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The middle (MID) domain of eukaryotic Argonaute (Ago) proteins and ar-
chaeal and bacterial homologues mediates the interaction with the 5′-terminal
nucleotide of miRNA and siRNA guide strands. The MID domain of human
Ago2 (hAgo2) is comprised of 139 amino acids with a molecular weight
of 15.56 kDa. MID adopts a Rossman-like beta1-alpha1-beta2-alpha2-beta3-
alpha3-beta4-alpha4 fold with a nucleotide specificity loop between beta3 and
alpha3. Multiple crystal structures of nucleotides bound to hAgo2 MID have
been reported, whereby complexes were obtained by soaking ligands into crys-
tals of MID domain alone. This protocol describes a simplified one-step ap-
proach to grow well-diffracting crystals of hAgo2 MID-nucleotide complexes
by mixing purified His6-SUMO-MID fusion protein, Ulp1 protease, and ex-
cess nucleotide in the presence of buffer and precipitant. The crystal struc-
tures of MID complexes with UMP, UTP and 2′-3′ linked α-L-threofuranosyl
thymidine-3′-triphosphate (tTTP) are presented. This article also describes
fluorescence-based assays to measure dissociation constants (Kd) of MID-
nucleotide interactions for nucleoside 5′-monophosphates and nucleoside 3′,5′-
bisphosphates. © 2024 The Authors. Current Protocols published by Wiley Pe-
riodicals LLC.

Basic Protocol 1: Crystallization of Ago2 MID-nucleotide complexes
Basic Protocol 2: Measurement of dissociation constant Kd between Ago2
MID and nucleotides
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Figure 1 Overlay of the MID domains from crystal structures of the domain alone in complex with
UMP (Frank et al., 2010), PDB ID 3LUJ www.rcsb.org (Berman et al., 2000), and full-length Ago2
in complex with miR-20a (Elkayam et al., 2012), PDB ID 4F3T. The root mean square deviation
(r.m.s.d.) for 982 atom pairs is 1.36 Å. Secondary structure elements of the Rossmanoid fold are
labeled, and cysteines are highlighted in space filling mode. The nucleotide specificity loop be-
tween β3 and α3 and adjacent to the uracil base is visible in the center of the image. Only the first
three nucleotides of the miRNA bound to Ago2 are shown. Illustration generated with the program
UCSF Chimera (Pettersen et al., 2004).

INTRODUCTION

The human Ago2 MID domain is a compact protein of 139 amino acids in length (N439
to L578) that forms the binding site for the 5′-terminal nucleotide of miRNA and siRNA
guide strands. Other important Ago2 domains are PIWI that harbors the endonuclease for
cleaving the target strand and PAZ that binds to the 3′-terminal dinucleotide overhang of
the siRNA guide (Elkayam et al., 2012; Schirle & MacRae, 2012). MID adopts an alpha-
beta sandwich fold and contains six cysteines that do not engage in disulfide bridges in
crystal structures of full-length Ago2 and MID alone (Fig. 1).

The MID domain forms a relatively shallow depression that harbors the binding site for
the 5′-terminal phosphate of the guide strand residue (AS1, Fig. 2). The electrostatic
surface potential (ESP) inside and around the depression is strongly positive, thereby
promoting not just binding of 5′-monophosphorylated species but also ATP (Fig. 2A).
Viewed from the side, the ribose 2′- and 3′-oxygen atoms and a portion of the six-
membered ring of adenine are visible, consistent with the shallow nature of the bind-
ing pocket that only buries the 5′-phosphate (Fig. 2B). An overlay of the MID domain
complex and the structure of the complex between full-length Ago2 and miR-20a demon-
strates that the second guide strand residue (AS2) is exposed and not buried inside the
pocket (Fig. 2C).

The positive ESP of the MID binding pocket and the area around it also permit binding of
m7GpppG dinucleotide and trapping the complex in a crystal (Fig. 3). The 5′-phosphate
of m7G is located roughly at the site where the 5′-phosphate of NMPs and the α-phosphate
of ATP are bound. However, the additional phosphates then curl around and emerge from
the binding pocket such that there is no interaction between G and any MID side chains.
The observation that both ATP and m7GpppG produce complex crystals attests to the
importance of the electrostatic contribution to the binding affinity. However, no structures
of more standard di- or trinucleotides, e.g., 5′-pUpU or 5′-pUpUpU, respectively, bound
to MID domain alone have been reported to date.Lei et al.

2 of 17

Current Protocols

 26911299, 2024, 6, D
ow

nloaded from
 https://currentprotocols.onlinelibrary.w

iley.com
/doi/10.1002/cpz1.1088, W

iley O
nline L

ibrary on [24/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.rcsb.org


Figure 2 The complex between human Ago2 MID domain (residues 439-575) and ATP (Frank
et al., 2011), PDB ID 3QX9. The complex viewed (A) into the binding pocket, and (B) rotated around
the vertical by 90°. The surface of the domain is colored according to ESP, from blue (most positive)
to red (most negative). Water molecules in the crystal structure of the MID domain complex are
shown as small spheres colored in cyan. (C) Overlay between the MID domain complex and full-
length Ago2 bound to miR-20a (Elkayam et al., 2012), PDB ID 4F3T. Ago2 is shown as a pink
ribbon cartoon and miR-20a is shown with carbon atoms colored in gray. Illustrations generated
with the program USCF Chimera (Pettersen et al., 2004).

