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ABSTRACT: ASHIL (absent, small, or homeotic-like 1) is a
histone methyltransferase (HMTase) involved in gene activation that
is overexpressed in multiple forms of cancer. Previous studies of
ASHIL’s catalytic SET domain identified an autoinhibitory loop that
blocks access of histone substrate to the enzyme active site. Here, we
used both nuclear magnetic resonance and X-ray crystallography to
identify conformational dynamics in the ASHI1L autoinhibitory loop.
Using site-directed mutagenesis, we found that point mutations in
the autoinhibitory loop that perturb the structure of the SET domain
result in decreased enzyme activity, indicating that the autoinhibitory
loop is not a simple gate to the active site but is rather a key feature
critical to ASHIL function. We also identified a second loop in the
SET-I subdomain of ASHIL that experiences conformational
dynamics, and we trapped two different conformations of this loop
using crystallographic studies. Mutation of the SET-I loop led to a large decrease in ASHIL enzymatic activity in addition to a
significant conformational change in the SET-I loop, demonstrating the importance of the structure and dynamics of the SET-I
loop to ASHIL function. Furthermore, we found that three C-terminal chromatin-interacting domains greatly enhance ASHI1L
enzymatic activity and that ASHIL requires native nucleosome substrate for robust activity. Our study illuminates the role of
concerted conformational dynamics in ASHI1L function and identifies structural features important for ASHIL enzymatic activity.

ASHIL (absent, small, or homeotic-like 1) is a mammalian The ASHI1L protein has a large and unannotated N-terminus,
homologue of Ashl, a member of the trithorax group of a SET domain responsible for HMTase activity, and three C-
proteins essential for epigenetic mechanisms of gene terminal chromatin-interacting domains: bromodomain, plant
activation." ASHIL is a SET domain-containing histone homeodomain (PHD), and bromo-associated homology

methyltransferase (HMTase) with controversial substrate (BAH) domain.® ASHIL’s catalytic SET domain is required
specificity. ASHIL was shown to methylate H3K4>® and for its gene activating function, as deletion of the ASHIL SET

H3K36""" in mammals. Although the specificity of the SET domain in differentiating mouse embryonic stem cells leads to a
domain and function of ASHIL in vivo are not yet clear, decrease in the level of expression of multiple genes, including
emerging data link ASHIL to multiple cancers. In breast cancer, members of the Wnt and Hox families. Most SET domains,

27% of aggressive, basal-like breast cancers have high-level copy including ASHIL SET, can be divided into four subdomains:
number amplifications of the ASHIL gene.” Moreover, high associated with SET (AWS), core SET, post-SET, and the
levels of ASHIL mRNA are associated with shorter survival in variable SET-I subdomain positioned in the middle of core
breast cancer patients.” In thyroid cancer, ASHIL is overex- SET, which is a putative substrate specificity cassette for
pressed in tumor-specific truncated forms and is downregulated HMTases.”' In ASHIL and the closely related NSD1 and
by a tumor suppressor microRNA."’ Amplifications of ASHIL SETD2 HMTases, a region in the post-SET subdomain called

are found in a variety of other tumors, such as lung and uterine the autoinhibitory loop blocks access of histone substrate to the
cancer,' ' while mutations in ASHIL have been identified in enzyme active site.””**’ It is unclear how the autoinhibitory
gastric cancer,"” colorectal cancer,'* esophageal squamous cell loop reorients to accommodate substrate binding, as the
cancer,”” and lung cancer.' ASHIL activates genes in the structures for ASH1L, NSD1, and SETD2 were determined in
HOX-A, HOX-B, and HOX-C clusters,'”'® which are overex-
pressed in multiple cancers and correlated with metastasis and Received: June 22, 2015
aggressive disease."’ Notably, ASHIL activates HOXA9 and its Revised:  August 19, 2015
collaborator MEIS1,"® which are oncogenes in leukemia.*’ Published: August 20, 2015
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Table 1. Crystallographic Data Collection and Refinement Statistics for ASHIL WT and Mutants”

PDB entry

space group

cell dimensions
a, b, c (A)
a By (deg)

no. protein molecules in

the asymmetric unit

resolution (A)

ASHIL WT
4YNM

P3,21
59.1, 59.1, 231.0

90, 90, 120
2

50—2.20 (2.24—2.20)

ASHIL S2259M
4YNP

ASHI1L H2193F
4YPE

Data Collection

P3,21

59.3, 59.3, 233.9
90, 90, 120
2

50—2.90 (2.95—2.90)

ASHIL Q2265A
4YPA

ASHIL K2264L
4YPU

P3,21 P1 P3,21
58.8, 58.8, 232.2 53.7, 61.8, 732 59.1, 9.1, 226.0
90, 90, 120 91.6, 93.8, 90.5 90, 90, 120

2 4 2

50—2.20 (2.24—2.20)

50—2.30 (2.34—2.30)

50—2.60 (2.64—2.60)

