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Abstract

Toll-like receptors (TLRs) play a critical role in innate immunity, but activation of TLR signaling
pathways is also associated with many harmful inflammatory diseases. Identification of novel anti-
inflammatory molecules targeting TLR signaling pathways is central to the development of new
treatment approaches for acute and chronic inflammation. We performed high throughput
screening from crude marine sponge extracts on TLR5 signaling and identified girolline. We
demonstrated that girolline inhibits signaling through both MyD88-dependent and —independent
TLRs (i.e. TLR2, 3, 4, 5 and 7), and reduces cytokine (IL-6 and IL-8) production in human
peripheral blood mononuclear cells and macrophages. Using a chemical genomics approach, we
identified Elongation factor 2 as the molecular target of girolline, which inhibits protein synthesis
at the elongation step. Together these data identify the sponge natural product girolline as a
potential anti-inflammatory agent acting through inhibition of protein synthesis.

INTRODUCTION

The human immune system has two components—the innate immune system and the
adaptive immune system—that work in tandem to provide resistance to infection. The innate
immune response precedes and directs the adaptive immune response. Innate immunity
allows the host to differentiate self from pathogen and generates an acute inflammatory
response within minutes (1, 2).
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The innate immune system is an ancient host defense system found in many multicellular
organisms from plants to humans. Understanding of innate immunity was accelerated in the
mid-1990s when the Drosophila protein Toll was shown to be critical for defending the flies
against infections (3). This opened the way for the description of similar proteins, called
Tolllike receptors (TLRs), in mammalian cells. The human TLR family consists of 10
receptors (4). TLRs allow for recognition and response to diverse microbial epitopes—
pathogen-associated molecular patterns or PAMPs (5)—enabling the innate immune system
to discriminate among groups of pathogens and to induce an appropriate cascade of effector
responses. Individual TLRs recognize a distinct, but limited, repertoire of conserved
microbial products. For example, TLR5 recognizes the flagellin protein expressed by
flagellated bacteria such as Helicobacter pylori, Pseudomonas aeruginosa and Salmonella
typhimurium (6). Collectively, the complete TLR family allows the host to detect infection
by most (if not all) types of pathogens.

TLR signaling pathways have been the focus of considerable attention (7, 8). The emerging
model is that ligation of microbial products by TLRs culminates in the activation of the
nuclear transcription factor NF-xB and others driving the production of proinflammatory
cytokines and additional immunological responses. To date, two predominant intracellular
TLR pathways have been identified (7, 9, 10): (a) MyD88-dependent pathway uses the
adapter molecule MyD88 leading to early activation of NF-xB and production of cytokines,
and (b) MyD88-independent pathway signals through TRIF (TIR-domain-containing adapter
inducing interferon-beta). TRIF-dependent pathway activates IRF3 and IRF7, together with
NF-xB and AP1, to form a multi-protein complex, which induces transcription of the IFN-f
gene. With the exception of TLR3 and TLR4, all TLRs that have been characterized to date
signal exclusively through the MyD88-dependent pathway. TLR4 is unique in that it
activates both the MyD88-dependent and -independent pathways, while TLR3 signals
exclusively through the MyD88-independent one.

The innate immune system and TLR signaling play a vital role in protection from infections.
However, TLR signaling is a ‘double-edged sword’ and vigorous innate immune responses
can be harmful. Indeed, such harmful responses contribute to pathology in sepsis (11),
asthma and atopy (12, 13), and cystic fibrosis (CF) (14-19), as well as a variety of
autoimmune disorders including Type 1 diabetes, inflammatory bowel disease and systemic
lupus erythematosus (20, 21).

TLRs have emerged as attractive targets for drug development (8, 22, 23). An example is the
development of TLR4 antagonists and inhibitors to block the nucleic acid sensing TLRs
(e.g., TLR7/9) as potential therapies for severe sepsis and autoimmune diseases (22, 24, 25).
Similarly, TLRS5 has been identified as a novel therapeutic target to prevent chronic lung-
damaging inflammation in cystic fibrosis (19, 26, 27). Together, these data suggest that
modulating TLR signaling pathways could provide a novel avenue for clinical intervention
in many diseases associated with undesired inflammatory responses.

