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Abstract
Hypoxia inducible factors (HIFs) are heterodimeric transcription factors responsible for the metazoan
hypoxia response and are required for tumor growth, metastasis and resistance to cancer treatment.
The C-terminal PAS domain of HIF2α (HIF2α PAS-B) contains a preformed solvent-inaccessible
cavity that binds artificial ligands that allosterically perturb the formation of the HIF heterodimer.
To better understand how small molecules bind within this domain, we examined the structures,
equilibrium and transition state thermodynamics of HIF2α PAS-B with several artificial ligands using
ITC, NMR exchange spectroscopy and X-ray crystallography. Rapid association rates reveal that
ligand binding is not dependent upon a slow conformational change in the protein to permit ligand
access, despite the closed conformation observed in NMR and crystal structures. Compensating
enthalpic and entropic contributions to the thermodynamic barrier for ligand binding suggest a
binding-competent transition state characterized by increased structural disorder. Finally, molecular
dynamics simulations reveal conversion between open and closed conformations of the protein and
pathways of ligand entry into the binding pocket.
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Introduction
A cell's ability to sense and respond to environmental stimuli is critical for survival. In
metazoans, oxygen concentration is monitored by the hypoxic response pathway, where
hypoxia inducible factors (HIF) regulate numerous genes in response to oxygen.1 HIF proteins
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are heterodimeric basic-helix-loop-helix Per-ARNT-Sim (bHLH-PAS) transcription factors2
whose activity is regulated in an oxygen-dependent manner.3 With adequate oxygen levels
(normoxia), oxygen-dependent hydroxylations of the HIFα subunit block interaction with
CBP/p300 family coactivator proteins4 and also trigger its ubiquitin-mediated degradation.5
Under low oxygen conditions (hypoxia), unmodified HIFα subunits bind the aryl hydrocarbon
receptor nuclear translocator (ARNT, also known as HIFβ) protein, forming the
transcriptionally active heterodimer. Thus, cells translate environmental oxygen concentration
into altered gene expression. HIF proteins are of considerable interest due to their role in
promoting solid tumor growth6,7 and their role in chemotherapy resistance.8

Both HIFα and ARNT contain an N-terminal basic-helix-loop-helix DNA binding domain and
two adjacent PAS domains, referred to as PAS-A and PAS-B. PAS domains are structural
modules found in proteins from all kingdoms of life that have significant structural homology
despite little conservation in amino acid sequence. PAS domains often serve as protein-protein
interaction components, as in the case of HIFα and ARNT where they are needed for assembly
of the HIF2 PAS-B heterodimer via their β-sheet surfaces.9–11 For many PAS domains, these
protein/protein interactions can be environmentally-regulated by internally-bound small
molecules or cofactors,12 including FAD, FMN,13 heme,14 or 4-hydroxycinnamic acid.15 For
example, flavin-binding PAS domains serve as blue light photoreceptors in bacteria and
plants16 and assess energy content in bacteria,17 while heme-based PAS domains monitor
dissolved gases.18

The sensory roles of many PAS domains, including those from the HIF proteins, remain an
open question as they have often been isolated without cofactors. Notably, recent structural
work on the HIF2α PAS-B domain shows that it contains a 290 Å3 water-filled cavity at its
core, isolated from bulk solvent10 (Figs. 1A,B). Cavities of this size are quite rare in proteins
and suggest a missing cofactor or ligand binding site.10 While any natural HIF2α ligands remain
unknown, we have discovered a number of artificial ligands that bind within this site with low
micromolar affinity using an NMR-based small molecule screen.19 Several of these compounds
modulate the interaction between HIF2α and ARNT PAS-B domains in vitro, suggesting a
linkage between internal ligand and external protein binding on opposite faces of the central
β-sheet of the protein, consistent with PAS domains in other proteins.10,20–23 This raises the
question as to how these ligands gain access to the internal cavity of HIF2α PAS-B, which is
completely inaccessible to solvent in our structures.

