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Protein-based molecular switches play critical roles in biological
processes. The importance of the prolyl cis−trans switch is under-
scored by the ubiquitous presence of peptidyl prolyl isomerases
such as cyclophilins that accelerate the intrinsically slow isomeri-
zation rate. In rice, a tryptophan−proline (W-P) cis−trans switch in
transcription repressor protein OsIAA11 along with its associated
cyclophilin LRT2 are essential components in a negative feedback
gene regulation circuit that controls lateral root initiation in re-
sponse to the plant hormone auxin. Importantly, no quantitative
characterizations of the individual (microscopic) thermodynamic
and kinetic parameters for any cyclophilin-catalyzed W-P isomeri-
zation have been reported. Here we present NMR studies that
determine and independently validate these parameters for LRT2
catalysis of the W-P motif in OsIAA11, providing predictive power
for understanding the role of this switch in the auxin-responsive
circuit and the resulting lateral rootless phenotype in rice. We
show that the observed isomerization rate is linearly dependent
on LRT2 concentration but is independent of OsIAA11 concentration
over a wide range, and LRT2 is optimally tuned to maintain OsIAA11
at its cis−trans equilibrium to supply the slower downstream cis-
specific proteasomal degradation with maximal OsIAA11 substrate.
This indicates that accelerating the LRT2-catalyzed isomerization
would not accelerate OsIAA degradation, whereas decreasing this
rate via targeted mutation could reveal relationships between cir-
cuit dynamics and lateral root development. Moreover, we show
that sequences flanking the highly conserved Aux/IAA W-P motif
do not impact LRT2 catalysis, suggesting that the parameters de-
termined here are broadly applicable across highly conserved cyclo-
philins and their Aux/IAA targets.
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Peptidyl prolyl cis−trans isomerase (PPIase) enzymes are
found across living organisms, from bacteria to humans (1–

4). These enzymes accelerate the rate of exchange between cis
and trans isomers of X-Pro (X-P) peptide bonds in target pro-
teins, where X is any amino acid residue. While the role of this
class of enzymes was initially thought to be limited to protein
folding, their functional importance in a broad array of bi-
ological processes, including signal transduction, intracellular
trafficking, gene transcription, cell cycle regulation, refolding of
aggregated proteins, and regulation of reactive oxygen species
by scavenging systems, is now convincingly demonstrated (3–7).
Notably, a key way that a PPIase can regulate a biological
pathway is to function as a molecular timer (4). For plant
cyclophilins, thus far, their cellular functions have been shown
to be essential in stress survival and the initiation of lateral root
development (8, 9).
For the amino acid Pro, the backbone torsion angle ω can be

either 0° (cis) or 180° (trans). Proline is unique in its ability to
adopt the cis isomer due to its closed ring sidechain structure
that brings the cis and trans isomers of the peptide bond much
closer in free energy (10). For Pro in free peptides in aqueous
solution, the cis isomer can exist at populations up to ∼50%,

while the remaining 19 amino acids are almost exclusively in
trans (5). Because the transition energy barrier between cis and
trans states is large, in the absence of PPIases, the isomerization
of the peptidyl prolyl bond is relatively slow, with a time con-
stant on the order of minutes (11). PPIase activity can shorten
this time constant by up to approximately five orders of mag-
nitude (12), bringing it into the microsecond-to-millisecond re-
gime that is typical for many types of cellular signaling events (13).
The cis−trans equilibrium of a prolyl peptide bond can operate as
a binary molecular switch, since, in principle, the structurally
distinct cis and trans states can have different binding partners.
A striking example of isomer-specific binding is the recogni-

