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ABSTRACT AIkB homolog 5 (Alkbh5) is one of nine members of the AIkB family, which are nonheme Fe®*/a-ketoglutarate-
dependent dioxygenases that catalyze the oxidative demethylation of modified nucleotides and amino acids. Alkbh5 is highly
selective for the N®-methyladenosine modification, an epigenetic mark that has spawned significant biological and pharmaco-
logical interest because of its involvement in important physiological processes, such as carcinogenesis and stem cell differen-
tiation. Herein, we investigate the structure and dynamics of human Alkbh5 in solution. By using '°N and 13Cmemy, relaxation
dispersion and "®N-R; and Ri, NMR experiments, we show that the active site of apo Alkbh5 experiences conformational dy-
namics on multiple timescales. Consistent with this observation, backbone amide residual dipolar couplings measured for
Alkbh5 in phage pf1 are inconsistent with the static crystal structure of the enzyme. We developed a simple approach that com-
bines residual dipolar coupling data and accelerated molecular dynamics simulations to calculate a conformational ensemble of
Alkbh5 that is fully consistent with the experimental NMR data. Our structural model reveals that Alkbh5 is more disordered in
solution than what is observed in the crystal state and undergoes breathing motions that expand the active site and allow access
to a-ketoglutarate. Disordered-to-ordered conformational changes induced by sequential substrate/cofactor binding events
have been often invoked to interpret biochemical data on the activity and specificity of AlkB proteins. The structural ensemble
reported in this work provides the first atomic-resolution model of an AlkB protein in its disordered conformational state to our

knowledge.

INTRODUCTION

AlkB homolog 5 (AlkbhS5) is an oncoprotein whose overex-
pression has been linked to the development of various
types of cancer, including leukemia, breast, and brain
cancer (1-3). Alkbh5 belongs to the nonheme Fe’"- and
a-ketoglutarate (a«KG)-dependent AlkB dioxygenases
and catalyzes oxidative demethylation of single-stranded
RNAs (4). Although several different methyl modifications
have been described and cataloged in nucleic acids (5),
Alkbh5 specifically demethylates N°-methyladenosine
(m®A), with little to no activity for other methylated nucle-
otides (6,7). m°A is the most abundant internal modification
of eukaryotic mRNA and long-noncoding RNA (8). In addi-
tion, m®A has been observed in the RNA of numerous vi-
ruses (9). In eukaryotes, the m®A modification is installed
by a methyl transfer machinery comprising three proteins
(METTL3, METTL14, and WTAP) (10-12) and removed
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by the fat-mass- and obesity-associated FTO protein and/or
AlkbhS (4,13). The dynamic character of these mRNA
modifications is thought to regulate gene expression in
response to external stimuli and to influence various phys-
iological processes such as development and differentiation
of embryonic stem cells, fertility, and the circadian cycle
(14-17).

AlkB dioxygenases were shown to be plastic and dy-
namic proteins in which a transition from an inactive (disor-
dered) state to an active (ordered) conformation is achieved
through a concerted mechanism of ordered substrate/
cofactor bindings and structural rearrangements within the
enzyme (18). Although the disordered-to-ordered transition
is thought to control important steps in the enzyme life cy-
cle, including coupling between successive chemical steps
(19), sequestration of a highly reactive enzyme-bound oxy-
ferryl intermediate (18), and product release (20), an accu-
rate structural model for the disordered state has not been
obtained yet. Indeed, although there is now a wealth of
crystallographic studies on AlkB dioxygenases in complex
with different substrates, inhibitors, and cofactors, there are

Biophysical Journal 115, 1895-1905, November 20, 2018 1895


mailto:venditti@iastate.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bpj.2018.10.004&domain=pdf
https://doi.org/10.1016/j.bpj.2018.10.004

Purslow et al.

very few atomic-resolution structural analyses on apo AlkB
proteins in the literature. To date, the crystal structures of
human Alkbh5 obtained by Aik et al. (PDB: 4NJ4) (21)
and Feng et al. (PDB: 407X) (22) are the only structures
of AIlkB proteins in the apo form listed in the Protein
Data Bank (PDB). Interestingly, these structures are nearly
indistinguishable from the structure of Alkbh5 in complex
with Mn*" and «KG (heavy-atom root mean-square
deviation = 1.9 A; PDB: 4NRO) (22). This finding is
in stark contrast with previous biophysical investigations
on the Escherichia coli AlKB protein, indicating that
sequential binding of Fe*"-, «KG-, O,-, and m°®A-contain-
ing oligonucleotides promotes gradual transition from
a disordered state to a catalytically competent ordered
conformation (18).

Here, we develop a protocol that combines residual
dipolar coupling (RDC) NMR data (23) and accelerated
molecular dynamics (aMD) simulations (24) to obtain
an atomic-resolution structural model of the apo human
Alkbh5 in solution. Our data reveal that the active site
of AlkbhS5 is more disordered than what is observed in
the x-ray structure and undergoes breathing motions that
expand the oKG binding pocket and allow access for
the small molecule substrate. We expect the combined
aMD/NMR protocol developed here to be transferable
to other dynamic proteins and to enable future investiga-
tions on the role played by conformational dynamics in
determining the activity and substrate selectivity of
Alkbh5.

