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Auxin is the central hormone that regulates plant growth and
organ development. Transcriptional regulation by auxin is medi-
ated by the auxin response factor (ARF) and the repressor, AUX/
IAA. Aux/IAA associates with ARF via domain llI-IV for transcrip-
tional repression that is reversed by auxin-induced Aux/IAA deg-
radation. It has been known that Aux/IAA and ARF form homo-
and hetero-oligomers for the transcriptional regulation, but what
determines their association states is poorly understood. Here we
report, to our knowledge, the first solution structure of domain
N-IV of Aux/IAA17 (IAA17), and characterize molecular interac-
tions underlying the homotypic and heterotypic oligomerization.
The structure exhibits a compact g-grasp fold with a highly dy-
namic insert helix that is unique in Aux/IAA family proteins.
IAA17 associates to form a heterogeneous ensemble of front-to-
back oligomers in a concentration-dependent manner. IAA17 and
ARF5 associate to form homo- or hetero-oligomers using a common
scaffold and binding interfaces, but their affinities vary signifi-
cantly. The equilibrium dissociation constants (Kp) for homo-
oligomerization are 6.6 pM and 0.87 pM for IAA17 and ARF5,
respectively, whereas hetero-oligomerization reveals a ~10- to
~100-fold greater affinity (Kp = 73 nM). Thus, individual homo-
oligomers of IAA17 and ARF5 spontaneously exchange their sub-
units to form alternating hetero-oligomers for transcriptional repres-
sion. Oligomerization is mainly driven by electrostatic interactions, so
that charge complementarity at the interface determines the binding
affinity. Variable binding affinity by surface charge modulation may
effectively regulate the complex interaction network between Aux/
IAA and ARF family proteins required for the transcriptional control of
auxin-response genes.

auxin | auxin response factor | Aux/IAA | NMR spectroscopy |
protein structure

he plant hormone auxin regulates various developmental

processes in plants, including morphogenesis, organogenesis,
apical dominance, vascular differentiation, and tropic responses
to environmental stimuli such as light and gravity (1, 2). Auxin
signaling is mediated by Aux/IAA repressor proteins that bind to
auxin response factors (ARFs) for transcriptional regulation (3).
In the absence of auxin, Aux/IAA associates with ARF and
represses its transcriptional activity. When auxin is released,
Aux/IAA interacts with the F-box protein Transport Inhibitor
Response 1 (TIR1) that assembles into an SKP1—-Cullin—F-box-
type E3 ligase complex that causes Aux/IAA degradation (4, 5).
Elevated auxin levels are thus detected by reductions in cellular
Aux/IAA levels, resulting in derepression of ARF-mediated
gene expression.

The Arabidopsis thaliana genome encodes 29 Aux/IAA and
23 AREF proteins. Aux/IAA is comprised of four conserved domains
L, IL, III, and IV. Domain I is involved in transcriptional repression
and recruits the transcriptional corepressor TOPLESS (TPL) pro-
tein (6), whereas domain II interacts with the auxin coreceptor
TIR1 and directs proteasome-mediated degradation of Aux/IAA
(7). Domains III and IV together mediate protein-protein inter-
actions between Aux/IAA and ARF proteins (8, 9). ARF consists of
an N-terminal DNA binding domain, a variable middle region that
functions as a transcriptional activator or a repressor, and
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C-terminal domain III-IV that mediates protein—protein inter-
actions with Aux/IAA. The C-terminal domains III-IV exhibit
high sequence homology across the Aux/IAA and ARF family
proteins, and promote both their homotypic (Aux/IAA-Aux/IAA
or ARF-ARF) and heterotypic (Aux/IAA—ARF) associations. It
has been generally known that the association of domain III-IV
between Aux/IAA and AREF is responsible for the transcriptional
repression (10, 11), but what controls their association states
remains poorly understood.