To address this point and better understand the nature of HIF/ligand interactions in general,
we determined the crystal structures of complexes of HIF2α PAS-B with two artificial ligands
bound at this internal site. These structural data complement thermodynamic studies of
HIF2α PAS-B with these and three additional ligands by isothermal titration calorimetry (ITC).
Using NMR exchange spectroscopy, we determined the association and dissociation rate
constants for each of these compounds, and through their temperature dependence, also the
transition-state thermodynamics of ligand binding. These parameters reflect the degree of
protein conformational distortion required to reach a ligand-accessible transition state. Finally,
we combined solution NMR studies and molecular dynamics (MD) simulations to identify
ligand entry/exit pathways into the pocket of HIF2α PAS-B. The NMR-derived results suggest
that HIF2α PAS-B ligands bind rapidly to a partially disordered, more open conformation of
HIF2α PAS-B that must rapidly interconvert with a ligand-inaccessible conformation
illustrated by crystal and solution NMR structures. In the MD simulations, the HIF2α PAS-B
protein populates both ‘open’ and ‘closed’ conformers, with the closed form being preferred.
We identified ligand entry/exit pathways by observing routes taken by solvent water
transferring to and from the ligand binding pocket. This transfer takes place primarily in an
open conformation of the protein, although there is a minor route in the closed form. Taken
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together, these data provide structural and energetic characterizations of a protein that is
apparently poised to bind natural or artificial regulatory ligands and cofactors.

Experimental Methods
Sample preparation

15N-labeled HIF2α PAS-B was purified as described.10 Briefly, an expression construct
encoding HIF2α PAS-B residues 240–350 was generated through PCR amplification from
cDNA ligated into the pHis6x-GB1 expression plasmid.20 For ITC studies, protein was
expressed in Luria broth while NMR studies utilized 15N-labeled protein as produced by
expression in M9 media containing 1 g/L 15NH4Cl as the sole nitrogen source. Protein was
purified by nickel chromatography and, after cleavage of the N-terminal affinity tag by TEV
protease,24 a second round of nickel chromatography followed by Superdex 75 size exclusion
chromatography. For crystallization, PAS-B* mutants of the HIF2α PAS-B (R247E) and
ARNT PAS-B (E362R) domains were produced as described.10

Crystallization, structure determination and refinement
Crystals of HIF2α PAS-B* were grown in a high-affinity heterodimer complex with the ARNT
PAS-B* domain. Liganded co-crystals were grown by vapor diffusion of 340 µM PAS-B*
heterodimer, 440 µM compound solution against 100 mM Bis-Tris, pH 6.0, 17–25%
PEG-3350. Crystals were subsequently treated with 25% PEG-3350 and 10% PEG-400 as a
cryoprotectant prior to freezing in liquid nitrogen. X-ray diffraction data were collected at the
19-BM beamline of the Structural Biology Center at the Advanced Photon Source (Argonne
National Laboratory, Argonne, IL). Data were reduced using HKL200025 and refined using
REFMAC 526 and COOT.27 Data scaling and refinement statistics are summarized in Table
1. THS-017 co-crystals grew in the C2 space group reported previously10 and were amenable
to Fourier synthesis methods using the apo-protein structure (3F1P) as an initial model. The
THS-020 co-crystals adopted the P21 space group and the diffraction data were phased by
molecular replacement using the program PHASER.28 Experimental electron density for each
of the structures is shown in Supporting Information Figure 1.

Determination of ligand binding affinities
Ligand binding affinities were determined using a MicroCal VP-ITC calorimeter
(Northampton, MA). Protein was extensively dialyzed against buffer (25 mM Tris, pH 7.5, 17
mM NaCl, 5 mM β-mercaptoethanol), which was used to prepare compound solutions from
50 mM stocks (in D6-DMSO). Solutions containing 200–330 µM HIF2α PAS-B were titrated
from the syringe of this instrument into a cell containing 10–20 µM compound. Compound
and protein solutions all contained 0.02% DMSO, except for KG2-023, which was
supplemented with 5% DMSO to facilitate compound solubility (minimal effects on
thermodynamic parameters were observed in 5% DMSO controls with THS-017 and
THS-020). Heats of dilution were experimentally determined from control titrations of
HIF2α PAS-B into compound-free buffer, which were subsequently subtracted from the
corresponding ligand titration prior to fitting the data to a single-site binding model (Origin
v7.0). Reported equilibrium thermodynamic parameters are average values derived from three
independent measurements (apart from KG2-023, at two measurements).