MATERIALS AND METHODS
Protein expression and purification

All the experiments have been run on a truncated version of the human
Alkbh5 comprising residues 66-292. This truncated construct was used
in previous crystallographic investigations on the human Alkbh5 (21,22)
and was reported to retain the enzymatic activity of the full-length
protein. Alkbh5 was expressed and purified as previously described (25).
U-[*H,"*N]/Tle(d1)-'*CH,/Val,Leu-('*CHs/' *C°H;)-labeled  and U-[°H,
I5N,"3C] 1le(61)-("*CH3); Leu, Val-(**CHy/'*CD3)]-labeled Alkbh5 samples
were prepared following standard protocols for specific isotopic labeling of
the methyl groups of Ile, Leu, and Val side chains (26). The ability of our
purified AlkbhS construct to catalyze demethylation of m®A was tested
in vitro as previously described (21). Briefly, a 50 uL total reaction volume
containing 4 uM AlkbhS, 10 uM 5-mer single-stranded DNA with the
sequence 5’ -GG(m®A)-CT-3' (GenScript, Piscataway, NJ), 300 uM aKG,
150 uM Fe(II) sulfate complex, 2 mM L-ascorbate, and 25 mM Tris-HCl
(pH 7.5) was incubated at room temperature for 20 min. After the incuba-
tion period, 2 uL aliquots were transferred from the reaction mixture
and quenched by 2 uL 20% (v/v) formic acid. 1 uL of each quenched
sample was diluted with 1 uL of matrix-assisted laser desorption
ionization matrix comprised of a 2:1 part ratio of 0.5 M 2,4,6-trihydroxya-
cetophenone (dissolved in ethanol) and 0.1 M ammonium citrate dibasic
(dissolved in water), respectively. Spots were loaded with 0.5 uL of the
sample followed by 0.5 uL of the matrix, and the demethylation of the
modified substrate by Alkbh5 was analyzed using matrix-assisted laser
desorption ionization-time of flight mass spectrometry. Results are shown
in Fig. S1.
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NMR spectroscopy

NMR samples were prepared in 20 mM Tris-HCI (pH 7.4), 150 mM NacCl,
1 mM EDTA, 2 mM DTT, 1x protease inhibitor (EDTA-free), 0.02% (w/v)
NaN3, and 90% H,0O/10% D,O (v/v). Protein concentration was 0.3-0.6 mM.

All NMR spectra were acquired on Bruker (Billerica, MA) 600 and 800
MHz spectrometers equipped with Z-shielded gradient triple resonance
cryoprobes. Spectra were processed and analyzed using the programs
NMRPipe (27) and SPARKY (http://www.cgl.ucsf.edu/home/sparky),
respectively. 'H-'">N-correlated spectra were assigned based on previously
deposited assignment for the human AlkbhS (Biological Magnetic Reso-
nance Bank: 27413). Assignment of the 1H-lscmelhyl correlations was per-
formed using out-and-back experiments (28) and reported in Fig. S2.

Backbone amide 'Dyj; RDCs were measured at 25°C by taking the dif-
ference in 'Jyy scalar couplings in aligned and isotropic media. The align-
ment media employed was phage pfl (8 mg/mL; ASLA Biotech, Riga,
Latvia) (29), and Jyu couplings were measured using the amide RDCs
by TROSY pulse scheme (30). SVD analysis of RDCs was carried out using
Xplor-NIH (31). Back-calculation of RDCs from conformational ensem-
bles was done using the following equation:

RDC; = ZDk[(3c0s20— 1) +%(sm20 cos2¢)|, (1)
k

where 6 is the angle formed between the internuclear bond vector of the
amide group of residue i and the z axis of the alignment tensor, ¢ is the
angle between the xy plane projection of the internuclear bond vector and
the x axis, and Dy is the magnitude of the alignment tensor for ensemble
member k multiplied by its fractional population in the ensemble (32).
The full set of 188 RDCs was used in the optimization of the alignment
tensor. The MATLAB script used for RDC fitting to the ensemble is avail-
able for download at http://group.chem.iastate.edu/Venditti/downloads.
html.

It is important to notice that Eq. 1 predicts that the contribution of each
ensemble member to the experimental RDCs is scaled by the alignment
strength and by the fractional populations. Therefore, back-calculation of
the RDCs using Eq. | does not allow to determine populations for the
ensemble members.

SN-R; and R, » experiments were carried out at 25°C and 'H frequency
of 800 MHz, using heat-compensated pulse schemes with a TROSY readout
(33). The spin-lock field for the R,, experiment was set to 1 kHz. Decay
durations were 0, 80, 200, 320, 440, 560, 720, and 840 ms for R; and 8,
56, 96, 200, 312, 432, 560, 696, and 800 ms for R,,. R, and R,, values
were determined by fitting time-dependent exponential restoration of
peak intensities at increasing relaxation delays. R, values were extracted
from the measured R, and R,, values.

5N and 13Cmm,y, relaxation dispersion experiments were conducted at
15, 20, and 25°C using a pulse sequence that measures the exchange contri-
bution for the TROSY component of the '*N magnetization (34) or a pulse
scheme for '*C single-quantum CPMG relaxation dispersion described by
Kay and co-workers (35). Off-resonance effects and pulse imperfections
were minimized using a four-pulse phase scheme (36). Experiments were
performed at 600 and 800 MHz with a fixed relaxation delay but a changing
number of refocusing pulses to achieve different effective CPMG fields
(37). The transverse relaxation periods were set to 60 and 30 ms for the
>N and 13Cmemy| experiments, respectively. The resulting relaxation disper-
sion curves were fit to a two-state exchange model using the Carver-Ri-
chards equation (38).