Although the interaction between Aux/IAA and ARF is of
great biological significance, a detailed structural characteriza-
tion of domain III-IV has been hampered owing to its aggre-
gative tendency to form heterogeneous oligomers. Previous
analysis of multiple sequence alignments predicted a structural
link between domain III-IV and the Phox and Bem 1 (PB1)
domain (12). The PB1 domain, a protein interaction module
involved in diverse biological processes, forms a heterodimer in
a front-to-back manner via well-conserved acidic and basic resi-
dues at the interfaces (13). The essential residues at the dimer
interface of PB1 were highly conserved in domain III-IV of Aux/
IAA and ARF family proteins, suggesting that they would be
important for oligomerization. Indeed, mutation of the conserved
residues has recently allowed for determination of the crystal
structure of domain III-IV in ARF family proteins (14, 15). Here
we report, to our knowledge, the first solution structure of domain
II-1V of Arabidopsis Aux/IAA17 (IAA17), and characterize the
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molecular interactions involved in its homotypic and heterotypic
associations. Domain III-IV of IAA17 adopts a compact pB-grasp
fold with a highly dynamic helix that appears to be unique among
the Aux/IAA family proteins. The binding thermodynamics reveal
a higher affinity for the IAA17-ARF5 heterodimer than for in-
dividual homodimers. Based on structural and thermodynamic
analyses, we propose a refined model for transcriptional control
during the auxin response.

Results

Domain Design and Structure Determination. Domain III-IV of
wild-type IAA17 (IAA171_1v) oligomerized in a concentration-
dependent manner (Fig. S14). The "H-""N HSQC spectrum of
IAA17y;_1v revealed a small set of broad signals owing to the
large size and chemical exchanges arising from oligomerization
(Fig. S24). Based on the sequence homology between IAA17_1v
and PB1 domains, we selected a highly conserved Lys114 residue
on the basic surface, and Asp183 and Asp187 residues on the
acidic surface for charge-neutralizing mutations. A K114M mu-
tation (IAA17yy) or D183N/D187N mutation (IAA17y,) resulted
in an exclusively monomeric protein (Fig. S1B). HSQC spectra of
monomeric IAA17y;; and TAA17y, showed well-dispersed sig-
nals, which is typically observed in folded proteins (Fig. S2 B and
(). We determined the solution structure of monomeric IAA171,
using NMR spectroscopy. Backbone and side chain assignments
were obtained using a suite of 3D heteronuclear correlation
NMR spectroscopy. 3D *C-separated NOE and °N-separated
NOE restraints were used for the structure calculation using the
Xplor-NIH program (16). Residual dipolar couplings (RDCs) of
IAA17y\, were measured in 6.5% neutral gel alignment medium.
The structure was determined using 2,141 NMR restraints in-
cluding 1,858 experimental NOE restraints, 183 dihedral angle
restraints, 51 backbone Dy RDC restraints, and 49 hydrogen
bonding restraints (Table 1).

Structure and Dynamics of 1AA17,. [AA17),, is comprised of five
strands and four a helices, which form a PB1-like B-grasp fold.
Superposition of the backbone atoms for the ensemble of the
final 20 simulated annealing structures of [IAA17y, demon-
strates that the secondary structures are well ordered except for