Frank et al. (2010) reported crystal structures of MID complexes with UMP and AMP.
MID crystals were grown from solutions containing 10 to 15 mg/ml protein that were
mixed 1:1 with a solution containing 0.1 M imidazole (pH 8), 0.2 M NaCl, 0.46 M
NaH2PO4, and 1.84 M K2HPO4. Native crystals were then soaked in a drop containing
0.2 M (NH4)2SO4, 0.1 M Na cacodylate buffer (pH 6.5), 15% PEG 8000, 20% glyc-
erol, and 20 mM NMP. However, unlike the complexes with UMP and AMP obtained
in this fashion, the occupancy of CMP and GMP in the MID structures was insufficient
to place these nucleotides into the binding pocket and refine the structures of the corre-
sponding complexes (Frank et al., 2010). One reason for this limitation may be related to
the soaking approach, i.e., CMP and GMP could not displace phosphate bound to MID
in crystals that were grown in the presence of high concentrations of phosphate buffer.
We also know from stability data that the MID complexes with UMP (Kd = 0.12 mM) or
AMP (Kd = 0.26 mM) are more stable than those with CMP (Kd = 3.6 mM) or GMP (Kd

= 3.3 mM) (Frank et al., 2010). Both uracil and adenine use their Watson-Crick edges
to engage in H-bond interactions with residues from the P523 to P527 loop (G524 and
T526, Fig. 4). In the complex with AMP, there is an additional interaction between Q548
and the N3 of adenine. By comparison, neither cytosine nor guanine can establish these Lei et al.
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Figure 3 Crystal structure of the complex between Ago2 MID domain and m7GpppG (Frank
et al., 2011), PDB ID 3QX8. m7GpppG carbon atoms are colored in green, UMP from the crystal
structure of the complex with MID (Frank et al., 2010), PDB ID 3LUJ, is shown with solid bonds in
black to indicate its position relative to m7Gp and selected MID side chains are labeled. Illustration
generated with the program UCSF Chimera (Pettersen et al., 2004).

Figure 4 H-bond interactions between MID side and main chain atoms and (A) UMP, PDB ID
3LUJ, and (B) AMP, PDB ID 3LUD (Frank et al., 2010). Carbon atoms of nucleotides are high-
lighted in green, MID residues are labeled and H-bonds are drawn with thin solid lines. Illustrations
generated with the program UCSF Chimera (Pettersen et al., 2004).

interactions; thus, structures of these ‘complexes’ deposited in the Protein Data Bank
(PDB) just contain phosphate in the MID binding pocket. It is possible that GMP is in a
conformational equilibrium and binds as a mixture of the nucleoside in the syn and anti
conformations (see the syn conformation of m7G in Fig. 3).

As pointed out above, the complex with m7GpppG shows that dinucleotides can in prin-
ciple be trapped in MID crystal structures. Moreover, comparison of MID in complex
with UMP and full-length Ago2 in complex with miR-20a reveals that MID residues can
potentially form stabilizing interactions not just with AS1 but also AS2: Q548, K550,
and N551 with P2, and Q558 and N562 with the nucleobase (Fig. 5). However, the nu-
cleoside portion of AS3 appears outside the reach of any MID side chain, although K566
can potentially interact with the second phosphodiester moiety (P3, Fig. 5). MID alsoLei et al.
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Figure 5 Overlay of the MID domain in complex with UMP, shown as light blue ribbon and with
carbon atoms colored in cyan, respectively (Frank et al., 2010), PDB ID 3LUJ, and Ago2 bound
to miR-20a, shown as a beige ribbon and with carbon atoms colored in goldenrod, respectively
(Elkayam et al., 2012), PDB 4F3T. Selected residues and moieties are labeled in colors matching
those used for the protein and RNA molecules that constitute the respective complexes. Illustration
generated with the program UCSF Chimera (Pettersen et al., 2004).

lacks R812 that interacts with the 5′-phosphate directly and via water (P1) and R792 that
interacts with P3 in the Ago2 complex; both are part of the PIWI domain.

An interesting observation concerns the ribose conformation of UMP in the MID complex
and pU (AS1) at the 5′-end of the guide strand in complex with full-length Ago2 (Fig. 5).
Thus, the pucker of these residues is in the C2′-endo or South range of the pseudorotation
phase cycle. A closer examination of more structures reveals that this is a recurring feature
of Ago2 complexes, and that the 5′-terminal nucleotide adopts either a C2′-endo or the
neighboring C1′-exo pucker (Egli & Manoharan, 2019). The metabolic stability of the
guide strand and stable phosphorylation of its 5′-terminus are critical for siRNA activity.
RNA, DNA, 2′-OMe-RNA, and 2′-F RNA are all tolerated at the AS1 position and the
(E)-vinylphosphonate moiety precludes dephosphorylation and rephosphorylation of the
guide strand (Elkayam et al., 2017). Alternative modifications at the 5′-end of the guide
strand continue to be evaluated.

In the recently published crystal structures of MID in complex with either 8-Br-AMP or
6-mCEPh-purine (Shinohara et al., 2021), the conformations of the ribose do not match
those in the complexes with UMP and AMP or the puckers of AS1 in the structures
of miRNA or siRNAs with full-length Ago2, i.e., C2′-endo or C1′-exo (Elkayam et al.,
2012; Elkayam et al., 2017; Frank et al., 2010; Schirle & MacRae, 2012). The pucker of
the ribose in 8-Br-AMP is C4′-exo, possibly due to the bromine at the C8 position. The
pucker of the ribose in 6-mCEPh-purine is C3′-endo and possibly the result of additional
interactions of the modified base with residues of the abovementioned P523 to P527
loop (Fig. 4).

