblotted with anti-Flag M2 (F3165, Sigma), anti-
GAPDH (MA5-15738 Thermo Fisher Scientific), anti-c-Myc 9E10 (sc-40, Santa Cruz
Biotechnology), and anti-HSP90 (sc-13119, Santa Cruz Biotechnologies). Results shown are
representative of at least three independent experiments.

Plasmid shuffling experiments of HSP90 Ser99 mutants—Yeast cultures were
streaked from glycerol stocks onto leucine and uracil SD dropout agar and grown for 2-3
days at 30°C. Plates were t hen re-streaked onto SD agar without leucine and uracil and agar
supplemented with or without 5-fluororotic acid (Img/mL). 5-FOA produces a toxic by-
product and is used to negatively select against yeast containing URA vectors. WT genes
were encoded on URA vectors and mutations tested were placed on a separate (non-URA)
vector. As a result, lethal mutations were unable to support growth. The plates were allowed
to grow for 2-3 days at 30°C. Results shown are representative of at least three independent
experiments.

Immunoprecipitation of HopBF1—BY4741 was transformed with either pESC-Leu
empty plasmid or pESC-Leu P, syringae D169A Flag-HopBF1. Cells were grown overnight
in SD media without leucine containing 2% glucose. To induce protein expression, cells
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were washed three times with PBS and diluted into SD containing 2% galactose and 1%
raffinose for overnight induction. Cells were pelleted the following morning and
resuspended in approximately an equal volume of ice-cold yeast immunoprecipitation buffer
(50mM Na-HEPES, 200mM NaOAc, 1mM EDTA, 1mM EGTA, 5mM MgOAc, 5%
glycerol, 0.25% NP-40, 3mM DTT, 1mM PMSF, Roche protease inhibitor cocktail, and
pH=7.5). Cleared cell lysates were obtained by glass bead beating followed by two
subsequent spins at 3000 x g (2 min. at 4°C) and 20,000 x g (10 min. at 4°C). Lysates were
then incubated on an orbital shaker for 3 hours at 4°C with anti-Flag M2 agarose affinity
resin (Sigma A2220) that had been pre-blocked with 1% BSA in immunoprecipitation
buffer. After 3 hours, the agarose was pelleted and washed four times with ice-cold yeast
immunoprecipitation buffer without protease inhibitors. Immunoprecipitated proteins were
then eluted using 3X-Flag peptide diluted in yeast immunoprecipitation buffer and SDS
loading buffer containing 1% -mercaptoethanol was added to the samples and boiled.
Samples were resolved by SDS-PAGE and analyzed by silver staining or immunoblotting
with anti-Flag M2 (F3165, Sigma), anti-Hsc82/Hsp82 (a kind gift from Jill L. Johnson), and
anti-GAPDH (MA5-15738 Thermo Fisher Scientific). Individual bands of silver stained-gel
were cut for detection by mass spectrometry.

For immunoprecipitation from HEK293A cells, individual wells of a 6-well dish were
transfected with pFlag-EGFP, pCCF-v-src, pFlag-£. americana (or mutants) plasmids using
PolyJet transfection reagent (Signagen Laboratories) per manufacturer’s instructions. Fresh
medium was added 5 hours after transfections. Cells were harvested the following day and
lysed in ice-cold HENG buffer (50mM HEPES-KOH [pH 7.9], 150mM NaCl, 20mM
Nay,MoOy, 2mM EDTA, 5% glycerol, ImM DTT, 0.5% Triton X-100) supplemented with a
protease inhibitor cocktail (Roche). Whole cell lysates were then normalized by the total
amount of protein. Anti-Flag M2 agarose affinity resin (Sigma) was added to the lysates and
incubated for 3 hours at 4°C on an orbital shaker. The resin was pelleted by centrifugation
and washed four times with ice-cold HENG buffer. Immunoprecipitated proteins were then
eluted using 3X Flag peptide diluted in HENG buffer, filtered to remove contaminating resin
(Millipore, Durapore-PVDF 22 pum; UFC30GV00 ) then concentrated (Millipore, Amicon
Ultra-0.5mL 10Kda UFC501096). SDS loading buffer containing 1% p-mercaptoethanol
was added to the samples and boiled. Samples were resolved by SDS-PAGE, transferred to a
nitrocellulose membrane, and immunoblotted with anti-Flag M2 (F3165, Sigma), anti-
HSP90 (sc-13119, Santa Cruz Biotechnologies), anti-CDC37 (MA3-029, Thermo Fisher
Scientific) and anti-GAPDH (CB1001, EMD Millipore) antibodies. Results shown are
representative of at least three independent experiments.