Disulfide bridge investigation by cysteine
alkylation

For cysteine disulfide bridge studies, AlkbhS was investigated in the apo,
aKG-bound, and «KG/DNA-bound forms. To mimic physiological
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conditions, samples were prepared at an enzyme concentration of ~50 uM
in a solution containing 50 mM Tris-HCI (pH 7.4), 150 mM NaCl, and
2 mM DTT (39). For studies investigating the ligated complex, 500 uM
oKG was used in addition to 500 uM Mn>". The single-stranded DNA sub-
strate with the sequence 5'-GG(m®A)CT-3' (GenScript) was used at a con-
centration of 100 uM to explore Alkbh5 in the substrate-bound form.
AlkbhS was analyzed by a Q Exactive Hybrid Quadrupole-Orbitrap Tan-
dem Mass Spectrometer (LC-MS/MS) (Thermo Scientific, Waltham, MA)
and the original mass deconvoluted both manually and using Thermo Pro-
tein Deconvolution software. TAM was then added to the sample to a final
concentration of 15 mM and allowed to react in the dark at room tempera-
ture for 30 min before being reanalyzed by LC-MS/MS. IAM readily reacts
with solvent-accessible thiols, including those found within proteins, result-
ing in a mass shift of +57 Da per alkylation event (40).

aMD simulation

A 200 ns Gaussian accelerated molecular dynamics (GaMD) simulation
(41) was performed in explicit solvent starting from the x-ray structure of
apo AlkbhS5 (PDB: 4NJ4) by using the Amber 16 package (42) and the
Amber ff14sb force field (43).

Missing residues from the x-ray structure (fragment 145-149) were
modeled using the software Modeler (44). The starting structure was
centered in a truncated octahedron, and the initial shortest distance between
the protein atoms and the box boundaries was set to 10 A. Then, an optimal
amount of counterions was added to generate a neutral system. The remain-
ing box volume was filled with TIP3P-type water molecules (45). Water and
ion positions were minimized with 500 steps of steepest descent plus 500
steps of conjugate gradient by keeping the protein fixed. Then, the coordi-
nates of all water molecules, ions, and modeled residues were minimized
with 500 steps of steepest descent plus 500 steps of conjugate gradient
by keeping the x-ray portion of the protein fixed. Finally, the entire system
was energy minimized with 1500 steps of steepest descent followed by
1000 steps of conjugate gradient minimization.

The system was first equilibrated in a 1 ns run in which the temperature
was gradually raised from 0 to 310 K, followed by a 5 ns run in which the
temperature was held constant (310 K). Hence, the equilibrated system was
simulated by keeping the temperature (310 K) and pressure (1 atm) con-
stant. Episodic boundary conditions were applied and bonds were restrained
with the SHAKE algorithm (46). An integration step of 2 fs was used. Weak
coupling to an external pressure and temperature bath was used (47).
Particle mesh Ewald summation (48), with a cutoff of 10 A for long-range
interactions, was used to treat electrostatic interactions. Boost parameters
for the total and dihedral energies of the system were optimized during a
2 ns conventional MD (cMD) followed by 8 ns GaMD. Finally, 200 ns of
GaMD were run at 310 K and 1 atm.

The backbone root mean square deviation calculated over the final
GaMD run (Fig. S3) levels off after an equilibration period of ~20 ns.
Thus, the clustering analysis of the trajectory was carried out from 60 ns
onward. Clustering of the GaMD trajectory was performed in Amber using
the CPPTRAIJ tool (49) and the average linkage clustering algorithm (50).

RESULTS
NMR chemical shift and RDC analysis of Alkbh5

Backbone amide ('Dyy) RDCs for uniformly SN/?H-
labeled AlkbhS5, aligned in a dilute liquid crystalline me-
dium of phage pfl (29), were measured for well-resolved
"Hy/"N crosspeaks in the 'H-'°N transverse relaxation
optimized spectroscopy (TROSY) correlation spectrum
(51) using the amide RDCs by TROSY technique (30).
lDNH RDCs were used to investigate structural differences

Structure and Dynamics of apo Alkbh5

between solution and x-ray structures of AlkbhS. RDCs
measure the orientation of bond vectors relative to an
external alignment tensor and therefore provide a very sen-
sitive indicator of structural quality (52).

Singular value decomposition (SVD) fitting of the exper-
imental 'Dyy RDC to the coordinates of the apo AlkbhS5
x-ray structure (PDB: 4NJ4) yielded an R-factor of ~65%
(Fig. 1 a; Table 1), which indicates poor agreement between
RDC data and 3D structure. To avoid any structural noise
that may result from flexible regions of the enzyme, SVD
fitting was then performed using only RDCs from backbone
amide groups located in defined secondary structures,
producing the same R-factor of ~65% (Fig. 1 a; Table 1).
Interestingly, when the experimental data for all backbone
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FIGURE 1 Comparison of the x-ray structure of apo Alkbh5 with solu-
tion NMR data. (a) Agreement between the observed and calculated
RDCs obtained by SVD to the coordinates of the x-ray structure of apo
Alkbh5 (PDB: 4NJ4 (21)). SVD fitted using the full set of experimental
RDCs (open black circle) or RDCs from backbone amides in secondary
structures (blue circles) fails to converge (because of the lack of a single
orientation of the alignment tensor that satisfies all the experimental
data), resulting in predicted RDC values close to zero and high R-factors
(see Table 1). Exclusion of RDCs from the protein active site from the
SVD analysis results in good agreement between experimental and back-
calculated RDCs (red circles). (b) Amide groups whose experimental
RDCs are in good agreement with back-calculated values are shown as
red spheres on the x-ray structure of apo Alkbh5. Smaller blue spheres indi-
cate the location of RDCs that were not included in the final SVD analysis
(i.e., RDCs from loop or active-site residues). Residues that are missing
from the x-ray structure (Leu'*-Gly'*") are indicated by a black curve.
The Cys***—Cys®®’ disulfide bridge is shown as yellow sticks. aKG is
modeled in the protein active site and shown as green spheres. (c) Agree-
ment between measured and back-calculated C,/Cg secondary chemical
shifts. Back-calculation of the NMR chemical shifts was done using
Sparta+ (67) and the crystal structure of apo Alkbh5 (21). R? values for
linear regression of the C, and Cg data are shown. To see this figure in color,
go online.
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TABLE 1 Backbone Amide Dy RDC Analysis of apo Alkbh5
Used RDCs Number of RDCs  DYH(Hz)* 7" Ry (%)°
Back-calculation of RDC data from x-ray structure