NMR spectroscopy
Experiments were conducted using a 600 MHz Varian Inova spectrometer equipped with a
cryogenically cooled probe and a Z-axis pulsed-field gradient. To determine association and
dissociation rate constants for ligand binding, we employed a ZZ-exchange modified 15N/1H
HSQC experiment which gives rise to time-dependent exchange peaks via heteronuclear
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longitudinal magnetization transfer between the bound and unbound states.29 Samples were
prepared for NMR spectroscopy as follows: 133 µM ligand (from 50 mM D6-DMSO stocks)
was added to 266 µM HIF2α PAS-B in 17 mM NaCl, 50 mM Tris pH 7.4, 5 mM DTT, 10%
D2O. Total DMSO concentration in the prepared sample was 0.26%. Ligand association and
dissociation rates were extracted from a simultaneous fit of the measured crosspeak and
autopeak intensities to the McConnell equations.29,30 Data processing and analysis were
performed with NMRpipe31 and NMRviewJ32 respectively, while curve fitting was performed
using Berkeley Madonna software.33 Data were collected at 25°C for determination of binding
and dissociation rate constants and further at 10, 15, 20, 25, and 30°C for determination of
transition state thermodynamic parameters, which were obtained by linear least-squares fit to
experimental values for koff and kon by Eyring analysis.34 Backbone 15N-relaxation
measurements29 were collected from 300 µM 15N-HIF2α PAS-B in the presence of and absence
of 400 µM THS-044. Relaxation rate constants were estimated from serially collected spectra
with time delays of 10, 30, 70, 130, 250, 370, 490, 630, 750, 850 and 1110 ms for R1 and 10,
30, 50, 70, 90, 110, 130, 150 and 190 ms for R2. 15N{1H} NOE values were determined from
spectra collected with and without a 3 s saturation period.

Molecular dynamics simulations
All computations were performed using the in lucem molecular mechanics (ilmm) program.
35 These simulations are part of the Daggett laboratory’s Dynameomics effort,36–38 which is
an effort to create a repository of molecular dynamics simulations and the corresponding
metadata.

The starting model for simulations was the first conformer of the NMR structure of the C-
terminal PAS domain of HIF2α (PDB entry 1P97).9 The structure was minimized in vacuo for
1000 steps of steepest descent minimization. Atomic partial charges and the potential energy
function were taken from Levitt et al.39 The minimized structures were then solvated in a
rectangular box of flexible three-center (F3C) waters40 with walls located ≥ 10 Å from any
protein atom. The solvent density of the box was pre-equilibrated to 0.997 g/mL, the
experimental water density for 298 K and 1 atm pressure.41 The solvent was minimized for
1000 steps. This solvent minimization was followed by 1 ps of dynamics of the solvent only,
an additional 500 steps of solvent minimization and 500 steps of minimization of the entire
system. After completion of this solvation process, the whole system was heated to 298 K.

Three separate 35 ns MD simulations were performed at 298 K and neutral pH in the
microcanonical (NVE, constant volume, total energy, and number of particles) ensemble.
Protocols and the potential energy function have been described previously.39,42 A force-
shifted nonbonded cutoff of 10 Å was used,39,42,43 and the nonbonded interaction pair list
was updated every three steps. A time step of 2 fs was applied in all simulations, and structures
were saved every 1 ps for analysis. Analysis of MD simulations was performed using ilmm.

Results
Thermodynamics of HIF2α PAS-B ligand binding

In-house NMR-based small molecule screening efforts identified a number of artificial ligands
for HIF2α PAS-B,10 most of which are composed of a two substituted ring structure connected
by a one or two atom linker. To investigate the structural dependence of the thermodynamics
of interactions between HIF2α PAS-B and small molecules, we compared calorimetric data
collected on complexes of HIF2α PAS-B with five related bicyclic ligands (Fig. 2). Four of
the five compounds used in this study share a common scaffold consisting of a functionalized
benzyl ring with trifluoromethyl and nitro groups located para- and ortho-to the linker,
respectively. The fifth compound, KG-721, lacks a trifluoromethyl group, and contains a nitro
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group para- to its single atom ether linkage. To determine the binding affinities and
thermodynamic parameters for these compounds to the isolated HIF2α PAS-B domain, we
used ITC to monitor heat evolved upon complex formation. We found that ligand binding is
enthalpically driven with minor entropic penalties for compounds KG-721, THS-017, and
THS-020, while THS-002 and KG2-023 had favorable entropic contributions to binding. The
enthalpies of KG-721, THS-017, and THS-020 are quite similar, notable in light of the reduced
functionality of the KG-721 ligand relative to the other two compounds. Evidently, the
additional functional groups are making equivalent enthalpic contributions in THS-017 and
THS-020 to the single para-nitro group of KG-721. THS-002 and KG2-023 show favorable
entropic contributions to binding, both of which are poorly soluble in aqueous solution and
likely draw an entropic benefit upon binding protein due to desolvation.