HopBF1 inhibition of HSP90 chaperone activity in HEK293A cells—Individual
wells of a 6 well-dish were transfected with pre-mixed pFlag (empty plasmid), pFlag-£.
americana HopBF1 or the D170A E. americana HopBF1 mutant and pFlag-GFP, pCCF-v-
src, or pcDNA-Flag-NLRP3 plasmids using PolyJet transfection reagent per manufacturer’s
instructions. Fresh media with either 1uM geldanamycin (Fisher Scientific) or DMSO (as a
vehicle control) was added 5 hours after transfection. Cells were harvested the following day
and lysed in ice-cold lysis buffer (50mM Tris-HCI [pH 7.5], 150mM NaCl, 1mM EDTA,
1mM DTT, 1% Triton X-100) supplemented with a protease inhibitor cocktail (Roche).
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Lysates were cleared by two centrifugations at 3000 x g (2 min. at 4°C) and 20,000 x g (10
min. at 4°C). Cleared lysates were then diluted in SDS loading buffer containing 1% p-
mercaptoethanol and boiled. Samples were resolved by SDS-PAGE, transferred to a
nitrocellulose membrane and immunoblotted with anti-Flag M2 (F3165, Sigma), anti-pY
4G10 (a gift from the Dixon lab), anti-Tubulin (sc-9104, Santa Cruz Biotechnology) and
anti-GAPDH (CB1001, EMD Millipore) antibodies. Results shown are representative of at
least three independent experiments.

Client binding of S108E HSP90B in HEK293A cells—Individual wells of a 6 well-
dish were transfected with pre-mixed pFlag-GFP, pCCF-v-src, pCCF-£. americana -HopBF1
D170A and pcDNA-V5-HSP90B or the S108E mutant plasmids using PolyJet transfection
reagent per manufacturer’s instructions. Fresh media was added 5 hours after transfection.
Cells were harvested the following day and lysed in ice-cold HENG buffer supplemented
with a protease inhibitor cocktail (Roche). Whole cell lysates were then normalized by the
total amount of protein. Anti-Flag M2 agarose affinity resin (Sigma) was added to the
lysates and incubated for 3 hours at 4°C on an orbital shaker. The resin was pelleted by
centrifugation and washed four times with ice-cold HENG buffer. Immunoprecipitated
proteins were then eluted using 3X Flag peptide diluted in HENG buffer, filtered to remove
contaminating resin (Millipore, Durapore-PVDF 22 um; UFC30GV00) then concentrated
(Millipore, Amicon Ultra-0.5mL 10Kda UFC501096). SDS loading buffer containing 1% B-
mercaptoethanol was added to the samples and boiled. Samples were resolved by SDS-
PAGE, transferred to a nitrocellulose membrane, and immunoblotted with anti-Flag M2
(F3165, Sigma), anti-V5 (R960, Thermo Fisher Scientific), and anti-GAPDH (CB1001,
EMD Millipore) antibodies. Results shown are representative of at least three independent
experiments.