To potentially determine structures of new 5′-guide strand modifications as well as di-
and trinucleotides bound to MID, we developed an alternative approach for growing crys-
tals of complexes that precludes removal of the MID fusion partner (His6-SUMO) prior
to crystallization by relying on in situ proteolysis. Also, our procedure skips the soaking
step of MID-phosphate crystals by equilibrating an all-in-one crystallization drop con-
taining His6-SUMO-MID, Ulp1 protease, nucleotide, buffer, and precipitant against the
well solution (Basic Protocol 1). In addition, we present a fluorescence-based assay to
measure the dissociation constant Kd of MID-nucleotide complexes (Basic Protocol 2).

Lei et al.
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BASIC
PROTOCOL 1

CRYSTALLIZATION OF AGO2 MID-NUCLEOTIDE COMPLEXES

This protocol describes the crystallization of Ago2 MID domain complexes with nu-
cleotides from a mixture of His6-SUMO-MID fusion protein, Ulp1 protease, nucleotide
and crystallization buffer and precipitant. DNA encoding residues 439-578 of hAgo2
MID was cloned into the pSMT3 vector (Mossessova & Lima, 2000) at the BamHI and
NotI sites; the vector contains an N-terminal, Ulp1 cleavable His6-SUMO fusion (Frank,
2011; Frank et al., 2010). The plasmid was a gift from Prof. Bhushan Nagar (McGill Uni-
versity, Montreal, Quebec, Canada). His6-SUMO-MID fusion protein was expressed in
BL21(DE)3 cells, and purified by Ni-affinity chromatography, ion-exchange chromatog-
raphy (Q and S columns), and Superdex-75 size exclusion chromatography. Briefly, after
expression suspended cells were lysed and sonicated with Buffer A consisting of 50 mM
Tris·HCl pH 7.8, 20% glycerol, 800 mM NaCl, 3 mM beta-mercaptoethanol (BME),
0.5 mM tris(2-carboxyethyl)phosphine (TCEP), and 10 mM imidazole. Following cen-
trifugation, cat. no. 355884, the supernatant was loaded onto the Ni column, washed
with Buffer A, and then eluted with 400 mM imidazole. After diluting NaCl to a 50 to
80 mM concentration, the sample was passed over a Q column and then loaded onto an
S column. Using a gradient of Buffer B [50 mM Tris·HCl pH 7.8, 1 mM dithiothreitol
(DTT) and up to 1M NaCl], the protein was eluted when NaCl reached a concentration of
400 mM. Finally, the sample was run on a Superdex-75 size exclusion column with Buffer
C consisting of 25 mM Tris·HCl pH 8.0, 150 mM NaCl, and 3 mM DTT. The purified
His6-SUMO-MID protein was concentrated to 15 mg/ml. The protein was >95% pure
based on SDS-PAGE. The identity of the MID domain fusion protein was established by
tryptic digestion in combination with MS analysis.

Materials

15 mg/ml His6-SUMO-MID protein (see above)
UMP (Sigma, CAS no. 3387-36-8)
UTP (Millipore Sigma, CAS no. 19817-92-6)
tTTP (2′-3′ linked α-L-threofuranosyl thymidine-3′-triphosphate) (Zhang et al.,

2013)
H2O, nuclease free (Promega, cat. no. P119E-C)
Ulp1 protease (His-tagged SUMO protease, Vanderbilt Center for Structural

Biology https:// structbio.vanderbilt.edu/wetlab/private/vectors/Ulp1/Purif.
Ulp1.pdf ; or ThermoFisher Scientific, cat. no. 12588018)

Index screen, 96-condition crystallization kit (Hampton Research, cat. no.
HR2-144)

Paratone-N oil, Parabar 10312 (Hampton Research, cat. no. HR2-643)

Columns for His6-SUMO-MID protein purification (see above):
Q sepharose fast flow (GE Healthcare, cat. no. 17-0510-01)
SP sepharose fast flow (GE Healthcare, cat. no. 17-0720-01)
Superdex 75 10/30 GL (GE Healthcare, cat. no. 17-5174-01)

1.5-ml Eppendorf tubes
Ice
MRC 2 crystallization plates (Hampton Research, cat. no. HR3-082)
Microscope
75-μm MicroMount (MiTeGen, cat. no. M2-)
Liquid N2

Crystal imager (Formulatrix imager with UV fluorescence detector)

1. In an Eppendorf tube mix His6-SUMO-MID protein with nucleotide ligand, e.g.,
UMP, UTP, tTTP (in nuclease-free water), in a 1:700 to 1:1000 molar ratio and store
the tube on ice for 2 hr.

Lei et al.
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Figure 6 Crystal of Ago2 MID-UMP complex grown with Hampton Index screen condition 20.

2. Add Ulp1 protease in a 1:1000 (w/w) ratio of Ulp1:His6-SUMO-MID.

3. Using the Index crystallization screen, set up sitting drops in a 96-well MRC 2 crys-
tallization plate by mixing 200 nl of the His6-SUMO-MID/nucleotide/Ulp1 solution
from step 2 with 200 nl of the individual screen condition. Equilibrate each drop
against 80 μl of the particular screen solution.

4. Check the plate once every 24 hr using a microscope; crystals typically appeared after
3 to 7 days (Fig. 6) with Index screen conditions 20 (0.1 M HEPES pH 7.5, 1.4 M
sodium citrate tribasic dihydrate), 21 (1.8 M ammonium citrate tribasic pH 7.0), and
23 (2.1 M DL-malic acid pH 7.0).

