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supporting information at journals.iucr.org/f TO1-biotin co-crystal structure has now been determined at 3.0 A resolution.
This structural model, which was refined against a data set of ~1300 diffraction
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technical benchmark on the way to XFEL pump-probe experiments on
fluorescent RNA-small molecule complexes.

fluorescence; XFELS; room temperature.

PDB reference: iMango-lll, 6pq7

1. Introduction

X-ray free-electron lasers (XFELs) are a source of both bril-
liant and coherent photons that are suitable for investigating
the structures of macromolecules (Chapman, 2019). XFELs
enable small and radiation-damage-prone crystals to be
utilized in diffraction experiments to determine macro-
molecular structure. Moreover, small crystals are ideal for
pump—-probe or mix-and-inject serial femtosecond crystallo-
graphy experiments to study structural Kkinetics (Stagno,
Bhandari et al., 2017; Stagno, Liu et al., 2017; Schmidt, 2019).

X-ray free-electron laser scattering (XFELS) is ideally
suited to study photoinduced changes in macromolecules
(Schmidt, 2017). Fluorescence turn-on aptamers would benefit
from study by XFELS. Co-crystal structures of several fluor-
escent aptamers have been determined in their fluorophore-
bound states. These structures were determined using
diffraction data from cryopreserved crystals obtained by
conventional rotation photography with monochromatic
synchrotron X-radiation, with ambient light present during
sample manipulation and data collection (Trachman et al.,
2017, 2018, 2019; Warner et al., 2014, 2017). Therefore, it is not
clear what state, or mixture of states, is described by these
X-ray crystallographic structures of fluorescent aptamers.
Photoactive yellow protein undergoes conformational changes
on the femtosecond timescale to promote an excited state and
undergo radiative decay (Tenboer et al., 2014; Pande et al,
© 2019 International Union of Crystallography 2016). Fluorescent aptamers may undergo similar structural
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changes upon photoexcitation. In order to establish the
technical feasibility of such experiments, we have determined
the room-temperature co-crystal structure of the iMango-III
fluorescence turn-on aptamer at 3.0 A resolution. The data set
used to refine the structure resulted from merging ~1300
diffraction images of microcrystals. The refined model super-
imposes closely with the 1.55 A resolution crystal structure
determined using data collected at 100 K.

2. Materials and methods
2.1. RNA purification and crystallization

The 37-nucleotide iMango-III aptamer was chemically
synthesized (Dharmacon), purified by electrophoresis on a
15% (19:1) polyacrylamide, 8 M urea, 1 x TBE gel and electro-
eluted. The RNA was exchanged into 20 mM MOPS-KOH pH
7.0,150 mM KCI, 10 pM EDTA using a Millipore concentrator
with a 3 kDa cutoff followed by filtering through a 0.1 pm spin
filter. The RNA was refolded by heating to 95°C for 3 min and
allowing to cool on the bench. TO1-biotin was added to the
iMango-III solution in a 1:1 molar ratio of RNA to fluoro-
phore. Crystals were grown by vapor diffusion. Sitting drops
generated by mixing 0.2 pl of 200 pM iMango-II1I-TO1-biotin
and 0.2 pl of a reservoir solution consisting of 0.1 M sodium
cacodylate pH 7.1, 17.5%(w/v) polyethylene glycol (PEG)
3350, 0.25 M magnesium acetate were equilibrated against
60 ul reservoir solution at 21°C. Microcrystals of maximum
dimensions ~5-15 pm generally appeared within two days.

2.2. Sample preparation and data collection

Before transferring the microcrystals by pipetting, an equal
volume of stabilizing solution consisting of the RNA folding
buffer and reservoir solution supplemented with 15%(v/v)
PEG 400 was added to each drop. The drops were combined
and stored in a polypropylene microcentrifuge tube sand-
wiched between room-temperature cold packs en route to the
beamline, where they were stored in a 21°C incubator until
use. Upon arrival at the XFEL facility, visual inspection of the
sample suggested that the crystals were intact.

The sample was prepared for data collection on a fixed-
target Roadrunner goniometer as described previously
(Roedig et al., 2017). The Roadrunner chips were prepared
from silicon wafers as described previously (Roedig et al.,
2017) and were washed with tetramethylammonium hydroxide
and NH,F/HF before use. 500 ul of crystal solution at a
concentration of ~100 microcrystals per microlitre was
pipetted directly onto the center of a 31 000-pore silicon chip
in a humidified chamber at room temperature. During sample
application, the chip was wicked from the bottom with filter
paper to draw crystals down into the pores, resulting in the
sample covering the entire surface of the chip. After ~5 min,
the chip was stationed in the Roadrunner goniometer under a
constant 92% humidity and scanned at a rate of ~120 images
per second. Samples were illuminated with a 527 nm laser
pulse at a power of 5 mJ mm 2 for 100 ns immediately prior to
X-ray photon scattering (t = 0). Data were collected at

9516 eV with a 44 fs pulse duration on a Cornell-SLAC hybrid
pixel-array detector operating at 120 Hz.

2.3. Data reduction and structure refinement

Images containing diffraction patterns were identified using
Cheetah (Barty et al., 2014), yielding 1328 images with potential
Bragg reflections. The data were indexed using CrystFEL
(White et al., 2013). Initial indexing without supplying unit-cell
parameters resulted in ~1165 indexable images with a reso-
lution range of 52.04-2.04 A. Many of the indexed unit-cell
parameters resembled the previously determined unit-cell
parameters for this crystal form at 100 K (Trachman et al.,
2017). The resolution cutoff criterion was to include data from
resolution shells with a CC* above 0.7 (i.e. CCyp > ~0.2;
Karplus & Diederichs, 2015). The last shell to satisfy this
criterion had a high-resolution limit of 2.8 A.