tion by the SCFTIR1 complex of the cis isomer of a specific and
highly conserved tryptophan−proline (W-P) peptide bond in
Aux/IAA proteins (14). The SCFTIR1 is an E3 ligase that ubiq-
uitinates numerous Aux/IAA proteins in plants. Aux/IAA pro-
teins are transcription repressors that play central roles in gene
transcription circuits responsive to the phytohormone auxin (15,
16) that regulates many developmental processes in plants (17).
Aux/IAA proteins contain a highly conserved GWPPV “degron
motif” that binds only in the cis W-P isomer (WPcis) to form a
ternary complex with SCFTIR1 and auxin (14), resulting in sub-
sequent polyubiquitination and degradation of Aux/IAA proteins
via the proteasomal pathway (18). Since only WPcis is poly-
ubiquitinated and subsequently degraded, a PPIase is required
for maintaining the equilibrium cis and trans populations as
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WPcis is depleted, and thus for reducing the total Aux/IAA pro-
tein level. In the auxin-responsive circuit, an Aux/IAA protein
binds to and inhibits an auxin-responsive factor (ARF) transcrip-
tion activator on the targeted auxin-responsive promoter (19).
When auxin appears, Aux/IAA protein is degraded by the pro-
teasome, releasing ARF repression and activating transcription
of the targeted genes, including the gene encoding the Aux/IAA
protein (14–16, 18, 20). The activated expression of the Aux/IAA
protein again leads to repression, thereby generating a classic
negative feedback circuit (15, 16, 19, 21, 22). Hence, PPIase-
catalyzed prolyl cis−trans isomerization of the W-P degron mo-
tif plays a critical role in controlling the level of Aux/IAA pro-
teins involved in negative feedback circuits, where Aux/IAA
proteins repress transcription of distinct sets of genes (includ-
ing their own) involved in specific developmental pathways
(18, 23, 24).
In rice, OsIAA11 is an Aux/IAA protein that regulates lateral

root initiation (25). Recently, the cyclophilin LRT2 was also
shown to be essential for lateral root development (9, 26). Con-
vincing evidence supports a key regulatory role of LRT2 in the
OsIAA11-controlled auxin-responsive circuit (27). Specifically, in
LRT2 knockout rice plants (lrt2−/−), the accumulation of OsIAA11
is increased and lateral root formation is suppressed relative to
WT plants, and RNAi knockdown of OsIAA11 in lrt2−/− plants
partially restores lateral root formation (27). Moreover, incubation
of recombinant His-OsIAA11 with protein extracts from WT or
lrt2−/− plants shows that LRT2 promotes OsIAA11 degradation in
a manner dependent on the proteasome (27). These in planta and
in vitro studies, together with demonstration of direct LRT2-
catalyzed isomerization of the OsIAA11 degron motif by NMR
(27), places this cis−trans molecular switch at a critical point in an
important auxin-responsive circuit. Quantitative characterization of
the LRT2/OsIAA11 reaction cycle would provide predictive power
for understanding how this cis−trans molecular switch might serve
as a timing device in a classic negative feedback circuit that con-
trols lateral root development in rice, a well-studied phenotype
with implications for food production.
Here, we have applied NMR to determine the microscopic

thermodynamic and kinetic parameters of the four-state LRT2
reaction cycle acting on the W-P peptide bond in the OsIAA11
degron motif (Fig. 1A). NMR provides direct observation of cis
and trans populations due to the slow timescale of interconver-
sion which gives rise to distinct peaks, and enables determination
of PPIase-catalyzed isomerization rates (28, 29). The detailed
analysis of lineshapes in NMR titration experiments is a well-
established method for extraction of information regarding
mechanism, thermodynamics, and kinetics in protein−protein
or protein−ligand interactions (30–32). Here, we used multi-
dimensional lineshape analysis to determine the microscopic
parameters that define the catalytic reaction cycle of LRT2
acting on the W-P peptide bond in the OsIAA11 degron motif.
Notably, the full catalytic cycle for PPIase-catalyzed isomerization
of a W-P peptide bond has not previously been characterized. We
also have demonstrated that flanking regions do not significantly
alter LRT2 activity on the core degron motif. The resulting cat-
alytic cycle parameters provide predictive power for understanding
this reaction at cellular concentrations, and for gaining critical
insights regarding the utilization of an isomerase−substrate pair as
a timing device in a developmental process. Given the high con-
servation of the cyclophilin active site and the degron sequence,
these results have broad implications for predicting the activity of
cyclophilins on Aux/IAA proteins in general.