Depletion of CDC37 in HEK293A cells—Individual wells of a 6 well-dish were
transfected with human CDC37 siRNA (L-003231-00-0005, Dharmacon) or a non-targeting
control (D-001810-01-05, Dharmacon) using the Dharmafectl transfection reagent
(Dharmacon) per manufacturer’s instructions. Following 24 hours, cells were transfected
with pFlag-GFP, pCCF-v-src, or Flag-£. americana HopBF1 plasmids using PolyJet
transfection reagent. Fresh media was added 5 hours after transfections. Cells were
harvested the following day and lysed in ice-cold HENG buffer supplemented with a
protease inhibitor cocktail (Roche). Whole cell lysates were then normalized by the total
amount of protein. Anti-Flag M2 agarose affinity resin (Sigma) was added to the lysates and
incubated for 3 hours at 4°C on an orbital shaker. The resin was pelleted and washed four
times with ice-cold HENG buffer. Immunoprecipitated proteins were then eluted using 3X
Flag peptide diluted in HENG buffer, filtered to remove contaminating resin (Millipore,
Durapore-PVDF 22 uym; UFC30GV00) then concentrated (Millipore, Amicon Ultra-0.5mL
10Kda UFC501096). SDS loading buffer containing 1% p-mercaptoethanol was added to
the samples and boiled. Samples were resolved by SDS-PAGE, transferred to a
nitrocellulose membrane, and immunoblotted with anti-Flag M2 (F3165, Sigma), anti-
HSP90 (sc-13119, Santa Cruz Biotechnologies), anti-CDC37 (MA3-029, Thermo Fisher
Scientific) antibodies. Results shown are representative of three independent experiments.
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Geldanamycin inhibition of HSP90 in HEK293A cells—Individual wells of a 6 well-
dish were transfected with pFlag- £. americana HopBF1 (or indicated mutants), pFlag-GFP
or pCCF-v-src plasmids using PolyJet transfection reagent per manufacturer’s instructions.
Fresh media with either 1uM geldanamycin (Fisher Scientific) or DMSO (as a vehicle
control) was added 5 hours after transfection. Cells were harvested the following day and
lysed in ice-cold lysis buffer (50mM Tris-HCI [pH 7.5], 150mM NaCl, iImM EDTA, 1mM
DTT, 1% Triton X-100) supplemented with a protease inhibitor cocktail (Roche). Lysates
were cleared by two subsequent centrifugations at 3000 x g (2 min. at 4°C) and 20, 000 x g
(10 min. at 4°C). Cleared lysates were then diluted in SDS loading buffer containing 1% p-
mercaptoethanol and boiled. Samples were resolved by SDS-PAGE, transferred to a
nitrocellulose membrane and immunoblotted with anti-Flag M2 (F3165, Sigma), anti-
Tubulin (sc-9104, Santa Cruz Biotechnology) and anti-GAPDH (CB1001, EMD Millipore)
antibodies. Results shown are representative of at least three independent experiments.

Binding of the aC-p4 HopBF1 mutant in HEK293A cells—Individual wells of a 6
well-dish were transfected with pFlag- £. americana HopBF1 D170A or the V89D/D170A
E. americana HopBF1 mutant plasmids using PolyJet transfection reagent per
manufacturer’s instructions. Fresh media with either 10 pM MG-132 (Sigma) or DMSO (as
a vehicle control) was added 5 hours after transfection. Cells were harvested the following
day and lysed in ice-cold HENG buffer supplemented with a protease inhibitor cocktail
(Roche). Whole cell lysates were then normalized by the total amount of protein. Anti-Flag
M2 agarose affinity resin (Sigma) was added to the lysates and incubated for 3 hours at 4°C
on an orbital shaker. The resin was pelleted and washed four times with ice-cold HENG
buffer. Immunoprecipitated proteins were then eluted using 3X Flag peptide diluted in
HENG buffer, filtered to remove contaminating resin (Millipore, Durapore-PVDF 22 pm;
UFC30GV00 ) then concentrated (Millipore, Amicon Ultra-0.5mL 10Kda UFC501096).
SDS loading buffer containing 1% B-mercaptoethanol was added to the samples and boiled.
Samples were resolved by SDS-PAGE, transferred to a nitrocellulose membrane, and
immunoblotted with anti-Flag M2 (F3165, Sigma), anti-Tubulin (sc-9104, Santa Cruz
Biotechnology), anti-GFP JL-8 (NC9777966, Thermo Fisher Scientific), and anti-HSP90
(sc-13119, Santa Cruz Biotechnologies) antibodies. Results shown are representative of at
least three independent experiments.

Infection of mammalian cells with Y. pestis— Y. pestis (YP37) strains expressing
pPMMBG67HE E. Americana HopBF1 or the D170A mutant were grown overnight in LB
media at room temperature with the appropriate antibiotics. The next day, 800uL of the
overnight cultures were added to 7 mL of LB media supplemented with 20mM sodium
oxalate and 200uL MgCl; for 1 hour at 37°C. After, IPTG was added to a final concentration
of 0.4uM and incubated for 1 hour at 37°C. HeLa cells were washed three times with
antibiotic-free DMEM supplemented with 10% FBS and infected at a multiplicity of
infection of 10. Cells were incubated at 37°C for 2-3 hours and washed 3 times with 1X
PBS. Cells were then lysed in 50mM Tris-HCI (pH 7.5), 150mM NaCl, 1mM EDTA, and
1% Triton X-100. Lysates were spun at 15,000 x g for 10min and supernatants were
incubated with 200ng of anti-HSP90 antibody (sc-13119 Santa Cruz Biotechnology)
overnight at 4°C. 20 uL of a 50% Protein A bead slurry (20333 Thermo Scientific) was
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added to the cleared lysates and incubated at 4°C for 1-2 hours. Beads were spun at 1000 x
g for 1min and washed twice with 1mL of lysis buffer. Samples were diluted in SDS loading
buffer with 1% B-mercaptoethanol and resolved by SDS-PAGE. Proteins were either stained
with Coomassie or transferred to a nitrocellulose membrane and immunoblotted with anti-
HSP90 (sc-13119, Santa Cruz Biotechnologies). Individual bands of Coomassie stained-gel
were cut for detection by mass spectrometry. Results shown are representative of two
independent experiments.

