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One of the mostimportant regulatory small molecules in plantsis indole-3-acetic
acid, also known as auxin. Its dynamic redistribution has an essential role in almost
every aspect of plantlife, ranging from cell shape and division to organogenesis and
responses to light and gravity2 So far, it has not been possible to directly determine

the spatial and temporal distribution of auxin at a cellular resolution. Instead it is
inferred from the visualization of irreversible processes that involve the endogenous
auxin-response machinery®’; however, such a system cannot detect transient
changes. Here we report a genetically encoded biosensor for the quantitative in vivo
visualization of auxin distribution. The sensor is based on the Escherichia coli
tryptophanrepressor?, the binding pocket of which is engineered to be specific to
auxin. Coupling of the auxin-binding moiety with selected fluorescent proteins
enables the use of a fluorescence resonance energy transfer signal as areadout.
Unlike previous systems, this sensor enables direct monitoring of the rapid uptake
and clearance of auxin by individual cells and within cell compartments in planta. By
responding to the graded spatial distribution along the root axis and its perturbation
by transportinhibitors—as well as the rapid and reversible redistribution of
endogenous auxin in response to changes in gravity vectors—our sensor enables
real-time monitoring of auxin concentrations at a (sub)cellular resolution and their
spatial and temporal changes during the lifespan of a plant.

The tryptophan-derived metabolite indole-3-acetic acid (IAA) has an
importantrolein plants, triggering amultitude of developmental pro-
cesses and responses to environmental cues?. Much progress hasbeen
made towards amechanisticunderstanding of the nuclear events that
transform auxin perception into transcriptional responses® ™. Other
studies have investigated the basic machinery involved in the polar
and non-vectorial release of auxin fromthe cell-which occurs through
the action of PINFORMED efflux transporters and ABCB transporters—
within atissue context, and have resulted in computer models of how
canalized auxin flow mediates developmental or physiological pro-
cesses”? ™, By contrast, owing to technical limitations (reviewed inref. "),
very little is known about the actual distribution of auxin in tissues at
single-cell resolution. At present, plant biologists can use only proxies
to visualize auxin distribution, such as the auxin-dependent expres-
sion of reporter genes (for example, using the systems DR5::GUS?;
DRS5::ER-GFP*and DR5::NLS-3xGFP?). However, this indirect approach
ischaracterized by latencies and can be affected by modulation of the
auxinsignalling machinery. More recently, IAA levels have beeninferred
from auxin-dependent degradation—and thus signal reduction—of
fluorescent proteins linked to domain Il of an IAA inhibitory protein
(forexample, DII'VENUS® and R2D2’). A limitation of these approaches
is their irreversibility, which precludes the visualization of transient
changesinauxin levels.

The ideal sensor for the visualization of auxin dynamics in planta
should have the following features: first, physical interaction of the
sensor withauxinshould elicitafluorescent signalin areversible man-
ner, so that changesin auxin concentration can be monitored; second,
the sensitivity of the sensor should be sufficiently high to image the
dynamic auxin distribution over time; third, the sensor should be tar-
getable to different subcellular compartments—locations that are out
of reach for the conventional proxies, which rely on gene expression
or protein degradation; and fourth, the sensor should not contain
components thatare involved in plant metabolism or regulation, such
thatbothinterference with auxin responses and regulation of the sen-
sor by the plant are avoided.

With these boundary conditions in mind, we developed a geneti-
cally encoded, fully reversible biosensor for in vivo imaging of auxin
gradients with high spatial and temporal resolution, starting from the
bacterial tryptophanrepressor (TrpR).IAA resembles tryptophan: both
containanindolering, the 3-position of whichis connected to anamino
acid moiety in TRP and a carboxyl group in IAA (Fig. 1a). The dimeric
TrpR undergoes a conformational change upon binding TRP**", and
fluorescent proteins fused to TrpR canrelay this change, generating a
fluorescence resonance energy transfer (FRET) signal as a convenient
readout forinvivo measurements™ (Fig. 1b). Furthermore, TrpR exhibits
low affinity towards IAAS, This makes TrpR an ideal starting point for
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Fig.1|Summary of the design process. a, Chemical structures of TRPand IAA.
b, Principle of the sensor design. Only in the presence of IAA (red) are the
fluorophores (mNeonGreen and Aquamarine) sufficiently close andinthe
correctorientation for energy transfer (Egzr). Nand Crepresent the Nand C
termini of the proteins, respectively; L represents the linker; and A., and A,,,,
represent the excitation and emission wavelengths, respectively. ¢, Structure
ofthebinding pocket of TrpR with ligand in side view (boxed) (modified from
ref.®). Interactions with the side chains of R84, S88 and T44 (second TrpR chain)
aswellasthe backbone carbonyl groups of L41and L43 (second TrpR chain) are

developing an auxin-specific, genetically encoded FRET biosensor®.
Our design efforts were aimed atimproving the affinity and specificity
of IAAbinding, while abolishing TRP binding. We assumed acomparable
binding mode for theindolering of both TRP and IAA, and focused our
design around the TrpR residues in the vicinity of the amino group of
TRP (Fig.1c), aiming toimprove the specificity for the carboxyl group
of IAA. This selection was later expanded to include adjacent residues.
Altogether, 2,000 variants were generated in successive rounds of
mutagenesis and were screened for an increase in FRET signal upon
the addition of IAA (Fig. 1d, Extended Data Fig. 1). Improved variants
were checked for ligand specificity using alibrary of substances that are
similartolAA and are reportedly presentin Arabidopsis (Extended Data
Table 1). To confirm improvements in binding affinity, selected TrpR
variants were analysed by isothermal titration calorimetry (Extended
Data Table 2a). Furthermore, the structures of several variants were
elucidated by X-ray crystallography, to guide mutagenesis experiments
(Extended Data Table 2b, Supplementary Table 1a-h).