Results
Determination of the Microscopic Parameters for LRT2 Catalysis of
OsIAA11 Degron Motif. To quantify the thermodynamic and ki-
netic parameters that govern LRT2 catalysis of the WP peptide
bond in the degron motif of OsIAA11, we applied NMR titration

spectroscopy and lineshape analysis (28, 33). From the OsIAA11
perspective, this reaction can be modeled as a four-state ther-
modynamic cycle, with an equilibrium constant and forward and
reverse rate constants for each of the four connecting steps (Fig.
1A). These equilibrium and rate constants provide a complete
characterization of the catalytic reaction, enabling prediction of
the overall exchange rate between free trans and cis isomers for
any concentrations of LRT2 and OsIAA11.
The microscopic parameters associated with free OsIAA11

in the reaction cycle were first determined using apo 15N-
OsIAA1172–125. The equilibrium constant, Kfree

eq , was quantified
using peak volumes corresponding to the well-resolved W104
indole HN in cis and trans states in a 1D NMR spectrum of apo
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Fig. 1. Determination of four-state model parameters by lineshape analysis.
(A) The four-state model for the LRT2/OsIAA11 reaction cycle and its asso-
ciated microscopic parameters. (B) Expanded spectral regions of overlaid
15N-1H-HSQC spectra of 0.26 mM 15N-labeled OsIAA1172–125 with varying
amounts of unlabeled LRT2 [0 mM (red) to 800 μM (pink)] showing resolved
G103HN andW104-HN

e peaks. (C) The 1H peak simulations using the four-state
model fitted microscopic parameters (SI Appendix, Table S1) and TITAN (33).
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15N-OsIAA1172–125 acquired without saturation of water (SI Ap-
pendix, Fig. S1). The resulting value, Kfree

eq = 1.113, reflects nearly
equal cis (0.46) and trans (0.54) fractional populations, similar
to reported values for W-P peptide bonds (11). Based on kex

int

previously reported for W-P peptide bonds (11, 34), kex
int was

set in simulations to 0.0008 s−1. The precise kex
int value is not

required for fitting, since the uncatalyzed isomerization is too
slow to influence lineshapes (11). Individual peak chemical
shifts and R2 values for the free state (SI Appendix, Table S1)
were obtained by fitting the apo 2D 1H-15N-HSQC spectrum of
15N-OsIAA1172–125 using Titration Analysis (TITAN) software (33).
To determine the remaining microscopic parameters for the

reaction cycle, 15N-OsIAA1172–125 concentration was kept con-
stant, and a reverse-titration with unlabeled LRT2 was per-
formed to generate a series of 2D 1H-15N-HSQC spectra that
were evaluated by lineshape analysis. The backbone N−H of
G103 and the indole N−H of W104 give rise to well-resolved
trans and cis peaks (Fig. 1B), providing two independent views of
the isomerization reaction. Changes in position and lineshape of
these peaks with varying LRT2 concentration were simulated
and fit using TITAN (33) (Fig. 1C and SI Appendix, Fig. S2).
Goodness of fit was insensitive to kcisoff and ktransoff when these values
were >1,000 s−1, and worsened when they were <1,000 s−1, indi-
cating that these dissociation rate constants are too fast to influence
lineshapes (SI Appendix, Table S2). Thus, kcisoff and ktransoff were set
at 17,000 s−1 and 15,000 s−1, values consistent with a diffusion-
limited on-rate (SI Appendix, Table S1) as described (28).
Applying a bootstrap error analysis and simultaneously fitting
the G103 and W104 peaks using TITAN, the optimized values
Kbound
eq = 1.119 ± 0.110, KApp

d = 1.55 ± 0.19, and kcatex = 94.72 ± 8
were obtained along with the chemical shifts and R2 values for
the bound state of individual peaks (SI Appendix, Table S1).
The corresponding affinities (Kcis