Riperge (%) 9.5 (59.0) 8.8 (39.3) 7.3 (38.5) 6.0 (25.5) 8.8 (48.3)
R (%) 10.1 (62.6) 9.4 (417) 8.0 (41.6) 8.6 (362) 9.3 (51.0)
CC,,," in outer shell 0.87 0.93 0.92 0.85 0.94
1/ol 337 (3.5) 252 (4.4) 244 (4.1) 15.5 (2.8) 422 (6.4)
completeness (%) 99.9 (100.0) 96.1 (96.0) 86.1 (79.5) 96.0 (97.3) 99.4 (98.2)
redundancy 9.1 (9.1) 7.7 (7.4) 52 (5.7) 2.0 (2.0) 9.1 (9.0)
Refinement
resolution (A) 46.82-2.20 47.00—2.90 42.56-2.20 73.04—2.30 75.35—2.60
no. of reflections 23762 10352 20191 38087 14072
no. of atoms 3497 3364 3572 7254 3373
protein 3333 3304 3405 6920 3277
SAM 54 54 54 108 54
Zn* 6 6 6 12 6
water 104 0 107 214 36
Ryoto Rivee 242,278 262, 319 217, 26.3 24.9, 30.3 23.8, 30.5
average B factor 424 54.7 322 38.0 53.1
autoinhibitory 66.8 71.8 65.5 57.0 823
loop
SAM 35.1 54.8 28.3 252 52.8
root-mean-square
deviation
bond lengths (A)  0.017 0.006 0.022 0.018 0.013
bond angles 1.769 0.973 1.940 1.645 1.479
(deg)
Ramachandran favored 933 90.0 923 91.3 89.7
(%)
Ramachandran allowed 5.7 9.0 7.5 7.5 8.5
(%)
Ramachandran outliers 1.0 1.0 0.2 1.2 1.8
(%)
MolProbity clash score 11.86 4.74 10.7 16.6 741

“All diffraction data were obtained from a single crystal. Values in parentheses are for the highest-resolution shell. bCCI /2 is the Pearson correlation

coefficient of two half-data sets as defined by Karplus and Diederichs.>>

the absence of histone substrate. Furthermore, whether the
autoinhibitory loop functions simply as a gate to the active site
or whether it forms important interactions with nucleosome
substrates is unknown. In the case of NSDI1, molecular
dynamics simulations showed modest flexibility of the NSD1
autoinhibitory loop that may permit the H3K36 side chain to
access NSD1’s lysine binding channel,” but this computational
study was not confirmed experimentally. In the case of SETD2,
an open and substrate-accessible conformation of the auto-
inhibitory loop was observed by crystallographic studies upon
binding of N-propyl sinefungin, which forces reorientation of
Argl670 that normally occupies the substrate lysine binding
channel.”> Even less is known about the function of the
autoinhibitory loop of ASHIL. In the ASHIL SET domain
crystal structure, high B factors for the autoinhibitory loop led
the authors to conclude that this loop is highly mobile.” The
functional significance of this mobility in solution, however,
remains unclear. Interestingly, a Q2265A ASH1L mutant with
increased catalytic activity had a highly disordered auto-

inhibitory loop as determined by preliminary structural analysis,
suggesting that destabilization of the autoinhibitory loop might
be sufficient to increase ASHIL enzymatic activity.’

Here we aimed to improve our understanding of the function
of ASHIL by investigating structural features of the ASHIL
SET domain and assessing how they regulate its HMTase
activity. Using X-ray crystallography and nuclear magnetic
resonance (NMR), we found that two loops surrounding the
active site of ASHIL, the autoinhibitory loop and a loop in the
SET-I subdomain, undergo concerted conformational dynam-
ics. We designed several mutations in the SET domain to
perturb the conformation of these loops and characterized the
structure and activity of the mutants. We found that the
autoinhibitory loop is not a simple gate blocking access to the
active site. Instead, the autoinhibitory loop and the SET-I loop
represent important structural features required for ASHIL
SET domain activity. Moreover, our study emphasizes that
concerted dynamics play a significant role in ASHIL HMTase
activity. These results shed light on the mechanisms of SET
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Figure 1. Analysis of the ASHIL SET domain crystal structure. (A) Cartoon representation of the ASHIL SET domain, colored by subdomain: N-
terminus, gray; AWS, magenta; core SET, cyan; SET-], blue; post-SET, dark yellow. (B) Autoinhibitory loop of ASHIL with the mF, — DF, omit
map contoured at 2.56. Subdomains colored as in panel A. (C) Normalized crystallographic B factors for the ASHIL SET domain. (D) SET-I loop
of ASHIL with the mF, — DF, omit map contoured at 2.56. Subdomains colored as in panel A.

domain function and may provide a foundation for the
development of ASHIL inhibitors.

B EXPERIMENTAL PROCEDURES

ASH1L Constructs. ASHIL SET (amino acids 2069—
2288), ASHIL SET-PHD (amino acids 2069—2636), and
ASHIL SET-BAH (amino acids 2069—2833) were cloned from
the full length human ASHIL ¢cDNA. ASH1L N-SET (amino
acids 2003—2303) was codon-optimized for expression in
Escherichia coli, and the DNA was purchased from Life
Technologies. Point mutations were made in SET and SET-
BAH constructs by polymerase chain reaction (PCR) and
confirmed by DNA sequencing.