All 188 -2.0 0.55 64.6
Secondary structures 110 —-1.2 0.38 65.3

No active site 90 —11.9 0.52 21.3

Ensemble refinement

All 188 ND® ND 27.2

2DNH and 7 are the magnitude and rhombicity of the alignment tensor,
respectively.

®The RDC R-factor is given by [(Dops — Dearc)’/(2D2,,)]". where Doy,
and D, are the observed and calculated RDCs, respectively (32,59).
°ND, no data.

amides from secondary structures located in the active site
of Alkbh5 were removed (residues 139-142, 153-156,
201-205, 230-235, and 266-273) and SVD fitting was per-
formed, a good agreement between the x-ray structure and
RDC data was observed (R-factor ~21%; Fig. 1, a and b;
Table 1). This finding suggests that the NH-bond vector ori-
entations within the active site of Alkbh5 are misrepresented
by the crystal structure (Fig. 1 b), potentially an artifact
from crystal lattice packing or crystallization into a low-en-
ergy-minima conformation variant of the solution state.

Further insight into the discrepancy between solution and
crystal structure was obtained by comparing the C,/Cg sec-
ondary chemical shifts (calculated from the backbone reso-
nance assignment of apo Alkbh5 reported in the literature
(25)) with the ones back-calculated from the crystal struc-
ture of the enzyme. Experimental and predicted secondary
chemical shifts are in poor agreement (the R* values for
linear regression of the C, and Cg data are 0.47 and 0.07,
respectively; Fig. 1 ¢). In particular, the predicted secondary
C; chemical shifts for residues Cys**° and Cys**” are much
larger than what is observed experimentally (Fig. 1 c¢).
Within the crystal structure of AlkbhS, residues Cys.230
and Cys®®’ are involved in a disulfide bridge (Fig. 2)
(22,53), thereby resulting in Cg chemical shift predictions
of an oxidized state. Contrariwise, residues Cys230 and
Cys*®7 possess experimental C; chemical shifts indicative
of areduced state, suggesting that the disulfide bridge is ab-
sent in solution. Interestingly, the Cys*°—Cys®®’ disulfide
bridge packs the Cys**°—Lys**> helix from flip 3 (residues
229-242) against the §-strand formed by residues His**°—
Arg®® from the oKG binding site (Figs. 1 b and 2). There-
fore, disruption of this interaction may partially explain the
discrepancy between the RDC data measured in solution
and back-calculated from the x-ray structure of Akbh5
(Fig. 1 a).

Cysteine alkylation experiments

To further assess the existence of the disulfide bridge be-
tween Cys>” and Cys”®’ in solution, Alkbh5 was allowed
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FIGURE 2 Crystal structure of apo Alkbh5 (PDB: 4NJ4 (21)) showing
the localization of the five cysteine residues (yellow sticks). a-helices are
colored pink. §-strands are colored light blue. Missing residues in the
x-ray structure (Leu'*-Gly'#’) are indicated by a black curve. aKG is
modeled in the protein active site and shown as green spheres. To see
this figure in color, go online.

to react with the alkylating agent 2-iodoacetamide (IAM)
and then analyzed by liquid chromatography with tandem
mass spectrometry (LC-MS/MS). The results are summa-
rized in Table 2. TAM alkylates any solvent-accessible
cysteine residues in the reduced state, although it does not
react with cysteines that are in the oxidized state or that
are buried in the protein interior (40). Alkylation by IAM re-
sults in a mass shift of +57 Da per alkylated cysteine. It is
noteworthy to mention that five cysteines exist within our
AlkbhS construct. When apo Alkbh5 was alkylated by
IAM, the deconvoluted mass resulted in a +228 Da mass
shift, indicating that four cysteines had been alkylated (Ta-
ble 2). The fifth cysteine residue was only alkylated after the
protein had been denatured by 6 M guanidine hydrochloride
(GuHCI) (Table 2). These data confirm the absence of the
Cys?°—Cys®’ bridge in solution and indicate that one
Cys residue in AlkbhS is internally buried and therefore

TABLE 2 LC-MS/MS Analysis of Disulfide Bridges in Human
Alkbh5

6M —IAM +IAM 4Mass Alkylated

Sample GuHCl (Da)* (Da)” (Da) Cys*
Alkbh5 No 26374 26,602 228 4
Yes 26,374 26,659 285 5

AlkbhS 4 Mn2+ aKG No 26374 26,602 228 4
Yes 26374 26,659 285 5

Alkbh5 + Mn2+ aKG + No 26374 26,374 0 0
GG(m°A)CT Yes 26,374 26,659 285 5

“This is the mass of Alkbh5 before addition of the alkylating agent IAM.
"This is the mass of Alkbh5 after addition of the alkylating agent IAM.
“This is the mass shift caused by addition of IAM.