Natural products have proven to be a rich source of bio-active compounds with therapeutic
potential, including anti-infective (macrolides, alkaloids and cyclic depsipeptides) (28) and
anti-tumor agents (the indoleamine-2,3-dioxygenase (IDO) inhibitor exiguamine A,
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niphatenones, sintokamides and rolloamines) (29-32). In this study, we established a high-
throughput platform to screen crude marine sponge extracts for potential anti-inflammatory
agents that target TLR signaling. The advantage of examining crude biological extracts is
that each extract likely contains a wide variety of primary and secondary metabolites,
allowing us to dramatically increase the ‘chemical space’ being sampled. The primary
screening focused on the TLR5 signaling pathway given its relative simplicity and
engagement of the canonical TLR signaling cascade involving MyD88 to activate
downstream transcription factors (7, 9). The positive ‘hits’ underwent subsequent cycles of
assay-guided fractionation until a pure compound—girolline (1)—was identified. We
undertook further evaluation of girolline as an anti-inflammatory agent by completing
comprehensive structure-activity relationship (SAR) studies, as well as defining the
mechanism of action, anti-inflammatory activity and toxicity profile of the compound in a
variety of cell types.

Chemical-genetic profiling with yeast has proven to be a powerful new system for
determining the mode-of-action and molecular targets of bioactive molecules (33). Because
chemical perturbations mimic genetic perturbations, enhanced understanding of genetic
networks allows the prediction of the cellular targets of bioactive molecules (34, 35). By
scoring the sensitivity of 5000 viable deletion mutant yeast strains, together with 1000
strains carrying hypomorphic mutations in essential genes, using a parallel growth assay
followed by barcode sequencing, it was possible to determine the mode-of-action of
girolline using the unique pattern of drug sensitivity and resistance of the yeast deletion
mutants.

We anticipate that this study will serve as a model in the discovery for new anti-
inflammatory therapeutics from the natural product chemical space, as well as identifying
girolline as a potential anti-inflammatory agent operating via translation inhibition.

RESULTS and DISCUSSION

The goal of this study was to identify potential anti-inflammatory agents that act on TLR
signaling from natural marine sponge products. The work combined chemical extraction,
screening, synthesis and characterization of bio-active compounds; together with SAR
analysis and the application of chemical genomics to elucidate the inhibitory molecular
mechanism.

Screening marine sponge extracts to identify TLR5 inhibitors

Marine sponges have been a rich source of novel bio-active natural products, many of which
possess important medicinal properties (36). In this study, we screened a library of methanol
extracts from marine sponges collected in temperate and tropical habitats for potential anti-
inflammatory agents. The screening process is illustrated in Figure 1. Screening was
performed on a TLR5 reporter cell line—CHO-K1 cells stably expressing human TLR5 and
a NF-xB luciferase reporter (37). This TLR5 reporter cell line responded only to flagellin
(with an optimized concentration of 100 ng mI~1) but not to other TLR ligands
(Supplementary Figure S1) allowing us to monitor TLRS5 activation in a very specific and
sensitive fashion. In the first round of screening, 480 crude extracts (representing a vast
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assortment of primary and secondary metabolites) were tested and 40 extracts (8.3% of
total), which reduced signaling by at least 70%, were taken to the second round of screening.
The representative results are shown in Figure 2a, where the crude extract 47643 was found
to be a potent inhibitor of TLR5 signaling. Second-round screening examined the dose-
dependency of inhibition and assessed toxicity, and subsequently 5 crude extracts (1% of
total) were selected for sub-fractionation and further analysis. This sub-fractionation
involved both solvent partitions (i.e., water vs. butanol or ethyl acetate) and high-
performance liquid chromatography (HPLC). Again, the extract 47643 stood out as other
potential hits exhibited toxicity as indicated by the crosses in Figure 2b. The screening
continued on the sub-fractions of the extract 47643, and after 4 cycles, a pure active
compound 47643.3.1.1.2.1 was isolated (Figure 2c—e).

We solved the chemical structure of compound 47643.3.1.1.2.1 using nuclear magnetic
resonance (NMR) spectroscopy and mass spectrometry, and determined that this 2-
aminoimidazole containing compound had been previously reported as girolline or
girodazole. Girolline was initially isolated from the marine sponge Pseudoaxinyssa
cantharella for its antitumor activity (38, 39), and compared to many natural products, the
structure of this compound is relatively simple (CgH11CIN4O) (40).

Structure-activity relationship studies examining the TLR inhibitory activity of girolline

Girolline was synthesized with >99% purity based on a previously reported method
(Supporting Figure S2) (41). We produced synthetic analogs of girolline for structure-
activity relationship analysis of the TLRS5 inhibiting pharmacophore. By systematically
excluding each of the functional groups of girolline, we generated a panel of analogs
demonstrating that every functional group in the molecule was very important for inhibition
of TLR5 signaling. This outcome was anticipated, as this natural product is already very
small. The activity decreased by several orders of magnitude or disappeared completely in
compounds lacking the aromatic amine (4), the chlorine (5), and both the chlorine and
hydroxyl (6) (Figure 3, and Supporting Table S1). In addition, we prepared an enantiomer of
girolline (3) as well as a diastereomer (2). While the activity of the enantiomer was
attenuated by two orders of magnitude (Figure 3c), the diastereomer of girolline was more
potent than girolline in the inhibition of TLR5 signaling (Figure 3b).