Protein Purification. ASHIL SET and N-SET proteins
were expressed as MOCR fusion proteins in E. coli BL21(DE3)
T1R cells at 22 °C. Transformed cells were lysed in buffer A
containing S0 mM Tris (pH 7.5), S00 mM NaCl, 1 mM tris(2-
carboxyethyl)phosphine (TCEP), and 20 mM imidazole. Cell
debris was pelleted by centrifugation, and the supernatant was
loaded on a column packed with nickel-nitrilotriacetic acid
beads. The column was washed with buffer A and protein
eluted with a 100 mL linear gradient up to buffer A containing
500 mM imidazole. The MOCR tag was cleaved with tobacco
etch virus (TEV) protease during overnight dialysis against SO
mM Tris (pH 7.5), 100 mM NaCl, and 1 mM TCEP. Cleaved
ASHIL was isolated from MOCR by repeating the nickel
column purification and collecting ASHIL in the flow-through
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and low-imidazole fractions. ASHI1L was further purified by gel
filtration chromatography using a Superdex-75 column running
in buffer B containing S0 mM Tris (pH 7.5), 100 mM NaCl,
and 1 mM TCEP. ASHIL SET-PHD and SET-BAH proteins
were purified similarly, with the following differences.
Expression was performed at 18 °C; cleavage with TEV and
the second nickel column were omitted to maintain protein
stability, and gel filtration was performed on a Superdex-200
column.

Crystallization and Structure Determination. ASHIL
wild-type and mutant SET domain proteins in buffer B were
concentrated to 10 mg/mL. Crystals of ASHIL SET domain
wild type as well as S2259M, K2264L, and H2193F mutants
were obtained using the sitting drop method in 20 mM Tris
(pH 7.5) and 25% PEG3350 at 4 °C. Q226SA crystals were
obtained using the sitting drop method in 0.1 M Tris (pH 8.5),
0.2 M MgCl,, and 30% PEG4000 at 17 °C. For cryoprotection,
crystals of WT, S2259M, K2264L, and H2193F were soaked in
a crystallization solution containing 20% glycerol, while
Q2265A crystals were soaked in a crystallization solution
containing 25% PEG400. All data were collected under
cryogenic conditions at Life Sciences-Collaborative Access
Team beamlines 21ID-D, -F, and -G at the Advanced Photon
Source at Argonne National Laboratory (Argonne, IL). Data
were processed with HKL2000.”" Structures were determined
by molecular replacement using MOLREP? with the wild-type
ASHI1L structure [Protein Data Bank (PDB) entry 30PE] as a
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Figure 2. NMR studies of the ASHIL SET domain. (A) *N—"H TROSY spectrum of the ASHIL SET domain with assignments. The right panel
shows a close-up view of the central region of the spectrum. (B) NMR assignment mapped onto the ASHIL SET domain crystal structure. Residues
with assigned peaks in the TROSY spectrum are colored magenta, while unassigned residues are colored cyan. (C) Cartoon putty representation of
ASHIL with the thickness of cartoon being directly proportional to the B factor. Assigned and unassigned residues colored as in panel B.

search model in molecular replacement. Models were built and
refined using REFMACS,”® Coot,”” and the CCP4 package.”®
Validation of structures was performed using MolProbity.”
Details of data processing and refinement are summarized in
Table 1.

Average crystallographic B factors per residue were calculated
as the average of the B factors for all the atoms of each residue.
Then the residue B factors were normalized using the “z-score

s 30
normalization”

B

X

—ascore(i) = [Beiy — (B)]/s) (1)
where B, ,iore() i the normalized z-score for residue x in
structure i, B,(; is the B factor for residue x, (B) ;) is the average
residue B factor for structure i, and s(;) is the corresponding
standard deviation.
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NMR Studies. "N—'*C ASHIL SET was prepared at a
concentration of 300 #M in buffer containing 50 mM HEPES
(pH 7.5), SO mM NaCl, 1 mM TCEP, and 300 uM S-
adenosylmethionine (SAM). HSQC spectra were recorded at
25 and 30 °C with a Bruker Avance III spectrometer equipped
with a cryoprobe, running Topspin version 2.1. Backbone
assignment was performed using triple-resonance experiments:
HNCA, HN(CO)CA, HNCACB, and CBCA(CO)NH. For
analysis of ASH1L mutants, wild-type and mutant ASHIL SET
proteins were prepared at a concentration of 100 yM in 50 mM
Tris (pH 7.5), 50 mM NaCl, 1 mM TCEP, 200 uM SAM, 5%
DMSO, and 5% D,0. 'H-""N TROSY spectra were recorded
at 30 °C. All NMR processing and spectral visualization were
performed using NMRPipe’' and Sparky.*

Chemical shift perturbations (A) in ""N—'H TROSY spectra
caused by mutations compared to the wild type were calculated
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Figure 3. Enzymatic activity of ASHI1L variants. (A) Schematic of ASHIL variants tested in the enzymatic assay. (B) Activity in counts per minute
(cpm) of ASHIL constructs with chicken mono/dinucleosome substrate at 0.25 uM ASHIL and 0.2 uM nucleosome. The inset shows the activity of
ASHIL SET at 1 yM enzyme and 0.8 uM nucleosomes. (C) Activity of the ASHIL SET-BAH construct with various native and recombinant
nucleosome substrates at 0.2 or 0.4 uM. (D) Sequence alignment of the autoinhibitory loop of human ASHI1L with related HMTases. Sites selected
for mutagenesis are denoted with arrows. (E) Location of residues selected for mutagenesis (magenta). (F) Activity of ASHIL SET-BAH WT and
mutant proteins on chicken mono/dinucleosomes using 0.25 uM ASHIL and 1.7 uM chicken mono/dinucleosomes.

as the square root of the sum of the squares of the differences in
the 'H and N chemical shifts®’

= [(8, % 600)* + (55 x 60.8)*]"/2 @)
where 0y and Jy are the chemical shift differences in parts per
million between the mutant and wild type for '"H and "N,
respectively. Global structural perturbations caused by muta-
tions were determined by calculating the sum of A for all
amides (A,,,).