5. Mount crystal in a 75-μm MiTeGen MicroMount following cryo-protection with
Paratone-N taking care to remove excess oil before plunging in liquid nitrogen. Store
in liquid nitrogen prior to X-ray diffraction data collection (Table 1).

X-ray diffraction data collection
6. Diffraction data were collected using the D8 Venture (Bruker AXS, Madison, WI)

system in the Biomolecular Crystallography Facility at the Vanderbilt University Cen-
ter for Structural Biology. The system includes an Excillum D2+ MetalJet X-ray
source operated at 250W with Helios MX optics providing Ga Kα radiation at 1.3418
Å wavelength. The crystal was mounted on a kappa axis goniometer and maintained
at 100K using an Oxford Cryosystems Cryostream 800 cryostat. The detector was a
PHOTON III C14 charge-integrating pixel array detector. Data collection was per-
formed in shutterless mode. Data were reduced using Proteum3 software (Bruker
AXS, Madison, WI).

Phasing and model refinement
7. Diffraction data were phased by molecular replacement using PDB code 3LUJ. All

model building and refinements were done using PHENIX (Afonine et al., 2012; Lieb-
schner et al., 2019; Williams et al., 2018). Final checking was done using PDB-REDO
(Joosten et al., 2014), which included TLS refinement. Models were placed in the unit
cell using ACHESYM (Kowiel et al., 2014). Manual fitting and examination of the
structures was done using COOT (Casañal et al., 2020; Emsley et al., 2010).

BASIC
PROTOCOL 2

MEASUREMENT OF DISSOCIATION CONSTANT KD BETWEEN AGO2 MID
AND NUCLEOTIDES

This protocol describes the determination of Kd values for complexes between
hAgo2 MID and nucleoside 3′,5′-bisphosphates, i.e., uridine-3′,5′-bisphosphate, Lei et al.
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Table 1 Crystal Data, X-ray Data Collection, and Refinement Parameters for MID-Nucleotide Complexesa

Parameter MID-UMP complex MID-UTP complex MID-tTTP complex

Space group P1 P1 P1

Complexes/unit cell 3 3 3

Unit cell constants
a, b, c (Å); α, β, γ (°)

a = 39.608
b = 46.339
c = 64.920
α = 87.58
β = 74.68
γ = 85.87

a = 40.106
b = 46.511
c = 65.240
α = 87.78
β = 74.53
γ = 85.41

a = 37.549
b = 46.899
c = 66.209
α = 86.74
β = 74.02
γ = 84.76

Data collection In-house In-house In-house

X-ray instrument Bruker MetalJet Bruker MetalJet Bruker MetalJet

Wavelength (Å) 1.342 1.342 1.342

Resolution (Å) 21.58-1.595
(1.652-1.595)

20.53-1.78
(1.844-1.78)

20.5-1.90
(1.93-1.90)

Total reflections 856,515 (59,080) 337,798 (25,492) 186,059 (4801)

Unique reflections 118,253 (11,241) 86,315 (8459) 41,796 (1612)

Multiplicity 7.2 (5.0) 3.9 (3.0) 4.5 (3.0)

Completeness (%) 99.17 (94.79) 98.88 (97.57) 99.04 (99.21)

Mean I/σ (I) 15.20 (1.98) 5.72 (0.68) 7.48 (0.11)

R-merge 0.082 (0.835) 0.120 (2.263) 0.061 (7.834)

R-meas 0.088 (0.937) 0.138 (2.729) 0.068 (9.535)

R-pim 0.031 (0.418) 0.066 (1.501) 0.029 (5.354)

CC1/2 0.999 (0.587) 0.994 (0.273) 0.999 (0.247)

CC 1 (0.86) 0.999 (0.655) 1 (0.629)

Refl. used in ref. 117,364 (11,235) 85,817 (8448) 33,833 (1385)

Refl. used for R-free 5,665 (509) 4221 (429) 1710 (49)

R-work 0.1645 (0.2667) 0.1902 (0.3733) 0.2504 (0.4082)

R-free 0.1892 (0.2885) 0.2346 (0.4262) 0.2885 (0.4300)

CC (work) 0.972 (0.824) 0.970 (0.589) –

CC (free) 0.959 (0.758) 0.961 (0.579) –

No. non-H atoms 3607 3530 3268

No. macromol. atoms 3132 3084 3118

No. ligand atoms 0 87 84

No. of solvent mols. 475 359 68

Protein residues 394 396 400

R.m.s.d. bonds (Å) 0.011 0.009 0.023

R.m.s.d. angles (°) 0.95 0.88 1.74

Ramachandran favored (%) 99.74 99.74 99.49

Ramachandran allowed (%) 0.26 0.26 0.25

Ramachandran outliers (%) 0.00 0.00 0.25

Rotamer outliers (%) 0.00 0.29 2.89

Clashscore 3.77 4.06 8.22

(Continued)
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Table 1 Crystal Data, X-ray Data Collection, and Refinement Parameters for MID-Nucleotide Complexesa, continued

Parameter MID-UMP complex MID-UTP complex MID-tTTP complex

Avg. B (Å2) 19.0 28.2 36.9

Avg. B macrom. (Å2) 17.5 26.6 34.5

Avg. B ligand (Å2) − 56.1 112.9

Avg. B solvent (Å2) 29.13 35.24 49.5

No. of TLS grps. 0 3 3

PDB ID code 9BF2 9BF0 9BEZ

a
Numbers in parentheses refer to the outermost shell.