Crystal structures of the THS-017 and THS-020/PAS B* heterodimer complexes
To provide a structural context for the varied thermodynamics we observed, we determined
two additional X-ray crystal structures of HIF2α PAS-B ligand complexes. A readily
crystallized variant of the HIF2α PAS-B heterodimer (see Methods), referred to as HIF2α PAS-
B*, yielded high-resolution protein/ligand complex structures with compounds, THS-017
(1.65 Å resolution) and THS-020 (1.5 Å) (Table 1). As previously reported for another
compound, THS-044,10 THS-017 and THS-020 occupy the internal HIF2α PAS-B* cavity in
nearly identical conformations (Fig. 2C). Both ligands within these complexes, like THS-044,
are a minimum of 6.6 Å from bulk solvent, completely isolating them within the protein core.
Based on the three available HIF2α PAS-B/ligand cocomplex structures (THS-017, THS-020
and our previously-reported complex with THS-04410) and the chemical similarity of the
compounds evaluated here, we believe that the remaining bicyclic compounds evaluated in
this study likely bind analogously as previously observed.

In general, our structural data suggests that HIF2α PAS-B preorganizes the ligand binding
cavity, using shape complementarity with few specific protein/ligand interactions to guide
binding. This observation is supported by comparisons between structures of three protein/
ligand complexes and one unliganded form. Ligand binding is associated with minimal
distortion relative to the water-filled unliganded form, with few side chain rearrangements (His
248, Met 252). Around the variable ring of the ligands (“ring B” in SI Fig. 2), we observe a
predominantly hydrophobic environment built with Phe244, Phe254, Phe280, Tyr307, Met309
and Leu319 side chains. This site within the HIF2α PAS-B cavity contains a single low-
occupancy water molecule in the unliganded crystal structure, consistent with its hydrophobic
composition. As previously noted, we observe few direct hydrogen bonds or electrostatic
interactions between the protein and the bound ligands, most of which involve the “A ring”
that is common to four of our five ligands. Ligand-protein interactions consist primarily of van
der Waals contacts, a dipole-π interaction between the Tyr281 side chain and the ligand
aromatic ring and hydrogen bonds between the His248 side chain and the ligand nitro and
secondary amine groups. THS-020 has an additional hydrogen bond between the furan oxygen
atom of THS-020 and the hydroxyl group of Tyr307. The preferred orientation of the ligands
we observe could also help stabilize a hydrogen bond inside the ligand, between the secondary
amine linker and the nitro group on the “A ring.” Notably, the scarcity of hydrogen bonds in
the liganded structures starkly contrasts with our structure of unliganded HIF2α PAS-B that
contains 8 solvent-inaccessible water molecules within the protein core. These water molecules
make up an extensive internal hydrogen bonding network10 with a number of the side chains
lining the cavity (Supp. Figure 2). Thus, a number of protein hydrogen bond partners remain
unpaired when ligand is bound, leaving us to suggest that much of the energetics favoring
ligand binding stem from other forces (e.g. hydrophobic interactions with the “B ring”).
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HIF2α PAS-B ligand-binding kinetics reveal characteristics of an open conformation
To complement these structural and thermodynamic data, we determined ligand association
and dissociation rate constants under equilibrium conditions using NMR ZZ-exchange
spectroscopy (Fig. 3). These methods have been used to measure such exchange rates in a range
of macromolecular systems undergoing slow (millisecond to second timescale) dynamic
equilibria.29,30,44 The time-dependence of cross- and auto-peak intensities from these spectra
provide exchange rates (kex), from which a first order dissociation rate constant is obtained.
The association rate constant can then be calculated using the equilibrium constant derived
from ITC measurements. For complexes of HIF2α PAS-B and these compounds, ligand
dissociation rate constants are approximately proportional to the affinity determined by ITC;
thus, dissociation is the primary determinant of binding affinity for these compounds. Despite
the completely buried nature of the HIF2α PAS-B pocket, we detected rapid ligand association
kinetics with kon values greater than 106 M−1 s−1 for THS-017 and THS-020 at 25°C (Table
2). Compounds KG2-023 and THS-002 are somewhat slower, likely due to solvation effects
due to their poor solubility. The narrow range of association rate constants suggests that the
compounds traverse a similar barrier to binding, which we interpret as the conformational
rearrangement necessary for HIF2α PAS-B to convert from a closed structure into a binding-
competent ‘open’-state. Given the considerable size of these compounds relative to the scale
of the HIF2α PAS-B domain,10 it seems apparent that a substantial conformational change is
necessary to permit entry. Yet, the rapid association rates we observe are more typical of solvent
accessible ligand binding sites than internal cavities. Thus, the open conformation of HIF2α
PAS-B must either be present in significant concentration at equilibrium or rapidly interconvert
with the ‘closed’ native state.