P. syringae secretion assays—-~ syringae strains were incubated overnight at 28°C on
a shake r in 5 mL of King’s broth media (KB) with the appropriate antibiotics. The
following day, the bacterial cultures were diluted to ODgpo= 0.2 to and grown to early log-
phase in 10 mL of KB (with the appropriate antibiotics for plasmid maintenance) at 28°C on
a shaker. Samples were then pelleted and washed twice with PBS buffer. After washing, the
cell pellets were resuspended in 10mL of minimal media supplemented with 10mM fructose.
Cells were grown overnight at 24°C on a shaker. The next day, the bacterial cultures were
pelleted by centrifugation. The supernatants were collected and filtered through 0.22 pm
filters (SLGP033RS, Thermo Fisher Scientific) and 50ug of BSA (BP1600, Thermo Fisher
Scientific) was added to facilitate protein precipitation. 0.5 ODgq of the cell pellets was
resuspended in 100uL of 2X SDS loading buffer containing 1% p-mercaptoethanol and
boiled. Proteins in the supernatants were precipitated for at least 1 hour at 4°C with the
addition of Trichloroacetic acid (T0699, Millipore Sigma) to a final concentration of 20%.
After, the precipitated proteins were pelleted by centrifugation at 20,000 x g for 15 min at
4°C then washed twice with 500uL of —20°C acetone (179124, Millipore Sigma). The
washed pellets were resuspended in 100pL of 2X SDS loading buffer containing 1% f-
mercaptoethanol and boiled. Proteins from both the cell pellets and supernatants were
resolved by SDS-PAGE and analyzed by Ponceau-S (P3504, Millipore Sigma) staining and
immunoblotting with anti-HopBF1, anti-GroEL (ADI-SPS-875-D Enzo Life Sciences), and
anti-mCherry (ab125096 abcam) antibodies. Results shown are representative of two
independent experiments.

Preparation of malachite green reagent—Malachite oxalate (13.5mg) was dissolved
in 30mL of milli Q H,0 followed by addition of 10mL of 4.2% (w/v) ammonium molybdate
in 4M HCI as described (Tagliabracci et al., 2007). This solution was rotated on a nutator at
4°C for at least 45 minutes then filtered before use. The Malachite assay buffer consisted of
100mM Tris-HCI (pH 7.5), 6mM MgCI2, and 20mM KCI.

Malachite green assay—HSP90 activity was analyzed essentially as described
(Rowlands et al., 2004). Briefly, 10uL of HSP90 (2mg/mL) and 2uL of ATP (100mM) was
added to 188pL of Malachite assay buffer for a final concentration of 0.1mg/mL HSP90 and
1mM ATP. Reactions were incubated at 37°C for 1-3 hours. Reactions were stopped with
800uL of Malachite green reagent followed by addition of 100uL of 34% (w/v) sodium
citrate. Resulting solutions were measured for absorbance at 620nm to monitor free
phosphate release from ATP. Assays were performed in technical duplicates in three
independent experiments.
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Transient expression in plant cells—The appropriate constructs were electroporated
into Agrobacterium tumefaciens (GV3101) cells. Subsequently, A. fumefaciens carrying the
gene of interest on a binary vector were grown overnight in liquid medium (28°C at 225
rpm). The cells were harvested by centrifugation at 4000 x g for 7 minutes and resuspended
in agroinfiltration buffer containing 20mM MES (pH 6.5), 10mM MgCl, and 150uM
acetosyringone (Romeis et al., 2001). The concentration of bacterial suspension was
measured spectrophotometrically (ODgqp), adjusted to a final concentration (ODggg of 0.6 —
0.8), and incubated at room temperature for 2 — 3 hours. The bacterial suspension was then
infiltrated using a needleless syringe, into leaves of N. benthamiana or N. tabacum cv.
Xanthi-nc, that were grown in soil under controlled environmental conditions (21°C, 16
hours of light, 8 hours of dark). Results shown are representative of at least three
independent experiments.