2′-O-methyl-uridine-3′,5′-bisphosphate, and 2′-O-methyl-uridine-3′-phosphate, 5′-(E)-
vinylphosphonate, that carry a 3′-terminal 1-(5-azidopentyl)-3-(fluorescein-5-yl)thiourea
moiety (abbreviated here as PU-Fl, Pu-Fl and VPu-Fl, respectively, Fig. 7), and 2′/3′-(N-
methyl-anthraniloyl)-adenosine-5′-monophosphate (Mant-AMP, Fig. 8). As described
above, the Ago2 MID domain was expressed as a fusion protein with an N-terminal

Figure 7 PU-Fl, Pu-Fl, and VPu-Fl (from left to right).

Figure 8 2′/3′-(N-methyl-anthraniloyl)-adenosine-5′-monophosphate (Mant-AMP).
Lei et al.
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cleavable His6-SUMO tag and purified by Nickel affinity chromatography. The tag was
cleaved off with Ulp1 protease and MID further purified using ion-exchange chromatog-
raphy (Q and S columns), and Superdex-75 size exclusion chromatography.

Nucleoside 3′,5′-bisphosphates were prepared on a K&A oligonucleotide synthesizer us-
ing commercially available (RNA-U, 2′-OMe-U) or in-house prepared (VPu) phospho-
ramidites. Coupling of each phosphoramidite was performed on a commercial fluorescein
support (Glen Research) using standard protocols for 2-cyanoethyl phosphoramidites.
After synthesis, cleavage from the support and deprotection of any protecting groups was
accomplished with either aqueous methylamine (40% aq., PU-Fl) for 90 min at 45°C or
concentrated aqueous ammonium hydroxide with 5% diethylamine (Pu-Fl and VPu-Fl)
for 24 hr at 30°C. Subsequent removal of the 2′-O-silyl protecting group in PU-Fl was
accomplished using triethylamine trihydrofluoride for 90 min at 40°C. Crude bisphos-
phates were purified using strong anion exchange over a TSKGel SuperQ-5PW column
and a linear gradient of aq. triethylammonium bicarbonate buffer (pH = 8.5, buffer B) in
water (buffer A). Appropriate fractions were pooled, lyophilized to dryness, and identi-
ties of the desired products confirmed via LC-MS. The purities of the three compounds
as per ion exchange (IEX) chromatography and ion pair reversed-phase (IP-RP) chro-
matography (IEX %/IP-RP %) were 93/96 (PU-Fl), 94/95 (Pu-Fl), and 94/99 (VPu-Fl).

We employed steady-state techniques to monitor changes in the emission intensity of
fluorescein (λex 493 nm, λem 517 nm) and Mant (λex 355 nm, λem 448 nm). Increasing
amounts of nucleotide were added to a 1 μM solution of MID and changes in fluores-
cence emission intensity monitored with a Fluorolog ISA Jobin Yvon-Spex spectrometer.
The temperature of the cell compartment was kept at 20°C with a refrigerated circu-
lating water bath. Measurements were corrected for dilution and blank solutions. The
fluorescence emission data served as input for GraphPad Prism (version 5.00 for Mac;
Graph-Pad Software, La Jolla, CA; https://www.graphpad.com/ ). We selected a nonlin-
ear regression (curve fit) in combination with the equation for “one site-specific binding”
to compute Kd values for MID-nucleotide complexes.

Materials

1 μM Ago2 MID domain (see above)
PU-Fl, Pu-Fl, and VPu-Fl nucleotides (Alnylam Pharmaceuticals, synthesized)
H2O, nuclease free (Promega, cat. no. P119E-C)
Mant-AMP (Jena Bioscience, cat. no. NU-236S)
Binding buffer (10 mM HEPES pH 7.4, 150 mM NaCl, 3 mM EDTA, 5mM TCEP)

(Current Protocols, 2006)

1-ml cuvette
Micropipette
Fluorometer (Fluorolog ISA Jobin Yvon-Spex spectrometer)
Computer with analysis software (e.g., GraphPad Prism)

1. In a cuvette that contains 1 ml of a 1 μM solution of MID protein, by adding 1 μl
of a nucleotide solution (in nuclease-free water) in a stepwise fashion, increase the
concentration of the latter from 0 to 100 nM, 200 nM, 300 nM, 400 nM, 600 nM,
800 nM, 1 μM, 2 μM, 3 μM, 4 μM.

2. Prior to and after adding nucleotide solution, measure the fluorescence emission
intensity at 517 nm (fluorescein-labeled nucleotides PU-Fl, Pu-Fl, and VPu-Fl) or
448 nm (Mant-AMP).

3. Apply corrections for blank (buffer only) solution and dilution to the emission inten-
sity data.

Lei et al.
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4. Use individual wavelength-emission intensity pairs as input for Graph-Pad and com-
pute a curve fit using the nonlinear regression option in combination with the equation
for “one site-specific binding” to extract the Kd value.