Histone Methyltransferase Assay. Chicken mono/
dinucleosomes (HMT-35-179), chicken oligo nucleosomes
(HMT-35-177), and HeLa nucleosomes (HMT-35-123) were
purchased from Reaction Biology. Recombinant nucleosomes
were purified in house as described previously.”* For testing
different ASHI1L constructs and nucleosome substrates, ASHIL
(0.25 uM) was incubated with 0.7 uM SAM and 0.2 or 0.4 uM
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nucleosome in HMTase buffer containing S0 mM Tris (pH
8.5), 25 mM NaCl, 2 mM MgCl,, and 1 mM DTT in a total
volume of 25 pL for 1 h at 30 °C. For assays with ASHIL
mutants, ASHIL WT and mutant proteins (0.25 M) were
incubated with 20 uM SAM (5% radiolabeled [*H]SAM) and
1.7 uM chicken mono/dinucleosomes in HMTase buffer in a
total volume of 10 uL for 1 h at 30 °C. The reactions were
stopped by spotting 5 uL of the reaction mixture on P81
phosphocellulose squares (Millipore). The P81 squares were
dried for 45 min and washed five times with 50 mM sodium
bicarbonate (pH 9.0), 10 min per wash. The P81 squares were
then dried for 1 h, added to 10 mL of Ultima Gold scintillation
cocktail (PerkinElmer), and analyzed using a Beckman

scintillation counter.
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B RESULTS

The Crystal Structure of the ASHI1L SET Domain
Shows Increased Dynamics of the Autoinhibitory and
SET-I Loops. To gain insight into the mechanism of
methyltransferase activity by ASHIL, we determined the crystal
structure of the ASHIL SET domain (residues 2069—2288)
(Figure 1A). The crystals diffracted to 2.2 A resolution,
representing a significant improvement over the previously
published 2.9 A structure of the ASHIL SET domain.” The
higher resolution allowed us to more precisely model residues
throughout the structure, including regions associated with the
catalytic activity of ASH1L. We observed satisfactory electron
density for the main chain and for the majority of side chains in
the autoinhibitory loop (residues 2258—2266) (Figure 1B).
The poor electron density for some side chains suggested that
the autoinhibitory loop may experience conformational
dynamics, and to further evaluate dynamics of the SET
domain, we used crystallographic B factors. We found that
the autoinhibitory loop and the AWS region have the highest B
factors, suggesting that these are more mobile regions (Figure
1C). Interestingly, we also found that the SET-I subdomain has
B factors higher than those of the neighboring C-terminal core
SET region (SET-C) (Figure 1C). The SET-I subdomain
consists of a helix—loop—strand—turn—strand motif, with the
SET-I loop (residues 2187—2195) in this motif located directly
beneath the autoinhibitory loop (Figure 1D). Residues 2192—
2194 in the SET-I loop make both polar and hydrophobic
contacts with the S-adenosylmethionine (SAM) cofactor. We
observed well-defined electron density for SET-I residues, with
the exception of the side chain of His2193, which is poorly
defined, indicating that this residue may undergo conforma-
tional exchange (Figure 1D).

NMR Studies Reveal That the ASH1L Active Site Is
Surrounded by Two Loops Experiencing Conforma-
tional Dynamics. To further investigate the dynamics of the
ASHIL SET domain, we performed NMR studies in solution.
We collected a “N—'H TROSY NMR spectrum for the
ASHIL SET domain. While the ASHIL SET construct
contains 213 non-proline residues, we observed only 181
backbone amide peaks in the NMR spectrum. The large
number of missing peaks suggested that a significant portion of
the protein is undergoing intermediate exchange dynamics on
the microsecond to millisecond time scale.** To identify the
regions undergoing such dynamics, we completed backbone
assignments based on triple-resonance experiments for “N-
and “C-labeled ASHIL (Figure 2A). We were able to assign
168 (93%) of the 181 peaks observed for backbone amides.
Interestingly, we were not able to observe any backbone amide
peaks for residues in the autoinhibitory loop and in a large
portion of the SET-I subdomain, including the entire SET-I
loop, while we obtained nearly complete assignment for the
remaining part of the SET domain (Figure 2A,B). This
observation strongly suggests that the autoinhibitory and SET-I
loops surrounding the active site of ASHIL experience
conformational dynamics, in agreement with crystallographic
data presented above. Interestingly, while the crystallographic B
factors for the AWS subdomain are very high, we observe
nearly all the AWS residues in the NMR spectrum (Figure 2C),
suggesting that in solution the AWS subdomain undergoes
dynamics on a time scale much faster than that of the SET-I
loop and autoinhibitory loop. Overall, we concluded that two
loops surrounding the active site of ASHIL, the autoinhibitory
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loop and the SET-I loop, are undergoing dynamics in solution
on the microsecond to millisecond time scale.