d = Ktrans
d = 1.55 mM, obtained

as described in Materials and Methods) are consistent with weak
affinities reported for other PPIases (28). The LRT2:OsIAA11
reaction is strikingly balanced from a thermodynamic per-
spective, with nearly equal cis and trans affinities, and with both
on-enzyme and free equilibrium constants near 1. Also notable
is the on-enzyme exchange rate of ∼95 Hz, which is 6- to 34-fold
slower than values reported for other PPIase:substrate reac-
tions (28, 29, 33). This slow exchange rate appears to be
substrate-specific, since LRT2 displays typical cyclophilin ac-
tivity on a standard cyclophilin peptide substrate (SI Appendix,
Fig. S3).

Independent Validation of the Model and Fitted Microscopic
Parameters. Independent validation of the four-state model and
fitted parameters is important, since TITAN provides neither a
mechanism for discriminating between models nor a rigorous
approach for evaluating the accuracy of the fitted parameters. To
independently measure the observed overall catalyzed exchange
rate, kobsex (Fig. 2A), the 2D 1H-15N heteronuclear (ZZ) exchange
(Nzz) experiment was performed for a sample containing 0.8 mM
15N-OsIAA11 and 16 μM LRT2. This measured rate can be
compared with the predicted kobsex value for the given sample
concentrations (obtained as described in Materials and Methods).
The peaks arising from the W104 indole N−H in the cis and trans
states show distinct exchange cross-peaks only when LRT2 is
present (Fig. 2B). Acquisition of a series of spectra with different
mixing times and quantitative analysis of these auto- and cross-
peak intensities as a function of mixing time allowed de-
termination of kobsex (Fig. 2 C and D). The resulting value, kobsex =
0.62 s−2, agrees well with the predicted value for these conditions,
kobsex = 0.64 s−1. This shows that the model (Fig. 1A) and the fitted
parameters (SI Appendix, Table S1) are able to accurately predict

the experimentally observed exchange rate for a given sample
condition.
For further validation, KApp

d was experimentally measured
from the 15N-LRT2 perspective. Of the 164 nonproline back-
bone peaks in the 15N-LRT2 1H-15N-HSQC spectrum, 20 have a
significant composite chemical shift perturbation ðΔωÞ when
2.79 mM OsIAA1172–125 is added, and display trajectories that
can be tracked throughout the titration (SI Appendix, Fig. S4).
Significant change corresponds to Δω ≥ Δω+σ, where Δω is the
average Δω across the protein and σ is the SD (for this titration,
Δω= 0.026 ppm and σ = 0.030 ppm). Structural alignment of the
LRT2 homology model (built as described in Materials and
Methods) with human Cyclophilin A (CypA) shows that all of the
selected 20 residues are located in or near the conserved cyclo-
philin binding region (Fig. 2E). These 20 residues were fit si-
multaneously using the built-in two-state model in TITAN, and
a bootstrap error analysis was performed, yielding a well-fit
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plified schematic of LRT2/OsIAA11 reaction showing the observed exchange
rate, kobs

ex , measured using Nzz or ROESY experiments. (B) Region of 15N-
OsIAA1172–125 Nzz spectrum showing W104-NHe cis and trans peaks at
mixing time tmix = 0.55 s, without LRT2 (Left) and with 16 μM LRT2 (Right). (C
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mapped onto the LRT2 homology model. (F) Binding curve showing the
average of the normalized chemical shift change ðΔωÞ induced by titration
with unlabeled OsIAA1172–125 over the selected 20 residues (dots) and the
corresponding fitted curve (dashed line, KApp

d = 1.54 mM). Error bars denote
the SD of Δω over the 20 residues at each titration point.

Acevedo et al. PNAS | February 12, 2019 | vol. 116 | no. 7 | 2591

BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
14

, 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817038116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817038116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817038116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817038116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817038116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817038116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817038116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817038116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817038116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817038116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817038116/-/DCSupplemental


www.manaraa.com

binding curve (Fig. 2F) with KApp
d = 1.54 ± 0.06 mM and koff =

8,850 ± 2,350 s−1, which agree fully with those derived above from
lineshape analysis (KApp

d = 1.55 mM, kcisoff and ktransoff > 1,000 s−1, SI
Appendix, Table S2), providing further validation of the model and
fitted parameters.