Our structural analysis showed that, when binding to TrpR, IAA is
flipped by 180° compared with TRP (Fig. 2a), with the carboxyl group
of IAA facing the opening of the TrpR binding pocket (Fig. 2b). TRP
is anchored by interactions with the surrounding protein residues,
whereasIAA binding shows no such stabilization, whichis reflectedin
the poor binding affinity of this interaction (Extended Data Table 2a).In
engineering the auxin sensor, weidentified variants that stabilize and
favour thisIAA-binding mode. Primarily, a serine-to-tyrosine mutation
atposition 88 (S88Y) was found to entirely block TRP binding owing to
thebulky side chain of Y88, while simultaneously favouring IAA binding
through interaction of the carboxyl group of IAA with the guanidino
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shown explicitly. Further residues that were mutated in this study are indicated
witharrows. d, Major steps inthe design of the sensor (AuxSen), and their
cumulative contribution tothe changein FRET ratio (AFRET) plotted against
IAA concentration. Template sensor construct, TrpR-eCFP-Venus (blue
squares); engineered binding pocket for IAA, TrpR(M42F/T44L/T81M/N87G/
S88Y)-eCFP-Venus (green diamonds); optimized fluorophore combination,
TrpR(M42F/T44L/T81M/N87G/S88Y)-mNeonGreen-Aquamarine (purple
triangles); AuxSen, TrpR(M42F/T44L/T81M/N87G/S88Y)-mNeonGreen-
Aquamarine with optimised linkers1, Iland lll (light blue inverted triangles).

group of R84 and the hydroxyl group of Y88 (Fig. 2¢). The affinity for
IAAwas improved further by optimizing hydrophobic interactions of
itsindole ring with the TrpR binding pocket; to thisend, the mutations
T44L and T81IM were incorporated in the final sensor design (Fig. 2d).
During the engineering process, we also monitored the binding of
indole-3 acetonitrile (IAN)—which could potentially compete with
IAA—to TrpR (Extended Data Table 2a). The binding modes of IAN and
IAA are markedly similar (Extended DataFig. 2a, b); however, mutations
such as N87G exert discriminating effects through small changes in
the positioning of Y88 (Extended Data Fig. 2c). Finally, we identified
mutations that have no favourable effect on IAA affinity butimprove the
FRET readout—probably through changesin the packing, and therefore
the orientation, of the attached fluorescent proteins (Extended Data
Fig.2d). We then optimized the fluorophores and the linker combina-
tions (Extended Data Fig. 3) to yield our final sensor, which we term
‘AuxSen’, with the composition mNeonGreen-TrpR-Aquamarine-TrpR,
inwhich TrpRis TrpR(M42F/T44L/T81M/N87G/S88Y) (Figs. 1d, 2d).
Invitro, the FRET ratio of AuxSen changed by afactor of three upon
treatment with 50 UM IAA, which is within the range of cellular auxin
concentrations®. The signal was stable at cytosolic pH, and in the pres-
ence of reducing or oxidizing environments and all tested salt ions
(Extended DataFig. 4). The specificity of AuxSen for IAA was assessed
using otherindole derivatives. Among these, AuxSen showed the high-
est affinity for IAA; although a response was observed for other com-
pounds, their binding affinities were reduced by around one order of
magnitude (Extended Data Fig. 5). Of these indole derivatives, only
IANis presentin substantial amountin plants (Extended Data Table 1).
However, roots show a growth response to treatment with IAN, and



Fig.2|Structure of AuxSenand critical stepsinthe engineering process.
a, b, Structure of TrpRbound to the native ligand TRP (purple, Protein Data
Bank (PDB)ID:1ZT9) (a) and to the design-target IAA (green) (b). IAAisrotated
by 180°inthe binding pocket compared with TRP. Owing to alack of
stabilization when binding to TrpR, IAA shows conformational freedom; two
alternative conformations are shown. ¢, The mutation S88Y sterically
precludes the positioning of TRP (transparent purple) in the binding site while
favouring the binding of IAA. d, Structure of the final AuxSen variant
(TrpR(M42F/T44L/T81M/N87G/S88Y)) bound to IAA. Theligand s firmly
packedintheenhanced hydrophobic pocket of TrpRandis anchored to R84 as
wellas Y88, resultingin a high affinity of AuxSen for IAA. All structures are
superimposed onthe Ca of residues 20-60 of both chains. Red dashed lines
show polarinteractions between ligand and side-chain atoms. The subscript
‘bb’labels residues that have interactions of backbone atoms with the ligand.

modelling suggests that the IAA receptor SCF™! could bind IAN*. Thus,
IANis probably sequestered and is therefore unlikely to interfere with
auxin sensingin the plant.

As afirst step to confirm the functionality of AuxSen in vivo, we
expressed a nuclear-localized version of the sensor transiently from
theviral 35S promoter in cell-suspension protoplasts??, and quantified
the FRET response by flow cytometry. The FRET ratio increased with
the auxin concentrationin the medium over four orders of magnitude,
starting at 3 uMIAA (Fig.3a, b, Extended DataFigs. 6, 7), with the base-
line FRET signal thought to reflect the endogenous level of auxinin the
protoplast population. The sensitivity of the sensor could therefore be
sufficient to report endogenous auxin levels.

We generated approximately 250 transgenic Arabidopsis
lines bearing a dexamethasone-inducible expression system
(pBay-bar-pRPS5a-mGAL4-VP16-GR_UAS_NLS_AuxSen) integrated as a
single transgene, and selected 10 lines expressing the sensor stably in
thefourthgeneration. The strong, ubiquitously active promoter RPS5A
drives expression of the yeast transcription factor Gal4p, the nuclear
uptake of whichisinduced by dexamethasone, and the binding of Gal4p
tothe UAS promoter results in the expression of the nuclear-localized
auxinsensor. Strongly expressing lines were identified by mNeonGreen
fluorescenceinthe root tips after dexamethasone induction overnight.
Toexamine theresponse of AuxSentoauxinin planta, we treated seed-
lingswith10 pMIAA and recorded the FRET signal over time (Fig. 3c-f).
After 10 min, the FRET signal in root nuclei had reached a maximum,
and thenremained constant for another 50 min; by contrast, treatment
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Fig. 3| FRET ratio of AuxSeninresponse to auxin treatment. a, b, The FRET ratio
obtained by flow cytometry in Arabidopsis protoplasts. a, Dose-response curve,
normalized to the minimum FRET ratio (mean +s.e.m.; n=3biologically independent
samples). b, Baseline fluorescence intensity (‘Log_Height’ (a.u.)) without exogenous
IAA; the relevant area is boxed (Extended DataFigs. 6, 7). c—f, Changesin the FRET
ratio (colour bar) inroot nuclei incubated in 10 uM IAA recorded for 1h (c, d) or for