ASH1L Requires Chromatin-Interacting Domains for
Robust Enzymatic Activity. We next aimed to develop a
robust assay to measure the catalytic activity of ASHIL. A
previous study showed weak catalytic activity for the isolated
SET domain of ASHIL.® We tested the catalytic activity of
ASHIL SET in a radiometric HMTase assay with different
substrates, including chicken nucleosomes, and detected weak
activity using 1 uM ASHIL SET construct (Figure 3A) and 0.8
uM nucleosomes (Figure 3B, inset). Because full length ASH1L
is a large multidomain protein with three chromatin-interactin
domains at its C-terminus (a bromodomain,37 a PHD ﬁnger,3
and a BAH domain’®) (Figure 3A), we wondered whether
these domains would enhance ASHIL HMTase activity.

To investigate the effect of the chromatin-interacting
domains on ASHIL HMTase activity, we designed three
additional ASHIL constructs of different lengths systematically
incorporating the chromatin reader domains at the C-terminus
of the protein (Figure 3A). We tested the enzymatic activity of
the different ASHIL constructs using 0.25 M ASHIL and 0.2
UM chicken mono/dinucleosome substrate. We found that the
isolated SET domain has no detectable HMTase activity on
chicken nucleosome substrate under these assay conditions
(Figure 3B). A larger construct incorporating the N-terminal
flanking region of the SET domain (N-SET)*® also had very low
activity (Figure 3B). In contrast, the SET-PHD and SET-BAH
constructs had significantly higher HMTase activity, with the
longest construct SET-BAH being most active (Figure 3B).
These results show that chromatin-interacting domains are
necessary for robust enzymatic activity of ASHIL, likely
through recruitment of nucleosome substrates. Despite the
significantly enhanced activity, we were not able to characterize
kinetic parameters for ASHIL because the signal was too weak
at the low nanomolar enzyme concentrations required to
accurately determine the Michaelis constants.

ASH1L SET-BAH Requires Native Nucleosome Sub-
strate for Optimal Enzymatic Activity. Previous studies
have shown that ASHIL requires nucleosomes as the
substrate,”” and a recent study by Eram et al. showed enhanced
activity of the ASHIL SET domain on native chicken
nucleosomes compared to its activity on recombinant,
reconstituted nucleosomes.® We tested whether our longer,
most active ASHIL SET-BAH construct also has enhanced
activity on native versus recombinant nucleosomes. We found
that, indeed, SET-BAH had much higher activity on native
nucleosomes (Figure 3C). Interestingly, among the native
nucleosomes we tested, ASHIL SET-BAH exhibited nearly 2-
fold higher activity on chicken mono/dinucleosomes than
HeLa nucleosomes and chicken oligonucleosomes at a
nucleosome concentration of 0.2 uM (Figure 3C). Taken
together with the results of Eram et al.,, our studies indicate that
ASHIL exhibits greater activity on native nucleosomes, and this
may be partly due to recognition of covalent modifications on
native nucleosomes through the chromatin-interacting domains
of ASHI1L.

Mutations of Nonconserved Residues in the Auto-
inhibitory Loop Have Significant Effects on ASH1L SET
Domain Activity. A previous study suggested that the
autoinhibitory loop of ASHIL regulates its HMTase activity,
likely by physically blocking access to the active site.” On the
other hand, our results indicated that the autoinhibitory and
SET-I loops surrounding the active site of the SET domain
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amides in TROSY spectra induced by S2259M, K2264L, Q2265A, and V2262D mutations, respectively, mapped onto the crystal structure of the
wild-type ASHIL SET domain: residues perturbed by <10 Hz, gray; residues perturbed by 10—20 Hz, orange; residues perturbed by >20 Hz, red;
unassigned, cyan. Mutated residues are labeled and colored green. The sum of all chemical shift perturbations (A, ) is shown for each mutant. (E)
Regions of the TROSY spectra showing greater chemical shift perturbations caused by the K2264L and H2193F mutants. (F, H, and I) Comparison
of the autoinhibitory loop conformation between the mutants [S2259M in yellow (F), K2264L in magenta (H), and Q2265A in green (I)] and wild-
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experience significant dynamics in solution. In addition,
sequence analysis of SET domains related to human ASHIL
indicates that residues in the autoinhibitory loop are not
conserved (Figure 3D). We aimed to dissect the contribution of
different residues in the autoinhibitory loop to the enzymatic
activity of ASHIL by making a series of point mutations based
on our crystal structure of the SET domain (Figure 3E and
Figure S1). We explored rather severe mutations with the
overall goal of affecting the conformation of the autoinhibitory
loop while avoiding global disruption of the SET domain.
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In an attempt to destabilize the autoinhibitory loop, we
mutated His2258 to Asp to introduce electrostatic repulsion
with two adjacent acidic residues, Glu2225 and Asp2254
(Figure 3E). Interestingly, we found that the H2258D mutant
exhibited a modest ~30% decrease in activity (Figure 3F),
suggesting that electrostatic interactions involving His2258 play
a minor role in regulating enzyme activity. Next we investigated
the neighboring residue Ser2259, whose side chain points
toward the S-methyl group of the SAM cofactor. Crystallo-
graphic studies of the related SETD2 HMTase suggested that
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the amino acid occupying this position could play a key role in
flipping the autoinhibitory loop from a closed to open
conformation.”” To investigate the regulatory potential of
Ser2259, we mutated it to Met to enhance hydrophobic
contacts with core SET and SET-1. We found that the S2259M
mutation strongly decreased ASHIL activity by ~90% (Figure
3F), consistent with an important regulatory role for Ser2259.