9The number of alkylated cys was calculated by dividing AMass by 57 Da
(the theoretical mass shift per alkylated Cys) (40).



inaccessible to alkylating agents. Inspection of the x-ray
structure suggests that the buried residue is Cys'®
(Fig. 2). To evaluate whether the progressive ordering of
the AlkbhS structure induced by substrate/cofactor binding
(18) results in formation of the Cys**°—Cys®®’ bridge, the
IAM alkylation study was repeated on the Alkbh5-Mn?"-
aKG complex and on the complex formed by AlkbhS,
Mn?*, aKG, and a 5-mer single-stranded DNA incorpo-
rating the m°A modification (5-GG(m°A)CT-3'). Upon
analysis of the Mn”"/aKG bound enzyme, four cysteine res-
idues were alkylated (Table 2), indicating the lack of a disul-
fide bridge. Conversely, no mass shift was observed for the
Mn*"/aKG/DNA bound enzyme, indicating that no cysteine
residues had been alkylated by IAM (Table 2). Inspection of
the x-ray structure of AlkbhS reveals that four cysteines
(Cys®®, Cys*’, Cys*°, and Cys*®") are located within the
nucleotide binding site (Fig. 2). Therefore, DNA binding
to Alkbh5 may protect these cysteines from reacting with
IAM. Consistent with this hypothesis, denaturation of
Alkbh5 with 6 M GuHCI resulted in alkylation of five cys-
teines (Table 2), reporting on the inability of denatured
Alkbh5 to interact with its DNA substrate (note that
Akbh5 was incubated with Mn2+, aKG, and DNA for 1 h
before addition of 6 M GuHCI). Taken together, the data re-
ported in this section indicate the absence of disulfide
bridges in Alkbh5 at all the experimental conditions tested.
It is worth mentioning that to simulate the reducing environ-
ment of the eukaryotic cell nucleus, the samples analyzed by
NMR and LC-MS/MS were prepared in the presence of
2 mM dithiothreitol (DTT) (39). In the absence of reducing
agent, small amounts (<30%) of a monomeric AlkbhS spe-
cies incorporating a disulfide bridge were detected by LC-
MS/MS analysis (data not shown).

Structure and Dynamics of apo Alkbh5

ps-ns timescale dynamics

ps-ns timescale dynamics in AlkbhS were investigated by
NMR relaxation experiments. Residue-specific '’N-R; and
>N-R, values were obtained at 800 MHz and 25°C by
acquisition of TROSY-detected R; and R;, experiments
(33) on uniformly I5SN/?H-labeled Alkbh5. Measured R,
and R, values are plotted as a function of residue index in
Fig. 3 a. As is commonly observed for the majority of folded
proteins, R; and R, values are similar throughout the
sequence. Residues displaying a longitudinal relaxation
rate much larger than the average R; (0.9 = 0.3 sfl) and
a transverse relaxation rate much smaller than the
average R, (23 + 6 s ') identify regions of the protein
with increased local flexibility.

Although direct analysis of R; and R, data provides an
initial description of local flexibility, ps-ns dynamics in pro-
teins are more conveniently studied in terms of R,/R; ratios.
Global tumbling, with rotational correlation time 7, is the
major contribution toward the R; and R, values. When
global tumbling is the only significant contribution toward
motion, then R,/R; can be used to calculate an initial esti-
mate for 7, (54). Residues with lower R,/R; value, when
compared to the average, likely experience additional local
motion on the ps-ns timescale (54). The R,/R, ratios were
graphed as a function of residue index (Fig. 3 a) and dis-
played as a gradient on an x-ray structure of Alkbh5
(Fig. 3 b). The R,/R; values show a comparable trend to
R, values, with a mean ratio of 31 = 10, which translates
into 7,, ~ 13 ns (54). The N-terminus (residues 67-76),
flip 2 (residues 136-165), and the unstructured region
comprising residues 267-274 exhibit lower than average
Ry/R; ratios (16 += 2, 15 £ 2, and 6 * 2, respectively),
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FIGURE 3 ps-ns conformational dynamics in apo Alkbh5. (a) >N R,, R;, and R,/R, data measured at 800 MHz and 25°C are graphed versus residue index.
The secondary structure calculated from the x-ray coordinates using the software MolMol (68) and the secondary structure propensity calculated from the

assignment of the NMR backbone resonances using the software Talos+ (69) are

shown in the uppermost panel. (b) R,/R; ratios are plotted on the structure of

apo Alkbh5 according to the color bar. Residues that are missing from the x-ray structure are indicated by a black curve. The Cys***~Cys*®’ disulfide bridge is
shown as yellow sticks. «KG is modeled in the protein active site and shown as green spheres. To see this figure in color, go online.
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indicating that these regions experience local motion
in addition to the overall molecular tumbling (Fig. 3 b).
Of note, these structural motifs correspond closely to the
regions of the x-ray structure that could not reproduce
the experimental RDC data (Fig. 1 b), suggesting that
conformational disorder may contribute substantially to
the discrepancy between solution and crystal-state data
observed above (Fig. 1).