10 min (e, f).c, e, Images (DMSO, control). Scale bar,100 um. d, f, Quantitative
analyses. The thick lines represent the mean (+s.e.m.), and the thin lines each
representindependent single-seedling measurements (n=14 (experimental), n=10
(control)ind,n=9inf).g, h, Changesinthe FRET ratio (colour bar) in root nuclei
following the washout of IAA. g, Images obtained after incubation with 10 uMIAA for
1h (top) or10 min (bottom). Images were taken before orimmediately after IAA
treatment, or 10 min after the end of IAA treatment. Scale bar, 100 pm. h, Quantitative
analysis. The thick lines represent the mean (+s.e.m.), and the thin lines each
representindependent single-seedling measurements (n=5 (10 min),n=3(1h)).i,j,
Changeinthe FRET ratio of ER-localized AuxSenin response to 100 pMIAA. i,
Expression of ER-localized AuxSen (green; first and third rows) and FRET ratio (colour
bar; second and fourth rows) of root tissue treated with IAA (top two rows) or DMSO
(bottom two rows; control). Scale bar, 50 pm. j, Quantitative analysis of cells with

high (brokenlines;IAA, n=4; DMSO, n=4) or low (solid lines; IAA, n=5; DMSO, n=>5)
levels of AuxSenaccumulation. The thick lines represent the mean (+s.d.), the thin
lines each represent individual cells. Inset, AuxSen expressioninthe ER.

Nature | www.nature.com | 3



Article

b — — DMSO —— BFA
160-180 T
«] = 140-160 T
I 2120-140 .l
o \
o 100120 N\
EI S 80-100 “\
E g 60-80 “
o} ¢ i
5 4060 7
off & 2040 o
0-20 —
06 08 10 12 14 16
FRET ratio
c 135° 0°

- Lt ] |
2 o °
Ve e =
s [P o
£e 34 i
[ ié o
L] % w
123 ’e

0.2
—— ==

-
=)

FRET ratio
o
(o]

0.6
0.4
Top/left
0.2 — — Bottom/right
0°/0" 135°/1”  135°/5" 135°/10° 135°/30"  0°/1” 0°/5’
Angle/time

Fig.4 |FRET ratio of auxin sensorinresponse toredistribution of
endogenous auxin. a, b, Changein the nuclear FRET ratio (colour bar) within
theroottip ofindividual seedlings treated with brefeldin A (BFA) or DMSO.
a,Images. b, Quantitative analysis after treatment with BFA (10 pM for 10 h,
magenta; n=10) or DMSO (control, green; n=9). The thick linesrepresent the
mean (+s.e.m.), the thinlines eachrepresentindividual seedlings. c,d, The
response of AuxSen to root gravitropism. ¢, Top, nuclear FRET ratio (colour
bar) before and after turning (firstand second images), and before and after
turningback to the near-vertical position (third and fourthimages). Bottom,
Cartoons oftheseedlings, with arrows indicating the direction of the gravity
vector. The signal moves from the left side to the bottom and back to the left
side; the colourscaleindicates therelative FRET ratio. d, Quantified response
ofthesensorinindividual roots. The thick lines represent the mean (t+s.e.m.),
thethinlines eachrepresentindividual roots (n=10).Scalebars, 100 um (a, c).
e, Diagram of root tip. Nuclei within 100 um above the quiescent centre
(asterisk) and at least 10 um from the midline (red line) were analysed

(dark triangles). Green, right/bottom; magenta, left/top.

with the solvent DMSO did not induce any response (Fig. 3¢, d). To
reveal the speed of nuclear auxin accumulation, we measured the FRET
signal over shorter time intervals. The maximum signal was reached
within 2 min, with more than 80% achieved after only 1 min (Fig. 3e, f).
The uptake of auxin from the extracellular space therefore seems to
be highly efficient. We then investigated the reversibility of nuclear
accumulation by washing out IAA. After 10 min of incubation of seed-
lings in 10 pM IAA, which gave the maximum FRET ratio, the medium
was changed to DMSO (Fig.3g, h). The FRET ratio gradually decreased,
almostreaching the pre-incubation value 30 minlater, which suggests
slowIAA efflux from the cells (Fig. 3g, h). We repeated the experiment
butextended thelAAincubationtimetolh. Thisaccelerated IAA efflux
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such that the FRET ratio decreased to its pre-incubation level within
10 min of IAA withdrawal (Fig. 3g, h). This increased efflux of IAA cor-
related with two- to threefold higher expression levels of PIN efflux
carriers after 1hcompared to 10 min of IAAincubation (Extended Data
Fig. 8).In conclusion, this FRET-based sensor can report the dynam-
ics of transient auxin accumulation. Although traditional reporter
systems can detect the response to auxin uptake®, the irreversibility of
reporter translation or degradation obscures the transient nature of
theauxinresponse. Our datasuggest that IAA uptakeis a constitutive,
fast process, whereas the efflux from the cell occurs on demand, as if
auxin regulates its own export.

To explore whether auxin might accumulate in other subcellular
compartments—those that cannot be accessed by reporters that are
based ongene expression or protein degradation—we targeted AuxSen
tothelumen ofthe endoplasmicreticulum (ER). The localization of PIN
and PIN-LIKE putative auxin transporters in the ER membrane has led
to speculation that auxin accumulation in the ER could be an ancient
mechanism of auxin homeostasis®. Incubating seedlingsin100 pM IAA
for15minledtoastrongincreaseinthe FRET ratio compared with the
DMSO control, suggesting that IAAis transported into the ER (Fig. 3i,j).
Different cells within the same seedling root displayed different levels
of AuxSenaccumulationinthe ER (Fig. 3i). Nonetheless, the changein
FRET ratio upon exposure to IAA did not differ substantially between
cells expressing higher or lower levels of AuxSen (Fig. 3j). In conclusion,
this FRET-based auxin sensor can faithfully report auxin concentrations
from asubcellular compartment such as the ER, whichisinaccessible
to traditional auxin-response reporters.

The spatial distribution of endogenous auxinin the seedling root has
beeninferred from the steady-state expression levels of auxin-response
reporters such as pDR5:GFP or p35S:DII-VENUS, which display a pro-
nounced maximum at the quiescent centre of the root meristem near
the root tip®. Consistent with this, the FRET ratio of our auxin sensor
steadily increased towards the root tip, although there was no promi-
nent maximum (Fig. 4a, b). To assess the contribution of transport to
the steady-state distribution of auxin, we incubated the seedlings in
brefeldin A, whichimpairs auxintransport by inhibiting the polar recy-
cling ofthe auxin efflux transporter PIN1*, FRET ratios were increased in
the tip of treated roots compared to untreated controls (Fig. 4a, b). This
increase presumably resulted from ongoing IAA synthesisin the root tip
while efflux was impaired, whichis consistent with mass spectrometry
analysis of IAA biosynthesis in cell-sorted GFP-expressing lines?® and
with the expression of auxin-biosynthesis genes in the root tip*. We
conclude that AuxSen reports the perturbation of endogenous auxin
distribution, which highlightsits specificity for the detection of auxin.