In the middle of the autoinhibitory loop, Val2262 forms
hydrophobic contacts with Phe2179 and Met2183 in SET-IL To
explore the role of these contacts, we mutated Val2262 to Asp.
We found that the V2262D mutation caused nearly no effect on
enzymatic activity compared to that of wild-type ASHIL
(Figure 3F). This result suggests that the hydrophobic contacts
made by Val2262 are not critical for enzymatic activity. The
result is also consistent with the dynamic nature of the
autoinhibitory loop, which may contact SET-I in only a subset
of its heterogeneous conformations.

At the end of the autoinhibitory loop, we tested whether we
could stabilize the autoinhibited form of the SET domain by
mutating Lys2264 to Leu and thereby enhance hydrophobic
contacts between the autoinhibitory loop and SET-I. The
K2264L mutation decreased activity by ~50% (Figure 3F),
which is consistent with a need for polar residues at this
position based on sequence alignment with related methyl-
transferases (Figure 3D). Finally, it was previously reported that
mutation of the solvent-exposed GIn2265 to Ala results in the
enhancement of ASHIL activity, likely through destabilization
of the autoinhibitory loop.” To further explore this finding, we
introduced the Q2265A mutation into the SET-BAH construct
and found that indeed its activity is increased by ~50%
compared to that of the wild type (Figure 3F). Altogether, we
found that despite their low-level conservation, the mutated
autoinhibitory loop residues confer significant regulatory
control over ASHIL enzyme activity. Our results suggest that
the ASHIL autoinhibitory loop is a precisely tuned structural
feature with a role more complex than simply blocking the
active site.

NMR Studies Correlate the Degree of Structural
Perturbation to Enzyme Activity. We used NMR to assess
structural perturbations to the ASHIL SET domain caused by
the autoinhibitory loop mutations. For these studies, we
selected four mutants: S2259M, V2262D, K2264L, and
Q2265A. We collected "N—'H TROSY spectra for all four
variants and mapped the chemical shift perturbations caused by
the mutations onto the ASHIL crystal structure (Figure 4A—
D). We found that both the S2259M and K2264L mutations
caused perturbations to an area surrounding the dynamic
autoinhibitory loop region of the protein (Figure 4A,B). The
S$2259M mutation caused chemical shift perturbations mostly
in f-sheets in the SET-I region and core SET region that
contact the autoinhibitory loop (Figure 4A). The K2264L
mutation caused a greater number of perturbations in a
complete shell surrounding the autoinhibitory loop (Figure
4B). In addition to the f-sheets affected by S2259M, the
perturbed shell includes the SET-I helix and the C-terminal tail
of the post-SET region, which are located above and below the
autoinhibitory loop, respectively. The widespread chemical shift
perturbations caused by single-amino acid substitutions in the
autoinhibitory loop suggest regulatory cross-talk between the
autoinhibitory loop and the rest of the SET domain.

Interestingly, we found that the Q2265A mutation, which
was previously reported to destabilize the substrate-unbound
conformation of the autoinhibitory loop,” led to very few
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chemical shift perturbations on the NMR spectrum of ASHIL
(Figure 4C). Chemical shift perturbations were limited mostly
to a small local area immediately adjacent to the Q2265A
mutation, including residues in the post-SET subdomain.
Finally, the V2262D mutation, which had nearly no effect on
enzyme activity, also had a relatively weak effect on the
structure of the SET domain as determined by NMR chemical
shift perturbations (Figure 4D). Notably, we did not observe an
increase in the total number of signals observed in the "N—'H
TROSY spectra for any of the mutants. Therefore, none of
these mutations significantly alters the intermediate exchange
dynamics in the autoinhibitory and SET-I loops.

In summary, our NMR analysis showed that mutations
leading to large decreases in enzyme activity (S2259M and
K2264L) caused significant structural perturbations throughout
the SET domain. In contrast, mutations that had no effect or
caused enhanced activity (V2262D and Q2265A) caused only
small perturbations to the SET domain as measured by
chemical shift perturbations (Figure 4A—E). These results
suggest that the proper structure and dynamic properties of the
ASHIL autoinhibitory loop are required for enzyme activity.

Mutations Affect the Structure and Mobility of the
ASH1L Autoinhibitory Loop. Next we determined the
crystal structures of the ASHIL SET domain mutants that
caused the largest changes in activity: S2259M, K2264L, and
Q2265A. After refinement of these structures, the Ry, statistic
remained high (Table 1), primarily because of the more flexible
AWS subdomain. Compared to the WT structure, the S2259M
structure showed modest changes to autoinhibitory loop side
chains (Figure 4F). However, the side chain of Met2259 in the
mutant protrudes into a channel bordered by the backbone
atoms of His2193, Tyr2194, and Cys2195 and the side chains
of Leu2196, Tyr2253, and Tyr2255, which is the putative
substrate lysine binding site (Figure 4F,G). The Met2259 side
chain methyl group is a short 4.4 A distance from the S-methyl
group of SAM. These data indicate that the profound reduction
in activity of the $2259M mutant (Figure 3F) is likely caused
by stabilization of the inactive conformation of the SET domain
via interaction of the methionine side chain with the substrate
lysine binding channel. Therefore, our findings suggest that
Ser2259 is an important gatekeeper residue that partially
occupies the lysine binding channel in the autoinhibited
conformation of the SET domain.