Anti-inflammatory activity of girolline in hematopoietic cells, including fresh primary
human mononuclear cells

In the next series of experiments, we examined the potential anti-inflammatory activity of
girolline. We focused on hematopoietic cells as these cells play a critical role in driving
inflammatory innate immune responses. To quantify the anti-inflammatory activity of
girolline on macrophage responses, the human acute monocytic leukemia cell line (THP1)
transfected with NF-xB/AP-1 reporter was cultured and differentiated into a macrophage-
like phenotype. THP1-derived macrophages were pre-treated with girolline (2 ug mi=1) for 1
h and then stimulated with the TLRS5 ligand flagellin (100 ng mI~1) for 6 h. We found that
girolline significantly reduced (P<0.001) flagellin-induced IL-8 secretion (Figure 4a), and
almost completely abolished NF-xB/AP-1 activity (Figure 4b).
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To confirm this observation and to enhance the clinical relevance of our studies, similar
inhibition experiments were performed on freshly isolated human peripheral blood
mononuclear cells (PBMCs). Encouragingly, girolline decreased the secretion of the pro-
inflammatory cytokines IL-8 and IL-6 to baseline following flagellin stimulation (P<0.001)
(Figure 4c and d).

Girolline does not cause significant cytotoxicity

Because girolline was originally discovered as an antitumor agent, it was critical to examine
the toxicity of girolline in a variety of cell types. To address this issue, two different
cytotoxicity assays were performed. Cytosolic lactate dehydrogenase (LDH) is released
when cell membrane integrity is compromised, and therefore the LDH release assay was
conducted to study cell death directly. In addition, mitochondrial metabolic activity was
monitored with the MTS assay, which works on the principle that the mitochondrial
dehydrogenase enzyme in viable cells converts the substrate to a soluble colored formazan
product.

As shown in Figure 5a, different concentrations of girolline (0.08—2 pg ml~1) in the presence
or absence of flagellin stimulation did not cause LDH release from the CHO-K1-TLR5 cells,
whereas the MTS assay showed that at higher concentrations girolline modestly (~20%)
reduced mitochondrial activity in CHO cells (Figure 5b). The same test was conducted on
several other cell types, including HEK reporter cells, THP1 derived macrophages and fresh
primary peripheral blood mononuclear cells (PBMCs). As shown in Figure 5c—e, girolline
had no effect on the mitochondrial activity of the THP1 derived macrophages and PBMCs,
but did slightly decrease mitochondrial metabolic activity of HEK reporter cells at
concentrations higher than 0.4 ug mi=1. Overall, girolline did not exhibit significant toxicity
on various cell types within the experimental periods (4-6 h).

Girolline acts as a global inhibitor of TLR signaling

We next asked the question whether girolline was a specific inhibitor of the TLR5 pathway
or a more global inhibitor of TLR signaling. To address this important question, we used 4

additional reporter cell lines to examine both MyD88-dependent (TLR2, TLR4, TLR7) and
MyD88-independent (TLR3, TLR4) signaling, as well as signaling triggered by cell surface
(TLR2, TLR4) and endosomal (TLR3, TLR7) TLRs. The ligands and corresponding TLRs

examined in this study are listed in Supporting Table S2.

Using this comprehensive approach, we found that girolline acted as a global inhibitor of all
the TLR pathways tested as shown in Figure 6. Girolline decreased TLR induced nrxsiar-1
activation in a dose-dependent fashion with pronounced inhibition at concentrations higher
than 0.2 ug ml~1. These data suggest that girolline acts on a downstream element common to
many TLRs.

Ligands that activate different aspects of the host innate immune pathway were used to
stimulate cells and gain further insights into the molecular targets of girolline. Specifically,
stimulating girolline-treated cells with IL-1f (via IL1R) and TNF-a (via TNFR) provided
useful insights into molecules inhibited by girolline. IL-1p interacts with IL-1 receptor
(IL1R) to trigger MyD88-dependent or independent signaling (42), whereas TNF-a
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signaling occurs through TRAF2/5 (bypassing MyD88) to activate downstream transcription
factors (43). Our results showed that girolline was capable of inhibiting both IL-1p and
TNF-a induced wexs activation, and this inhibitory activity was dose-dependent (Figure 6a—
d). Again these results suggest that girolline inhibited TLR signaling at the level of a
common downstream element.

Defining the molecular target of girolline

Our data suggested that the target of girolline was a downstream signaling element common
to many TLRs and an obvious candidate was nrxs 70 test this hypothesis, we performed
immunoblotting to probe ~xs activation in THP1-derived macrophages after flagellin
stimulation in the presence or absence of girolline. Interestingly, we did not observe direct
effects of girolline on s activation by examining ea degradation, nexe Subunit p65 nuclear
translocation and p65 phosphorylation (Supporting Figure S3).