COMMENTARY

Background Information
Oligonucleotide therapeutics currently

approved for diverse indications (Egli &
Manoharan, 2023) and candidates in clinical
trials at various stages (Crooke et al., 2018;
Moumné et al., 2022; Shen & Corey, 2018)
all feature extensive chemical modification.
Modifications afford metabolic stability, fa-
cilitate cellular uptake, allow targeting of
specific organs and tissues, and can mediate
favorable interactions with proteins and en-
zymes. Five of the six siRNA therapeutics
approved by the FDA since 2018, GIVLAARI,
OXLUMO, LEQVIO, AMVUTTRA (Egli
& Manoharan, 2023), and RIVFLOZA
(Liu et al., 2022; Syed, 2023; https:
//www.accessdata.fda.gov/drugsatfda_docs/
label/2023/215842s000lbl.pdf ) are com-
posed of fully 2′-fluoro/2′-O-methyl-modified
RNA guide (antisense, AS) and passenger
(sense, S) strands. The passenger strands of
these siRNAs also feature GalNAc conjugates
for efficient delivery to hepatocytes that is
mediated by asialoglycoprotein receptor (AS-
GPR) (Egli & Manoharan, 2023; Kandasamy
et al., 2023). In addition, phosphate groups
at the 5′-ends of both guide and passenger
strand and the 3′-end of the guide strand
are replaced by phosphorothioates for en-
hanced protection against exonuclease attack
(Eckstein, 1985; Egli & Manoharan, 2023;
Hyjek-Skladanowska et al., 2020; Jahns et al.,
2022).

siRNA strands are comprised of between
21 and 23 nucleotides. The varying nature
of interactions with the Ago2 endonucle-
ase of the RNA-induced silencing complex
(RISC) along the guide and passenger siRNAs
presents abundant opportunities for regiospe-
cific chemical modification (Egli & Manoha-
ran, 2019). Thus, modifying the 5′-terminal
ends of siRNAs can enhance the discrimina-
tion between the guide and passenger strands
to reduce off-target effects (Datta et al., 2023;
Kumar et al., 2019). The favorable proper-
ties of the 2′-fluoro and 2′-O-methyl ribonu-
cleotide analogs as modifiers of siRNAs were
recognized early on (Manoharan et al., 2011).
The 2′-fluoro modification is tolerated at all
positions but does not alone afford sufficient
protection against nuclease degradation. 2′-O-
methyl ribonucleotides are more protective by

comparison and are sterically tolerated at most
locations in the two strands. The second nu-
cleotide of the guide strand (AS2) constitutes
a notable exception in this regard as modifica-
tion there is limited to either 2′-deoxy or 2′-
fluoro residues (Egli & Manoharan, 2019). A
sharp turn in the seed region (AS2 to AS8)
between nucleotides 6 and 7 seen in crystal
structures of Ago2 complexes (Elkayam et al.,
2012; Schirle & MacRae, 2012) led us to de-
ploy modifications that destabilize seed pair-
ing and preorganize the guide strand for this
wrinkle, resulting in improvements in loading,
mitigation of off-target effects, and better clin-
ical safety (Egli et al., 2023; Guenther et al.,
2022; Matsuda et al., 2023; Schlegel et al.,
2022). Lipophilic modification in the form of
a 2′-O-hexadecyl conjugation at position 16 of
the sense strand was shown to result in potent
and durable silencing in the central nervous
system (CNS) (Brown et al., 2022).

Unlike the siRNA passenger strand, the
siRNA guide strand carries a 5′-phosphate
group. This phosphate group is captured
by the Ago2 MID domain (Figs. 1 and 4),
locks the guide strand into position during
the loading process and makes a key con-
tribution to the discrimination between the
guide and passenger siRNAs. However, the
5′-phosphate group is not metabolically stable
and can be removed, thereby affecting load-
ing efficiency and the stability of the RISC
complex. Replacing the phosphate with an
(E)-vinylphosphonate (VP) moiety protects
the 5′-end of the guide (Elkayam et al., 2017).
The VP modification is an excellent electro-
static and steric mimic of the native phosphate,
the latter thanks to the antiperiplanar confor-
mation of the β torsion angle of the AS1
nucleotide in crystal structures (Fig. 4) (Egli
& Manoharan, 2019). The VP modification is
not yet a feature of currently approved siRNA
therapeutics (Egli & Manoharan, 2023);
RIVFLOZA contains a methylenephospho-
nate moiety at the 5′-terminus of the guide
strand (Liu et al., 2022; Syed, 2023). Another
noteworthy distinction of the AS1 nucleotide
is its C2′-endo or C1′-exo B form–like sugar
pucker (Figs. 4 and 5) (Egli & Manoharan,
2019). In addition to the negative charge,
this conformational constraint is an im-
portant point to consider when designing Lei et al.
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modifications to replace the AS1 nucleotide.
Besides molecular modeling, experimental
structure determination is an important tool in
the design of new siRNA modifications and is
required to visualize the conformational prop-
erties of new analogs and their interactions
with MID and other Ago2 domains (Egli &
Manoharan, 2019). For example, the crystal
structure of 6-mCEPh-purine bound to MID
exhibits a North C3′-endo pucker (Shinohara
et al., 2021) and therefore does not mimic
the sugar conformation of the parent AS1
ribonucleotides (Figs. 4 and 5).

Crystals of MID complexes with NMPs
are obtained by soaking crystals of the do-
main with phosphate trapped at the binding
site in solutions of the nucleotide to displace
phosphate (Frank, 2011; Frank et al., 2010).
Such crystals are of space group P1 with three
molecules per asymmetric unit (Frank et al.,
2010). Concentrating the MID protein follow-
ing removal of the His6-SUMO tag to levels
typically used for crystallization, i.e., several
mg/ml, particularly under low salt conditions,
is hampered by MID frequently precipitating.
To circumvent this issue, we explored the use
of the MID fusion protein without removal of
the tag for crystallization of nucleotide com-
plexes in the presence of Ulp1 protease in a
single step (Basic Protocol 1). As an alterna-
tive to the published protocol that used so-
lution NMR (Frank et al., 2010), we relied
on fluorescence spectrometry in combination
with suitably modified nucleotides to mea-
sure dissociation constants of MID-nucleotide
complexes (Basic Protocol 2).