the a1’ and o3 helices (Fig. 14). Domain III forms a p1-p2—al
fold as an antiparallel p sheet, whereas domain IV forms a f3—p4—
a2—p5—a3 fold as an antiparallel p sheet. 1 of domain III and p5
of domain IV form a parallel p sheet, joining the two domains
into a compact p-grasp fold (Fig. 1B). The conserved residues
Asp183 and Asp187 are located on the flank of the p sheet, and
point away from the other conserved Lys114 residue (Fig. 1B).
The overall structural architecture of IAA17y, is similar to that
of the domain III-IV of ARF5 (ARF5y_1v) and ARF7
(ARF7yy1_1v), except for the new al’ helix in IAA17yy, (Fig. 1 C
and D) (14, 15). In Arabidopsis thaliana, approximately half of
the Aux/IAA family proteins contain a long insert sequence
between domains III and IV, which varies in lengths and amino
acid compositions, whereas none of the ARF family proteins
carries the insert sequence (Fig. S3). Notably, IAA17 contains
the longest insert sequence with more than 15 extra residues
compared with ARF5 and ARF7. The insert region forms the
al’ helix connecting al of domain III and $3 of domain I'V (Fig.
1B). Unexpectedly, most of the ol’ helix manifested fast
motions in the picosecond to nanosecond time scale, based on
the "N relaxation data of the backbone amide groups. Re-
duced '"H—'°N heteronuclear NOE data as well as increased
15N R; and decreased '°N R, relaxation data collectively in-
dicated that the al’ helix and its preceding loop were high-
ly mobile (Fig. S4). To investigate if the dynamic al’ helix
affects folding or oligomerization of IAA17y,, we prepared
TAA17\2(A159—-169) that removed the al’ helix. When the
HSQC spectra were compared between IAA17y, and
IAA17\2(A159-169), the backbone amide chemical shifts were
mostly identical except for the missing residues from the al’
helix (Fig. S5). This result indicates that IAA17y_1yv adopts the
same f-grasp scaffold without the insert helix, and also that the
al’ helix is not tightly packed on to the p-grasp fold. We then
measured the binding affinities of the mutant for the homo-
dimer (IAA17:IAA17) and the heterodimer (IAA17:ARFS)
formation (see next sections for details). The binding affinities
for the dimerization little changed by the absence of the al’
helix (Fig. 2 and Fig. S6). Taken together, our results imply that
the insert a1’ helix is not likely critical for the proper folding of

Table 1. Restraints and structural statistics of IAA17y,;

Experimental restraints <SA>*
Nonredundant NOEs 1858
Dihedral angles, ¢p/y/y 84/84/15
Hydrogen bonds 49
Residual dipolar coupling, 'Dyy 51

Total number of restraints
rms deviation from experimental restraints
Distances (A) (1858)
Torsion angles (°) (183)
Residual dipolar coupling R-factor (%)"
"Dy (%) (51)
rms deviation from idealized covalent geometry
Bonds (A)
Angles (°)
Impropers (°)
Coordinate precision (A)**
Backbone
Heavy atoms
Ramachandran statistics (%)*5
Most favorable regions
Allowed regions

2,141 (19.3 per residue)

0.053 + 0.002
0.87 + 0.07

29+ 0.5
0.004 + 0
0.50 + 0.03
0.51 + 0.02

0.48 + 0.08
0.98 + 0.17

915+ 1.0
85+ 1.0

*For ensemble of the final 20 simulated annealing structures.
"The magnitudes of axial and rhombic components of the alignment tensor were —11.5 Hz and 0.55, respectively.
*Residues 112-217, excluding residues 150—178 with internal motions.

SCalculated using the program PROCHECK (33).
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Fig. 1. Structures of domain IlI-IV of IAA17, ARF5, and ARF7. (A) Superposi-
tion of the backbone atoms of the final 20 simulated annealing structures of
I1AA17\. (B) Front and top views of the solution structure of IAA17y,; as a rib-
bon diagram representation. The conserved residues Lys114 (blue), Asp183 and
Asp187 (orange) are shown as a space-filling representation. (C and D) Crystal
structure of ARF5;,_,y (PDB ID 4CHK; ref. 14; C), and ARF7y,_ (PDB ID 4NJ7; ref.
15; D) as a ribbon diagram representation. The asterisks denote the missing
residues in the coordinate.

IAA17\p, and for the formation of a homodimer and a heter-
odimer with ARFS.