The transition state barrier exhibits compensating enthalpic and entropic contributions
To better characterize the ligand-binding transition state, we measured the temperature
dependence of the kon and koff rate constants for three HIF2α PAS-B complexes, THS-002,
THS-020, and KG-721. Eyring analyses (Fig. 4) demonstrated a primarily enthalpic barrier to
ligand binding (Table 3). The transition-state enthalpy reflects breaking of favorable
interactions within the protein to reach an accessible, open transition state. We observed the
largest enthalpic penalty in the transition state with compound THS-020, while binding of
THS-002 had the lowest transition state enthalpic barrier. For each compound, this distortion
of the protein structure is partially compensated by an increase in activation entropy. Such
compensation suggests that ligand accommodation entails a transition state with increased
entropy from protein flexibility, release of ordered solvent or a combination of these effects.

Molecular dynamics simulations reveal conversion between open and closed conformations
and pathways of ligand entry

To identify possible pathways used by ligands to enter/exit the cavity within HIF2α PAS-B,
we conducted multiple MD simulations beginning from an NMR-derived structure of apo-
HIF2α PAS-B (PDB: 1P97).9 Despite the significantly smaller cavity (ca. 120 Å3) found in
this starting structure compared with the crystal structure, we observed water entering and
exiting the protein core via two primary routes in each of three independent 35 ns MD
trajectories. The most common entry/exit pathway (pathway 1) is between the Fα helix and the
Gβ strand, with 50% of solvent entry/exit events proceeding via this route (Fig. 5). The other
major pathway (46% of solvent entry/exit events) is between the short Eα helix, the Fα helix
and the AB loop (pathway 2, Fig. 5). In pathway 2, motion in the AB loop and Eα relative to
Fα displaces the Met252 and Tyr278 side chains, opening a passageway for water entry and
egress. An additional minor pathway (pathway 3) involved one water molecule entering and
another escaping between Cys257 and Asp259 (between Bα and Cα), but this was only
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observed early in a single simulation. Consequently, we focus on pathways 1 and 2, which
were observed multiple times and in multiple simulations (Supp. Table 1).

To determine whether distinct ‘open’ and ‘closed’ protein conformers were populated in these
simulations, we performed conformational clustering via an all-versus-all comparison of
structures sampled during MD, which was projected into three-dimensional space via
multidimensional scaling (Supp. Fig. 3A). Two dominant conformations were evident in all
three simulations, corresponding to ‘open’ and ‘closed’ conformers (Supp. Fig. 3B). Overall,
HIF2α PAS-B spent 57% of the time in the closed conformer, 41% in the open state and 2%
in neither. There were 3 transitions from the closed to the open form and 2 transitions from the
open form back to the closed form detected in the combined 105 ns of simulation time. Thus,
these structures were not continuously converting on the MD timescale. Overall there were
0.05 transitions/ns, which unfortunately falls in a time regime slower than the rotational
correlation time of this domain (τc = 9.1 ns), and into a timescale that is difficult to
experimentally examine with NMR relaxation methods.

The open and closed conformations both contain all of the secondary structure elements found
in the HIF2α PAS-B NMR9 and crystal10 structures, but differ mainly in their tertiary packing
of the distorted, one-turn Dα and Eα helices and the AB loop on the β-sheet (Supp. Fig. 3B).
The movement of Fα also contributes to the open conformation and is correlated with the
changes in the positions of the Dα and Eα helices. Fα moves away from the protein core,
pivoting on its C-terminus such that the N-terminus of the helix shifts by 20–30°. These
dynamics are the primary factor enabling transport of water along pathway 1 (between the
Fα helix and the Gβ strand). The Dα and Eα helices move by 5–8 Å away from the AB loop
in the open conformation observed in MD simulations, opening the front of the molecule (Supp.
Fig. 3). Interestingly, the C-terminus of the Dα helix also extends by two residues in the open
form (Supp. Fig. 3C). The Dα and Eα helices and neighboring AB loop are highly dynamic,
but the neighboring Aβ-Bβ hairpin becomes more ordered when the short helices move away.
The hairpin maintains its contacts with the Iβ strand while Aβ adds residues at its C-terminus
and Bβ gains structure and forms hydrogen bonds with Aβ. The combined result of these
motions is that a channel is created from the solvent into the protein core (Supp. Fig. 3d) that
serves as the route for water passage via pathway 2 (Fig. 5). The average Cα RMSD between
the open and closed forms range from 2.2–3.6 Å in the three simulations.