LRT2-Catalyzed Isomerization of OsIAA11 Degron Motif Is Not Altered
by Upstream X-P Motifs. Interestingly, upstream of the degron
motif in OsIAA1172–125, there are four additional X-P motifs
(Fig. 3A). To investigate their potential influence on LRT2 ca-
talysis of the degron W-P, Pro-to-Ala mutagenesis was used to
sequentially eliminate upstream X-P motifs (Fig. 3A). Applica-
tion of the Nzz experiment to each 15N-OsIAA11 mutant
(0.8 mM) in the presence of LRT2 (16 μM) followed by data
analysis (Fig. 3B and SI Appendix, Fig. S5) yields kobsex values that
are all highly similar to WT (ranging from 0.78 to 1.24 times WT;
SI Appendix, Table S3), indicating that the additional X-P motifs
do not alter significantly LRT2 catalysis of the W-P peptide bond
in the degron motif of OsIAA11.

Peptide OsIAA1198–109 Accurately Represents OsIAA11 as an LRT2
Substrate. Previous studies of LRT2 catalysis of the OsIAA11
degron motif have utilized a 12-residue peptide corresponding to
OsIAA11 residues 98 to 109 (OsIAA1198–109, Fig. 3A; ref. 27).
The above results suggest that the fitted reaction parameters
obtained using the longer OsIAA1178–125 construct might accu-
rately predict LRT2 binding and catalysis of OsIAA1198–109. To
investigate this, KApp

d was measured using 15N-(6His)-LRT2
(without cleavage of the affinity tag) titrated with OsIAA1198–109

(Fig. 4A), and kobsex was measured using the rotating frame Over-
hauser effect spectroscopy (ROESY) experiment for a sample
containing 1.84 mM OsIAA1198–109 and 120 μM LRT2 (Fig. 4 B
and C). The resulting KApp

d value (1.3 ± 0.4 mM) is within ex-
perimental error of KApp

d determined for OsIAA1172–125 (1.54 ±

0.06 mM), demonstrating that the core degron sequence repre-
sents the complete LRT2 binding epitope. Moreover, the mea-
sured kobsex value of 3.6 s−1 is in excellent agreement with the
predicted value of 3.4 s−1 (obtained as described in Materials and
Methods). The reported kobsex value of 0.95 s−1 measured by
ROESY for a sample containing 50 μM LRT2 and 2 mM
OsIAA1198–109 (27) is also reasonably predicted as 1.3 s−1, despite
different buffer conditions. These results demonstrate that the 12-
residue degron peptide accurately represents the LRT2 substrate
in OsIAA1172–125, and suggest that the microscopic parameters
determined here provide broad predictive power for conserved
core degron sequences.

Discussion
The quantitative analysis of the reaction cycle for a given PPIase/
substrate pair is a first step toward understanding the impact of this
timing device in living cells and on phenotypes in whole organisms.
Here, we have determined the microscopic equilibrium constants
and kinetic rates for isomerization of the W-P degron motif in the
transcription repressor OsIAA11 catalyzed by the rice cyclophilin
LRT2. While LRT2 performs comparably to human CypA when
acting on a standard cyclophilin substrate, LRT2 catalysis of the
W-P peptide bond in the OsIAA11 degron motif is unusually slow.
This work indicates that the W-P degron motif limits the on-
enzyme isomerization rate, with a higher transition-state energy
compared with the standard cyclophilin substrate. Since this is a
complete characterization of the full reaction cycle for enzyme-
catalyzed isomerization of a W-P peptide bond, these microscopic
parameters provide important predictive power for understanding
roles of W-P−based cis−trans timing devices, including the highly
conserved degron motifs in plant gene regulation circuits.
While the NMR titration lineshape analysis studies reported