Theredirection ofroot growthin response to changes in orientation
ofthegravity vectoris a prime example of rapid auxin signalling, which
involves redistribution of endogenous auxin within the root tip?. Relo-
calization of the auxin efflux transporter PIN3 from the (former) basal
tothe (former) lateral plasma membrane has been detected 2 min after
turning the root to a horizontal position”. However, to our knowledge,
no concomitant change in auxin distribution has been reported. The
earliest change that has been detected, using the auxin-responsive
degradation reporter DII-VENUS, was areduction in fluorescence in
the new lower side 30 min after the onset of gravity stimulation®®, We
equilibrated seedling roots mounted in a near-vertical position for
1h,then changed their orientation by 135° and monitored the nuclear
FRET ratios over time (Fig. 4c, d). Within 1 min, there was a distinct
increasein FRET ratio on the new lower side of the root tip, correspond-
ing to more than 80% of the maximum value reached after 5 min. We
thenreturned the roots to the near-vertical position after 30 min, and
detected substantial recovery of the pre-stimulation distribution of
FRET signals within 1min (Fig. 4c, d). Gravistimulation therefore elicits
afastandreversible response of the auxin transport systemin the root
tip. In conclusion, this auxin sensor reports the rapid and reversible
redistribution of endogenous auxin accumulation.



Our design approach has yielded anew sensor, AuxSen, for the per-
vasive plant signalling molecule auxin. Starting from a tryptophan
sensor, we optimized the affinity and specificity for the binding of IAA,
andimproved the signalintensity through choice of the FRET pair and
optimization of thelinkers. Our results provide a proof-of-principle that
this detectionsystem canvisualize the dynamic redistribution of auxin
aswellassubcellular pools of auxin, which cannot be achieved with the
auxin reporters that are currently in use. An example of insights into
auxin dynamics that have been made possible by the resolving power
of AuxSenis the contrast between the efficient uptake and the slower,
conditional efflux of auxin. Furthermore, AuxSen enables changes in
auxindistribution to be distinguished from changesin auxinresponse,
which s a prerequisite for investigating the complex regulatory net-
work that underlies the biological effects of this major signalling mol-
eculeinplant growth and development.
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Methods

No statistical methods were used to predetermine sample size. The
experiments were not randomized and the investigators were not
blinded to allocation during experiments and outcome assessment.

Cloning of in-vitro auxin sensors

The TrpRsensors Trp-CTY and Trp-CTYT were gifts from W. Frommer
(Addgene plasmids 13533 and 13534). The fluorophores tested were
also donated: Aquamarine by F. Merola (Addgene plasmid 42888),
Clover and mRuby2 by K. Beam (Addgene plasmid 49089), mKO1 by
K. Thorn (Addgene plasmid 44642) and mCherry by M. Bayer?. eGFP
was amplified from pGIIK NLS:3XEGFP*°. mNeonGreen, mWasabi and
mTFP1were purchased fromAllele Biotechnology and Pharmaceuticals,
mKate2 and TagRFP were from Evrogen.

Fortheinitial screening, we firstused the Trp-CTY sensor and mutated
theresidues T44 and S88 individually to all possible amino acids. To this
end, wegenerated primerswith15-16 bp overlaps around the exchanged
amino acid codons. We first mutated the amino acids sequence ran-
domly with adegenerate primer and screened 96 clones. Variants not
found were then generated by targeted mutagenesis. For example, to
generate all T44 variants we first used the primers CCTGATGCTGnnn
CCAGATGAGCGCG and CGCGCTCATCTGGnnnCAGCATCAGG, to gener-
ate the missing T44C variant we then used the primers CCTGATGCTGtgt
CCAGATGAGCGCG and CGCGCTCATCTGGacaCAGCATCAGG. The
most promising candidates were introduced by targeted mutagen-
esisinto Trp-CTYT and TrpR without fluorescent proteins, which were
analysed by isothermal titration calorimetry (ITC) and structural stud-
ies. Trp-CTYT with mutations T44L and S88Y was generated in two
steps: we first used the primers CCTGATGCTGctaCCAGATGAGCGCG
and CGCGCTCATCTGGtagCAGCATCAGG to generate Trp-CTYT with
T44L and then GATTACGCGTGGATCTAACtac-CTGAAAGCCGCGCCC
and GGGCGCGGCTTTCAGgtaGTTAGATCCACGCGTAATC to generate
Trp-CTYL with the mutations T44L and S88Y. To produce the recom-
binant proteins, we cloned the TrpR domain into the pET21 expres-
sion vector and generated the variants by targeted mutagenesis. This
procedure was repeated with the most promising variants after each
round. The primer sequences are available upon request.

The final variant was then codon-optimized for Arabidopsis and
synthesized by Thermo Fisher Scientific GENEART. To allow an easy
exchange of the fluorophores we added restriction enzyme sites at
the ends: BamH1 and Xhol around the first fluorophore and Apal and
Hindlll around the second. All fluorescent proteins were tested in the
fluorophore I-TrpR-fluorophore II-TrpR configuration. Having identi-
fied Aquamarine and mNeonGreen as the optimal pair, weintroduced
all final binding-pocket variants into the backbone by site-directed
mutagenesis.

Ligands used for screening and testing

IAA, TRP,IAN, indole-3-carboxaldehyde, indole, indole-3-acetyl alanine,
indole-3-acetyl aspartic acid, indole-3-acetamide, indole-3-ethanol,
L-kynurenine, 2-oxindole-3-acetic acid, phenylalanine, picloram,
tryptamine, (NH,),SO,, CaCl,, DTT, H,0,, NH,NO,, KNO; and yucasin
were purchased from Sigma-Aldrich; 4-hydroxyindole-3-carbaldehyde
and 5-hydroxyindole-3-carboxylic acid from Santa Cruz Biotech-
nology; 1-naphthaleneacetic acid, KCl and DMSO from Carl-Roth;
2,4-dichlorophenoxyacetic acid (2,4-D) from Alfa Aesar; indole-3-acetyl
glucose from TRC; indole-3-butyric acid from Serva; NaCl from Merck;
NPA from Supelco; and BFA from Thermo Fisher Scientific.