Homotypic Oligomerization of 1AA17. The IAA17 mutants in this
study were designed to remove either a positive charge (IAA17\)
or negative charges (IAA17ys), so that individual mutants alone
behaved as a monomer but together effectively formed a dimer
(Fig. S1B). We measured the equilibrium dissociation constant (Kp)
for the dimerization between IAA17\; and IAA17y, using iso-
thermal titration calorimetry (ITC), and the K, value was obtained
as 6.6 pM (Fig. 24 and Table 2). Size exclusion chromatography
(SEC) of wild-type IAA17y;_1v revealed an increasing oligomer size
upon concentration, such that 1.5, 2.0, and 3.7 appeared as average
subunit numbers of the oligomer ensemble at 3 pM, 12 pM, and
103 uM, respectively (Fig. S14). This indicates that wild-type
TIAA17y_1v can use both positive and negative interfaces simulta-
neously to form oligomers extending in a front-to-back manner. We
used a numerical analysis based on a monomer—oligomer equilib-
rium model to determine the populational distribution of the
oligomers at a given concentration. Briefly, we assumed that a single
equilibrium constant (Kp = 6.6 pM) governs the entire exchange
process in the oligomer ensemble, and compared the experimental
average subunit numbers with those calculated from equilibrium
oligomer populations (see Materials and Methods for detail). The
experimental oligomer sizes of IAA17y_rv at 103 uM could be
reproduced using an eight-state model (equilibria between a
monomer and oligomers up to an octamer, Table S1). The eight-
state model provided the monomer and oligomer populations at
varying concentrations as follows: IAA17y_v at 1 pM was
largely monomeric (88%) with a dimer (11%) and higher-order
oligomers (1%) as minor species. At 10 pM, a monomer (54%)
coexisted with a dimer (25%) and higher-order oligomers (21%).
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Lastly, at 100 pM, the monomer population (21%) was reduced,
and the dimer (18%) and higher-order oligomers (61%)
appeared as predominant species. In summary, IAA17 is pre-
dicted to be largely monomeric at concentrations below 1 uM,
whereas oligomers of varying sizes increase at higher con-
centrations.

We note that Kp measurements using the mutants are based
on an assumption that mutations did not influence the binding at
interaction surfaces on the opposite side. Also, numerical analysis
used to characterize the oligomerization states implicitly assumes
that association extending IAA17 oligomers does not exhibit posi-
tive or negative cooperativity. To address the validity of the un-
derlying assumptions, we examined the interaction between wild-
type IAA17p_v and 1AA17y; (or IAA17y\p). The Kp values
revealed 59 + 1.7 pM and 58 + 09 pM for IAA17\; and
IAA17\p, respectively, which remarkably well reproduced the Kp
value (6.6 + 0.3 pM) between IAA17yy; and IAA17ys,. This result
indicates that mutations introduced into IAA17y; or IAA17 little
altered the binding of the interaction surface. We further monitored
the binding between wild-type IAA17;;_v and the mutants at
varying concentrations of IAA17yy;_yv, and the Kp, values remained
constant. Given that IAA17y;_v forms an ensemble of oligomers
that change sizes and populations by concentration, the uniform
binding affinity between heterogeneous oligomers and the mutants
suggests an absence of apparent cooperativity. Taken together,
we propose that the single Kp value measured between IAA17)y
and [AA17,p, represents the association events during IAA17
oligomerization.

Interaction Between 1AA17 and ARF5. Mutations that prevented the
oligomerization of IAA17yy;_1v similarly produced a monomeric
form of ARF5y_1v. A single mutant, K797A (ARFS5y;), and
a double mutant, D847N/D851IN (ARFS5y,), produced mono-
meric proteins (Fig. S7). Using the ARF mutants, we measured
the binding affinity of the ARF5y1:ARF5y;; homodimer as well
as the heterodimer between IAA17 and ARFS using calorimetry.
Note that the heterodimer can form in two different ways
(IAA17m1:ARF5y, and ARFS5y1:1AA17)s,) depending on which
protein employs the positive interface for the complex formation.
The Kp, values for the ARF5 homodimer formation was 0.87 pM,
an eightfold stronger binding than that of the IAA17 homodimer
(Fig. 2B and Table 2). The affinity for the heterodimer formation
was stronger than that of both homodimers, with the Kp values
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Fig. 2. ITC of the homodimer and heterodimer formation of IAA17,_y and