In the K2264L structure, we observed intraloop hydrophobic
contacts between Leu2264 and Val2262 (Figure 4H), rather
than contacts with SET-I that we had designed to stabilize the
loop. The new intraloop interaction between Leu2264 and
Val2262 distorts the loop and disrupts the interaction between
the autoinhibitory loop and SET-I subdomain. These results
suggest that the ~50% reduced activity of the K2264L mutant
is caused by perturbations to the structure of the autoinhibitory
loop. Interestingly, we observed very high B factors for the
K2264L autoinhibitory loop (Table 1), indicating that despite
new contacts between Leu2264 and Val2262 the loop has
enhanced dynamics relative to that of WT ASHIL. These
observations further support the conclusion that disruption of
the structure and dynamic properties of the autoinhibitory loop
is detrimental to enzyme activity.

The crystal structure of the hyperactive Q2265A mutant
shows only minor differences in the conformation of the
autoinhibitory loop as compared to that of the wild-type
protein (Figure 41I), in agreement with the minimal effect of the
Q2265A mutation on the NMR spectrum. In addition,
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crystallographic B factors for the Q2265A autoinhibitory loop
are comparable to those of the wild type (Table 1). Although it
is possible, we did not observe evidence that different crystal
packing of the Q2265A mutant artificially constrained the
loop’s mobility. Therefore, our Q2265A structure suggests that
the enhanced activity of the Q2265A mutant may not be
correlated with disordering of the autoinhibitory loop as
previously suggested,” but a cocrystal structure of ASHIL with
nucleosomes would be required to fully explain the effect of the
Q2265A mutation. Finally, for all the mutants, we did not find
evidence that altered SAM binding contributed to changes in
enzymatic activity, as there were no significant differences in
SAM orientation or B factor relative to the structure’s average B
factor (Table 1).

Structural Insight into SET-I Loop Conformational
Dynamics. We found that the Q2265A mutant crystallized in a
crystal form (P1) different from those of the other ASHIL
variants (P3,21) (Table 1). There are four ASHIL Q2265A
molecules per asymmetric unit, and interestingly, the Q2265A
crystal traps two different conformations of the SET-I and
autoinhibitory loops, with each conformation represented by a
pair of ASHIL monomers (Figure SA,B). The most interesting
difference between the two conformations is the two
orientations of His2193, with the histidine side chain forming
a hydrogen bond either with the 3’-hydroxyl group of SAM or
with the hydroxyl of Tyr2207 (Figure SA). Such conforma-
tional exchange is consistent with the WT structure, in which
we observe poor electron density for His2193 (Figure 1C).
Thus, the structure of the Q2265A mutant provides snapshots
of two different conformations of the SET-I loop. We also
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observed significant differences in the autoinhibitory loop
between the two different ASHIL conformations (Figure SB),
further emphasizing the conformational dynamics of this loop.

We tested whether the Q2265A crystal structure could be
used to corroborate the dynamics in ASHI1L that we observed
by NMR. We plotted pairwise distances between Ca positions
for the two different ASHIL conformations observed in the
crystal structure of this mutant. Compared to the rest of the
core SET domain, we observed large structural differences for
the SET-I and autoinhibitory loops (Figure SC). The two
molecules in the asymmetric unit of WT ASHIL also show
structural differences for these loops, but the differences
between molecules in the asymmetric unit are more significant
and better resolved in the Q2265A mutant. Interestingly,
residues that show these large structural differences are not
observed in the NMR spectrum of the SET domain (both WT
and Q226S5A mutant). Therefore, intermediate dynamics that
lead to broadening of NMR signals are consistent with
conformational heterogeneity observed in the crystal structure
of Q2265A.

Conformational Exchange in the SET-I Loop Contrib-
utes to ASH1L Activity. Analysis of the crystal structure of
WT and Q2265A ASHIL indicated that the SET-I loop
samples different conformations. We expected that such
conformational heterogeneity might be partially regulated by
His2193, which we found in two different conformations
(Figure SA). To probe the role of H2193, we introduced an
H2193F mutation to disrupt its potential to form hydrogen
bonds. We found that the H2193F mutation decreases activity
of SET-BAH by >80% (Figure 6A). NMR studies of ASHIL
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H2193F showed that the mutation causes widespread chemical
shift perturbations extending in a shell surrounding the
dynamic SET-I and autoinhibitory loops (Figure 6B). We
determined the crystal structure of H2193F and found a large
~8 A conformational shift in the SET-I loop, with minimal
perturbations to other regions when compared to the wild-type
protein (Figure 6C). Phe2193 in this mutant forms new
hydrophobic contacts with Tyr2255, Val2262, and I1e2279
(Figure 6C,D). Interestingly, despite the significantly different
conformation of the SET-I loop, the conformation of the
autoinhibitory loop is unaffected. Altogether, these results
demonstrate that conformational dynamics of the SET-I
subdomain also play a significant role in modulating the
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catalytic activity of the ASHIL SET domain. Furthermore, the
dynamics of the SET-I subdomain occur in concert with those
of the autoinhibitory loop (Figure 6E) to affect regulation of
enzymatic activity.