us-ms timescale dynamics

To investigate conformational dynamics of apo Alkbh5 on
the us-ms timescale, we have used '’N TROSY (34) and
3C  single-quantum  (35) Carr-Purcell-Meinboom-Gill
(CPMGQG) relaxation dispersion spectroscopy (55). 5N and
13 Cetny! Telaxation dispersion experiments probe exchange
dynamics between species with distinct chemical shifts
on a timescale ranging from ~100 us to ~10 ms. Experi-
ments were acquired on U-[°H,">N)/Ile(61)-"3CH;/Val,
Leu-(">*CH3/"2C?H;)-labeled Alkbh5 at two different static
fields (600 and 800 MHz) and three different temperatures
(15, 20, and 25°C). Resonance assignment for the 'H-BN
correlated spectra was performed based on the chemical
shifts for the human AlkbhS5 previously reported (25).
1H—13Cm,3thy1 correlated spectra were assigned using out-
and-back NMR experiments (28) on U—[2H,15N,13C]
Ile(81)-("*CH;);Leu, Val-(">*CH4/'>)CD5)]-labeled  Alkbh5.
The assigned chemical shifts are reported in Fig. S2.
Large (>5 s~ ') exchange contributions to the '°N and
13Cmethy1 transverse relaxation rates (R,,) were detected

for several residues in Alkbh5 (Fig. 4 a). The majority
of the amino acids experiencing conformational exchange
are located within or in the vicinity of the active site
(Fig. 4 b). Interestingly, although the measured R,, values
increase with increasing temperature throughout the
protein sequence, the five C-terminal residues Leu®®’—
Arg®®! show the opposite trend, with R, values decreasing
with increasing temperature (Fig. 4 a). This finding suggests
that the catalytic domain and the C-terminal region of
AlkbhS participate in two distinct conformational equilibria.

5N and 13Cmethyl relaxation dispersion curves of NMR
peaks exhibiting R, values >5 s' at 800 MHz and 25°C
were fitted simultaneously to a model describing the inter-
conversion of two conformational states (see Materials
and Methods). In the global fitting procedure, the exchange
rate (k.,) and the fractional population of the minor state (p;,)
were optimized as global parameters, whereas the '’N and
13C chemical shift differences between the two conforma-
tional states (dwy and dw¢, respectively) were treated as
peak-specific parameters. Data acquired at multiple temper-
atures were fitted simultaneously, and dwy and dwe were
treated as temperature-independent parameters. The two
distinct conformational equilibria detected in the catalytic
domain and at the C-terminal end of Alkbh5 are described
by 24 and 4 relaxation dispersion profiles, respectively,
and were analyzed separately. Results for both global fits
are reported in Table 3. An example of the global fit for
the equilibrium in the catalytic domain is provided in
Fig. 4 c. Curves for all the 28 relaxation dispersions as
well as the optimized dwy and dw values are provided

17 167, 192
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FIGURE 4 us-ms conformational dynamics in apo Alkbh5. (a) 800 MHz 15N and 13Cmelhyl exchange contributions to the transverse relaxation rate (R,,)
measured at 15 (blue) and 25 (red) °C are graphed versus residue index. 30% transparency was applied to the curve describing the R,, data at 15°C. (b)
800 MHz '°N and 13Cmﬂhyl R, values measured at 25°C are plotted on the structure of apo Alkbh5 according to the color bar. Residues that are missing
from the x-ray structure are indicated by a black curve. The Cys***—Cys?®’ disulfide bridge is shown as yellow sticks. «KG is modeled in the protein active
site and shown as green spheres. (¢) Examples of typical 800 MHz BN (left) and 13Cmelhyl (right) relaxation dispersion data at 15 (blue), 20 (green), and 25
(red) °C are shown. Data are shown for the Ala'?’-Ny (left) and Leu”ﬁ—Cmclhyl resonances, with the experimental data represented by open diamonds and the
best-fit curves for a two-site exchange model as solid lines. Similar plots for all the analyzed resonances are shown in Fig. S4 and S5. To see this figure in

color, go online.
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TABLE 3 Kinetic and Thermodynamic Parameters for the us-ms Conformational Exchange Processes Detected in the Catalytic

Domain and C-Terminal Regions of apo Alkbh5

kaplkpa (571" A'Hy’ 4%, A'Hyy 418y, Py (%) AH° as°
15°C 20°C 25°C kImol™' JTK 'mol™' kImol™' JK 'mol™! 15°C 20°C 25°C kImol™' JK 'mol™!
Catalytic domain conformational exchange

37 +5 69+9 119+12 8 +9 71 +30 52=1 —5+3 33+03 41+05 48+05 29+10 72+ 33
1092 + 10 1611 + 15 2361 = 23

C-terminal conformational exchange

28 + 2 40 + 3 57 +4 48+1 —52+21 55«1 1+5 35+02 33+02 32+02 —-7+6 —51=+21
772 + 12 1160 = 17 1713 £ 25  NDY

#The major and minor states of the equilibrium are referred to as a and b, respectively. k,;, and k;,, are the rate constants for the transition from a to b and from
b to a, respectively, and are calculated from the values of the optimized parameters k., (= k,;, + kp,) and p;,. The upper and lower numbers refer to k,;, and kj,,,

respectively.

®Activation enthalpies and entropies for the a to b and b to a transitions were calculated by fitting the temperature dependence of k;, and ky, to the Eyring

equation, respectively.

“Enthalpy and entropy changes associated with the conformational equilibrium were calculated by using the van ’t Hoff equation. The equilibrium constant

(K.) at each temperature was calculated using the formula K, = p,/(1 — p;).

IN D, no data.

in Figs. S4 and S5 (for the catalytic domain and C-terminal
equilibria, respectively). The overall exchange rate con-
stants (sum of forward and backward rate constants, k,,
and k;,, respectively) are 1130 = 10, 1680 = 15, and
2480 + 20 s~ ! at 15, 20, and 25°C, respectively, for the
conformational equilibrium in the catalytic domain, and
800 =+ 10, 1200 + 15, and 1770 + 25 s~ ' at 15, 20, and
25°C, respectively, for the conformational equilibrium at
the C-terminal end (Table 3). The populations of the minor
species are 3.3 + 0.3,4.1 = 0.5,and 4.8 + 0.5% at 15, 20,
and 25°C, respectively, for the conformational equilibrium
in the catalytic domain, and 3.5 += 0.2, 3.3 *= 0.2, and
3.2 £ 0.2% at 15, 20, and 25°C, respectively, for the confor-
mational equilibrium at the C-terminal end (Table 3).