ARF5,_v. Integrated heats of injection (solid squares) and the least squares
best fit curves (black line), derived from a simple one-site binding model for
the titration between IAA17y; and IAA17\, (A), ARF5y; and ARF5y, (B),
IAA171 and ARF5y;, (C), and ARF5y; and IAA17y; (D). The thermodynamic
parameters for each complex formation are listed in Table 2.
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Table 2. Thermodynamic parameters for the homodimer and heterodimer formation between
domains IlI-IV of IAA17 and ARF5 obtained by isothermal titration calorimetry at 25 °C

Description M1 + M2 Kp (uM) AG (kcal/mol) AH (kcal/mol) —TAS (kcal/mol)
I1AA17 + 1AA17 6.6 + 0.3 -7.1+£0.0 -9.7 £ 01 2.6 + 0.1
ARF5 + ARF5 0.87 + 0.07 -83+0.0 -11.1 + 0.1 2.8 +0.1
IAA17 + ARF5 0.075 + 0.03 -9.7 £0.2 -93+0.1 -04+0.2
ARF5 + 1AA17 0.071 + 0.05 -9.8+04 -9.5+0.2 -03+04

Titrations were carried out using mutant proteins that removed either the positively charged interaction
surface (M1 mutant) or the negatively charged interaction surface (M2 mutant).

measured as 75 nM and 71 nM for IAA17y:ARF5y; and
ARF5\1:1IAA17)\, complexes, respectively (Fig. 2 C and D and
Table 2). Thus, the affinity of the heterodimer was 90 times higher
than that of the IAA17 homodimer, and 12 times higher than that
of the ARF5 homodimer.

We note that cysteines in IAA17 and ARF5 were mutated to
alanines or serines in the calorimetric measurement to avoid the
use of reducing agents. Cys203 of IAA17 was mutated to an al-
anine, since the side chain was buried in the hydrophobic core
region in the solution structure. As Cys203 was conserved among
half of Aux/IAA family proteins (Fig. S3), we used IAA17y;; and
IAA17y, without C203A mutations to confirm the binding. The
measured Kp value (6.3 + 0.3 pM) was very similar to that of
C203A mutants (Kp = 6.6 + 0.3 pM), validating that the cysteine
mutation did not affect the interaction of IAA17. Three cysteine
residue (Cys825, Cys866, and Cys869) of ARFS were mutated to
serines, because they were all exposed to solvents in the crystal
structure (14). The cysteine residues varied widely among ARF
family proteins, and none of them contributed to the positive or
negative binding surface in the crystal structure. Thus, it is most
likely that that the cysteine mutations in this study little affected
the interaction of ARFS.