Critical Parameters and
Troubleshooting

The solubility of the His6-SUMO-MID
protein is much higher than that of the MID
domain alone and solutions of the fusion pro-
tein can be concentrated to 15 mg/ml with-
out risking precipitation under relatively low
salt conditions and stored at −80°C for several
months. Instead of removing the His6-SUMO
tag in a separate step and purifying the MID
domain chromatographically, our protocol di-
rectly uses the purified fusion protein for crys-
tallization setups. In situ proteolysis to free the
MID domain in the presence of nucleotide and
crystallization buffer and precipitant requires
optimization of the relative concentrations of
MID, Ulp1 protease and nucleotide. A 1000:1
ratio of His6-SUMO-MID:Ulp1 produced the
best crystals.

In a previously developed protocol to crys-
tallize membrane-bound cytochrome P450 en-

zymes in the presence of protease to shorten
the N-terminal tail that had been modified with
a leader sequence of reduced hydrophobicity
to boost expression, we tested 12 different pro-
teases and found that trypsin and subtilisin
produced viable crystals of N-terminally trun-
cated enzymes (Lei & Egli, 2016). The ra-
tios of P450:protease tested ranged between
100:1 to 2000:1 and optimal crystals of ze-
brafish P450 17A1 (with subtilisin) and P450
17A2 (with trypsin) were obtained using a
P450:protease ratio of 1000:1.

Unlike the Ulp1 protease that is used in
much lower concentrations than the His6-
SUMO-MID fusion protein (consistent with
the catalytic activity of the former), the nu-
cleotide needs to be present in the crystalliza-
tion drop at much higher concentrations than
the MID fusion protein. Diffraction-quality
crystals were obtained with a nucleotide:His6-
SUMO-MID molar ratio of between 700:1 to
1000:1. Because the stock solution of the fu-
sion protein is ∼1 mM, the nucleotide concen-
tration needs to reach 1 M or higher. This can
pose problems with nucleotides that are not
as soluble as UMP or UTP, e.g., 5′-pUpU-3′

dimers or 5′-pUpUpU-3′ trimers. An excess of
nucleotide will ensure that MID protein with-
out the His6-SUMO tag encounters enough
ligand molecules to drive crystal formation
of complex rather than causing MID to pre-
cipitate. Unlike with soaks of MID-phosphate
crystals in solutions of the nucleotide lig-
and (Frank et al., 2010), the all-in-one drop
crystallization protocol described here and us-
ing His6-SUMO-MID fusion protein may not
require displacement of intrinsically bound
phosphate from MID to produce crystals of
the MID-nucleotide complex. However, we
cannot rule out that His6-SUMO-MID protein
contains some bound phosphate following ex-
pression and purification.

The need for very high concentrations of
the nucleotide ligand may limit the chances to
grow crystals of dimers and trimers bound to
MID using our approach. The presence of at
least one 5′-terminal phosphate group (NMP)
in the ligand is another requirement for suc-
cessful crystallization of MID complex. For
example, we could not grow crystals of MID
with uridine (U) or 5′-UpUpU. Clearly, the
phosphodiester groups of 5′-UpUpU cannot
serve as substitutes for a terminal phosphate,
unlike the first phosphodiester (bold font)
in m7GpppG (Fig. 3). However, in the latter
compound that phosphate is accompanied
by two more phosphates that glue together
the complex. The crystal structure of the
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complex with m7GpppG may raise hopes that
MID can be crystallized with di- and trinu-
cleotides, such as 5′-pUpU and 5′-pUpUpU,
respectively. In other words, because G of
m7GpppG is ordered in the electron density
despite the absence of interactions with MID
residues or those from neighboring MID
domains or dinucleotides in the crystal lattice
(Fig. 3; Frank et al., 2011), it might be possi-
ble to visualize U2 or U2 and U3 in structures
of complexes with 5′-pUpU or 5′-pUpUpU,
respectively. However, we could not produce
viable crystals of such complexes. This may in
part be due to limitations with reaching high
enough concentrations of dimers and trimers
as alluded to above. Also, the orientation of
the ppG moiety in the structure of the complex
with m7GpppG (Fig. 3) extends in the oppo-
site direction and away from the locations of
AS2 and AS3 in the complex of guide siRNA
with Ago2 (Fig. 5). Similarly, we could not
grow crystals of MID with 5′-pUp using our
protocol and attempts to obtain crystals of a
complex with Mant-AMP (Fig. 8) also failed.

Interestingly, the dissociation constants be-
tween MID and ligands that feature both 5′-
and 3′-phosphate groups, such as PU-Fl, Pu-
Fl, and VPu-Fl (Fig. 7), indicate tighter bind-
ing compared to the complex between MID
and Mant-AMP (see Understanding Results).
This suggests that the 3′-phosphate may con-
tribute to binding, perhaps by interacting with
Q548, K550, and N551 as seen in the structure
of Ago2 bound to miR-20a (Fig. 5). For now,
it seems that crystal structures of complexes of
the Ago2 MID domain alone can only be ob-
tained with mononucleotides and select com-
pounds like m7GpppG. MID complexes with
longer pieces of RNA have all resisted crys-
tallization, which we rationalize with the in-
ability of the domain alone to sufficiently con-
strain the second and third nucleotide.