To predict the molecular target of girolline, we then employed an unbiased discovery
approach by defining the chemical genomic profile of girolline in comparison with its
inactive variant, des-chloro girolline (5). The chemical genomic assays were performed by
screening each compound against a set of 5000 yeast mutants (the non-essential gene
deletion collection), together with a set of 12000 hypomorphic mutants of essential genes, and
quantifying the abundance of the mutant strains relative to a solvent control (44). The results
showed that girolline had a distinct chemical genomic profile against our 5000 mutant
collection at a concentration of 2.2 ug ml~1 (toxicity to yeast: 1Csq = 5 pg ml=1). The top 10
mutant strains (Supporting Table S3) sensitive to girolline were significantly enriched for
genes involved in peptidyl-diphthamide biosynthetic process (P value = 3.42x1078). This
enrichment was driven by sensitive mutants with deletions of the genes DPH1, DPH2,
RRT2, JJJ3. The top sensitive mutant of an essential gene was RBP7, RNA polymerase |1
subunit B16 involved in translation initiation. To identify protein complexes sensitive to
girolline, we calculated the sensitivity scores of mutants within known protein complexes,
and the most sensitive protein complex to girolline was the dipthamide complex. In contrast,
the deletion mutants sensitive to des-chloro girolline (the inactive variant of girolline) did
not show any functional enrichment for any biological process, and the girolline-sensitive
diphthamide mutants were not sensitive or even slightly resistant to this compound.

In principle, deletion of a gene that encodes the target of an inhibitory compound should
cause cellular effects that are similar to inhibition of the target by drug treatment. Therefore,
the chemical-genetic interaction profile of a compound can recapitulate the genetic
interactions of its gene target (44). By comparing the chemical genomic profile of girolline
to the genetic interaction network of S. cerevisiae allows us to predict its molecular target
(35). In both experimental replicates, the predicted target for girolline—the deletion mutant
with the most similar genetic interaction profile to the chemical genomic profile of girolline
—was eft2A (Figure 7a). Elongation factor 2 (EF-2) catalyzes ribosomal translocation
during protein synthesis, and this protein requires the unique diphthamide post-translational
modification.

Given the predicted target of Eft2 and the sensitivity of the dipthamide complex, this
suggests that girolline may target the ribosome and inhibit translation specifically by
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affecting Eft2 function. The anti-fungal agent sordarin and the anti-tumor compound
Mycalamide B are examples of protein translation inhibitors that target the elongation step
(45, 46). Indeed mutants in the diphthamide pathway are sensitive to both sordarin and
girolline (47). To validate these chemical genomics findings and to test whether girolline
could inhibit new protein synthesis, we conducted a fluorescence-based protein synthesis
inhibition assay. As shown in Figure 7b, the total new protein synthesis (visualized in green)
in the macrophages treated with girolline was significantly lower than in non-treated and
solvent control cells. Quantitative analysis (Figure 7¢) revealed that girolline strongly
inhibited protein synthesis similar to the known protein synthesis inhibitor, cycloheximide.
This inhibitory activity was also confirmed using a luciferase-based, rabbit reticulocyte
assay (Supporting Figure S4).

Potential biological activity of girolline

TLR signaling is an attractive target for drug development, as TLRs contribute to damaging
inflammation in a large variety of human diseases (8, 22, 23, 48). Through high-throughput
screening, we successfully identified a small bioactive compound—girolline—from crude
marine sponge extracts. Girolline inhibits both MyD88-dependent and MyD88-independent
signaling, as well as signaling through TLRs located on the cell surface and in endosomes.
Importantly, girolline reduces TLR-mediated pro-inflammatory cytokine secretion in a
variety of cell types, including fresh human PBMCs, without significant cytotoxicity.
Together, these data identify girolline as a potential anti-inflammatory agent.

Intriguingly, although we identified girolline (from Stylissa aff. carter) through an unbiased
screen of marine sponge extracts, girolline was previously identified as an anticancer agent
from the marine sponge Pseudoaxinyssa cantharella (38). Girolline showed significant
antitumor activity on cultured cells and in murine tumor models (49). Toxicological studies
in mice and dogs did not reveal any major toxic effects. However, Phase | clinical trial in 12
human subjects with advanced refractory solid tumors was discontinued when girolline
showed no antitumor activity and was found to cause hypotension and lethargy (50). Since
then, limited studies of girolline have been reported, primarily focusing on its mechanisms
(39, 40). For the first time our screening identifies girolline as a potential anti-inflammatory
agent. This discovery opens new venues for girolline to be re-evaluated as a therapeutic
agent in other diseases associated with undesired inflammation, such as sepsis, cystic
fibrosis and a variety of autoimmune diseases.