To understand the structural basis for the preferential heterodimer
formation, we compared the binding interface of the homodimer
with that of the heterodimer. N-labeled IAA17yy titrated with
IAA17\, or ARF5y, showed large chemical shift perturbations
mainly in the p3—p4—a2 region that contained Asp183 and Aspl87
(Fig. 3 A and B). In addition, BN-Jabeled 1AA17y, titrated
with IAA17\; or ARF5)y;; showed large chemical shift perturba-
tions mostly in the p2—p1—f5 region that contained Lys114 (Fig. 3 C
and D). The similar chemical shift perturbation profiles indicate that
TIAA17 used largely the same binding interfaces for the homodimer
formation, and for the heterodimer formation with ARFS. Previously
published crystal structures of ARF5y;_rv and ARF7yy_py contained
oligomers extending in a front-to-back manner (14, 15). The bind-
ing interface of the ARF5y_ry oligomer could be mapped on to
TIAA17y_1v based on the sequence alignment (Fig. 4, Upper). No-
tably, the interfacial residues derived from the crystal structure
largely overlapped with residues that exhibited large chemical shift
perturbations. This suggests that the homo-oligomer of IAA17y;_1v
and the hetero-oligomer between IAA17y_rv and ARF5y 1y adopt
a similar structural arrangement as was observed in the crystal
structure. When the binding interface of IAA17 was extrapolated
from the crystal structure of ARFS5, positive surface was formed by
Lys114, Argl24, Lys125, Arg205, and Arg207, and negative surface
was formed by Asp183, Asp185, Asp187, and Asp193. The negatively
charged residues were highly conserved among Aux/IAA and ARF
family proteins (Fig. S3), suggesting that they provide key electro-
static interactions for both homotypic and heterotypic associations.
Lys114 and Argl24 at the positive surface were similarly well con-
served, whereas Lys125, Arg205, and Arg207 were mostly conserved
in Aux/IAA family proteins, but not in ARF family proteins. In
addition, interfacial residues surrounding the highly conserved
region revealed variances: they were generally well conserved
between Aux/IAA family proteins, but exhibited significant var-
iations between ARF family proteins. The biased sequence ho-
mology may explain previous observations that Aux/IAA—Aux/
IAA interactions appeared to be less specific compared with
ARF-ARF or Aux/IAA—AREF interactions (8, 17).
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We examined in detail the electrostatic potential of interaction
surfaces between IAA17III—IV and ARFSHI_I\/. Both IAA17III—IV
and ARFS5yy;_v exhibited distinct positive and negative surfaces at
the interfaces, but the charge density and distribution were quite
different. IAA17yy;_1v exhibited highly localized positive charges
near Lys114, whereas it exhibited a wide distribution of dense
negative charges on the opposite side (Fig. 4 A and B, Lower). In
contrast, ARF5y;_v presented a relatively dispersed distribution
of positive charges near Lys797 (the Lysl14 counterpart in
ARFY), but highly concentrated negative charges on the opposite
side (Fig. 4 C and D, Lower). The heterodimer is thus expected to
achieve favorable electrostatic interactions compared with in-
dividual homodimers due to an optimal combination of oppositely
charged interfaces.
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Fig. 3. Weighted average "Hy/'®>N chemical shift perturbation [A8 = ([(ASun)* +
(A8\)%/25)/2)'?] as a function of residue number upon homodimer and
heterodimer formation between ">N-IAA17y1 and I1AA17 2 (A), "> N-IAA17 1
and ARF5y (B), "°N-IAA17> and IAA17y, (C), and "> N-IAA17, and ARF5
(D). The structure of IAA17); is shown in green as a ribbon diagram rep-
resentation. Residues with A5 > 0.08 are shown in yellow with the con-
served Lys114 in blue, and Asp183 and Asp187 in orange as a space-filling
representation.
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Fig. 4. Molecular surface representations of the positive binding interface
(A) and negative binding interface (B) of IAA17,,_,y and the positive binding
interface (C) and negative binding interface (D) of ARF5_. (Upper) The
ribbon diagram representation with a transparent molecular surface, where
the interfacial residues are colored in cyan and magenta. The interfacial
residues are obtained from the crystal structure of the ARF5,_,y oligomer
using the PDBePISA program (34) (http://pdbe.org/pisa), and mapped on to
the 1AA17,,_,y based on the sequence alignment. (Lower) The molecular
surfaces of IAA17,,_,v and ARF5;,_, color-coded by electrostatic potential,
+7 kT. The orientations for the positive and negative molecular surfaces
are kept the same as those presented in Fig. 3.