The temperature dependence of &, k5., and p;, was fitted
using the van "t Hoff and Eyring equations to obtain thermo-
dynamic and kinetic information on the two conformational
equilibria of Alkbh5. The obtained enthalpy (4H), entropy
(4S8), activation enthalpy (4*H), and activation entropy
(4%S) are summarized in Table 3. Although the temperature
range spanned by our relaxation dispersion experiments is
quite limited and therefore the errors reported for the ther-
modynamic parameters are a lower-bound estimate, some
general conclusions can be drawn about the AlkbhS confor-
mational equilibria. Indeed, the positive 4S5 obtained for the
equilibrium in the catalytic domain (72 J K~' mol™") sug-
gests that the active site of apo Alkbh5 undergoes exchange
between a highly populated conformation and a lowly popu-
lated state characterized by a higher degree of disorder. On
the other hand, the negative A4S associated with the confor-
mational equilibrium at the C-terminal end (—51 J K™
mol ") indicates that these us-ms dynamics describe transi-
tion to a lowly populated conformational state with
decreased disorder. Modulation of these conformational
equilibria by substrate/cofactor binding may contribute to
the changes in conformational disorder observed for AlkB

proteins upon ligand binding (18) and provide an important
source of functional regulation for AlkbhS.

aMD/RDC refinement of apo Alkbh5 in solution

The results presented in the previous sections clearly
indicate that the active site of apo Alkbh5 undergoes
conformational dynamics on multiple timescales. Such
conformational heterogeneity is not reproduced by the
x-ray structure of the enzyme, as evidenced by the poor
agreement between experimental and back-calculated
RDC values (Fig. 1 a). To overcome the discrepancies be-
tween the x-ray structure and solution NMR data, we have
developed a protocol that combines aMD and RDCs to
generate a structural ensemble of AlkbhS5 that satisfies the
solution NMR data.

Dynamic conformational ensembles provide a more accu-
rate description of flexible proteins than the traditional static
structures obtained by x-ray crystallography (32,56,57).
Currently, structural ensembles are generated using one of
two major approaches. The first calculates the ensemble
by simulated annealing driven by the experimental data.
The second involves first generating a large pool of possible
structures and then selecting from among these the most
appropriate ensemble that fulfills the desired experimental
observables (32,56). In the latter case, it is important to
generate a starting pool of structures that ensures maximal
diversity and geometric feasibility of the conformers.
Recently developed computational methods for advanced
conformational sampling of proteins such as aMD simula-
tions satisfy both requirements (24) and have been shown
to generate structural ensembles that are compatible with so-
Iution NMR observables of small globular proteins (58).

To generate a structural ensemble of AlkbhS, a 200 ns
aMD simulation was run in Amber 16 starting from the
x-ray structure of the apo enzyme (see Materials and
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Methods). Residues from flip 2 that are missing from the
crystallographic structure (Leu'**-Gly'*, Fig. 2) were
modeled using the software Modeler (44). Cys*° and
Cys?®” were simulated in the reduced state. The resulting
trajectory was clustered to produce representative structures
of the aMD with a high degree of structural diversity. Each
representative structure was energy minimized, and the
ensemble of representative structures was used to fit the
experimental RDC data by optimizing the alignment tensor
and population of each member of the ensemble (see Mate-
rials and Methods). The consistency between experimental
and back-calculated RDC data was evaluated in terms of
R-factor (32,59). The protocol was iterated by increasing
the number of clusters (and therefore the representative
structures in the pool) until a stable R-factor was obtained
(Fig. 5). Analysis of the R-factor as a function of the
ensemble size indicates that a 20-member ensemble is
needed to satisfy the experimental RDCs (Figs. 5 a and
6 a; Table 1). Of note, the generated ensemble is in better
agreement than the x-ray structure with the C,/Cg secondary
chemical shifts measured for apo Alkbh5 (the R* values for
linear regression of the C, and Cg secondary chemical shifts
are 0.63 and 0.33, respectively; Fig. 6 b), which were not
included in the conformer selection process.

Although our data indicate that the overall fold of apo
AlkbhS5 in solution is unchanged relative to the crystal state,
the dynamic picture of AlkbhS provided by the conforma-
tional ensemble differs substantially from the one inferred
by crystallography (Fig. 7 a). Indeed, the overall active
site of apo Alkbh5 is more disordered in solution compared
to the crystal state (note that the aMD/RDC ensemble has a
much wider distribution of B-factor than the crystal struc-
ture, Fig. 7 a). In addition, the conformational ensemble re-
veals conformational dynamics at flip 3 and at the binding
site for «KG that are not reported by the crystallographic
B-factor (Fig. 7 a). Finally, although the aMD/RDC confor-
mational ensemble shows that flip 1 (residues 117-129) is