The majority of the water entry and exit events (85%) occurred while the protein was in the
open conformation (Supp. Table 1). Transport via pathway 1 was only observed in the open
conformation; in contrast, most transport via pathway 2 was in the open conformation although
five cases were observed from the closed state. In these latter cases, the entry and exit of water
via pathway 2 was not controlled solely by large backbone movements. Instead, the side chain
of residue Met 289 exists in different rotamers, acting as a gate for water passage. In one
rotamer, Met 289 interacts with Met 252 and Tyr 278, effectively blocking the channel (Supp.
Fig. 4), while an alternate rotamer swings out of the way and permits water passage (Supp.
Table 1). Our simulations indicate that both pathways 1 and 2 are sufficiently wide (~8 Å) in
the open conformation to allow entry of the ligands in this study, all of which have dimensions
of approximately 8 × 12 Å in their shortest and longest dimensions.

Discussion
Ligand binding by proteins forms the basis for numerous biological processes, including the
specificity of enzymes, hormonal control, environmental sensing, and cell-cell recognition.
Biological systems have tuned their respective ligand affinities for these purposes, utilizing
high-affinity interactions for transport and relatively low affinity for rapid response to stimuli.
Thus, understanding the thermodynamics of a protein/ligand interaction is key to understanding
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biological function. Ligand binding also provides an attractive avenue for exogenous control
of biological systems, as exploited by pharmaceuticals that modulate natural function through
specific binding with molecular targets.

In several cases where proteins bind ligands with high affinity, evolution has optimized the
association rate and achieved the diffusion limit for ligand binding,45,46 where each molecular
collision between protein and ligand produces a successful binding event. For the majority of
proteins, however, reduced accessibility of a ligand-binding site provides a barrier to ligand
binding that is reflected in the ligand association rate constant relative to this diffusion limit.
This principle is well illustrated by the work of Scott and colleagues47 in myoglobin where the
bulk of distal residue side chains represent a ‘conformational gate’ to diffusional ligand access
which is evident in O2 association rate constants.

Given the high HIF2α PAS-B ligand association rate constants, we conclude that the
conformational barrier to ligand entry is small. This was unexpected considering the
inaccessibility of the crystallographically determined protein binding pocket, the size of bound
ligands, and the required expulsion of eight water molecules from the binding site. Given this
low barrier, one might suppose that a proportion of HIF2α PAS-B exists in a distinct open
conformation in equilibrium with a closed state in a manner similar to periplasmic carbohydrate
binding proteins, such as maltose binding protein (MBP).48 While MBP and HIF2α PAS-B
both exhibit low micromolar affinity and rapid ligand association rates for similar sized ligands,
45 much of our experimental data cannot independently confirm that HIF2α PAS-B exists to
any significant degree in a discrete open state. A likely cause of this is the rapid timescale of
interconversion between the ‘open’ and ‘closed’ states observed in MD simulations (on average
21 ns between interconversion events), which we anticipate leading to time averaging many
NMR parameters that could be different between the two states. Our data are consistent with
this, as we did not observe distinct chemical shifts for two conformations (which would require
millisecond or slower interconversion), nor significant 15N relaxation dispersion (sensitive to
high microsecond to low millisecond events). Further, our crystallographic data reveal no
substantial differences between structures of the free and liganded states, even at the high
resolutions under consideration (1.2 to 1.6 Å), but this is to be expected with crystallization
trapping a single, lowest-energy conformation. From these data, unliganded HIF2α PAS-B
appears to be in a single, closed conformation.