P. syringae inoculation—To assess HopBF1-dependent cell death, fully expanded leaves
of A. thaliana (Col-0) or N. benthamiana were infiltrated with £ syringae pv. tomato
DC3000D28E expressing WT HopBF1, the D169A mutant or mCherry as a control.
Bacteria for inoculation were cultured overnight (18 h) on LB medium at 28°C with
vigorous shaking. Following centrifugation at 3,500 x g for 10 minutes, the pellet was
washed once and resuspended in sterile 10mM MgCl,. The bacterial suspension was
adjusted to ODgpg = 0.2 (that corresponds to approximately 108 colony forming units
[cfu]/ml) (Giska et al., 2013). For avirulence assays, P, syringae pv. syringae B728a
expressing WT HopBFL1, kinase inactive variants or mCherry as a control were grown
overnight in liquid LB medium (28°C at 200 rpm). Following centrifugation at 3,500 x g for
10 minutes, the pellet was washed once and resuspended in sterile milli-Q H,O and
supplemented with Silwet L-77 (0.02%). N. benthamiana plants were dip inoculated by
inverting whole plants into bacterial suspensions (culture density 106 [cfu]/ml) and gently
agitated for 30 seconds. Following inoculation, plants were placed immediately under a
plastic dome to maintain high humidity levels for 24 hours. Development of symptoms was
assessed within 7 days. At the indicated time points, three 1 cm-diameter leaf disks were cut
from infiltrated zones, surface-sterilized with 70% ethanol for 1 min, rinsed with sterile
water for 1 min and ground in 300pl 20mM MgCl,. Serial dilutions were plated on LB agar
plates for bacteria enumeration. Data are reported as means + SD (Zembek et al., 2018). To
analyse the effect of HSP90 on the HopBF1-dependent phenotype, cultures of
Agrobacterium expressing HSP90 variants or YFP as a control were suspended in
agroinfiltration buffer containing 10mM MES (pH 6.5), 10mM MgCl, and 150uM
acetosyringone and upon 2 hours incubation, a suspension of £ syringae pv. tomato
DC3000D28E expressing HopBF1 or the D169A mutant was added to obtain a final ODggg
=0.7 and 0.2 for A. tumefaciensand P syringae, respectively. The suspensions were then
used to infiltrate fully expanded N. benthamiana leaves. To check whether HopBF1 is able to
prevent autoactive RPM1-mediated HR response, A. tumefaciens expressing the autoactive
variant of RPM1 (D505V) with or without HopBF1 or the D154A and D169A inactive
mutants were co-infiltrated into fully expanded leaves of N. benthamiana plants. The final
concentration of bacterial suspension was adjusted to ODgqg = 0.7 for each strain. Results
shown are representative of at least three independent experiments.
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Quantification of disease symptoms in N. benthamiana and Arabidopsis
plants—Images were analyzed with ImageJ software to manually measure the percentage
of necrotic area per leaf. Necrotic areas were calculated with the following formula: [(Total
leaf area — Healthy area)/Total leaf area)] x 100. The mean values of percentage-necrotic
area for each sample were compared with the mCherry control sample. Analysis of variance
was performed using the GraphPad Prism 8.1 statistics software. All experiments were
conducted independently three times.

Mass spectrometric analysis of HopBF1 and HSP90—Myc-tagged N. benthamiana
HSP90 was purified using Myc-Trap® MA Chromotek beads according to manufacturer’s
protocol with some modifications. N. benthamiana leaves were collected 48 h after
agroinfiltration (ca. 2g), ground in liquid nitrogen and thawed in HENG buffer supplemented
with protease (BioShop) and phosphatase (Sigma) inhibitor cocktails. Leaf extracts were
incubated overnight with the beads at 4°C on a rotator. The samples were eluted with 2X
Myc peptide, digested with Lys-C Protease and subjected to liquid chromatography-mass
spectrometry analyses.

Recombinant HSP82 was incubated with ATP and either HopBF1 WT or HopBF1 D169A as
described above, before being separated via SDS-PAGE and stained with Coomassie blue.
Protein gel bands of interest were reduced with DTT and alkylated with iodoacetamide prior
to overnight enzymatic digestion with trypsin at 37°C. Tryptic peptides were de-salted via
solid phase extraction (SPE) prior to LC-MS/MS analysis. Experiments were performed on a
Thermo Scientific EASY-nLC 1200 liquid chromatography system coupled to a Thermo
Scientific Orbitrap Fusion Lumos mass spectrometer. MS1 spectra were acquired in the
Orbitrap mass analyzer (resolution 120,000) and precursor ions were subjected to high-
energy collision-induced dissociation (HCD) for fragmentation. MS2 spectra of fragment
ions were collected in the ion trap. MS/MS spectral data were then searched using the
Mascot search engine (Matrix Science) for peptide identification. Carbamidomethylation of
cysteine residues (+57.021 Da) was set as a static modification, and oxidation of methionine
(+15.995 Da) and phosphorylation of serine/tyrosine/threonine (+79.97 Da) were set as
dynamic modifications. Precursor and product ion tolerances of 15 ppm and 0.6 Da,
respectively, were used for all searches. The Ser99 phospho site on HSP82 was initially
identified from the Mascot search and manually verified from the fragmentation spectra.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of HopBF1 and mutant kinase activity against HSP90 is represented as the
mean of three independent experiments (n = 3). A student’s t-test was used to calculate a p
value using GraphPad Prism 7. Error bars represent the standard error of the mean (SEM).
Percentages of plant cell death were analyzed by one-way ANOVA analysis and Tukey’s
multiple comparisons test using GraphPad Prism 8.