Although girolline was first discovered as an anti-tumor agent, several modes of action of
girolline are reported, including cell cycle arrest, recruitment of polyubiquitinated p53 to the
proteasome, and inhibition of protein synthesis (39, 40, 51). Through our unbiased screening
of marine sponge extracts on TLR signaling, to our surprise, girolline stood out as a
potential TLRS5 inhibitor based on our reporter system. We then found that girolline had a
broad inhibitory spectrum on multiple TLRs as well as other inflammatory pathways (Figure
6e). This led to the hypothesis that the molecular target affected by girolline would be in the
common downstream signaling machinery distal to TRAF6. One possible target was the NF-
«B complex, which is the central orchestrator of many inflammatory responses (52-54).
However, our results indicated that NF-xB was not the direct target of girolline.
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To solve this puzzle, we employed a more global approach by looking at the chemical
genomic profiles of girolline in comparison with the known genetic interaction network in
yeast. An inactive girolline analog was tested in parallel as a control to allow better
identification of the target by removing the unrelated hits. The top identified genes sensitive
to girolline (but not its inactive form) are central in the protein synthesis process, especially
the diphthamide biosynthetic process. Based on comparison of the chemical genomic profile
with the genetic interaction network of yeast, the predicted target of girolline is Elongation
factor 2 (EF-2), which promotes ribosomal translocation during protein translation
elongation. This finding is somewhat consistent with the earlier reported mechanism of
protein synthesis inhibition by Colson et al. (51), where they suggested that the major effect
of girolline (or girodazole) was on the termination step of protein synthesis. In contrast, our
chemical-genetic approach (vs. biochemical approach) identified EF-2 as the molecular
target, indicating that the inhibition may actually be at the elongation step of protein
synthesis. Crystal structure analysis by Schroeder et al. (55) also revealed that girolline can
bind the 50 S ribosomal subunit near the E site, resulting in the conformational change and
interfering with tRNA binding.

It is worth noting that inhibition of protein synthesis is a common downstream element of
many signaling pathways, including TLR signaling. Thus, identifying girolline as an
inhibitor of protein translation is entirely consistent with the observations that girolline
decreased TLR-mediated NF-«B reporter signals in multiple cell types (CHO, HEK and
THP1) and the secretion of NF-xB-regulated cytokines (IL-6 and 1L-8). This also serves as a
timely reminder that when enzyme-based reporter systems are used for drug screening, they
are susceptible to the detection of protein synthesis inhibitors.

CONCLUSIONS

In this study, a high throughput screening platform was successfully established to identify
TLR inhibitors from crude marine sponge extracts. Through this process, we identified
girolline which inhibits signaling through MyD88-dependent and —independent TLRs (i.e.,
TLR2, 3, 4, 5 and 7). Our structure-activity relationship (SAR) analysis indicates that the
inhibitory activity of girolline likely relies on its amino, hydroxyl and chlorine groups.
Importantly, girolline inhibited TLR signaling in human hematopoietic cells (including
primary mononuclear cells) without significant cytotoxicity. Chemical genomics studies
revealed that girolline targets Elongation factor 2 to inhibit protein synthesis at the
elongation step.

METHODS

Materials and reagents

The TLR5 reporter cell line (CHO-K1-TLR5), obtained as a gift from Dr. Kelly D. Smith
(University of Washington), stably expresses human TLRS5 and a ~rxs luciferase reporter (6).
HEK 293 reporter cell lines used (HEK-TLR2, HEK-TLR3, HEK-TLR4 and HEK-TLR?7)
and THP1-XBlue cells were from InvivoGen (San Diego, CA). All the culture media and
reagents were either from HyClone (Logan, UT) or Invitrogen (Life Technologies,
Burlington, ON, Canada) unless otherwise stated. The selective antibiotics to maintain the
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stable transfection of the reporter cell lines and the ligands for TLR 2, 3, 4 and 7 listed in
Supporting Table S2 were purchased from InvivoGen (San Diego, CA). The TLR5 ligand
flagellin (from Salmonella typhimurium) was obtained from Cedarlane Laboratories
(Burlington, ON, Canada) while the recombinant TNFa and IL-1p were from eBioscience
(San Diego, CA). Chemicals were either from Sigma-Aldrich (Oakville, ON, Canada) or
Fisher Scientific (Ottawa, ON, Canada) unless otherwise specified.