here were necessarily performed at protein concentrations that
far exceed the nanomolar to micromolar protein concentrations
that can be reasonably expected in cells (35), our demonstration
of the accurate prediction of independent measurements of kobsex
at different sample conditions indicates that the determined
parameters are quite robust. Using these parameters and Eq. 3
(Materials and Methods), the predicted dependence of kobsex on the
concentrations of OsIAA11 and LRT2 ([OsIAA11] and [LRT2])
can be visualized (Fig. 5). Since the Kd value of 1.55 mM far
exceeds the expected cellular [OsIAA11], kobsex is independent of
[OsIAA11] but is linearly dependent on [LRT2] (Eq. 3). Based
on the abundance of cyclophilins in human cells (35) and
reported LRT2 mRNA levels in rice (36), a reasonable estimate
of [LRT2] is 1 μM to 10 μM. The [OsIAA11] must necessarily
vary between levels sufficiently high to shut down the tran-
scription of its target genes and sufficiently low to turn them on
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Fig. 3. Flanking X-P peptide bonds do not affect the isomerization of LRT2.
(A) Sequences of the core OsIAA11 peptide, of OsIAA11 WT, and of OsIAA11
mutants designed to determine whether flanking X-P motifs (blue boxes)
affect isomerization of the 104W-P105 peptide bond (magenta box). KR
(green box) is important for degradation rates of Aux/IAA proteins. (B) Ex-
panded region of Nzz spectra of 15N-OsIAA1172–125 mutants in the presence
of 16 μM LRT2 showing the W104-NHe peaks at mixing time of 0.55 s,
demonstrating LRT2 catalysis of all four mutants.
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Fig. 4. Binding and isomerization of OsIAA1178–109 by LRT2. (A) Binding
curve showing Δω induced by titration with unlabeled OsIAA1178–109 syn-
thetic peptide for seven selected residues in 15N-(6His)-LRT2 (dots) and the
corresponding fitted curve (dashed line, KApp

d = 1.3 ± 0.4 mM). Error bars
denote the SD in Δω over the seven residues at each titration point. The pH
of this sample was 6.5. (B and C) Intensities of W104-NHe ROESY (B) auto-
peaks and (C) cross-peaks for 1.84 mM OsIAA1178–109 in the presence
of 120μM LRT2 as function of tmix, fitted to obtain kobs

ex for these sample
conditions.
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(37–39). Thus, our NMR lineshape analysis predicts that the
LRT2-catalyzed isomerization of OsIAA11 is an invariable step
in the auxin circuit that maintains a constant kobsex rate for a given
[LRT2] over the wide range of [OsIAA11] encountered during
the initiation of lateral root development.
The reaction parameters determined here reflect a highly bal-

anced enzyme, with cis−trans equilibrium constants close to unity
in both free ðKfree

eq Þ and bound ðKbound
eq Þ forms. The on-enzyme

equilibrium constant ðKbound
eq Þ has important implications for the

catalytic effectiveness in the cell (40). An enzyme with Kbound
eq = 1 is

optimized for the case where the ratio of the steady-state cellular
concentrations of substrate and product, [S]/[P], is equal to their
ratio at equilibrium, [S]eq/[P]eq. This happens when the next step in
the pathway that depletes the product is much slower than the
conversion of substrate to product. In the case of LRT2 and the
auxin circuit, considering OsIAA11trans as the substrate and
OsIAA11cis as the product specifically recognized by the SCFTIR1

E3 ubiquitin ligase, the next reaction is the ubiquitin-mediated
proteasomal degradation of OsIAA11. The half-life of OsIAA11
has been approximated as 20 min (41), which corresponds to a rate
of ∼0.0006 s−1. This suggests that, indeed, this slow degradation
would allow LRT2 to maintain the steady-state [OsIAA11trans] and
[OsIAA11cis] concentrations at equilibrium, corresponding to
optimized catalytic effectiveness.
The studies presented here reveal that the level of LRT2 gov-

erns the isomerization rate for a broad range of OsIAA11 con-
centrations, and that LRT2 is optimized for its role in supplying
OsIAA11cis to the proteasomal degradation pathway. Moreover,
these results suggest that accelerating the isomerization reaction
even further would not impact the auxin circuit, since the WT
LRT2 reaction is much faster than the downstream degradation
process that it feeds. Rather, tuning the LRT2 reaction to slower
rates would potentially alter the circuit dynamics. Therefore,
further studies of LRT2 mutants with diminished activities would
be of particular interest for investigating the relationship be-
tween isomerization rate, auxin circuit dynamics, and pheno-
typic changes in lateral root development.