DATA AND CODE AVAILABILITY

The accession numbers for the coordinates and structure factors reported in this paper are
PDB ID 6PWD for apo HopBF1, and PDB ID 6PWG for AMP-PNP bound HopBF1.
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Table S1. Data collection and refinement statistics, £. americana HopBF1 structures.
(Related to Figure 1)

ADDITIONAL RESOURCES
Table S2. List of Primers used in these studies (Related to Key Resource Table)

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
The bacterial effector HopBF1 adopts a minimal protein kinase fold
HopBF1 phosphorylates and inactivates eukaryotic HSP90
HopBF1 mimics an HSP90 client to achieve specificity

HopBF1 is sufficient to induce disease symptoms in plants
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Figure 1. HopBF1 adopts a minimal protein kinase fold (Related to Figure S1).
(A) Sequence logo analysis of 161 HopBF1 homologs depicting the conservation of

predicted active site residues. The Gly-rich loop (B1-p2 loop) and the active site HRD (PKA,
D166) and DFG (PKA, D184) are shown.

(B) Amino acid sequence of E£. americana HopBF1 depicting the secondary structural
elements. The N-lobe B-strands are in lime, the a1l (PKA aC equivalent) helix is in orange,
the C-lobe B-strands and the a.2 helix are in white, the a3 helix (PKA aE) is in salmon and
the a4 helix (PKA aF) is in yellow. £. americana HopBF1 contains 203 amino acids.
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(C) Ribbon representation of £. americana HopBF1. Color coding as in Figure 1B.

(D) Ribbon representation of PKA (PDB code 1ATP). Color coding as in Figure 1B. The
GHI helical subdomain, which is missing in HopBF1, is in white.

(E) Superposition of the N-lobes of the Apo and AMP-PNP bound HopBF1 structures
depicting the unfolded p1-strand in the Apo structure. The Apo structure is in yellow and the
AMP-PNP bound structure is in teal.

(F) Enlarged image of the nucleotide-binding pocket showing the detailed molecular
interactions involved in nucleotide binding. Active site residues are numbered and the PKA
equivalent residues are shown in parentheses. The AMP-PNP molecule is also shown.
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Agroinfiltration B Agroinfiltration

HopBF1 HopBF1 HopBF1 YFP HopBF1 HopBF1 HopBF1
D154A (D166)  D169A (D184)

D154A (D166) D169A (D184)

N. benthamiana N. tabacum

P. syringae pv. tomato D P. syringae pv. tomato
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mCherry HopBF1 HopBF1 mCherry HopBF1 HopBF1 HopBF1
D169A (D184) D154A (D166)  D169A (D184)

N. benthamiana

A. thaliana

Figure 2. HopBF1 induces severe disease symptoms in plants (Related to Figure S2).
(A) Agrobacterium-mediated expression of HopBF1 leads to leaf tissue collapse. Leaves of

N. benthamiara plants were infiltrated with A. tumefaciens carrying HopBF1 or the
predicted kinase inactive mutants D154A and D169A. PKA numbering is in parentheses.
Photos were taken 7 days post infiltration.

(B) Agrobacterium-mediated expression of HopBF1 induces tissue collapse in N. tabacum.
Sections of tobacco leaves were infiltrated with A. tumefaciens carrying HopBF1 or the
predicted kinase inactive mutants D154A and D169A. YFP was used as a negative control.
Tissue collapse in the infiltrated zones developed within 4 days.

(C) HopBF1 evokes leaf tissue collapse in Arabidopsis plants after infection with 2
syringae. Three adult leaves were infiltrated with 2. syringae pv. tomato DC3000 strain with
28 effectors deleted expressing HopBF1, the D169A mutant or mCherry as a control.
Representative leaves were photographed 6 days post inoculation.