Mutagenesis

Trp-CTY variants were generated by site-directed mutagenesis with
degenerate or specific oligonucleotides purchased from Sigma-Aldrich.
Amplification was carried out using Pfu polymerase (Thermo Fisher
Scientific).

More than one thousand oligonucleotides were used; the sequences
and resulting vector maps are available uponrequest. Each variant was
sequenced andscreenedin crude extract of sonicated bacteriafor IAA
binding; promising candidates were confirmed as purified proteins.
The linkers were generated by site-directed mutagenesis, including
linkers with15-16 bp overlap and 3-9 degenerated nucleotides in the
middle. To generate linkers shorter than the original ones, parts were
deleted, whereas for longer linkers a fixed sequence was inserted into
themiddle toreducetherisk of generating stop codons by having too
many degenerate nucleotides in the sequence.

Protein expression and purification for screening

For protein expression, bacteriawere growninthe dark on plates with
LB-agar supplemented with ampicillinfor 3 days at room temperature.
To measure crude extracts, we resuspended the bacteriain 20 mM
MOPS pH7.2, sonicated the suspension withan MS 73 probe (Bandelin)
and centrifuged the sample with a tabletop centrifuge (Eppendorf).
Protein extraction was performed with His Spintrap columns according
to the manufacturer’s instructions (GE Healthcare). We resuspended
the bacteria of one Petri dish in2 mlbinding buffer and sonicated with
aMS 73 probe. Buffer exchange was performed with illustra NAP-25
columns (GE Healthcare). Allmeasurements were performed in20 mM
MOPS (Sigma-Aldrich) with an Infinite F200 plate reader (Tecan).

Ligands used for crystallization and ITC. IAA, IAN and TRP used for
crystallization and ITC were dissolved in 50 mM Tris/300 mM NaCl
pH 8 buffer containing 1% DMSO if necessary.

Protein purification for crystallography and ITC

After subcloning to pET21b(+), wild-type TrpR and all variants were
expressed in £. coli BL21(DE3) and purified witha NiIMAC column and
asubsequent Superdex-S75 gel-filtration column. All purification steps
and measurements were based on the above 50 mM Tris/300 mM NacCl
pH 8 buffer.

Crystallization, data collection and processing

Crystals of wild-type TrpR and variants with different ligands were
obtained by standard vapour diffusion in sitting drop plates. The
crystals were cryoprotected if needed and flash-cooled in liquid
nitrogen. Data for single crystals were collected at the synchrotron
beamline PXII (Swiss Light Source) at100 K and 0.5 degree images were
recorded on a Pilatus 6 M detector. Only variant TrpR(M42F/T44L/
T81M/N87G/S88Y)-IAAwas recorded at MX Beamlines BL14.1at BESSY
Il (Helmholtz-Zentrum Berlin fiir Materialien und Energie). Data were
indexed, integrated and scaled with the program XDS and converted
with XDSCONV?!, Molecular replacement was performed with Phenix
using the coordinates of wild-type TrpR (PDB ID: IWRP* or ITRO*) as
searchmodel. Model building was performed using the program Coot**,
and refinement was performed using Phenix®. Details on crystalliza-
tion conditions, data and refinement statistics for all structures are
summarized in Extended Data Table 2b and Supplementary Table 1.

ITC. ITC was performed using a VP-ITC (MicroCal). The protein con-
centration was adjusted to 74 uM and 730 puM ligand solutions were
prepared using the above buffer containing 1% DMSO. Measurements
were performed at 20 °C with a stirring speed of 300 rpm, reference
power 15 pcal s™and spacing of 300 s between injections. The datawere
analysed using the MicroCal program. Binding datawere derived from
sigmoidal fits based on a one-site binding model from two measure-
ments for each variant. Heat-of-dilution baselines for the ligands alone
were subtracted from the experimental data as previously described>®.
The pH dependence of IAA binding to the variant TrpR(M42F/T44L/
T81M/N87G/S88Y) (AuxSen) was measured on a NanolTC LV device
with a stir rate of 300 rpm, 15 injections with 2 pl and 300 s spacing
between injections. The 170 pl cell was overfilled with 400 pl protein



to ensure air-free filling. The protein was added at a concentration of
100 pM and the ligand IAA at 1mM at 20 °C. For each pH the data were
recordedintherespective buffer: (i) 50 mM Tris pH 8.5,300 mM NacCl;
(ii) 50 mM Tris pH 8.0, 300 mM Nacl; (iii) 50 mM Tris pH 7.5,300 mM
Nacl; (iv) 50 mM Tris pH 7.0, 300 mM NacCl; (v) 50 mM MES pH 6.5,
300 mM NaCl; (vi) 50 mM MES pH 6.0, 300 mM NaCl; (vii) 50 mM MES
pH5.5,300 mM NaCl; (viii) 50 mM citrate buffer pH 5.0,300 mM NaCl;
and (ix) 50 mM citrate buffer pH 4.5,300 mM NacCl.

Test of different FRET pairs

We tested pairs of Aquamarine, mCerulean3, mTFP1and mTurquoise2
with Clover, Ypet and mNeonGreen; Aquamarine was additionally
tested with eGFP and mWasabi, and mTFP1with TagRFP. Furthermore,
we tested mNeonGreen, Clover and Ypet with TagRFP and mRuby2.
mKO1 was tested with mCherry, mKate2, mNeonGreen and mWasabi.
TagRFP was also tested with mTFP1, mWasabi, mKate2 and mCherry.

Constructs for in-vivo AuxSen experiments
For protoplast expression, we cloned the final version of the sensor
into pJIT60% (p)JIT60-2xp35S:NLS:AuxSen).

For expression in transgenic plants, we cloned the in-vitro opti-
mized AuxSen in constructs for conditional two-component
expression, using the pBay-bar vector (a gift from M. Bayer¥).
pRPS5a-mGAL4-VP16-GR-UAS_NLS was amplified from a pGll plasmid
andinserted into pBay-bar digested with Kpnland BamHIwith Gibson
Assembly (In-Fusion Cloning, Takara Bio Europe SAS) accordingto the
manufacturer”sinstructions. Inasecond step, AuxSen and ocs termi-
nator were inserted into pBay-bar pRPS5a-mGAL4-VP16-GR_UAS_NLS
digested with BamHI. To obtain the individual spectra, we replaced
AuxSenby mNeonGreen or Aquamarine. These constructs were used for
transforming plants and as a template for the unmix matrix in Fiji. To
generate the ER-localized auxin sensor SP:AuxSen:HDEL, we removed
the NLS from the nuclear AuxSen construct and inserted the signal
peptide of an Arabidopsis vacuolar basic chitinase and the HDEL ER
retention sequence® in frame with the coding sequence N-terminally
and C-terminally, respectively.