a Generation of ensemble b
aMD

v

’_4 Representative structures

Clustering

5 Reac (%)

Increase number
of clusters

final \d

'
ensemble
10 20
ens. size

Conformational 2 0
ensemble

FIGURE 5 aMD/RDC refinement of protein conformational ensemble.
(a) Schematic of the aMD/RDC ensemble calculation protocol developed
in this work. A preliminary pool of structures is generated by aMD and sub-
sequently filtered to maximize the agreement between experimental and
back-calculated RDCs. The ensemble size (i.e., the number of conformers
in the ensemble) is increased until the minimal R-factor is reached. (b) R-fac-
tor versus ensemble size for the aMD/RDC ensemble refinement of apo
AlkbhS. A 20-member ensemble is required to fit the experimental RDCs.
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FIGURE 6 Comparison of the Alkbh5 structural ensemble with solution
NMR data. (a) Agreement between the observed and back-calculated RDCs
for the aMD/RDC refined ensemble of AlkbhS. Note that all the 188 exper-
imental RDCs’ data were included in the calculation (see Table 1). (b)
Agreement between measured and back-calculated C,/Cg secondary chem-
ical shifts. Back-calculation of the NMR chemical shifts was done in
Sparta+ (67). Predicted C,/Cg secondary chemical shifts are averaged
over the aMD/RDC ensemble. R? values for linear regression of the C,
and Cg data are shown. (c) Sausage representation of the aMD/RDC
ensemble generated using the software Pymol (70). Cartoons are colored
according to the B-factor, as indicated by the color bar. B-factors were
calculated using the formula B; = 87T2U‘~2, where B; and U; are the B-factor
and mean-square displacement of atom i, respectively. The overlay of the 20
conformers in the ensemble is shown in Fig. S3. To see this figure in color,
go online.

rigid in solution, analysis of the crystallographic B-factor
suggests high degree of conformational disorder for this
structural element in apo AlkbhS (Fig. 7 a). The NMR relax-
ation data presented in Fig. 3 a show that the R,/R, ratios for
residues in flip 1 distribute close to the average value. This
trend is typical of a rigid protein domain (54), therefore vali-
dating the ensemble model.

As a final note, we should mention that the use of an elec-
trostatic alignment medium makes determination of the
alignment properties for each ensemble member based on
molecular shape hard to achieve (32). Therefore, our
approach required simultaneous optimization of the align-
ment tensor and of the fractional population for each
ensemble member to minimize the difference between
experimental and back-calculated RDCs (see Materials
and Methods). In this case, the alignment tensor could
absorb part of the conformational dynamics and, as a conse-
quence, the conformational ensemble reported in Fig. 6
might be an underestimation on the conformational space
sampled by Alkbh5. Blackledge and coworkers have devel-
oped an elegant approach to circumvent this limitation (60).
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and mean-square displacement of atom i, respectively. The Cys***—Cys?’ disulfide bridge is shown as yellow sticks. «KG is shown as green spheres. (b)
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in color, go online.

However, this method requires acquisition of multiple sets
of RDCs in multiple alignment media, which is not feasible
for human AlkbhS.

DISCUSSION

In this work, we describe a simple protocol to obtain protein
conformational ensembles that satisfy experimental RDC
data. The protocol consists in generation of a pool of diverse
and geometrically feasible structures and subsequent re-
weighting of the generated pool using RDCs. To ensure
maximal diversity in the structural pool, aMD was used to
obtain an extensive sampling of conformational space, and
clustering methods were employed to select a subset of
diverse structures from the simulated trajectory. aMD and
clustering algorithms are fully integrated in common MD
simulation packages, such as Amber (42) and Gromacs
(61). Back-calculation of RDCs from the conformational
ensemble was done using well-established theory (see Ma-
terials and Methods) (32), and the MATLAB script to re-
weight the generated structural pool using RDC data that
was developed here is available for download on our group
webpage. Therefore, our protocol can be easily imple-
mented by other research laboratories.

Using our aMD/RDC protocol, we have demonstrated
that the human RNA demethylase Alkbh5 is more disor-
dered than what is observed in the crystal structure of the
enzyme. Such discrepancy is most likely due to the absence
of the Cys***~Cys*®’ disulfide bridge in solution that limits
the conformations accessible to flip 3 and to the «KG bind-
ing pocket in the crystal (Fig. 2). The aMD/RDC conforma-
tional ensemble obtained here reveals that the «KG binding
pocket undergoes conformational dynamics that expand the
active site (Fig. 7 b). Such breathing motions increase the
solvent accessibility of the «KG binding pocket in apo
Alkbh5 (Fig. 7 b) and might be essential to permit access
of the small molecule substrate to the active site.

NMR relaxation experiments have confirmed the dy-
namic character of apo Alkbh5. Consistent with the aMD/
RDC conformational ensemble, residues with low R»/R;
ratios were found predominantly at flip 2, the «KG binding
pocket, and the terminal ends of the enzyme (Fig. 3),
confirming that these regions have intrinsic flexibility. In
addition, thermodynamic analysis of N and I3Cmethyl
relaxation dispersion experiments acquired at multiple tem-
peratures revealed that the active site and C-terminal end of
AlkbhS undergo two distinct conformational equilibria on
the us-ms timescale that further modulate the degree of
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structural disorder of AlkbhS (Fig. 4; Table 3). Interestingly,
disordered-to-ordered conformational changes were found
to contribute to several stages of the catalytic cycle of
AlkB dioxygenases (sequential substrate/cofactor binding,
sequestration of a highly reactive intermediate species,
and product release) (18-20), and an increasing body of
literature indicates a regulatory role for structural heteroge-
neity and conformational disorder in several native enzymes
(62-66). The set of experiments presented here allow a
comprehensive characterization of the amplitude, kinetics,
and thermodynamics of the conformational dynamics in
Alkbh3, paving the way to future analyses on the role played
by conformational dynamics in determining the activity and
selectivity of the enzyme.
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