(D) HopBF1 evokes N. benthamiana leaf tissue collapse after infection with £ syringae.
Leaves of N. benthamiara plants were infiltrated with 2. syringae strain pv. tomato DC3000
with 28 effectors deleted expressing HopBF1, the D154A and D169A mutants or mCherry
as a control. Representative leaves were photographed 7 days post inoculation.
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Figure 3. HopBF1 phosphorylates eukaryotic HSP90 (Related to Figure S3).
(A) Spot assay depicting the growth of S. cerevisiae expressing Myc-tagged £ syringae

HopBF1 or the predicted inactive D154A and D169A mutants.

(B) Time dependent incorporation of 32P from [y32P]ATP into an unknown 80-90 kDa
protein in a yeast extract catalyzed by recombinant 2. syringae HopBF1 but not the D154A
mutant. The Coomassie stained gel (upper), autoradiograph (middle) and HopBF1
immunoblot (lower) are shown.

(C) SDS PAGE analysis of anti-Flag immunoprecipitates from yeast extracts expressing
empty vector or Flag-tagged £ syringae HopBF1 D169A. The immunoprecipitating proteins
were eluted with Flag peptide, visualized by silver stain, and HopBF1 interacting proteins
were identified by mass spectrometry.

(D) Protein immunoblotting of Flag-immunoprecipitates from yeast extracts expressing
Flag-tagged P, syringae HopBF1 D169A. Cell extracts were also analyzed for HSP82/
HSC82 and GAPDH as a loading control.
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(E) Incorporation of 32P from [y32P]ATP into S. cerevisiae HSP90 (HSP82) by recombinant
P, syringae HopBF1 but not into the D154A or the D169A mutants. Bands were also excised
from the gel and radioactive incorporation was quantified by scintillation counting revealing
~1:1 stoichiometry of phosphorylation.

(F) Incorporation of 32P from [y32P]ATP into S. cerevisiae HSP90 (HSP82) by recombinant
P, syringae, E. americana and S. rubidaea HopBF1. Reaction products were analyzed as in
B.

(G) Incorporation of 32P from [y32P]ATP into E. coli, P. syringae, H. sapiens, S. cerevisiae
and 7. aestivum HSP90 homologs by recombinant £ syringae HopBF1. Reaction products
were analyzed as in B.

(H) Incorporation of 32P from [y32P]ATP into the generic protein kinase substrates,
osteopontin (OPN), myelin basic protein (MyBP), histone H4 and B-casein or the S.
cerevisiae HSP90 chaperones, HSP82, HSC82 and the HSP70 chaperones, SSA1, SSA2,
SSA3, SSC1 and KAR2 by recombinant £ syringae HopBF1. Reaction products were
analyzed as in B.
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Figure 4. HopBF1 inactivates HSP90 ATPase and chaperoning activity (Related to Figure S4).
(A) Representative MS/MS fragmentation spectra of a tryptic peptide (HSP82 87-102)

depicting Ser99 phosphorylation of HSP82. Recombinant HSP82 was incubated with ATP
and A, syringae HopBF1, separated by SDS PAGE and subjected to MS. Control experiments
were performed in parallel using P, syringae HopBF1 D169A but no phosphopeptides were

identified.
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(B) Incorporation of 32P from [y32P]ATP into S. cerevisiae HSP82 and the Thr101Ala
mutant but not the Ser99Ala or the Ser99GIu mutants by recombinant 2. syringae HopBFL1.
Reaction products were analyzed as in Figure 3B.

(C) Zoomed in view of the active site of HSP90, PDB: 2CG9 (Ali et al., 2006) depicting the
interaction between the p-phosphate of ATP and the HopBF1 target Ser (Ser99 in yeast;
Ser108 in human HSP90B).

(D) Multiple sequence alignment depicting the conservation of the HopBF1 target Ser in the
HSP90 family of chaperones. HSP90 sequences from E. coli, P. syringae, S. cerevisiae, N.
benthamiana, T. aestivum and H. sapiens are shown.

(E) ATPase activity of unphosphorylated (WT) and HopBF1-phosphorylated (p-WT) HSP82
was assayed by measuring free phosphate release from ATP using the Malachite Green
method. The activities of the S99A and S99E mutants are also shown. The HSP90 inhibitor
geldanamycin (Gel) was used as a control.