Discussion

It is known that the interplay between ARF and Aux/IAA re-
pressor plays a key role in the regulation of auxin-response gene
expression (18). The structural mechanism underlying the tran-
scriptional regulation, however, has remained poorly under-
stood. We have shown that domains III-IV of IAA17 and ARFS
share the same PBl-like B-grasp folds, differing mainly in the
long insertion sequence of IAA17 that adopts a dynamic helical
conformation. It is puzzling that deletion of the insertion helix
little perturbed the structure or interactions of IAA17 in this
study, although it represents the major difference between
domains III-1V of IAA17 and ARF family proteins. A full un-
derstanding of functional implications of the insertion would
require systematic binding studies that use an IAA17 mutant
without the insertion and its potential partner proteins including
Aux/IAA, AREF, etc. Further, in vivo experiments would be
crucial to judge upon the relevance of the insertion for IAA17
function. Nevertheless, it is tempting to speculate that the
insertion helix may modulate the binding specificity of Aux/
TIAA, considering the diversity of insertion sequences and sizes.
Functional significances of insertion loops are well known in
the protein kinase family, where the insertions provide specific
interactions for substrate binding, distinguishing between dif-
ferent kinases (19). The fact that the insertion of IAA17
adopts a mobile helix also adds weight to the speculation, as
fast time-scale dynamics are often linked to biologically rele-
vant interactions and functions (20, 21). Until more experi-
mental evidences are accumulated, the question remains to be
answered whether the insertions of Aux/IAA serve as the target
recognition sites or merely survived as evolutionary vestiges.
The chemical shift perturbation profiles indicate that IAA17
employs largely the same binding interface for the Aux/IAA-
Aux/IAA and the Aux/IAA—-ARF interactions. The binding in-
terfaces were consistent with the oligomer found in the crystal
structure, suggesting that the homo- and hetero-oligomers would
extend in a similar structural arrangement. We attribute the
differences in the binding affinity to the charge content and
composition at the interaction surfaces. Considering that the
single and double mutations used in this study abolished the
oligomerization of IAA17 and ARFS5, the charge distribution at
the interfaces is postulated to be critical for the association. We
hypothesize that charge modulation at the interaction surface
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may be a general strategy to tailor the binding affinity between
Aux/IAA and ARF family proteins without perturbing their
complex structures. It is notable that equilibrium binding favors
the heterodimer formation over individual homodimers, so that
the repression of ARF5 by IAA17 is a thermodynamically
downhill process. When auxin is depleted and IAA17 accumu-
lates, formation of the higher-affinity hetero-oligomer is pre-
ferred for transcriptional repression. Upon auxin release and
IAA17 degradation, the equilibrium shift re-establishes ARFS5
homo-oligomers to resume transcriptional activation. It has been
reported that the transcriptional regulation of auxin-response
genes involves a complex network of interactions between over
50 Aux/IAA and ARF family proteins (17). Variable binding
affinity by surface charge modulation may be effective to mod-
ulate the complex interaction network and regulate the tran-
scriptional control of auxin-response genes.

Numerical analysis of IAA17 oligomerization revealed that
TIAA17 oligomers were in dynamic equilibrium determined by
the protein concentration. We extended the analysis to predict
the oligomerization state of IAA17 in cell. Comprehensive
analysis of protein expression in budding yeast reported that the
protein concentration in cell was ~1 pM in average, ranging from
2 nM to 30 pM (22, 23). IAA17 (1 uM) is expected to populate
a monomer (~90%) and a dimer (~10%). The monomer pop-
ulation decreases to ~70% at 5 uM concentration of IAA17, and
to ~50% at 10 pM concentration of IAA17. IAA17 is not sup-
posed to be highly abundant in cell, but the local concentration
may fluctuate over a wide range, given the densely-packed and
crowded cellular environment. Considering that IAA17 is rapidly
expressed and accumulated upon the clearance of auxin from the
cell, we speculate that the local concentration of IAA17 may
transiently reach high enough to form oligomers. Formation of
extended IAA17 oligomers bears potential benefits such as facil-
itated cellular trafficking of Aux/IAA into nucleus, and promoting
target search for ARF proteins.

sAuxin
TIR1
Domain |
D
omain I}%& - _,foo
Domain llI-IV Degradation
ARF
Domain ll1-1IV
MR ON
DBD
+ Auxin
IAA
= Auxin g&
e gEgE
Repression OFF