However, the combination of other NMR methods – sensitive to motions on different
timescales – ligand association rates, and MD simulations suggest that the protein also
populates a more open conformation. Furthermore, the combination of NMR and MD provides
clues to the mechanism of ligand entry into the core of HIF2α PAS-B. NMR-based 2H exchange
measurements are particularly useful in this context. For much of the central core of HIF2α
PAS-B, binding of the THS-044 ligand significantly (>100x) stabilizes many of amides near
the ligand, particularly in the Eα helix and the central Aβ, Hβ and Iβ strands of the β-sheet10

(shown schematically in Supp. Fig 5). This is consistent with a ligand-dependent shift of an
“open”/”closed” conformational equilibrium in the apo protein being shifted towards a
“closed” conformation (although it is likely that a component of this stabilization comes from
the expulsion of water from the core of the domain). Further, sites with high r.m.s.d. values in
the MD simulations show no significant 2H exchange protection in the apo-protein (Fig. 5,
Supp. Fig 5). This is particularly conspicuous for the long Fα helix10, despite this section having
backbone chemical shift and 1H-1H NOE characteristics of helical secondary structure.9
Notably, complex formation with THS-044 significantly broadens NMR signals from many
AB-loop, Eα, and Fα sites with high r.m.s.d. values in the MD simulations, suggesting another
link between experiment and simulation indicative of enhanced protein conformational
dynamics induced by ligand binding or a more complicated conformational exchange between
both components of the complex (Supp. Fig 5 in ref 10). Many of these same sites show
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elevated 15N R2/R1 ratios in the apo protein (Supp. Fig. 6), suggesting that the motions required
for entry exist in the absence of ligand. Taken together, these observations strongly suggest
the Fα helix has significant conformational heterogeneity, likely including components of an
apo-HIF2α PAS-B conformation that facilitates ligand binding just as it enables water entry
via both pathways 1 and 2 in the MD simulations.

The existence of an open, binding-competent conformation of HIF2α PAS-B is also supported
by the enthalpy-entropy compensation observed in our transition state thermodynamics.
Enthalpy-entropy compensation of this nature is characteristic of a loss of protein structure49

in the transition state that permits ligand access to the binding site. Mulder and coworkers have
characterized a similar interconversion between a sterically inaccessible closed state and a
partially unstructured open state of the T4 lysozyme L99A mutant50 that also binds small
ligands with an association rate of 106 M−1 s−1.51 The L99A mutation in T4 lysozyme creates
a 150 Å3 cavity (significantly smaller than the 290 Å3 HIF2α PAS-B cavity) that binds small
substituted benzene compounds.52 Though HIF2α PAS-B ligands are substantially larger and
were observed in a natural protein rather than a point mutant variant, the principle here appears
to be the same, i.e. a conformational equilibrium exists between a highly populated ligand-
inaccessible ground state and a binding competent state characterized by increased dynamics
and altered structure.

A notable difference between T4 lysozyme and HIF2α PAS-B is the time and spatial scale of
conformational motions necessary to permit access to the ligand-binding site. T4 lysozyme
requires increased millisecond timescale dynamics within the Eα, Fα and Iα helices and their
adjacent loops that permit ligand access.50 The HIF2α PAS-B dynamics appear to be more
rapid than these motions, suggesting ligand entry requires nanosecond timescale motions,
likely side chain rotamerization, loop displacement, and helical motions, as observed in the
MD simulations. While the experimental studies cannot flesh out the details of the PAS-B
conformational substates, these states were both detectable and characterizable by MD. Future
studies will involve using the MD-generated models to devise specific experiments to check
the predictions.

We close by asserting that a ligand accessible state of HIF2α PAS-B exists in equilibrium with
the native state, although this open state is characterized by increased dynamics and altered
structure. As such, the open state conformation is better described by the open state model of
L99A T4 lysozyme than the discrete open structure of MBP. Efforts to quantitate the relative
populations of native and open conformations of HIF2α PAS-B are challenging due to the rapid
exchange involved, but they have important implications for both the binding of a natural ligand
and for the development of targeted ligands aimed at disrupting the functionally important
HIF2α PAS-B / ARNT PAS-B interaction within the intact HIF2 transcription factor.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviations

HIF hypoxia inducible factor

ARNT aryl hydrocarbon receptor nuclear translocator

PAS Per-ARNT-Sim domain

NMR nuclear magnetic resonance

ITC isothermal titration calorimetry
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LOV Light-Oxygen-Voltage domain