Flow cytometry of protoplasts transiently expressing AuxSen
Protoplasts were prepared from suspension cell cultures and trans-
fected as previously described®, using 12-ml PP tubes and 12 pg
of construct pJIT60-2xp35S:NLS:AuxSen per 120 pl of protoplasts
(3.5x10°perml) pertransfection.Onthenext day, transfected protoplasts
were pooled, filtered through 100-pm nylon mesh and splitinto 200-p1
aliquots. EachlAA stock (in DMSO) was added 1:100 with a timing offset
toaccount for the 5-min measurement cycle, ensuring al-h treatment
foreachsample, performedintriplicate. Cytometric analysis was set up
onaBeckman Coulter MoFlo XDP (100 um CytoNozzle, 30.5/30.0 psi,
PBS sheath) to excite mNeonGreen at 488 nm (70 mW, elliptical focus)
and capture peak FL1(534/30) and shoulder FL2 (585/29) emission;
Aquamarine at 405 nmexcitation (100 mW, spherical focus) and capture
peak FL9 (465/30) and shoulder FL10 (529/28) emission. Datawere col-
lected and processed using Summit 5.5 (Beckman Coulter). The main
light-scattering gate was determined by identifying the population
expressing the greatest amount of reporter. The FRET response was
the ratio mean of FL10/FL9, with the auxin response moving towards
FL10, directly calculated in Summit 5.5. Representative plots were drawn
with FCS Express v.6.06.0033 (deNovo).

Plant material and growth conditions

Wild-type Arabidopsis thaliana (accession Col-0) plants were used
for transformation. Plants were grown on soil at 24 °C, 65% relative
humidity under long-day conditions (16-h illumination and 8-h dark
period). Seeds were surface-sterilized, stratified for 2daysat4 °Cand
grown on half-strength Murashige and Skoog agar plates containing 1%
sucrose (0.5MS +S) (Serva). After 1week plants were transferred to soil.

For imaging, 4-day-old seedlings were transferred to 0.5MS+S
25 pM DEX agar plates, and 16 h later to microscope slides on which
they were incubated in 0.5MS+S +1AA or DMSO (control) at the speci-
fied concentrations and for theindicated periods of time. To preserve
field-of-view and optimal buffer exchange we fixed the cover slip and
root with double-sided adhesive tape (Tesa, type 05338, Beiersdorf).
To exchange the buffer, we completely emptied the slide on a paper
tissue and refilled from the side with the pipette. For BFA treatment,
seedlings were transferred to 0.5MS+S 25 uM DEX plates containing
either 10 uM BFA or 0.1% (v/v) DMSO (control), and mounted on micro-
scopesslides 10 hlater.

Imaging

Theimaging of seedling roots was performed with an LSM780 confocal
laser scanning microscope, running ZEN 2.3 black SP1 as acquisition
software (Zeiss) and using a Zeiss LD C-Apochromat 40x/1,1 W Korr
for all experiments except the gravitropism experiments, which were
recorded with a Zeiss Plan-Apochromat 20%/0.8. Spectral imaging
was performed using the QUASAR detection unit on the same sys-
tem: Aquamarine was excited for FRET ratio measurement at 405 nm
using 5 fluorescent channels (419-455 nm, 454-491nm, 490-526 nm,
525-562nmand 561-598 nm); subsequently, mNeonGreen was imaged
for segmentation of the regions of interest with excitation at 488 nm
and detection of 3 fluorescent channels (490-526 nm, 525-562 nm
and 561-598 nm). Gravitropism imaging requiring control over the
direction of gravity was performed with a custom-made horizontal
imaging kit that can be equipped on mostinverted microscope stands
for wide-field and confocal imaging. The kit consists of two pieces: a
holder for the objective with a mirror for changing the direction of
the optical axis of the system from a vertical direction to a horizontal
direction (components from Thorlabs). The second pieceisarotatable,
vertical sample holder that can be mounted into a standard multiwell
plate holder (components from Fischertechnik).

We used spectral FRET* to be able to control for influences from
sources of autofluorescence, which canbe abundantin plant tissues*.
Spectral FRET therefore also has the advantage that the method can
be adapted by adjusting the number of acquisition channels if other
sources of autofluorescence are present in different plant tissues.

All analyses were performed using a current version of Fiji*2. First,
signals generated were linearly unmixed*® usingJ. Walter’s spectral
unmixing plugin (https://imagej.nih.gov/ij/plugins/spectral-unmixing.
html). The unmixing matrix was generated with mNeonGreen, and
Aquamarine as fluorophore controls and awild-type Col-0 control for
background autofluorescence. After this, the images were manually
thresholded onall channels to remove unspecific signals and saturated
areas, regions of interest (ROIs) for the cell nuclei were automatically
generated based on the 488 nm/490-526 nm-channel data using an
adaptive threshold plugin (by Q. Tseng, https://sites.google.com/site/
gingzongtseng/adaptivethreshold) and the ‘Watershed’ and ‘Analyze
Particles’ functions of ImageJ. We analysed all pixels of the image only
for the ER. The FRET ratio was calculated by spectral unmixing of the
channels using ‘Spectral Unmix’ version 1.3 (by]. Walter, https://imagej.
nih.gov/ij/plugins/spectral-unmixing.html) and a precomputed unmix-
ing matrix (see above) yielding the Aquamarine and mNeonGreen emis-
sion for division. Unmixed ROIs were colour-coded using the ‘ROl Color
Coder’plugin (BARlibrary, by T.Ferreira, http://imagejdocu.tudor.lu/
doku.php?id=macro:roi_color_coder). Ingeneral, the colour scales were
adapted for each experiment best reflecting the differences. Nuclei
consisting of areas that were too small or those that had unrealistic high
FRET ratios (owing to insufficient Aquamarine signal) were omitted
(reflected as black in the colour coding).