Fig. 5. A model of transcriptional control from the interaction between
Aux/IAA and ARF. In the presence of auxin, Aux/IAA is subject to proteoso-
mal degradation and ARF forms an active oligomer to turn on the gene
expression. In the absence of auxin, Aux/IAA and ARF form hetero-oligomers
for transcriptional repression. Insertion of Aux/IAA into the ARF homo-
oligomer impairs the interaction between the N-terminal DNA binding
domain (DBD) and the auxin response element, leading to transcriptional
repression. In addition, association of the corepressor TPL with Aux/IAA
represses the gene expression. MR, middle region.
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It is believed that ARF functions as a dimer or a higher-order
oligomer, and Aux/IAA disrupts the ARF oligomer to repress its
transcriptional activity. In addition to domain III-1V, the DNA
binding domain of ARF is also known to form a functional
homodimer (24). The equilibrium binding constant is not avail-
able, but small-angle X-ray scattering data suggests an estimated
Kp of ~20 pM, which is much weaker than that between domain
III-IV. We postulate that ARF monomers first oligomerize
through domain III-IV, and the DNA binding domain further
stabilizes the association. Given that IAA17 can form a tight
heterodimer using both positive and negative interfaces, it may
insert itself into the ARFS5 oligomer to form a hetero-oligomer
of alternating subunits (Fig. 5). In this model, the transcrip-
tional repression can be achieved by (i) compromised DNA
binding of ARFS5 due to an improper positioning between ARF
subunits within the hetero-oligomer, and (ii) participation of
the corepressors such as TPL recruited by IAA17. By forming
hetero-oligomers, ARF monomers keep high local concen-
trations even during the transcriptional repression state, so that
functional ARF oligomers can rapidly reestablish upon Aux/
IAA degradation and promptly express auxin-response genes.
Switching between homo- and hetero-oligomers via subunit
exchange driven by thermodynamic equilibrium may thus
account for the mechanism that modulates auxin-response
gene expression.

Materials and Methods

Sample Preparation and NMR Spectroscopy. We used IAA17y,_y (G109-1217)
and ARF5,_,y (T789-G885) with mutations to generate monomeric proteins
as follows: K114M for I1AA17y,, D183N/D187N for 1AA17y, K797M for
ARF5y1, and D847N/D851N for ARF5u,. IAA17, was used for structure
calculation and dynamics using MMR spectroscopy. Details of sample prep-
aration and NMR spectroscopy are provided in Supporting Information.

Structure Calculation. Interproton distance restraints were derived from the
NOE spectra and classified into distance ranges according to the peak in-
tensity. ¢/y torsion angle restraints were derived from backbone chemical
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shifts using the program TALOS+ (25). Structures were calculated by simu-
lated annealing in torsion angle space using the Xplor-NIH program (16).
The target function for simulated annealing included a covalent geometry,
a quadratic van der Waals repulsion potential (26), square-well potentials for
interproton distance and torsion angle restraints (27), hydrogen bonding,
RDC restraints (28), harmonic potentials for 13C0(/13CB chemical shift re-
straints (29), a multidimensional torsion angle database potential of mean
force (30), and a radius of gyration term (31). The radius of gyration rep-
resented a weak overall packing potential, and structures were displayed
using the VMD-X-PLOR software (32).

Isothermal Titration Calorimetry. ITC was performed at 25 °C using an iTC200
calorimeter (GE Healthcare). 0.1 mM of IAA17; or ARF5y; was placed in the
cell and titrated with 1 mM IAA17y,, or ARF5y,. Twenty consecutive 2-pL
aliquots of protein were titrated into the cell. The duration of each injection
was 4 s, and injections were made at intervals of 150 s. The heats associated
with the dilution of the substrates were subtracted from the measured heats
of binding. ITC titration data were analyzed with the Origin version 7.0
program provided with the instrument.

Characterization of the Oligomerization State. We assumed that individual
monomer and oligomers were in exchange with one another in full equilibrium
using a single equilibrium constant (Kp = 6.6 pM). Starting with a two-state
model (monomer—dimer equilibrium), we calculated the equilibrium pop-
ulations of individual states and thereby obtained the average oligomer size at
given concentrations. If the calculated oligomer size failed to reproduce the
experimental values from SEC, higher-order oligomers (trimer, tetramer, etc.)
were introduced to the model in turn until the calculated and experimental
values matched. At each round, the equilibrium populations were recalculated
in a recursive manner to ensure that full equilibrium conditions were met
between all participants.
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