Preparation of marine sponge extracts

Marine sponges (100 g to 1000 g each) were collected by hand using SCUBA at depths
between 1 and 30 m in tropical and temperate marine habitats in the North Eastern Pacific,
South Western Pacific, and Caribbean Oceans. Freshly collected sponge specimens were
deep frozen on site and transported to VVancouver. A small portion of each sponge sample
was homogenized with methanol and then concentrated in vacuo to give a gummy extract.
Approximately 1 mg portion of the gummy extract from each sponge was transferred to a 96
well plate to give a master screening library. The gums were dissolved in DMSO and
portions were transferred to daughter plates to give the desired screening concentration.

Isolation and identification of girolline

Sponge specimen #47643, an orange rope sponge with branching fingers, was collected at
Mont pass in Pohnpei (Federated States of Micronesia) at a depth of 12 m. It was identified
as Stylissa aff. carteri and a voucher sample has been deposited at the Netherlands Centre
for Biodiversity Naturalis in Leiden, The Netherlands. Frozen sponge was lyophilized and
then extracted first with methanol and subsequently with dichloromethane. The combined
extracts were concentrated in vacuo, suspended in water and portioned against ethyl acetate
and butanol to give a bioactive aqueous fraction. The aqueous soluble material was
sequentially fractionated using Sephadex LH20 chromatography (eluent: methanol)
followed by a step gradient (water to methanol) C-18 open column reversed phase
chromatography and gradient C-18 revered phase HPLC (water to 40% water/acetonitrile) to
give a highly purified bioactive material (=~ 90% pure). A HRESI-TOFMS measurement on
this sample gave a [M + H]" ion at m/z 191.0611 appropriate for a molecular formula of
CgH110N435Cl (calcd for CgH120N43°Cl 191.0700) and an isotope pattern characteristic of
one chlorine atom. Analysis of the 1H NMR, 13C NMR, COSY and HMBC data obtained
for this material identified it as the known sponge metabolite girolline. Because the natural
sample was not 100% pure, we synthesized the natural product using literature methods to
confirm that girolline was the active component in the mixture. Natural Giroline: 1H NMR
(600 MHz, MeOD-dy) 6 3.4, dd (J=13.8, 9.6 Hz), 3.54 dd (J = 13.8, 3.2 Hz), 453 dt J =
9.6, 3.3 Hz), 5.09 dd (J = 3.3, 0.8 Hz), 6.83 d (J = 0.8 Hz); 13C NMR (150 MHz, MeOD-d,)
§42.8,59.8, 66.0, 124.2, 110.9, 147.1.

Synthesis of girolline and its derivatives

Flash column chromatography was carried out with EcoChrom ICN SiliTech 32-63 D 60A
silica gel, as indicated. Reactions and chromatography fractions were monitored with Merck
silica gel 60 Fy54 TLC plates and visualized using charring solutions of potassium
permanganate or ninhydrin stain. Reactions were carried out under inert gas atmosphere in
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oven-dried glassware and reaction solutions were magnetically stirred. All reagents and
solvents were used without further purification from commercial sources unless otherwise
noted. The synthetic scheme for preparation of girolline is illustrated in the Supporting
Figure S2a. The detailed synthetic procedures of each analog in Figure 3 were described in
the Supporting Experimental Section. Synthetic girolline and its analogs were characterized
by nuclear magnetic resonance (NMR) spectroscopy (Supporting Figures S2b).

Nuclear magnetic resonance (NMR) spectroscopy

Cell culture

NMR spectra were measured by the UBC NMR facility on a Bruker 400 MHz spectrometer
and calibrated using residual solvent signal. Multiplicities are abbreviated as follows: s =
singlet, d = doublet, t = triplet, q = quartet, m = multiplet, app. = apparent, br. = broad.
Where consistent coupling constants have been observed in the NMR spectrum, the apparent
multiplicity of the proton signal concerned is reported. High resolution mass spectra
(HRMS) were obtained by the UBC Mass Spectrometry facility using electrospray
ionization (ESI).

The CHO-K1-TLR5 cells were cultured in F-12K medium supplemented with 10% fetal
bovine serum (FBS), 1 mM sodium pyruvate and 2 mM L-glutamine. Cells were regularly
passaged with 100 pg ml~1 G418 antibiotics to maintain the stable transfection.

HEK cells were maintained in high glucose Dulbecco's Modified Eagle Medium (DMEM)
with 10% FBS, 2 mM L-glutamine and selective antibiotics according to the supplier’s
instructions and our previous work (56). THP1 cells were cultured in RPMI 1640 medium
containing 10% FBS, 1 mM sodium pyruvate, 2 mM L-glutamine and the selective
antibiotics zeocin (100 pg mi~1) based on the reported standard procedures (57).