B DISCUSSION

SET domain-containing HMTases make up an important class
of enzymes that constitute attractive targets for new
therapeutics,”” but many structural aspects of SET domains
remain poorly understood. The autoinhibitory loop is a striking
feature observed in the crystal structure of the ASHIL SET
domain. However, whether the loop functions as a simple
swinging gate to allow access to the active site, or instead plays
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a more active role in substrate binding, is unknown. In this
study, we provide experimental evidence supporting the latter
model. First, point mutations that destabilize the autoinhibitory
loop did not increase enzymatic activity, as would be expected if
the loop simply blocks access for substrate binding. Second,
point mutations in the autoinhibitory loop that cause larger
structural perturbations in the SET domain as judged from
NMR and crystallography caused a substantial loss of enzyme
activity, while point mutations that had weaker effects on the
structure caused no change or even resulted in an increase in
enzymatic activity compared to that of wild-type ASHIL. This
suggests that the proper structure of the autoinhibitory loop is
necessary for substrate binding, and the loop itself represents an
important regulatory feature of the SET domain.

We discovered that in addition to the autoinhibitory loop,
the SET-I loop plays an important role in ASH1L SET domain
function. The dynamics of this conformationally heterogeneous
loop are partly regulated by His2193, a residue in the SET-I
loop that adapts two different conformations and mutation of
which significantly impairs enzymatic activity. In other SET
domain-containing proteins, the SET-I region is poorly
conserved and forms key contacts with histone sub-
strates,”"*' ™" indicating that it likely functions in determining
substrate specificity among different HMTases.”> In the
structure of the related Pr-Set7 HMTase bound to a histone
H4 fragment, the SET-I loop forms extensive contacts with the
H4 peptide.”*" Our results indicate that SET-I is also
important to the enzymatic activity of ASHI1L, likely through
forming analogous contacts with histone H3 residues.

Crystallographic and NMR studies of the SET domain and
multiple mutants showed that the autoinhibitory loop and SET-
I loop experience conformational dynamics occurring on the
microsecond to millisecond time scale. Importantly, this
conformational heterogeneity experienced in the absence of
bound substrate does not appear to include an open, substrate-
accessible form of the SET domain. The fully open
conformation of ASHIL would require a conformational
change much larger than any we observed, and most likely,
such a conformation can be achieved in the presence of
nucleosomes. However, the conformational dynamics we
observed probably facilitate the major structural change leading
to opening of the substrate binding site. Indeed, dynamic loops
important for nucleosome binding have been characterized in a
variety of chromatin-interacting domains, such as the Sir3 BAH
domain,*® the PCAF/GCNS histone acetyltransferase,47 and
bromodomains.** For example, multiple crystal structures of
the Sir3 BAH domain showed that residues in two flexible
loops are completely disordered in the free BAH domain
structure,””” but these residues become ordered or partially
ordered upon binding to nucleosomes.*’

We also found that in vitro ASHIL is much more active on
native nucleosomes than on recombinant nucleosomes.
Furthermore, ASHIL constructs including chromatin binding
domains have significantly enhanced activity compared to that
of the isolated SET domain. Together, these findings suggest a
model whereby chromatin binding domains of ASHIL
recognize posttranslational modifications on native nucleo-
somes and facilitate catalytic activity of the SET domain via
substrate recruitment. Interestingly, the results of Eram et al.
showing enhanced activity of the isolated ASHIL SET domain
on native nucleosomes® suggest that the SET domain itself may
also have increased affinity for native nucleosomes. In previous
studies, ASH1L has been reported to methylate both H3K4 and
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H3K36.”~° While the precise targets of ASHIL in vivo are still
under investigation, such promiscuity suggests that ASHIL
specificity depends on the nature of the substrate, similar to the
NSD family.”' The number of methyl groups transferred by
ASHIL is an additional unanswered question with important
implications for the control of gene expression. In an in vitro
enzyme assay, ASHIL can mono- and dimethylate, but not
trimethylate, H3K36.° On the other hand, there is in wvivo
evidence in mouse that ASH1L may trimethylate H3K36.° The
autoinhibitory loop may function to regulate the number of
methyl groups transferred, because the Q2265A mutation leads
to H3K36me3 in addition to the original H3K36me2 product.”

In summary, we discovered concerted dynamics in two loops
of the ASHIL SET domain and showed that these loops
regulate ASH1L enzymatic activity. Conformational dynamics
in the substrate binding region of ASHIL may create transient
pockets into which small molecule ligands could bind. Thus, it
may be feasible to exploit the conformational dynamics to
design small molecule inhibitors of ASHIL.
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ASHI1L, absent, small, or homeotic-like 1; HMTase, histone
methyltransferase; SET, Su(var.)3-9, enhancer-of-zeste, and
trithorax; AWS, associated with the SET subdomain; SET-I,
SET insertion subdomain; PHD, plant homeodomain; BAH,
bromo-associated homology domain; SAM, S-adenosylmethio-
nine; HSQC, heteronuclear single-quantum coherence;
TROSY, transverse relaxation-optimized spectroscopy.
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