Materials and Methods
Plasmids, Proteins, and Peptides. LRT2 was purified as previously described
(42), except that lysogeny broth media was used for expression of unlabeled
protein, and M9 minimal media enriched only with 15NH4Cl was used for
15N-labeled protein. All NMR samples were in 50 mM KCl, 100 mM KPO4,
1 mM TCEP, 0.1% Halt Protease Inhibitor Mixture, EDTA free (Thermo Fisher
Scientific), 5 mM NaN3, and 8% D2O, pH = 6.67.

The OsIAA1172–125 gene was purchased from Genscript with a human
rhinovirus-3C protease (3CPro) cleavage site at the N-terminal end. BamHI
and HindIII cut sites were introduced via PCR. The PCR product was digested
and then ligated into a pET28 vector with His6tag, tobacco etch virus

protease cleavage site, and SUMO fusion protein at the N terminus. Four
OsIAA1172–125 mutants (Fig. 3A) were purchased in pET28a(+) vectors with
the SUMO sequence, a 3CPro cleavage site, and the OsIAA1172–125 sequence
with the specified mutations (Fig. 3A). Expression and purification of
OsIAA1172–125 and its mutants were carried out as for LRT2, with the ex-
ception that 3CPro was used for cutting of His-SUMO tag for 48 h.

The OsIAA1198–109 (acetyl-98KAQVVGWPPVRS109-amide) and the standard
cyclophilin (acetyl-GSFGPDLRAGD-amide) natural abundance (not iso-
topically labeled) peptides were synthesized and HPLC-purified by Tufts
Core Facility.

NMR Experiments and Analysis. All NMR experiments were performed at 25 °C
on a Varian Inova 600-MHz spectrometer with a (H, C, N) Z-axis gradient
probe. Spectra were processed and analyzed using nmrPipe (43), nmrdraw
(43), Sparky (44), and TITAN (33). Free induction decays were apodized using
an exponential or phase-shifted sine bell function and zero-filled before
Fourier transformation. NMR acquisition and processing parameters are
provided in SI Appendix. For all TITAN fittings, a bootstrap error with 100
replicas was carried out to obtain uncertainties in the fitted values.

For lineshape analysis titration experiments, 15N-OsIAA1172–125 was held
at 0.26 mM, and unlabeled LRT2 was varied (0, 0.002, 0.011, 0.020, 0.039,
0.110, 0.200, 0.390, and 0.800 mM) by reverse titration. At each titration
point, an 15N-1H HSQC spectrum (45) was acquired. The 2D lineshape analysis
was performed using TITAN software (33). For 15N-OsIAA1172–125 titrated
with LRT2, data were fit to the built-in four-state model, which considers the
free and bound states of the cis and trans isomer. Fitted parameters include
the on-enzyme equilibrium constant ðKbound

eq Þ, the on-enzyme catalysis rate

ðkcat
ex Þ, the apparent affinity (KApp

d ), the chemical shift of the bound state for
each isomer, and the linewidths of the bound state of each isomer (R2,0

bound).
Constrained parameters include the equilibrium constant in the free state
ðKfree

eq Þ, which was measure by 1D spectroscopy (SI Appendix, Fig. S1), the in-

trinsic exchange rate ðkint
ex Þ, the chemical shift of the free state for each isomer,

the linewidth of the free state (R2,0
free), the reverse binding rates (kcis

off , k
trans
off ),

and the scalar coupling values (6.5 Hz for G103-HN and 3 Hz for W104-NHe).
The chemical shift of the free state and R2,0

free were fit for 15N-OsIAA1172–125

with 0 mM LRT2, and values obtained from this spectrum were used
throughout the lineshape analysis. The intrinsic exchange rate ðkint

ex Þ was kept
to 0.0008 s−1 as described in Results and elsewhere (11). The reverse binding
rates were not deemed to be reliable extractable parameters; they were con-
strained assuming a diffusion limit on rate of ∼107 M−1·s−1. The affinities were
calculated from the fitted parameters using the following equations:

  Kcis
d =KApp

d

�
1+Kbound

eq

�
�
1+Kfree

eq

� [1]

Ktrans
d =KApp

d

�
Kfree
eq

�
�
Kbound
eq

�
�
1+Kbound

eq

�
�
1+Kfree

eq

� . [2]

For independent measurement of KApp
d , 15N-LRT2 (held at 0.235 mM) was

titrated with varying concentrations of OsIAA1172–125 protein (0, 0.04, 0.09,
0.17, 0.33, 0.71, 1.50, and 2.79 mM) by reverse titration. Protein concentra-
tions were determined by UV absorbance based on their theoretical ex-
tinction coefficients, 10,220 cm−1·M−1 and 5,500 cm−1·M−1 at 280 nm for
LRT2 and OsIAA1172–125, respectively. At each titration point, an 15N-1H fast
HSQC spectrum (46) was acquired. Intensities of the 20 selected peaks were

fit using a built-in two-state model in TITAN to determined KApp
d and bound

chemical shifts. Similarly, for measurement of KApp
d for OsIAA1198–109, 15N-

(6His)-LRT2 concentration was held at 550 μM, and the OsIAA1198–109 con-
centrations were 4.5, 2.25, 1.125, and 0 mM.

For measurements of kobs
ex , Nzz (47, 48) and ROESY (49) experiments were

performed. For Nzz experiments to measure kobs
ex for LRT2-catalyzed W-P

isomerization of 15N-OsIAA1172–125 WT and its mutants, samples contain-
ing 0.8 mM of 15N-OsIAA1172–125 (WT or mutant) with and without 16 μM
LRT2 were prepared. A series of Nzz spectra with mixing times of 0.011, 0.11,
0.22, 0.44, 0.55, 0.67, 0.89, and 1.00 s were acquired. For ROESY experiments
to measure the kobs

ex for LRT2-catalyzed W-P isomerization of OsIAA1198–109,
LRT2 concentration was 120 μM, and OsIAA1198–109 concentration was
1.84 mM. ROESY experiments were run with mixing times of 30, 50, 70, 90,
110, and 130 ms. Nzz and ROESY peak heights for autopeaks and cross-peaks
corresponding to the indole proton in W104 were obtained using Sparky
(44). Peak intensities were fit to obtain kobs

ex as described elsewhere (28, 50).

[OsIAA11free] M [LRT2] M

kex
obs

Fig. 5. Exchange rate as function of free OsIAA11cis and LRT2. The micro-
scopic thermodynamic and kinetic parameters determined by NMR lineshape
analysis predict an exchange rate linearly dependent on the LRT2 concentra-
tion, and invariant to OsIAA11 concentrations across a broad range (<1 mM).
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The measured kobs
ex value can be compared with the predicted value based

on the four-state model parameters and sample conditions using the re-
versible Michaelis−Menten equation (28),

kobs
ex =

 
ktrans
cat

Ktrans
d

+
kcis
cat

Kcis
d

!
½E�total

1+ ½trans�free
Ktrans
d

+ ½cis�free
Kcis
d

, [3]

where [E]total is the total enzyme concentration, while [trans]free and [cis]free

are the concentrations of the indicated isomer in the free state.

Homology Model Construction. The LRT2 amino acid sequence is 87.7%
identical to wheat cyclophilin TaCypA-1, the closest homolog for which a
structure is determined [Protein Data Bank ID 4hy7.1 (51)]. Using 4hy7.1 as a
template, a high-quality (QMEAN = 0.95, GMQE = 0.95) LRT2 homology
model was constructed using SWISS MODEL (52).
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