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.
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Data availability

All processed data generated or analysed during this study are
included in this Article and its Supplementary Information. Imaging
(Herud_et_al_2021_figures_3_and_4_raw_data) andin vitrosource data
(Herud_et_al 2021_suppl_figures_S1_S3-S5_S7 and_table_S2a_raw_data)
are available at Zenodo (https://doi.org/10.5281/zenodo0.4524537).
The data for the FACS measurements in Fig. 3a, b and Extended Data
Figs. 6, 7 can be found at https://flowrepository.org (FR-FCM-Z3FL).
Coordinates and structure factors for all reported X-ray crystallography
structures have beendeposited inthe PDB under accession codes 6EJW,
6EJZ, 6ENI, 6EKP, 6ENN, 6ELB, 6ELF and 6ELG. Materials (transgenic
lines and plasmids) will be made available via the Arabidopsis Biological
Resource Center (ABRC) in Columbus (OH, USA) and the Nottingham
Arabidopsis Stock Centre (NASC), Nottingham (UK).

Code availability

The Image) macros used to analyse data (Herud_et_al_2021_ImageJ_
analysis_macros) are available from Zenodo (https://doi.org/10.5281/
zen0do.4524537).
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Extended DataFig.2|Details observedinthecrystalstructures.

a, Structure of IAAin the binding pocket of TrpR(M42F/T44L/T811/S88Y).

b, Structure of IAN bound to the same variantasina. ¢, Overlay of IAAin
TrpR(T44L/T81M/S88Y) (magenta) and TrpR(T44L/T81M/N87G/S88Y) (green).
d, Structural overview of variants TrpR(T44L/T81M/N87G/S88Y) (green),
TrpR(T44L/T81M/S88Y) (magenta), and TrpR(M42F/T44L/T81M/N87G/S88Y)
(AuxSen, gold). Itisapparent that AuxSen differs from the two intermediate
structuresregarding the overall arrangement of the helices. e-g, The structure
of TrpR(S88Y/T44L) and all variant structures based onit show aslight
relocation of the backbone of residues 70-90. Thisis probably due to the fact
thatallstructures based on this variant crystallize in the orthorhombic space

group P2,2,2, (f) as opposed to the tetragonal space group P4, found for
TrpR-IAAand TrpR(S88Y)-1AA (e). Both geometries have been foundin earlier
crystalstructures of TrpR, forexample PDB1ZT9 (tetragonal) and 20Z9
(orthorhombic). It seems that the introduction of the T44L mutation strongly
favours crystallizationin the orthorhombic geometry. Inthe P2,2,2, space
group, crystals form more extensive crystal contacts. The structure overlay (g)
shows how several residues are displaced (residues that have symmetry mates
within 3 Aare showninred, and the ligand IAA is shown in green). However,
interactions and positioning of the ligands are maintained. Nonetheless, we
only compare backbone coordinates between variants of the same space
group, to exclude misinterpretations due to crystal contacts.
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Extended DataFig. 3 | Parameters tested for potential influence onthe
change of FRET ratio. a, Change in FRET ratioupon IAA treatment plotted
against the dissociation constant (K,) of the same variant as determined by ITC.
b, FRET ratio changes do not correlate with the Forster distance. Blue-yellow
pairsare markedingreen, yellow-red pairs are in orange. Blue-yellow pairs, in
general, show ahigher FRET ratio change uponlAAtreatment, but asimilar
range of Forster distances as the yellow-red ones. ¢, FRET ratio changes (in per
cent) of several variants tested with two different fluorophore pairs. Variants
showingastrongresponse with one fluorophore pair usually also show astrong
response with another pair (correlation coefficient = 0.6). d-j, Effects of
mutationsinlinkers.d, Structure of the construct. TheIAA-binding TrpR
variants were cloned as tandem repeatsinto the construct containing donor
and acceptor fluorophores, analogous to ref. . The positional effect of the

Linker Ill length

Linker | length

fluorescent proteins probably stems fromsslight rearrangements of the overall
backboneinboth TrpR subunits. Predominantly, thisinvolves helix E of the
reading-head motif, which mediates the DNA interactionin the natural
function of TrpR. Because helix E is towards the C-terminal end of the chain, is it
thought that fluorescent proteins positioned at this end will experience a
larger positional relocation and thus show amore dynamicrange of the FRET
signal. e-g, First-round linker mutations. All three linkers were mutated, but no
pattern for the optimal linker length could be determined. One linker Il variant
was chosen for further mutations. h, i, Second-round linker mutations. Linkers
land Illwere mutated in the variant obtained in the first round, with no changes
inthe optimized linkerIl.j, Third-round linker mutations. Linker I was further
mutated in the variant containing mutationsinlinkersIland IIl. The linker
lengthaxisindicates the number of amino acid residues.
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Extended DataFig. 6 | FRET ratio of AuxSen quantified in protoplasts.
Cell-suspension-culture protoplasts were transfected with p/IT60-
2xp35SS:NLS:AuxSen and the FRET response was captured by flow cytometry as
theratio of the emission between the Aquamarine peak intensity (FL9) and
mNeonGreen peak intensity (FL10) as ‘Log_Height’ (a.u.). a, Normalized
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excitation and emission spectra for mNeonGreen and Aquamarine. The 405-nm
laser line is shown as a vertical bar and bandpass filters are shown as open boxes,
asrendered by FPBase**. As FRET occurs, the emission output is shifted from the
FL9 to the FL10 bandpass. b, Baseline level of AuxSen FRET response, without
exogenous IAA. ¢, Maximal response level of AuxSen with10 mM IAA.
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Extended DataFig.7|Demonstration ofrelevant populationregions

and Aquamarine, mNeonGreen and AuxSen fluorescent emissionin
cell-suspension-culture protoplasts. Bivariate plots fromleft toright are as
follows: forward versus side-scatter log area ungated; emission peak to
shoulder FL1(534/30) versus FL2 (585/29); forward versus side-scatter log area
with cells of interest marked and gated for b-d; emission peak-to-shoulder FL9
(465/30) versus FL10 (529/28). Arrows indicate ‘gating’, meaning that the
following plotisrestricted to those data points that fall within that particular
window. a, Cells only transfected with water. b, Cells transfected with p/IT60-
2xp35SS:NLS:Aquamarine. Cells expressing Aquamarine were used to
determine whichscattering population produced the fluorescent protein. This
gateis followed for mNeonGreen emission. ¢, Cells transfected with p/IT60-
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2xp35SS:NLS:mNeonGreen. Cells expressing mNeonGreen were used to
determine which scattering population produced the fluorescent protein. This
gateis followed for Aquamarine emission. d, Cells transfected with p/IT60-
2xp35SS:NLS:AuxSen. Cells expressing AuxSen identified by theirmNeonGreen
emission thenrestricted to the ‘cells of interest’scattering population that
produced the greatestamount of protein. The FRET-response region was then
made to encompass the entire range of possible fluorescence, including the
shiftinthe FL9 to the FL10 bandpasses. See also Supplementary Table 2. Flow
cytometry basic gate statisticsand FRET-ratios based on (‘FL10-Log_
Height’/‘FL9-Log_Height’) ratio are plotted against time for the final gate