Molecular replacement was performed with Phaser (McCoy
et al., 2007) using the previously determined iMango-III
structure with all ions and TO1-biotin removed as the search
model (PDB entry 6e8u; Trachman et al., 2019). Simulated-
annealing, energy and individual B-factor refinement was
performed in PHENIX (Adams et al., 2010) using a 3.0 A
resolution cutoff. Refinement at lower resolution cutoffs (e.g.
3.04.0 A) resulted in poorer free R factors. Additional rounds
of refinement were interspersed with manual building in Coot.
Figures were prepared using PyMOL (Schrédinger). Coordi-
nates and structure factors have been deposited in the Protein
Data Bank as PDB entry 6pq7.

3. Results and discussion

In the course of optimizing growth conditions for preparing
large single crystals, microcrystals of the iMango-III fluor-
escent aptamer with maximum dimensions of ~5-15 um were
grown and pooled for XFELS experiments [Fig. 1(a)]. In
addition to diffraction data collection using XFELS on
microcrystals, the primary experimental difference between
these and previous experiments are temperature (i.e. 293 and
100 K, respectively) and the potential hydration or dehydra-
tion that might occur during microcrystal sample application
in the Roadrunner goniometer (Roedig et al., 2017).

Although diffraction to ~2.0 A resolution was observed,
the nominal resolution of the data set is ~2.8 A (Table 1),
raising the possibility of obtaining a higher resolution in the
future with a greater number of crystals. Indeed, data collec-
tion at cryo-temperatures resulted in diffraction to resolutions
of higher than 1.5 A. During data collection it was observed
that the chip was not fully wicked, resulting in crystals
dislodging from the wells, reducing the hit rate. Therefore,
improvement of sample preparation and the hit rate could
result in higher resolution data sets.

The structural model from the room-temperature XFELS
experiment is consistent with the previously determined
cryocrystallographic  structure. Least-squares structural
superposition of the refined models (all non-H atoms)
confirmed a highly similar structure, with an r.m.s.d. of 0.28 A
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[Fig. 1(a)]. The crystal packing and unit-cell parameters are
largely unperturbed by the increased temperature or laser
excitation. Consistent with this, the B factors are highly similar
throughout the structures (correlation coefficient of 0.70)
[Fig. 1(b)]. To determine whether substantial structural
changes occur in the TO1-biotin binding pocket, least-squares
structural superposition of all non-H atoms of the ligand and
locally adjoining residues (9, 10, 13, 14, 15, 18, 19, 21 and 22)

was performed. The r.m.s.d. for this binding-pocket atom
selection was 0.27, which is consistent with the overall super-
position. Thus, given the coordinate precision of the structures
from the maximume-likelihood estimation (0.16 and 0.40 A for
the cryocrystallographic and XFEL structures, respectively),
the changes in experimental conditions did not significantly
alter the iMango-III RNA structure or its mode of fluorophore
binding.

Figure 1

(a) Alignment of the iMango-III aptamer structure determined by conventional X-ray crystallography at 100 K (gray) with the iMango-III structure
determined by XFELS at room temperature (red). The r.m.s.d. for all non-H atoms is 0.28 A. (b) Structural alignment of the ligand-binding pocket
residues. The r.m.s.d. for all non-H atoms is 0.27 A. (c) iMango-1II XFELS (left) and iMango-III cryo (right) structures colored by B factor. The color

scale is shown at the bottom of the panel.
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Table 1

Data-collection and refinement statistics.

Values in parentheses are for the highest resolution shell.

Data collection

Wavelength (A) 1303

Collected frames 31000

Diffraction hits 1346

Indexed frames 1165

Resolution range (A) 52.5-2.8

Space group R 14,22

Unit-cell parameters (A, °) a=b=253.6,c=19%23,

a=B=y=90

Total No. of reflections 164324 (2568)

No. of unique reflections 3816 (368)

CCyp 0.70 (0.245)

Ropiict (%) 53.0 (142.1)

Completeness (%) 99.9 (100.0)

Multiplicity 3.0 (3.0)
Refinement

Resolution range (A)
Rwork/Rfrcc (%)
No. of atoms

52.5-3.0 (3.30-3.00)
0.269 (0.2614)/0.304 (0.319)

RNA 796
Ligand 43
Tons/water 2
B factors (A?)
RNA 457
Ligand 36.8
Tons/water 57.4
R.m.s. deviations
Bond lengths (A) 0.006
Bond angles (°) 1.141

t Rgpiic is defined by CrystFEL (White et al., 2013) to be a figure of merit between two
halves of a data set corrected for the loss in multiplicity.

This work demonstrates the unperturbed structure of the
iMango-III-TO1-biotin complex upon laser illumination at
room temperature. Owing to experimental limitations, the
laser could only emit light at 527 nm. Although the excitation
laser was not tuned to peak absorbance (506 nm), an excited
state can result at the 527 nm wavelength. Although we could
not resolve any differences in the structural changes upon
excitation, photon scattering after a 100 ns pulse may result in
uncoordinated structural changes in crystal lattice monomers,
resulting in a structural ensemble that is nearly identical to
the cryogenically determined structure. Therefore, this study
cannot rule out that structural changes occur upon photo-
excitation. However, in addition, this experiment was
performed at room temperature with a pump laser delivering
a heat load to the individual samples. The difference in
temperature between the cryogenic and room-temperature
structures is at least 193 K. Therefore, thermal energy alone
does not result in a significant, observable, distortion of the
crystal structure. Optimizing the delay in the pump—probe may
reveal structural changes that are important for photoexcita-
tion and radiative decay.
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