Understanding Results
We crystallized complexes of human Ago2

MID with UMP, UTP, and tTTP and deter-
mined their structures at resolutions of up to
1.59 Å (Table 1). The structures with UMP
and UTP closely resemble those previously
reported for the same monophosphate (Fig.
4A) (Frank et al., 2010) and ATP (Fig. 2A
and B) (Frank et al., 2011), respectively. The
space group in all cases is P1 as reported
for other MID complexes. Our Basic Proto-
col 1 using in situ proteolysis of the His6-
SUMO-MID fusion protein to grow crystals
of MID-nucleotide complexes does not affect
crystal form and packing. Using pure fusion

protein in combination with Ulp1 protease in
the crystallization drop circumvents the need
for extra purification steps following cleav-
age of the His6-SUMO tag. Further advantages
of our protocol are the reduced risk of puri-
fied MID precipitating at the higher concentra-
tions needed for crystallization and having to
compete with bound phosphate when soaking
MID crystals in solutions of nucleotides. How-
ever, the all-in-one-drop approach requires
high concentrations of the nucleotide ligand.
This requirement does not pose problems with
UMP, UDP, UTP, tTTP, etc., but less solu-
ble ligands could prove more challenging in
this regard. As indicated above, dimers and
trimers did not produce viable crystals of MID
complexes. We obtained crystals of the com-
plex with nicotinamide adenine dinucleotide
phosphate (NADPH) that exhibited a different
morphology than MID-UMP complex crys-
tals (Fig. 6). However, these crystals only
diffracted to low resolution and were not suit-
able for structure determination.

The structure of the MID complex with
tTTP reveals an orientation of the TNA
triphosphate that differs from that of UMP
(Fig. 9). The positions of the α-phosphate
groups are separated by ∼1.3Å, whereby the
UMP phosphate sits deeper inside the MID
binding pocket. Their sugar conformations
differ in that tTTP adopts the expected C4′-exo
pucker whereas UMP has a C2′-endo pucker.
In addition, the tTTP base does not stack
on T529; instead, the nucleoside has shifted
somewhat relative to uridine and thymine en-
gages in a partial stacking interaction with the
side chain of Q548 (Fig. 9). The latter residue
usually forms a H-bond with the first bridging
phosphate of the guide strand along with N551
(Fig. 5). The two MID residues contribute to
stabilizing a sharp turn in the RNA strand be-
tween AS1 and AS3. The absence of the sec-
ond nucleotide together with PIWI residues
of Ago2 that interact with the 5′-terminal re-
gion of the guide strand expose limitations of
MID complexes alone with regards to study-
ing the conformation of that region of modi-
fied guides and interactions with Ago2. Thus,
a computational model of miR-20a with a 5′-
tTMP that adopts a C4′-exo pucker in place
of UMP and bound to Ago2 demonstrates that
TNA can stack on Y529 and mimic the tight
turn between AS1 and AS3 in principle (Mat-
suda et al., 2023).

Kd values for MID-nucleotide complexes
based on concentration-dependent fluores-
cence emission intensity measurements as de-
scribed in Basic Protocol 2 are consistent with
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Figure 9 Overlay of the structures of MID complexes with tTTP and UMP. Nucleotide carbon
atoms are colored in cyan and dark gray, respectively, and phosphorus atoms are highlighted as
spheres. The protein portion of the MID-UMP complex is colored in light gray. Ribbon cartoon and
side chain carbon atoms in the MID-tTTP complex are colored in light blue. Solvent molecules have
been omitted for clarity. Illustration generated with the program UCSF Chimera (Pettersen et al.,
2004).

Figure 10 Stabilities of MID complexes with nucleotides PU-Fl (left), Pu-Fl (center), and VPu-Fl
(right).

Figure 11 (A) Stability of the complex between MID and Mant-AMP using Basic Protocol 2. (B)
Stability of the complex between MID and a 21-mer RNA carrying a 5′-terminal phosphate based
on EMSA.

sub-μM affinities for PU-Fl, Pu-Fl, and VPu-
Fl (Figs. 7 and 10). The dissociation constants
of between 0.30 and 0.49 μM and using a
1 μM solution of MID indicate a significantly
tighter binding than that reported for UMP
based on 1H-15N HSQC NMR and using 0.1
to 0.25 mM MID (Kd = 120 μM; Frank et al.,
2010). To examine whether this difference
could at least in part be related to the presence
of a 3′-phosphate in the three nucleotides
we had tested, we also measured the Kd for

the MID complex with Mant-AMP (Fig. 8).
Indeed, in the absence of the 3′-phosphate, the
stability of the complex is reduced to 9 μM
(Fig. 11A). However, this Kd still indicates ca.
30-fold tighter binding of AMP compared to
the previously reported stability of the MID-
AMP complex using HSQC NMR: Kd =
260 μM (Frank et al., 2010). The tighter bind-
ing as seen with the bisphosphates (Fig. 10) is
supported by an independent electrophoretic
mobility shift assay (EMSA) for a complexLei et al.
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between Ago2 MID and an RNA 21-mer (Fig.
11B) using a previously published protocol
(Seo et al., 2019).

Time Considerations
Expression and purification of the His6-

SUMO-MID protein can be accomplished in
2 days. The preparation and purification of
the fluorescently labeled nucleotides PU-Fl,
Pu-Fl, and VPu-Fl takes ∼5 days. Collect-
ing the fluorescence emission data for a MID-
nucleotide complex including solution prepa-
ration and titration requires ∼2 hr, and data
transfer and computing the Kd value using
Graph-Pad Prism takes 1 hr.
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