FRET response.
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(control; 0 min, purple) or transferred toasolution containing 10 utMIAA. RNA individual values.
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Extended Data Table 1] In vivo concentration of indole derivatives as reported in plant extracts. See refs. 245-4°

Compound Endogenous concentration Reference
Indole-3-acetic acid (IAA) 100 nM 45,46, 47
Indole-3-butyric acid (IBA) <1 nM 45
Indole-3-acetonitrile (IAN) 100 uM 45, 21
Indole 60 nM 48
Indole-3-carbaldehyde (ICHO) 100 nM 49
4-hydroxyindole-3-carbaldehyde (4-HO-ICHO) ~300 nM 49
Indole-3-ethanol (IAEt) <1 nM 45

IAA-glucose (Glc) ~30 nM 46
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Extended Data Table 2 | Dissociation constants and overview of crystallographic data for TrpR and selected variants

a
Variant Ligand Kb (M) AH (kcal mol) -TAS (kcal mol™) AG (kcal mol™') N
TrpR Trp 250+07 -12.06 £ 0.11 5.89+0.12 -6.18 £ 0.02 1.06 £ 0.01
IAA 137.4+0.5 -10.38 +0.49 5.19 + 0.50 -5.19+0.01 1.20 £ 0.07
IAN 63.7+1.7 -11.76 £ 0.22 6.15 + 0.07 -5.62 +0.01 0.98 + 0.01
TrpR-S88Y Trp n.d. n.d. n.d. n.d. n.d.
1AA 146 +0.1 -12.62 £ 0.06 6.15 + 0.06 -6.48 +0.01 1.05 £0.01
IAN 179+ 0.6 -11.62 £ 0.01 5.24 + 0.03 -6.38 +£0.03 1.04 £0.00
TrpR-T44L-S88Y Trp n.d. n.d. n.d. n.d. n.d.
I1AA 7.8+0.3 -14.73 £ 0.01 7.88 £0.03 -6.85+0.03 1.05 +0.01
IAN 19.5+0.6 -13.29 £ 0.07 6.97 £ 0.09 -6.32 +0.01 1.25+0.00
TrpR-T44L-T81M-S88Y Trp n.a. n.a. n.a. n.a. n.a.
1AA 3.0+£0.1 -18.75+0.21 11.34£0.23 -7.42 +0.02 1.05 £ 0.01
IAN 336+0.2 -13.55 + 0.04 7.53 +0.03 -6.02 + 0.00 1.17 £0.01
TrpR-T44L-T81M-N87G-S88Y Trp n.a. n.a. n.a. n.a. n.a.
I1AA 16+0.0 -20.60 £ 0.26 12.80 £ 0.26 -7.81+£0.02 1.10 £ 0.01
IAN 464 +£1.7 -16.31£0.10 1049 £ 0.12 -5.82 £0.03 1.19 £ 0.01
TrpR-M42F-T44L-T81M-N87G- Trp n.a. n.a. n.a. n.a. n.a.
s88Y IAA 1.5+0.1 -19.67 £ 0.10 11.87 £0.12 -7.82 £0.01 1.11 £ 0.01
IAN 143+04 -13.16 £0.23 6.65+0.21 -6.51+0.02 1.21+0.01
PAA n.a. n.a. n.a. n.a. n.a.
b
Variant Ligand PDB ID Resolution  Riree / Robs* Spacegroup Reference or source
TrpR, tetragonal TRP 1279 2.0 0.219 P 43 Lawson, C.L., released 9/2006 (PDB)
TrpR, orthorhombic TRP 2029 1.7 0.180* P21212 Ref. 32
TrpR I1AA 6EJW 2.0 0.243 P43 This work
TrpR-S88Y I1AA 6EJZ 1.9 0.218 P 43 This work
TrpR-S88Y-T44L I1AA 6ENI 1.1 0.176 P212121 This work
TrpR-T44L-T81M-S88Y I1AA 6EKP 1.6 0.190 P212121 This work
TrpR-T44L-T81M-N87G-S88Y I1AA 6ENN 1.2 0.180 P212121 This work
TrpR-M42F-T44L-T81M-N87G-S88Y I1AA 6ELB 1.4 0.193 P212121 This work
TrpR-M42F-T44L-T811-S88Y I1AA 6ELF 1.8 0.217 P212121 This work
TrpR-M42F-T44L-T811-S88Y IAN 6ELG 14 0.177 P212121 This work

a, Dissociation constants of selected variants for TRP, IAA, IAN and PAA as determined by ITC. Errors are calculated from fits of two technical replicates. n.d. indicates that the data was
measured but the fit did not converge owing to low affinity, whereas for later variants TRP measurements were omitted altogether (n.a.). The dissociation constants were determined via ITC,
at 20°C and pH 8.0. Thermodynamic values for enthalpy (AH), entropy (-TAS), and free energy (AG) are shown in kcal mol™. Stoichiometry is given as N. Data are mean £ s.d., derived from

2 technical replicates.

b, Overview of crystallographic data for TrpR and its variants in complex with ligands as indicated.
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Flow Cytometry

Plots
Confirm that:
|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group’ is an analysis of identical markers).
|X| All plots are contour plots with outliers or pseudocolor plots.
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Methodology

Sample preparation Arabidopsis cell-suspension-culture cells were protoplasted and transfected with FP reporter plasmids. The next day the cells
were filtered (100um) and treated with various IAA concentrations following the dilution scheme provided in Extended data
Table S4.xlsx, 1 hour before in vivo flow cytometric analysis.

Instrument XDP MoFlo Beckman Coulter

Software Summit 5.5 (Beckman Coulter) was used for acquisition and analysis; FCS Express v6.06.0033 (deNovo) was used for plotting
examples. The FRET-ratio calculation is carefully detailed in the Methods.

Cell population abundance Only analysis was performed in the shown region (see Fig3, Fig.S6.).

Gating strategy FSC/SSC gates of starting population marked in Ext data Fig S7a, boundaries between “positive” and “negative” cell

populations indicated in Ext data Fig S7b-d

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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