MBP maltose binding protein

MD molecular dynamics
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Figure 1. Crystal structures of HIF2α PAS-B reveal and internal solvent-filled cavity which binds
artificial ligands
(a). Crystal structure of the PAS B domain of HIF2α in the apo form showing the eight bound
solvent atoms within the core of the domain (red spheres). (b). Cutaway of the HIF-2α surface
revealing the 290 Å3 internal cavity, depicted as a surface (cyan).
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Figure 2. HIF2α PAS-B equilibrium ligand-binding thermodynamics
(a). Typical isothermal titration calorimetry results from compound THS-017 binding to
HIF2α PAS-B. (b). Compounds evaluated in this study, shown in wireframe with binding and
thermodynamic parameters derived from ITC. (c). The ligand binding pocket of HIF2α PAS-
B of the THS-017 (green) and THS-020 (cyan) bound structures. All panels are shown in the
same orientation and the ARNT PAS-B* domain heterodimer has been omitted for clarity.
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Figure 3. NMR ZZ-exchange data from HIF-2α PAS B and compound
Shown are fits to NMR peak intensities as a function of exchange mixing time, with a subset
corresponding crosspeaks shown in inset. Arrows indicating the directionality of autopeak to
crosspeak are shown in the first inset.
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Figure 4. Eyring plots for HIF-2α PAS B ligands KG-721, THS-002 and THS-020
(a). Temperature dependence of koff. (b). Temperature dependence of kon.
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Figure 5. Molecular dynamics suggest routes of ligand entry and egress
Heat map of HIF2α PAS-B derived from Cα-RMSD values over the course of 35 ns molecular
dynamics simulations. Water passage pathways are superimposed on the crystal structure and
noted with pathway numbers and percentages of total observed water entry/exit events.
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Table 1

X-ray Crystallography Data Processing and Refinement Statistics (molecular replacement)

THS-017 THS-020

Data collection

Space group C2 P21

Cell dimensions

a, b, c (Å) 73.60, 82.67, 41.10 40.89, 70.80, 42.36

 β (°) 106.39 108.69

Resolution (Å) 20.7 to 1.65 26.4 to 1.5

(1.68 to 1.65) (1.53 to 1.50)

Rsym or Rmerge 5.1 (46.2) 3.7 (23.8)

I / σI 25.0 (2.1) 21.8 (2.5)

Observed reflections 105,492 101,923

Unique reflections 28,092 34,380

Completeness % (highest shell) 97.6 (88.5) 94.6 (68.8)

Refinement

Resolution (Å) 22.5 to 1.65 26.3 to 1.5

(1.68 to 1.65) (1.53 to 1.50)

Rwork / Rfree 20.2 / 23.8 19.6 / 23.4

No. atoms

 Protein 1857 1933

Ligand/ion 20 20

 Water 182 215

B-factors

 Protein 19.6 17.2

Ligand/ion 30.5 18.7

 Water 31.4 28.1

R.m.s. deviations

 Bond lengths (Å) 0.013 0.019

 Bond angles (°) 1.48 1.83

*
Values in parentheses are for highest-resolution shell.
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Table 2

Association and dissociation rate constants at 25°C

Compound kon × 105 (M−1 s−1) koff (s−1) No. of probes
(amide cross/autopeaks)

KG-721 9.2 ± 1.1 9.2 ± 1.0 18

KG2-023 4.5 ± 0.4 1.6 ± 0.1 5

THS-002 6.9 ± 0.6 2.8 ± 0.6 8

THS-017 13.9 ± 2.2 1.4 ± 0.3 6

THS-020 13.0 ± 1.0 2.5 ± 0.1 12
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Table 3

Transition state thermodynamics determined using NMR ZZ-exchange measurements at 10 to 25°C

kon ΔH‡

(kcal/mol)
TΔS‡

(kcal/mol@25C)
ΔS‡

(cal/mol K)
ΔG‡

(kcal/mol@25C)

KG-721 16.8 ± 0.6 7.4 ± 0.2 25.0 ± 0.7 9.3 ± 0.6

THS-002 13.5 ± 0.6 4.0 ±0 .1 13.4 ± 0.4 9.5 ± 0.6

THS-020 22.9 ± 0.8 13.9 ± 0.4 46.5 ± 1.4 9.1 ± 0.9

koff ΔH‡

(kcal/mol)
TAS‡

(kcal/mol@25C)
ΔS‡

(cal/mol K)
ΔG‡

(kcal/mol@25C)

KG-721 20.4 ± 1.1 4.5 ± 0.3 15.0 ± 0.9 15.9 ± 1.1

THS-002 16.7 ± 0.5 0.0 ± 0.1 0.0 ± 1.8 16.7.± 0.5

THS-020 23.5 ± 1.1 6.7 ± 0.3 22.5 ± 1.1 16.8 ± 1.1
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