Inhibitor screening on TLR5 reporter cells

CHO-K1-TLR5 cells were primarily used to screen for potential TLR inhibitors derived
from marine sponge extracts. They were seeded into 96-well plates at a cell density of 5x104
cells per well and incubated overnight. Cells were pretreated with various crude marine
sponge extracts 1 h before the flagellin stimulation (100 ng mI~1), and after 3.5 h, cells were
assayed for luciferase activity following previous published procedures (19). The screening
continued on the sub-fractions of the potential inhibitory hits until a pure compound was
identified. The screening procedure is illustrated in Figure 1b.

NF-xB/AP-1 activity assay for HEK reporter cells

HEK-TLR reporter cells were used to test spectrum of inhibitory activity of the target
compound. HEK reporter cells were seeded in 96-well plates at a density of 5x10* cells per
well and incubated overnight. Cells were pretreated with girolline at different concentrations
(8-5000 ng mI~1) for 1 h, followed by stimulation with various TLR ligands, TNFa and
IL-1p for 6 h. The stimulants used, their concentrations and corresponding targets are list in
Supporting Table S2. At the end of stimulation, 20 pl of the medium from each well was
transferred to another 96-well plate and mixed with 180 pl of Quanti-Blue substrate solution
(InvivoGen). The substrate underwent dephosphorylation by the secreted alkaline
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phosphatase (SEAP) in proportion to the nrxeme1 activity. The plate was incubated at 37°C
overnight and read on a SpectraMax 384 Plus plate reader (Molecular Devices, Sunnyvale,
CA) at 655 nm.

Cellular toxicity tests

Cellular toxicity of girolline was examined by measuring both the released lactate
dehydrogenase (LDH) from cells and mitochondrial activity, using a LDH detection kit
(Roche Diagnostics, Laval, QC, Canada) and the MTS assay, respectively. For the LDH
release assay, culture medium (100 ul) was collected for the measurement of LDH release
following the manufacturer’s instruction. 0.1 % Triton-X was used as the positive control.
For the MTS assay, cells were seeded in a 96-well plate overnight (CHO, HEK and THP1
cells: 5x10% cells per well; PBMCs: 1x10° cells per well). The medium was replaced with or
without girolline (3.2-10000 ng mI~1) and incubated for 4 h. The mitochondrial activity was
then measured by a commercial kit (CellTiter 96® AQ eous One Solution Cell Proliferation
Assay, Promega, Madison, WI1) following the supplier’s instruction and the previously
published work (58). The results were normalized to the cells-only control (set as 1) to
generate the mitochondria activity index.

THP1 derived macrophages and PBMCs

THP1 reporter cells were suspended in the culture medium containing 50 ng ml~1 of phorbol
12-myristate 13-acetate (PMA), seeded in 6-well plates (2x106 cells per well) and incubated
for 24 h to allow differentiation into a macrophage-like phenotype. Cells were then washed
with PBS (2 ml/well) and rested in fresh culture medium for 2 days before experiments.
THP1-derived macrophages were pretreated with girolline (2 ug ml~1) or DMSO control
(0.04%) for 1 h and stimulated with flagellin (100 ng mI~1) for various time periods (15 min
to 6 h). Culture medium was collected for cytokine measurements and NF-xB activity assay,
while the cells were processed for immunoblotting.

Blood samples were obtained with informed written consent from healthy volunteers at the
Child & Family Research Institute with protocols approved by the University of British
Columbia Clinical Research Ethics Board (H04-0534). PBMCs were isolated based on our
previously described method (59). Isolated PBMCs in RPMI 1640 medium (10% FBS, 2
mM L-glutamine and 1 mM sodium pyruvate) were seeded in a 96-well round-bottom plate
at a density of 1x10° cells per well overnight. PBMCs were treated with girolline (2 pg
ml~1) for 1 h and stimulated with flagellin (100 ng mI~1) for 6 h. At the end of the
experiment, cells were spun down at 400xg for 5 min, and aliquots of the supernatant (100
ul per well) were collected and stored at —80°C until cytokine quantification.

Chemical genomic analysis

The chemical genomic analysis was carried out as described in Parsons et al. (44) with slight
modifications. Briefly, the optimal inhibitory concentration of girolline for chemical
genomic profiling (70-80% growth vs. solvent control in YEP-Galactose media) was first
determined to be 2.2 ug mi~1. We then grew 200 pl cultures containing a pooled S.
cerevisiae mutant collection in the presence of girolline (2.2 pg mi~1), des-chloro girolline
(2.2 ug mI~1), or a DMSO control in triplicate for 48 h at 30 °C. We challenged both the
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non-essential, haploid deletion collection and the DAmP collection of hypomorphic
mutations in essential genes (60). After 48 h, we extracted the genomic DNA using the
Epicentre MasterPure™ Yeast DNA purification kit (Epicentre, Madison, WI). Strain-
specific molecular barcodes were amplified with specially designed multiplex primers (61),
and sequenced using an lllumina MiSeq platform. We sequenced 2 replicates of each
condition (girolline, des-chloro girolline, and DMSO). The barcode counts for each yeast
deletion mutant in the presence of girolline or des-chloro girolline were normalized against
the DMSO control to generate a Z-score to define sensitivity or resistance of individual
strains. A Bonferroni corrected hypergeometric distribution test was used to search for
significant enrichment of GO terms among the 10 most sensitive deletion mutants (62).
Furthermore, we correlated the chemical genomic profile of both compounds with the yeast
genetic interaction network to predict the molecular target, as described in Costanzo et al.
(35).