(F) Protein immunoblotting of HEK293A cell extracts expressing Flag-v-src with £.
americana HopBF1 or the D170A mutant. Cells were also pretreated with geldanamycin.
Extracts were analyzed for v-src activity as judged by global phospho-Tyr immunoblotting
(a-pY; 4G10). Levels of Flag-v-src and HopBF1 are also shown. GAPDH is included as a
loading control.

(G) Protein immunoblotting of HEK293A cell extracts expressing Flag-NLRP3 with £.
americana HopBF1 or the D170A mutant. Cells were also pretreated with geldanamycin.
Levels of Flag-NLRP3 and HopBF1 are also shown. Tubulin is included as a loading
control.

(H) Spot assay depicting the growth of S. cerevisiae expressing Flag-tagged S. cerevisiae
HSP82 (Flag-HSP82) with Myc-tagged P syringae HopBF1 (Myc-HopBF1) or the
hypomorphic E74A mutant. Images were taken 2 days after spotting (glucose) and 5 days
after spotting (galactose, induced).

() Viability of HSP90 null yeast expressing empty vector, WT HSP82 or the Ser99Glu
(S99E) phosphomimetic mutant deduced by a 5-fluoroorotic acid (5-FOA) shuffling assay
(Nathan and Lindquist, 1995).
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Figure 5. HopBF1 targets plant HSP90 during P. syringae infection (Related to Figure S5).
(A) N. benthamiana leaves were infiltrated with 2 syringae DC3000D28E expressing

HopBF1 and appropriate A. tumefaciens strain to transiently express HSP90, HSP90 S100F
or YFP as a control. Overexpression of HSP90 accelerated tissue necrotization triggered by
bacteria expressing HopBF1 but not the S100F mutant or YFP. Photographs show
representative leaves made 3 or 6 dpi as indicated. The experiment was performed 5 times
with similar results.

(B) M. benthamiana leaves were co-infiltrated with appropriate Agrobacterium strains to
express the autoactive variant of RPM1 (D505V) with or without HopBF1 or the D154A and
D169A inactive mutants. Co-expression of WT HopBF1 but not the mutants strongly
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inhibited tissue necrotization. Photographs of the representative leaves were taken 5 days
post infiltration.

(C) Model depicting the mechanism of HopBF1-dependent suppression of the HR in plants
during P, syringae infection. T3SS modified from (Deng et al., 2017). We propose that
HopBF1 has evolved to phosphorylate and inactive HSP90 to 1) prevent activation of NB-
LRR proteins that trigger the HR in plants and 2) cause host cell death.
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Figure 6. HopBF1 mimics an HSP90 client (Related to Figure S6).
(A) Protein immunoblotting of HEK293A cell extracts depicting the levels of £. americana

Flag-HopBF1 D170A (upper), the HSP90 kinase client Flag-v-src (positive control; middle)
and GFP (negative control; lower). Tubulin and GAPDH are used as loading controls.

(B) Protein immunoblotting of anti-Flag immunoprecipitates from HEK293A cell extracts
expressing Flag-tagged GFP (Flag-GFP), v-src (Flag v-src) or £. americanaHopBF1 D170A
(Flag HopBF1 D170A). Immunoprecipitates and cell extracts were analyzed for HSP90 and
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CDC37. Cell extracts were also analyzed for HSP90, CDC37 and GAPDH as a loading
control.

(C) Protein immunoblotting of anti-Flag immunoprecipitates from HEK293A cell extracts
expressing Flag-tagged GFP (Flag-GFP), v-src (Flag v-src) or £. americanaHopBF1 D170A
(Flag HopBF1 DA) following depletion of CDC37 using siRNA. Immunoprecipitates and
cell extracts were also analyzed for HSP90 and CDC37.

(D) Spot assay depicting the growth of S. cerevisiae expressing Flag-tagged £. americana
HopBF1, the inactive D170A mutant or mutations within the aC-B4 loop. The primary and
secondary structure of the aC-p4 loop is shown above and the structure of this region is
shown on right in ribbon representation highlighting the mutated residues.

(E) Protein immunoblotting of anti-Flag immunoprecipitates from HEK293A cell extracts
expressing Flag-tagged E. americana HopBF1 D170A (Flag-HopBF1 D170A) and the
V89D; D170A mutant (Flag HopBF1 V89D; D170A). Cells were also pretreated with the
proteasome inhibitor MG132 to prevent degradation of unfolded proteins.

(F) Photographs depicting leaves of N. benthamiarm plants infiltrated with A. fumefaciens
carrying WT HopBF1 or the indicated mutants V88D and D169A or YFP as a control.
Photos were taken 7 days post infiltration.
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