Protein Synthesis Inhibition Assay

A fluorescence-based protein synthesis inhibition assay (Click-iT AHA Alexa Fluor 488
Protein Synthesis HCS kit, Invitrogen, ON, Canada) was performed to confirm whether
girolline inhibits protein synthesis in cultured cells. Experiments were done following the
product instruction. Briefly, THP1 cells were seeded (3 x 106 cells) in an 8-chambered
coverglass (Nunc Lab-Tek 11, Thermo Scientific), stimulated (50 ng mi~ PMA) for 24 h to
differentiate into macrophages, and rested for 2 days. Cells were treated with 2 pg ml~2
girolline for 4 h, and then incubated in a special medium, where L-methionine was replaced
with a mimic (L-azidohomoalanine), for 30 min. After cell fixing and permeabilization,
proteins containing L-azidohomoalanine were labeled with Alexa 488, and the nucleus was
stained with Hoechst 33342. Cells were imaged on a laser scanning confocol microscope
(Leica SP5I1). Non-treated, solvent (0.5% DMSO) and positive (1 pM cycloheximide, 30
min) controls were tested for comparison. Alexa 488 signals were quantified using a
freeware (LAS AF Lite) by dividing the total intensity of the green channel with cell
numbers (number of nuclei) for each image. A total of 250-350 cells were analyzed for each
condition with 4 repeated experiments.

Cytokine quantification

The pro-inflammatory cytokines IL-6 and IL-8 in the cell supernatants were quantified using
the human ELISA Ready-Set Go kits (eBioscience). The experimental procedures followed
the manufacture’s instruction.

Statistical analysis

Statistical analysis was performed using one-way ANOVA with the Bonferroni post-test
where applicable. Differences were considered significant only when the p value was less
than 0.05.

Supporting information available

CHO-TLRS reporter cells respond to flagellin in a sensitive (> 10 ng mI~1) and specific
fashion. Effects of girolline on NF-«xB signaling via immunobloting. Effects of girolline on
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protein translation via a luciferase-based, rabbit reticulocyte assay. Synthetic procedures and
characterization of girolline and related analogs for SAR studies. Top 10 sensitive deletion
mutants of non-essential and essential deletion mutant strains for girolline and des-chloro
girolline. These materials are available free of charge via the Internet at http://pubs.acs.org.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Screening marine sponge extracts for TLR inhibitors.
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Structure-activity relationship studies examining the inhibitory activity of girolline
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Figure4.

Inhibitory activity of girolline on flagellin stimulated THP1 derived macrophages and fresh
human PBMCs. Girolline pre-treatment decreased IL-8 secretion (a) and NF-«xB activity (b)
after flagellin stimulation. The same inhibitory activity was observed with PBMCs, where
both IL-8 (c) and IL-6 (d) levels were significantly reduced after girolline pre-treatment.
Flg: flagellin.
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Figureb5.
Cytotoxicity of girolline examined in a number of cell types. Dose-dependent toxicity of

girolline on CHO cells examined by (a) LDH release assay and (b) MTS assay. Same MTS
assay was performed on HEK cells (c), THP1 derived macrophages (d) and fresh PBMCs
(e). Flg: flagellin.
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Figure?7.

Cycloheximide

Girolline acts as a protein synthesis inhibitor targeting Elongation Factor 2. (a) Chemical
genomic profile of girolline showing that Elongation Factor 2 (Eft2) is the predicted target
of girolline; the deletion mutants of genes that had described genetic interactions with EFT2
had significant correlation with the gene mutants that had chemical genomic interactions
with girolline. (b) Protein synthesis inhibition of girolline (2 pg mI~1, 4 h) in comparison
with cycloheximide (1 uM, 30 min); total new synthesized proteins in the cells are stained in
green (Alex488) while nuclei are stained in blue (Hoechst 33342). (c) Quantitative analysis
of Alex488 signals per cells in (b); analysis of 250-350 cells per sample in each experiment;
n =4, ***p<0.001 vs. medium control. 116x76mm (300 x 300 DPI)
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